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Abstract
Purpose Mycological characterisation of marine and dredged sediments consists of the isolation of vital and culturable fungal
strains as well as their identification and analysis, in order to increase knowledge of sediment mycobiota and isolated species that
can be employed in biotechnological processes. Our study undertook the mycological characterisation of sediments from six
different port environments: marine bottom sediments from the ports of Genoa (Liguria, Italy) and Centuri (Corsica, France),
dredged sediments (sediments removed from the sea bottom) from landfill sites (contaminated land sites where dredged sedi-
ments are deposited) of the ports of Leghorn (Tuscany, Italy) and Cagliari (Sardinia, Italy), bottom muds from the brackish
environment of the navigable Navicelli Canal of Pisa (Tuscany, Italy) and dredged marine sediments from a temporary storage
site in the port of Toulon (Var, France).
Materials andmethods At each site, 30 kg of sediment was sampled for physical, chemical and mycological analyses. They were
analysed in terms of grain size composition, organic and inorganic content, metal concentration and hydrocarbon and
polychlorinated biphenyl concentration. Fungi were then isolated from sediments by a modified dilution plate technique from
1:10 up to 1:100. Fungal identification was carried out using a morphological and molecular polyphasic approach.
Results and discussion Forty-six fungal species belonging to 20 genera were isolated. The highest biodiversity was found in
Leghorn (14 species), Genoa (11) and Cagliari (11) sediments, while very low numbers of species were isolated from the ports of
Centuri (3) and Toulon (4). Similarly, the number of colony-forming units (CFUs), calculated on the dry weight of the sediments,
followed this order: Genoa (3,765 CFUs*g-1) > Leghorn (1,370 CFUs*g-1) > Pisa (1,190 CFUs*g-1) > Cagliari (410 CFUs*g-1) >
Toulon (380CFUs*g-1) > Centuri (220 CFUs*g-1). Themost represented genera werePenicillium, Aspergillus and Trichoderma.
Some halotolerant species known for their biotechnological properties were isolated: Emericellopsis maritima, Cladosporium
halotolerans and Aspergillus micronesiensis. A potential marine pathogenic fungus was found: Aspergillus sydowii.
Conclusions This work increased knowledge of fungi from marine and dredged sediments in six Mediterranean ports in the
framework of the SEDITERRA Project.
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1 Introduction

Fungi are ubiquitous and chemoheterotrophic microorgan-
isms able to colonise every kind of environment, including

marine, estuarine and brackish (Damare et al. 2012).
Kohlmeyer and Kohlmeyer (1979) have divided and classified
marine fungi by ecological criteria into obligate and faculta-
tive: the former grow and sporulate exclusively in marine or
estuarine habitats, while the latter are those from freshwater or
terrestrial milieus that are able to grow in marine environ-
ments. Both marine and estuarine fungi can develop several
ecological strategies: they may be symbionts of algae, aquatic
macrophytes (e.g. Posidonia oceanica (L.) Delile), corals and
sponges; saprotrophs of dead organic matter in the bottom
sediments; or obligate or opportunistic parasites of fish, corals,
sponges and other organisms (Hyde et al. 1998; Das et al.
2006; Vohník et al. 2016; Greco et al. 2017; Vera et al.
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2017). Some of these species also occur in seawater, freshwa-
ter or terrestrial habitats, but the term ‘marine’ now refers to all
fungi that occur in the sea (Jones 2000; Pang et al. 2016). To
date, a relatively small percentage of the described species of
fungi are associated with marine environments, with ∼1,100
species retrieved exclusively from such habitats (Amend et al.
2019); moreover, there is little knowledge of the role of fungi
in the marine and dredged sediments of ports (Hyde et al.
1998). Therefore, new studies are needed to overcome this
lack of knowledge.

In the Mediterranean Sea, several studies have investigated
mycobiota, mainly focusing on algae, sponges and seagrasses
(Garzoli et al. 2015; Gnavi et al. 2017; Bovio et al. 2019),
thereby describing fungal communities living in association
with marine organisms. Other works have investigated the
biotechnological properties of some marine fungal strains for
pharmaceutical purposes (Agrawal et al. 2018; Marchese et al.
2020) and with regard to their bioremediation properties
(Salvo et al. 2005; Abdel-Azeem et al. 2015; Garzoli et al.
2015; Cecchi et al. 2019, 2020; Youssef et al. 2019;
Maamar et al. 2020). By contrast, few studies have focused
on the biodiversity of fungi in Mediterranean ports’ sediments
(Abdel-Azeem et al. 2015; Greco et al. 2018, 2020; Maamar
et al. 2020). The general concept of port sediments can in-
volve numerous different environments: strictly marine bot-
tom sediments, dredged sediments, sediments from dry land-
fill sites and estuarine waterway sediments. Mycological in-
vestigations and characterisations of these environmental sec-
tors are important not only to enrich knowledge about myco-
logical diversity in these contaminated, compromised and
anthropized environments, but also to isolate and select fungi
for biotechnological purposes.

Every year, marine port sediments undergo dredging pro-
cesses, which produce large volumes of contaminated sedi-
ments to be either disposed of or treated (OSPAR
Commission 2014; Akcil et al. 2015). Dredging involves the
removal of sediments from the aquatic environment (i.e. port
and harbour navigation channels), berthing areas and marinas
(Harrington et al. 2016). Excavation, transport and disposal of
sediments are the three main stages of the dredging process
(Manap and Voulvoulis 2015): the sediments are first re-
moved from the sea bottom using a hydraulic and/or mechan-
ical dredge (Antipov et al. 2003; Du and Li 2010; Manap and
Voulvoulis 2015); the dredged sediments are then frequently
transferred into hopper barges or pipelines using suction
pipes, conveyor belts, bucket or grab to be transported to the
disposal site (Duran Neira 2010; Manap and Voulvoulis
2015); lastly, the dredged sediments are disposed at the final
site (land or sea site) or a temporary storage or treatment site.
During the dredging process, the chemical and grain-size
composition of sediments can change, for example due to
the loss of fine material during the different phases of excava-
tion and deposition (Nayar et al. 2007; Cutroneo et al. 2013),

the loss or degradation of the sediment’s organic content
(Graca et al. 2004; Nayar et al. 2007), the reduction in con-
centration of contaminants that are released into the water
during the mechanical removal of sediments from the bottom,
or the sediment’s exposure to atmospheric agents in landfill
(EPA 2004). All these processes make the final sediments
very different from the original, greatly influencing the selec-
tion of sediment mycoflora.

In this study, within the framework of the European
Interreg Italy-France 2014–2020 Maritime Project
SEDITERRA ‘Guidelines for the sustainable treatment of
dredged sediments in the maritime area’, the physico-
chemical and mycological characterisation of six different
port scenarios located in the Mediterranean Sea was carried
out. The goals of this study were to increase knowledge of the
mycoflora present in Mediterranean port environments and in
different types of sediments (bottom sediments, dredged sed-
iments, sediments exposed to atmospheric agents) and to iso-
late vital and culturable fungal strains employable in future
biotechnological processes of dredged sediments’
mycoremediation.

2 Materials and methods

2.1 Sampling

Sediments were sampled from six different locations in the
Italian and French ports (Fig. 1) involved in the project,
characterised by distinctive environmental characteristics.
The sampling sites and details are reported in Table 1.
Sediments were sampled at different times throughout the
duration of the project: the first in Genoa in November 2017
and the last in Toulon and Centuri in March 2019. Sediments
(30 kg) were sampled and stored in closed plastic barrels in a
cool environment away from light and then analysed in the
laboratory for physical, chemical and mycological characteri-
sation. Aliquots of sediment destined for fungal community
analysis were sampled immediately upon arrival at the
laboratory.

2.2 Physico-chemical analyses of sediments

The sediment samples were first analysed in terms of grain
size and organic and inorganic content.

The grain size analysis involved the sieving of the bulk
sediment (200 g) through a 63 μm mesh with water to divide
the fine fraction (Ø < 63 μm) from the coarse fraction (Ø ≥
63 μm). The fine fraction passed through the 63 μm sieve was
in turn analysed with a Coulter Counter® Multisizer 3 instru-
ment (Beckman Coulter, Inc.) in order to discriminate the
different classes of clay and silt (Ø < 4 μm for clay and 16,
30, 63 μm for silt). The coarse fraction was dried in an oven at
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60 °C and subjected to dry sieving to divide the sediment into
the different classes of sand and gravel (125, 250, 500,
1000 μm for sand, and Ø > 2000 μm for gravel).

Analysis of the organic and inorganic content of the sedi-
ment involved a 15 g sample, which was combusted inside an
ISCO muffle (ISM320 mod.) for 3 h at 550 °C to remove the
organic fraction. The uncombusted (inorganic) fraction was
weighed. The organic fraction was determined by the differ-
ence between the initial weight of the sediment and that of the
inorganic fraction.

A quantity (1.5 kg) of sediment from each site was chem-
ically analysed to ascertain its metal content by Eurochem

Italia s.r.l. and its hydrocarbon and polychlorinated biphenyl
content by the Regional Agency for Environmental Protection
of Liguria (ARPAL).

2.3 Mycological characterisation

Fungi were isolated by a modified dilution plate technique
(Gams et al. 1987). Three aliquots of 1 g each of the Genoa,
Leghorn, Pisa-Navicelli, Cagliari, Centuri and Toulon sedi-
ments were diluted in 10 mL of sterilised deionised water.
The final dilutions were 10–1 and 10–2. In order to favour
fungal growth, Rose Bengal medium was prepared using ster-
ile seawater. The solution (1 mL) was inoculated into each
plate (Ø 12 cm) and then spatulated to increase the possibility
of fungal isolation. Each sample was plated in triplicate. After
inoculation, the plates were incubated in the dark at 24 °C and
monitored weekly. After growth, the fungal colonies and fun-
gal morphotypes were counted, and the fungal strains were
isolated in axenic cultures in test tubes.

Fungal identification was carried out using a polyphasic
approach (morphological and molecular). Morphological
identification was first carried out by the cultivation of each
isolated fungal strain on different media following specific
literature methodologies (i.e. malt extract agar, Czapek yeast
agar and 25% glycerol nitrate agar for Penicillium species
morphological identification; Pitt 1979; Visagie et al. 2014).
The initial detection of fungal structures was carried out using
a Leica Microsystems EZ4 (10–50×) stereomicroscope.
Strains were then identified based on micromorphological
(40–100X) analysis. Specific literature was used for the mor-
phological and physiological identification of fungi (e.g. Pitt
1979; Samson et al. 2011; Visagie et al. 2014 for the genus
Penicillium; and Raper and Fennel 1965; Klich 2002; Samson
et al. 2014 for Aspergillus).

Genomic DNA was extracted from 100 mg of fresh fungal
culture using a modified hexadecyltrimethylammonium bro-
mide (CTAB) method (Doyle and Doyle 1987). The

Table 1 Data regarding the sampling locations, sampling sites, site classification and sampling instruments.

Location Sampling site Site classification Depth (m)
for bottom
sediments

Sampling instrument Thickness of the
sampled sediment
layer (cm)

Port of Genoa (Italy) Sea bottom Marine environment 8 van Veen grab 10

Port of Centuri (France) Sea bottom Marine environment rich in
P. oceanica

3 Hydraulic pumping 10

Navicelli Canal of Pisa (Italy) Canal bottom Brackish environment 2 Van Veen grab 10

Port of Toulon (France) Temporary storage site Dry terrestrial environment n.a. Shovel 20*

Port of Cagliari (Italy) Landfill Dry terrestrial environment n.a. Shovel 20*

Port of Leghorn (Italy) Landfill Dry terrestrial environment n.a. Shovel 20*

*Superficial layer of sediment about 10 cm thick was removed (and not sampled) to avoid dust and external agents of possible contamination. Then, the
sediment layer between -10 and -30 cm was sampled

Fig. 1 Localization of the sampling site in the France and Italy. The black
dots show the ports involved in the SEDITERRA Project and the orange
areas show the regions of the Interreg Italy-France Maritime 2014-2020
program
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morphological identifications of the species were confirmed
by amplifying the internal transcribed spacer (ITS) region
using universal primers ITS1F/ITS4 (White et al. 1990;
Gardes and Bruns 1993) or the β-tubulin gene using Bt2a
and Bt2b primers (Samson et al. 2010) for certain strains be-
longing to the genera Aspergillus and Penicillium. The poly-
merase chain reaction (PCR) protocol was as follows: 1 ×
5 min at 95 °C; 30–35 × (40 s at 94 °C; 45 s at 55 °C; 1 min
at 72 °C); 1 × 10 min at 72 °C; and 1 × 10 °C for ∞.
Subsequently, the PCR products were purified and sequenced
by Macrogen Inc. (Seoul, Republic of Korea). Sequence as-
sembly and editing were performed using Sequencher®
(Gene Codes Corporation, version 5.2). The taxonomic as-
signment of the sequenced samples was carried out using the
BLASTN algorithm to compare the sequences obtained
against the GenBank database.

We took a conservative approach to species-level assign-
ment (identity ≥ 97%) and verified the accuracy of the results
by studying the macro- and micro-morphological features of
the colonies. The isolated fungal strains were conserved at 4 ±
1 °C and cryopreserved at −20 °C in the culture collection
ColD-UNIGE of the Mycological Laboratory of the
Department of Earth, Environment and Life Sciences at the
University of Genoa (http://www.mirri-it.it/index.php/
associated/university-of-genoa).

2.4 Statistical analyses

The biodiversity levels of each considered sediment were
evaluated in terms of species richness and Shannon’s H and
Simpson’s D indexes (Shannon 1948; Simpson 1949), calcu-
lated starting from the colony-forming units (CFUs) per gram
of dry sediment found for each species. Furthermore, the
Sørensen’s coefficient (CC) was applied to the number of
species to verify if there were any similarities between the
fungal communities found in the different sediments
(Sørensen 1948).

Pearson’s correlation coefficients (p value = 0.001) were
calculated among the physico-chemical characteristics (grain
size; inorganic and organic fraction; metals; sum of polycyclic
aromatic hydrocarbons, PAHs; hydrocarbons with C > 12;
and sum of polychlorinated biphenyls, PCBs) and the myco-
logical data (number of species; CFUs; and D and H indexes)
of the sediments with free R software (R Development Core
Team 2019) in order to identify possible relationships.

3 Results

3.1 Physico-chemical results

Within the analysed sediments, the inorganic fraction was
prevalent at all the sites (Table 2). The sediments of the port

of Genoa and the landfill site of Leghorn showed the same
characteristics in terms of their organic and inorganic content,
with a clear prevalence of the inorganic fraction (97%). The
sediments of the landfill site of Cagliari, despite the presence
of vegetable fibres, contained an inorganic fraction of 95%,
while those of the Navicelli Canal of Pisa were characterised
by a higher percentage of organic fraction than the other sed-
iments (12%), due to the high content in serpulids.

As regards the grain-size analyses (Table 2), the marine sed-
iments of Genoa and Centuri with the landfill sediments of
Cagliari mainly consisted of the coarse fraction (Ø > 63 μm),
ranging from fine to coarse sand. Sediments of the landfill of
Leghorn and the storage site of Toulon consisted of equally
important coarse (Ø > 63 μm) and fine (Ø < 63 μm) fractions,
while the sediments of the Navicelli Canal of Pisa were
characterised by a predominant fine fraction made up of silt.

Chemical analyses (Tables S1, S2, S3) showed that the
sediments of the Navicelli Canal of Pisa were characterised
by more consistent contamination than the other sediments
analysed, both in terms of metals and organic pollutants
(PAHs, C > 12 hydrocarbons and PCBs). In the case of the
Centuri and Toulon sediments, the values of organic contam-
inants were below the detection limit of the analysis
instrument.

3.2 Fungal isolation

The data showed different fungal colonisations in the study
sediments (Tables 3 and 4). The greatest specific diversity was
found in the sediments from Leghorn (14), Genoa (11) and
Cagliari (11), while very small numbers of species were iso-
lated from the Centuri (3) and Toulon (4) sediments.
However, the number of CFUs followed another order:
Genoa (3,765 CFUs*g-1) > Leghorn (1,370 CFUs*g-1) >
Pisa (1,190 CFUs*g-1) > Cagliari (410 CFUs*g-1) > Toulon
(380 CFUs*g-1) > Centuri (220 CFUs*g-1) (Table 4). The
different port scenarios showed opposite trends: Genoa was
characterised by a large number of species and CFUs, while
Centuri exhibited the lowest numbers of isolated species and
CFUs. Similar behaviour was noted in the landfill sediments,
where Leghorn was characterised by larger numbers of isolat-
ed species and CFUs than Cagliari. The most represented
genera were Penicillium (ten species), Aspergillus (seven spe-
cies) and Trichoderma (five species). No obligate marine fun-
gi were isolated, but some halotolerant species were seen:
Emericellopsis maritima, Cladosporium halotolerans and
Aspergillus micronesiensis. The complete list of the fungal
isolates for each sediment is shown in Table 3.

3.3 Statistical analyses

The H and D values are reported in Table 4. The highest
values were observed in the sediments from the landfill sites
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of Leghorn and Cagliari and from the brackish environment of
Pisa, highlighting the richness of fungal strains for the species
found in these sediments, while the lowest values were found
in the sediments from Toulon and Centuri, where small num-
bers of fungal species and strains of each species were isolated
and counted.

According to the CC, the communities in the different sed-
iments did not have or, at best, had a very low degree of
overlap or similarity. The highest CC values were found be-
tween the Pisa and the Leghorn sediments (0.17) and between
the Leghorn and the Cagliari sediments (0.17). The results of
correlation are shown in Fig. 2. No correlations were found
between the physico-chemical parameters of sediments and
microfungal contents.

4 Discussion

The contrasting grain-size distributions, organic/inorganic
fraction contents and contamination degrees (Table 2;
Tables S1, S2, S3) found in the different sediments reflected
the varied natural and anthropic pressures as well as treat-
ments to which they were subjected (such as dredging and
exposure to atmospheric agents). Generally, sediment contam-
ination did not exceed limit values and could be considered
residual contamination. However, in the case of the Navicelli
Canal of Pisa, contamination touched the threshold levels,
probably due to the fact that these sediments were taken di-
rectly from the bottom of a relatively closed environment
(with few water changes and poor oxygenation) as well as
due to the significant presence of silt-clay sediments which
favour contaminant concentration.

Among the fungi isolated, Penicillium and Aspergillus
were the most common genera in the sampled sediments.

This agrees with what has been previously reported by Hyde
et al. (1998) and Jones et al. (2019) concerning marine sedi-
ments, but at the same time, these are among the most com-
mon genera in terrestrial environments as well. This result
perfectly reflects the different port scenarios sampled (marine
sediments, dredged sediments, landfill sediments).

As reported in the results section, the marine bottom sedi-
ments sampled in the ports of Genoa and Centuri showed very
different degrees of mycodiversity and fungal colonisation,
reflecting the fact that they are very different types of ports.
Indeed, the Port of Genoa is a large industrial and commercial
basin (22 km of quays) overlooked by the city of Genoa
(600,000 inhabitants) and affected by streams, discharges
and street runoff, while the Port of Centuri is a very small
marina which is part of a village of 200 inhabitants and
inserted in a natural context.

Penicillium, Aspergillus and Trichoderma were the most
common genera in the Genoa sediments, showing the great
terrestrial input and influence on marine mycobiota, while
strictly marine fungi were not isolated. To date, in the
Mediterranean Sea, over 200 fungal species have been isolat-
ed from different organic and inorganic substrates (i.e. echi-
noderms, seawaters, deep sediments and coastal sediments),
andmany studies have highlighted and confirmed the frequent
recurrence of the taxa Aspergillus and Penicillium (Abdel-
Azeem et al. 2015; Garzoli et al. 2015; Capello et al. 2017;
Gnavi et al. 2017; Barone et al. 2018; Bovio et al. 2019;
Maamar et al. 2020; Marchese et al. 2020). Moreover, a pre-
liminary study was carried out by Greco et al. (2018) in the
Port of Genoa highlighted that the most common genera were
Aspergillus, Fusarium, Penicillium and Trichoderma, a find-
ing confirmed by our results. Aspergillus sydowii was also
isolated in the sediments of the Port of Genoa. This opportu-
nistic fungal pathogen of corals and gorgonians was

Table 2 Dimensional
characterisation and inorganic/
organic fraction of the sediments.
Values are expressed in %

Sample Genoa
sediment

Leghorn
sediment

Pisa
sediment

Cagliari
sediment

Centuri
sediment

Toulon
sediment

Tot. Ø>63 μm; % 86.7 60.4 27.4 76.6 96.5 53.2

Tot. Ø<63 μm; % 13.3 39.6 72.6 23.4 3.5 46.8

Ø>2000 μm 0.3 22.6 3.4 2.1 22.2 3.6

1000μm<Ø<2000 μm 0.7 6.2 2.9 1.9 13.0 2.9

500 μm<Ø<1000 μm 1.7 6.3 4.4 5.0 22.8 3.8

250 μm<Ø<500 μm 3.7 12.1 4.5 23.2 24.7 5.3

125 μm<Ø<250 μm 65.5 7.2 5.9 35.7 11.1 18.7

63 μm<Ø<125 μm 14.7 6.0 6.3 8.8 2.7 18.9

30 μm<Ø<63 μm 7.2 4.9 16.5 5.0 0.6 17.4

16 μm <Ø<30 μm 2.3 8.4 15.8 5.6 1.0 9.7

4 μm<Ø<16 μm 3.2 20.0 30.8 10.4 1.6 14.5

Ø<4 μm 0.7 6.3 9.5 2.3 0.3 5.2

Organic fraction 3 3 12 5 2 4

Inorganic fraction 97 97 88 95 98 96
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Table 3 Fungal species list and number of CFUs*g-1

Species Accession
numbers

Sampling port sediments

Genoa Leghorn Pisa-Navicelli Cagliari Centuri Toulon

Alternaria chlamydospora Mouch. MT892798 - 250 112 - - -

Alternaria sp. 1 - - - - 40 - -

Aspergillus aureolatusMunt.-Cvetk. & Bata MT892750 300 - - - - -

Aspergillus melleus Yukawa MT892749 220 - - - - -

Aspergillus micronesiensis Visagie, Hirooka & Samson MT892799 - - - - - 200

Aspergillus niger Tiegh. MW030357 - - - - - 150

Aspergillus sp. 1 - - 18 - - - -

Aspergillus sp. 2 - - - - 20 - -

Aspergillus sydowii (Bainier & Sartory) Thom & Church MW030356 200 - - - - -

Cladosporium halotolerans Zalar, de Hoog & Gunde-Cim MT892800 - - - 30 - -

Cladosporium ramotenellum K. Schub., Zalar, Crous & U. Braun MT892801 - 18 - - - -

Cladosporium sp. 1 - - 13 - 60 - -

Coemansia sp.1 - - - - 20 - -

Cunninghamella elegans Lendn MT889754 - - 173 - - -

Emericellopsis maritima Beliakova MT892802 - 90 - - - -

Epicoccum nigrum Link MT889753 - 240 - - - -

Fusarium equiseti (Corda) Sacc MT889752 - - 130 - - -

Fusarium oxysporum Schltdl. MT892803 - - 85 - - -

Gliomastix murorum (Corda) S. Hughes MT889755 100 - - - - -

Hortaea werneckii (Horta) Nishim. & Miyaji MT892804 - 10 70 - - -

Hyphopichia burtonii (Boidin, Pignal, Lehodey, Vey & Abadie)
Arx & Van der Walt

MT892805 - - - - 50 -

Lichtheimia corymbifera (Cohn) Vuill MT889747 - - - - - 10

Lichtheimia sp. (Zopf) Vuill MT889748 - - - - - 20

Mucor racemosus Fresen MW010422 - 82 - - - -

Mucor sp. 1 - - 22 - - - -

Mucor sp. 2 - - - - 15 - -

Penicillium brevicompactum Dierckx MT892748 1600 320 - - - -

Penicillium camponoti Visagie, David Clark & Seifert MT892751 - - 150 - - -

Penicillium chrysogenum Thom MT892747 - 100 - - - -

Penicillium citrinum Thom MT892752 400 - 295 - - -

Penicillium corylophilum Dierckx MT892806 - - - 70 - -

Penicillium glandicola (Oudem.) Seifert & Samson MT892807 - 60 - - - -

Penicillium nalgiovense Laxa MW030355 70 - - - - -

Penicillium rubens Biourge MT892808 - 137 - 60 - -

Penicillium sp. 1 - - - - 30 - -

Penicillium sp. 2 - - - - - 150 -

Phialemoniopsis sp. MT889746 - - - - 20 -

Pseudallescheria boydii (Shear) McGinnis , A.A. Padhye &
Ajello

MT892809 - - - 40 - -

Simplicillum sp. 1 - - 10 - - - -

Stilbella fimetaria (Pers.) Lindau MT889751 135 - - - - -

Talaromyces qii L. Wang MT892746 350 - - - - -

Trichoderma citrinoviride Bissett MT892810 - - - 25 - -

Trichoderma ghanense Yoshim. Doi, Y. Abe & Sugiy MT892811 - - 80 - - -

Trichoderma lixii (Pat.) P. Chaverri MW010423 100 - - - - -

Trichoderma sulphureum (Schwein.) Jaklitsch & Voglmayr MW010424 - - 95 - - -

Trichoderma virens (J.H. Mill., Giddens & A.A. Foster) Arx MT889750 290 - - - - -
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previously isolated for the first time in the Port of Genoa by
Greco et al. (2017).

By contrast, the marine sediments of Centuri comprised the
lowest number of species and strains, characterised by the
lowest H and D values (0.82 and 1.9, respectively). The sed-
iments were characterised by large amounts of P. oceanica,
but despite previous research by Panno et al. (2013) indicating
considerable biodiversity associated with this macrophyte, on-
ly four species were isolated here. Hyphopichia burtonii is a
yeast that generally grows on starch but is also isolated from
lake, fishpond and marine environments (Libkind et al. 2017).
Phialemoniopsis genus includes some manglicolous species
(Mahanty et al. 2019). The last genus collected was
Penicillium, which comprises a very large number of species

worldwide and is often reported as a marine genus typical of
sediment habitat (Hyde et al. 1998; Vansteelandt et al. 2012).

Among our isolate genera, very interesting fungi able to
survive and tolerate high salt concentrations were collected
in landfill sediments (Leghorn, Cagliari and Toulon).
Emericellopsis maritima (from the Leghorn sediments) is a
known marine fungus, with optimum growth at pH 6–7 and
able to tolerate higher pH values and high-saline environments
(Grum-Grzhimaylo et al. 2013). The black yeast Hortaea
werneckii, isolated from Leghorn and Pisa (brackish environ-
ment), has been identified as the dominant fungal species in
hypersaline waters on three continents (Gunde-Cimerman and
Plemenitaš 2006). Hortaea werneckii represents a new model
organism for studying the mechanisms of salt tolerance in
eukaryotes (Gunde-Cimerman and Plemenitaš 2006).
Cladosporium halotolerans (from the Cagliari sediments) is
well known for its capability to colonise marine waters and
marine sediments (Bovio et al. 2017). The isolation of this
kind of fungi was unexpected from terrestrial sediments, but
the proximity to the seaport and the marine aerosol could have
influenced its mycobiota, increasing salinity. However, an
ability to survive in high-salinity conditions does not always
coincide with an ability to develop the full lifecycle in such
conditions, rendering salt-adapted species difficult to discrim-
inate from ‘transit’ species (Kohlmeyer and Volkmann-
Kohlmeyer 2003; Grum-Grzhimaylo et al. 2013). Moreover,
the Leghorn and Cagliari sediments had both been exposed to

Table 4 Numbers of fungal colony-forming units (CFUs) and richness
in fungal species isolated from each sediment, and Simpson and
Shannon’s indices (D and H, respectively)

Number of CFUs Species richness D H

Genoa 3765 11 4.50 1.93

Leghorn 1370 14 6.79 2.16

Pisa-Navicelli 1190 9 7.21 2.09

Cagliari 410 11 8.97 2.29

Toulon 380 4 2.29 0.96

Centuri 220 3 1.91 0.82

Fig. 2 Pearson’s correlation
coefficients (p value = 0.001)
among the physical-chemical
characteristics (grain size,
inorganic and organic fraction,
metals, the sum of polycyclic
aromatic hydrocarbons (PAHs),
hydrocarbons of C > 12 and the
sum of the polychlorinated
biphenyls) and mycological data
(number of species, CFUs, and D
and H indices) of the sediments
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atmospheric events and factors for a long time before sam-
pling, yet they developed different specific fungal communi-
ties. This probably owed to the different environmental con-
ditions in these ports. Both sediments showed the presence of
strictly terrestrial species (such as Alternaria and
Trichoderma) and halotolerant species (such as H. werneckii
and C. halotolerans). The Cagliari sediments were
characterised by a lower number of CFUs than Leghorn
(410 and 1,370, respectively). Cagliari is characterised by a
typical Mediterranean climate with an annual temperature of
16.2 °C and annual precipitation of 419 mm y–1 (Trabucco
et al. 2018); in 2017 annual precipitation reached a minimum
of 220 mm y-1 (www.sardegna-clima.it). Leghorn is
characterised not only by a lower annual mean temperature
(14 °C) and by higher average annual precipitation
(840 mm y–1), but also by exceptional rainfall events, such
as those that occurred in 2017 and 2018 (921.2 and
969 mm y-1, respectively; Puppio et al. 2018; www.sir.
toscana.it). These events were able to influence the
mycodiversity of the sediments, increasing the number of
strictly terrestrial species. However, both these sediments
were characterised by the highest H (Leghorn 2.16 and
Cagliari 2.29) and D values (6.79 and 8.97, respectively),
indicating that the microfungi were adapted to the sediments
and showed a similar distribution of numbers and strains of
species despite the contrasting environmental conditions. The
latter finding was confirmed by the CC results showing a
weak positive correlation (0.17).

Despite the interesting endophytic fungi isolated
(A. micronesiensis, Lichtheimia ramosa and L. corymbifera;
Flewelling et al. 2015; Luyen et al. 2019), the sediments of
Toulon were characterised by a low number of fungal species
and CFUs. It is probable that the high environmental impact
and the high population density of the area impose stress con-
ditions and negatively affect microorganism populations
(Rossi and Jamet 2008). In addition, these sediments were first
dredged and then deposited in the temporary storage site,
where they were moved by mechanical vehicles. They subse-
quently underwent first handling and washout during dredg-
ing (confirmed by the very low contaminant concentrations
found) and then a second handling and exposure to atmo-
spheric agents. Therefore, the sediments of Toulon represent-
ed a highly disturbed environment that may not have given the
mycoflora time to recover and develop.

An interesting environment was also represented by the
Navicelli Canal of Pisa. Estuarine habitats are, in fact,
characterised by a significant proportion of organisms previ-
ously observed in terrestrial environments (Gonçalves et al.
2020); this is perhaps indicative of allochthonous inputs of
terrestrial fungi into the aquatic environment, or the occur-
rence of a resident coastal/estuarine fungal community that
has close phylogenetic or historical links with terrestrial pop-
ulations. In the sediments of the Navicelli Canal of Pisa,

strictly terrestrial species were found, such as Alternaria
chlamydospora and Fusarium oxysporum, but at the same
time, the halotolerant species H. werneckii was collected
(Gunde-Cimerman and Plemenitaš 2006). Fusarium
oxysporum is a well-known parasitic fungus of crops and
A. chlamydospora is a common soil fungus (Maciá-Vicente
et al. 2008; Michielse and Rep 2009; Lombard et al. 2019).

All the port scenarios studied were characterised by the
presence of both typical terrestrial and halotolerant fungal
species, indicating that port and coastal habitats represent an
ecotone where terrestrial, estuarine and ‘open-ocean fungi’ co-
exist. However, among the analysed sediments, there were
large numbers of differences in terms of fungal communities.
This could indicate that the environmental conditions and an-
thropic pressures extant in the area and the typologies of
wastewater inputs, in addition to the treatments to which the
sediments were subjected, significantly influenced the fungal
colonisation of the sediments.

5 Conclusion

Ports are interesting ecotone zones between open-sea and ter-
restrial environments, often affected by industrial and human
activities and contamination. These characteristics render
ports peculiar ecosystems inhabited by tolerant microorgan-
isms that develop survival strategies and metabolisms differ-
ent from those of their strictly terrestrial counterparts.
Mycological investigations and characterisations of different
sectors of port sediments are essential for the isolation and
selection of fungi for efficient use in biotechnological activi-
ties. This work has shown how ports can act as collection
basins for different culturable fungal strains, highlighting
not only the great richness of interesting fungi in these
environments, but that each port scenario (sea bottom,
sediment landfill, brackish environment) represents a dif-
ferent and unique ecosystem characterised by its own
physico-chemical properties, environmental characteris-
tics and anthropic pressures, developing distinctive fungal
communities as a result.
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