
SEDIMENTS AS A DYNAMIC NATURAL RESOURCE – FROM CATCHMENT TO OPEN SEA

From waste to resource: mycoremediation of contaminated marine
sediments in the SEDITERRA Project

Grazia Cecchi1 & Laura Cutroneo1
& Simone Di Piazza1 & Greta Vagge1

& Marco Capello1
& Mirca Zotti1

# Springer-Verlag GmbH Germany, part of Springer Nature 2019

Abstract
Purpose Port-dredging activities produce large volumes of contaminated sediments. Dredged sediments are considered a waste
by national laws, but recently the desire to consider them a resource has becomewidespread and remedies for their contamination
are being searched to allow their reuse. In this work, we studied, developed, and tested a method for remediate marine-dredged
sediments contaminated by heavy metals using native fungi and a microporous membrane, in order to achieve the sediment
quality and allow their reuse.
Materials and methods Activity was carried out on port sediments from Genoa, Leghorn, Pisa, and Cagliari (Italy).
Autochthonous fungi were isolated from each sediment and employed in mycoremediation tests. Two plastic boxes were
prepared (for each Port) with 5 kg of sediment in each box, employed for metal bioaccumulation using a sterile polyester
membrane inoculated with fungi.Membranes were analyzed at 15, 30, and 60 days after inoculums, and sediments were analyzed
after 60 days at the end of the experiment to verify metal contamination degree. Recovery efficiency (RE%) and difference
recovery efficiency (DRE%) were calculated for each experiment: the first shows the absorption capability of the membrane-
fungi consortium; the second evidences only the fungal contribution to the metal absorption. To assess sediment contamination
before and after the mycoremediation treatment, we considered chemical levels of reference L1 (the lowest chemical level of
reference) and L2 (the highest chemical level of reference), and the evaluation of chemical hazard (HQ) for the chemical
contaminants defined by the Italian Ministerial Decree 173/2016.
Results and discussion Fungi from Genoa sediments increase the membrane absorption of Cu and Zn. Regarding Leghorn
results, RE (%) increases and reaches the maximum value after 60 days of treatment for each considered metal. Cr tot, Ni, and
Mn appear to be hyper-bioaccumulated. DRE values of Pisa sediments show that Mn is excluded by fungi and it does not
bioaccumulate, while other metals and in particular Cd, Cr tot, Zn, and Sb are bioaccumulated. Cagliari DREs show that fungi are
not able to bioaccumulate Cr tot, Ni, and Mn and their accumulation is due to the membrane, while As and Cd are
bioaccumulated.
Conclusions Our work evidenced that selected fungi are able to grow on a microporous support and actively reduce metal
concentrations in the sediments, achieving their quality. This biomembrane system may represent an important instrument for
the remediation of the residual metal contamination of port sediments.
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1 Introduction

Port-dredging activities every year produce large volumes of
contaminated sediments (OSPAR 2014; Akcil et al. 2015).
Dredging consists in the removal of sediments from the aquat-
ic environment (i.e., port and harbor navigation channels),
berthing areas, and marinas (Harrington et al. 2016).
However, recently, dredged sediments have been considered
not only as waste but also as a resource. Sustainable dredged
sediment management, in fact, represents the new border of

Responsible editor: Elena Romano

Electronic supplementary material The online version of this article
(https://doi.org/10.1007/s11368-019-02527-9) contains supplementary
material, which is available to authorized users.

* Grazia Cecchi
grazia.cecchi@edu.unige.it

1 DISTAV, University of Genoa, 26 Corso Europa, 16132 Genoa, Italy

https://doi.org/10.1007/s11368-019-02527-9
Journal of Soils and Sediments (2020) 20:2653–2663

Received: 9 May 2019 /Accepted: 13 November 2019 /Published online: 9 December 2019

http://crossmark.crossref.org/dialog/?doi=10.1007/s11368-019-02527-9&domain=pdf
http://orcid.org/0000-0003-4130-7749
https://doi.org/10.1007/s11368-019-02527-9
mailto:grazia.cecchi@edu.unige.it


dredging projects: a wide range ofmanagement options can be
considered involving disposal, treatment, and/or beneficial
use (Akcil et al. 2015; Harrington et al. 2016). Disposal op-
tions can include the onshore disposal or the offshore disposal;
the latter can be confined or carried out in an open water
facility (Harrington et al. 2016).

Beneficial use options can be categorized under the follow-
ing: engineering uses, where the dredged sediment is often a
substitute of the traditional land-based sources; environmental
enhancement on terrestrial or aquatic environments; and agri-
cultural and/or product uses, where useful and potentially mar-
ketable products are developed (Harrington et al. 2016). The
choice of the sediment management technique required can be
influenced by many factors, including characteristics of the
sediment, whether it is contaminated or not; the dredged vol-
ume involved; local site conditions including site accessibili-
ty; and current local, national and international practice, and
laws (Akcil et al. 2015; Harrington et al. 2016). Dredged ma-
terial often does not have appropriate physical and/or chemi-
cal properties for reuse in certain application. Contamination
of dredged sediments represents one of the actual environmen-
tal problems (Fathollahzadeh et al. 2014; OSPAR 2014;
Ammami et al. 2015). Indeed, organic and inorganic pollut-
ants, derived from different sources (Akcil et al. 2015), often
contaminate port sediments.

Treatment of dredged material to create a higher value prod-
uct is possible (Ammami et al. 2015). In situations where re-
location becomes extremely costly, treatment may be a cost-
effective option, but such conditions also increase dredging
costs (Walker et al. 2013; Brils et al. 2014). Unfortunately,
dredged material is characterized by a negative image due to
not only its unattractive physical properties for construction,
but also from potential contaminants and the impact of dredg-
ing on many environmental compartments (Brils et al. 2014;
Akcil et al. 2015). Since 2009, the European Sediment network
SedNet (www.sednet.org) has been emphasizing that sediment
is an essential and dynamic part of river, delta, and coastal
systems (Brils et al. 2014). In order to do this, it is indispens-
able to decontaminate sediments. In the framework of a few
scientific researches, traditional and innovative techniques,
which allow sediments decontamination, have been tested
(Ammami et al. 2015). In terms of bioremediation strategies,
microorganisms (mainly bacteria and fungi) have been recently
exploited and stimulated in order to decontaminate various
substrata (e.g., sediments; Fonti et al. 2015; Li and Yu 2015;
Zhang et al. 2015). In particular, mycoremediation consists in
the exploiting of fungal organisms naturally able to synthesize
enzymes and organic acids, which interact with contaminants
(Cecchi et al. 2019b). Fungi are able to bioconcentrate,
bioaccumulate, and biostabilize heavy metals and to degrade
organic pollutants (Cecchi et al. 2017a; Liu et al. 2017; Cecchi
et al. 2018a, b; Spina et al. 2018; Cecchi et al. 2019b). In the
framework of the European Interreg Italy-France 2014–2020

Maritime Project SEDITERRA “Guidelines for the sustainable
treatment of dredged sediments in the Marittimo area,”, the
Department of Environmental, Earth and Life Sciences
(DISTAV) of the University of Genoa, Partner of the Project,
developed a protocol for mycoremediating marine-dredged
sediments affected by heavy metals. The aim of this study
was to evaluate the efficiency of the mycoremediation protocol
using selected autochthonous fungal strains from four port
sediments (Genoa, Leghorn, Pisa, and Cagliari—Italy) and
compare results obtained in each treatment.

2 Materials and methods

Mycoremediation pilot activity was carried out on different
kinds of sediments from the Ports of Genoa, Leghorn, and
Cagliari and the Navicelli Canal of Pisa (Fig. 1). Bottom su-
perficial sediments were collected inside the Port of Genoa
using a Van Veen grab, whereas sediments of the Ports of
Leghorn and Cagliari were collected using a steel shovel from
the reclamation areas located in these ports, where sediments
were positioned during recent dredging. In these last two
cases, sediments were in dry conditions. Finally, Pisa sedi-
ments were sampled using a Van Veen grab from the
Navicelli Canal that was built in the sixteenth century to con-
nect Pisa to the Port of Leghorn and it is characterized by
brackish water. A total of 30 kg of sediment was collected
from each area and stored in closed plastic barrels in a cool
environment and away from light. At laboratory, 1 kg was
used for chemical characterization (metals), 215 g for physical
characterization (definition of organic and inorganic fraction
and grain size analysis), 5 g for fungal characterization, and
25 kg for the mycoremediation activity. Sediment aliquot des-
tined to the analysis of fungal community was taken immedi-
ately upon arrival in the laboratory; while to sample the ali-
quots destined to the other analyses and treatment, sediments
were poured alternatively in small quantities into the treatment
plastic boxes, further homogenized and then sub-sampled.

2.1 Chemical and physical characterization
of sediments

Metal concentration was determined using the method
EPA3050B 1996 + EPA6010D 2014 at the Eurochem Italia
laboratory in Genoa. Concerning physical characterization,
15 g of sediment was analyzed in order to evaluate the per-
centage of the organic fraction (OF) and inorganic fraction
(IF). The sediment (with a known dry weight, S) was burnt
in an ISCOmuffle (ISM320mod.) for 3 h at 550 °C to remove
the OF. The unburned fraction (IF) was weighed, whereas the
OF was determined by difference between S and IF.
Furthermore, 200 g of sediment was analyzed for the grain-
size characteristics. Sediment was first dried at 60 °C in a
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thermostatically controlled oven and weighed. Subsequently,
the fine fraction (particle diameter Ø < 63 μm) was divided
from the coarse fraction (particle diameter Ø > 63 μm) using a
wet sieve (63-μm mesh sieve). Coarse fraction was dried at
60 °C and its grain size analysis was carried out by dry siev-
ing, considering the follow dimensional classes as indicated
by Capello et al. (2016): 63–125 μm, 125–250 μm, 250–
500 μm, 500–1000 μm, 1000–2000 μm, and > 2000 μm.
The analysis of the fine fraction was carried out using a
Coulter Counter® Multisizer 3 (Beckman Coulter, Inc.). The
values of OF, IF, and grain size classes were expressed in
percentage (%).

2.2 Quality assessment of the sediments

To evaluate the chemical quality of studied sediments and to
quantify the effect of the mycoremediation treatment on them,
the evaluation procedure reported by The Italian Ministerial
Decree (I.M.D.) 173/2016 “Technical procedures and criteria
for authorizing the disposal of dredged sediments into the sea”
was considered. This decree considers the first Weight of
Evidence (WOE) approach that combines various lines of evi-
dence (LOE), such as chemical analysis, toxicity testing, and
the in situ benthic community structure, to evaluate the contam-
ination degree of sediments and their dangerousness for the
marine environment (Regoli et al. 2019). In order to protect
the marine environment, the Italian decree determines the fol-
lowing: (i) the homogeneous criteria for the whole national
territory for the use of dredged materials for nourishment

purposes; (ii) the management of materials dredged from port
areas and coastal marine areas not included in sites of national
interest; (iii) the management of materials from national interest
sites resulting from dredging operations in the port and coastal
marine areas, outside the sites of national interest. Moreover,
the decree demands the characterization and classification of
the dredged sediments: it asks the quality assessment.
Therefore, following the decree rules, as showed also in
Surricchio et al. (2019), to assess sediment contamination be-
fore and after the mycoremediation treatment, we considered
the chemical analysis LOE. We did not consider the ecotoxico-
logical evaluation part because it was outside the scope of our
study. Therefore, we applied the chemical levels of reference L1
(the lowest chemical level of reference) and L2 (the highest
chemical level of reference) (Table 1) and the evaluation of
chemical hazard (HQ) for the chemical contaminants defined
by HQ based on the international classification (according to
Annex II of Directive 2008/105/EC) of “not priority,” “priori-
ty,” or “dangerous and priority” substances. It assigns the sub-
stances a weight based on their priority classification: “not pri-
ority” substances have weight = 1; “priority” substances have
weight = 1.1; and “dangerous and priority” substances have
weight = 1.3. Starting from each contaminant concentration
(C) found in sediments, the “ratio to references L1 or L2”
(RTR) and the “weighted ratio to reference” (RTRw) are defined
for each contaminant and then HQ of sediment is found:

RTR ið Þ ¼ C ið Þ=chemical level of reference L1 or L2 ið Þ
RTRw ¼ RTR ið Þ � weight ið Þ

Fig. 1 Map of the Interreg Maritime areas of cooperation: Corse (entire
region; France) in light blue; Liguria (entire region; Italy) in green; PACA
(Maritime Alps and Var; France) in orange, Sardinia (entire region; Italy)
in red; Tuscany (city of Grosseto, Lucca, Leghorn, Massa Carrara, and

Pisa; Italy) in violet. Gray dots show the cities in which the sediments
treated in the present study were collected: Genoa, Pisa, Leghorn, and
Cagliari

J Soils Sediments (2020) 20:2653–2663 2655



HQ ¼ Σ RTRw jð Þ if RTR jð Þ≤1½ �=Nþ Σ RTRw kð Þ if TRTw kð Þ > 1

Finally, sediments are classified according to the following
HQ classes: “absent” contamination if HQ < 0.7; “negligible”
if 0.7 ≤HQ< 1.3; low if 1.3 ≤HQ< 2.6; medium if 2.6 ≤HQ
< 6.5; high if 6.5 ≤HQ< 13; and very high if HQ ≥ 13.

2.3 Fungi isolation and identification

Fungi were isolated by the dilution plate technique as de-
scribed in Cecchi et al. (2019a) using a dilution factor of
10. In order to favor fungal growth, Rose Bengal Agar
medium (SIGMA-ALDRICH®) was prepared. In each
plate (12 cm Ø), 1 ml of solution was inoculated and then
spatulated to increase the fungal isolation possibility. After
inoculums, the plates were incubated in the dark at 24 °C
and monitored weekly. After being grown, fungal strains
were isolated in axenic cultures in test tubes, thanks to the
method of subsequent isolations. Fungal identification was
carried out by a polybasic approach (morphological and
molecular; Cecchi et al. 2019a). Morphological identifica-
tion was carried out using stereoscope and microscope,
analyzing macro- and micro-morphological features of
fungi. Genus and species identification was possible by
the consultation of specific monographs (Zycha et al.
1969 for Mucorales order; Domsch et al. 1980 for soil
fungi; Nelson et al. 1983 for Fusarium genus; Pitt et al.
2000 for Penicillium genus). Genomic DNAwas extracted
from 100 mg of fresh fungal culture using a modified
CTAB method (Doyle and Doyle 1987). The PCR ampli-
fication of β-tubulin gene was performed using Bt2a and
Bt2b primers (Glass and Donaldson 1995), and in ITS re-
gion amplification, universal primers ITS1F and ITS4
(White et al. 1990; Gardes and Bruns 1993) were used to
identify the most critical strains (Di Piazza et al. 2018).
The PCR protocol was as follows: one cycle of 5 min at
95 °C; 40 s at 94 °C; 45 s at 55 °C; 35 1-min cycles at
72 °C; one 10-min cycle at 72 °C. Later, PCR products
were purified and sequenced using Macrogen Inc. (Seoul,
Republic of Korea). The sequence assembly and editing
were performed using Sequencher® (Gene Codes
Corporation, version 5.2). The taxonomic assignment of
the sequenced samples was carried out using the
BLASTN algorithm to compare the sequences obtained in
the present study against the GenBank database. We took a
conservative approach to species-level assignment (identi-
ty ≥ 97%) and we verified the accuracy of the results by
also 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 of the Laboratory of Mycology of DISTAV of
the University of Genoa.Ta
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2.4 Mycoremediation test

Two plastic boxes were prepared with 5 kg of port sediment
for pilot mycological activity for each port. Box 1 and 2 were
used for testing fungi efficiency in bioaccumulating metals.
Sterile polyester membranes were positioned on sediments
and inoculated with 0.5 L of selected fungal strain inocula
(Cecchi et al. 2019a). Membranes allow physical (not chem-
ical) mycelia separation from sediments. Membrane samples
were collected from the boxes after 15 (1), 30 (2), and 60 (3)
days after inoculum in order to evaluate their metal content.
The recovery efficiency (RE%) was calculated as the percent-
age of metal recovery between metal initial and final concen-
trations (Rashid et al. 2016; Aftab et al. 2017; Di Piazza et al.
2017; Cecchi et al. 2019a) for each membrane sample.
Moreover, the difference recovery efficiencies (DREs%) be-
tween the REs of the membrane inoculated with fungi and the
natural RE membrane (without fungi) employed in this study
were calculated for the boxes at each experimental time
(1DRE, 2DRE, 3DRE) in order to better evidence the fungal
contribution in the membrane metal uptake (Cecchi et al.
2019a).

3 Results

3.1 Chemical and physical characteristics of sediments

Chemical characterization results show that Pisa sediments are
the most contaminated in terms of inorganic contaminants in
particular for Cr, Cd, Ni, Cu, and Zn (Table 1). In each port Al,
Fe, Mn, and Pb appear the most abundant metals (Al >
4000 mg kg−1; Fe > 6000 mg kg−1; Mn > 80 mg kg−1; Pb >
50 mg kg−1), while Hg is characterized by the lowest concen-
trations (< 0.6 mg kg−1). However, elements such as Fe and Al
are main constituents of the earth crust and consequently they
are abundant; while as concern trace metals Pb, Cd, Cr, and
Hg reach high concentration mainly in Pisa sediments (60, 22,
320, and 0.59 mg kg−1, respectively), but less markedly in
Genoa (59, 0.42, 55, 0.32 mg kg−1, respectively). All charac-
terized sediments show dominance of the inorganic fraction
(Table 2); the organic fraction varied from 3 to 12% and is
mostly represented in Pisa sediments (Table 2).

Regarding the grain size analysis, sediments of Genoa and
Cagliari are mainly composed by the coarse fraction (Ø >
63 μm) and in particular by sand between mean and very fine
(83.9 and 67.7%, respectively; Table 2). Sediments of
Leghorn present high values of gravel (22.6%), consisting in
gravel and shells, and fine silt (20.0%). Fine fraction (Ø <
63 μm) is dominant in Pisa sediments (72.6%; Table 2) with
30.8% of fine silt and 9.5% of clay.

Following the sediment quality assessment strategy report-
ed in Italian Ministerial Decree 173/2016, considering L1 (the

lowest chemical level of reference), sediments of Leghorn
have no contamination. Genoa is characterized by a high con-
tamination, while sediments of Pisa and Cagliari have a very
high contamination (Table 3). Instead, considering L2 (the
highest chemical level of reference), sediments of Genoa and
Leghorn have absent contamination; sediments of Cagliari
have medium contamination, while Pisa sediments have a very
high contamination. After the mycoremediation treatment, ex-
cept for Leghorn, there was an improvement of sediment qual-
ity, but only for Genoa the improvement corresponds to a de-
crease in the sediment contamination class for L1. Leghorn
sediments, in fact, show a slight deterioration of their quality
class for L1 from 0.24 HQ to 3.92 HQ (Table 3). Genoa before
the treatment was characterized by an HQ (L1) of 8.16 (high
contamination class) and after the mycoremediation, this value
has decreased up to 4.59 changing the sediment contamination
class for L1 (medium contamination class) (Table 3). Pisa
shows a decrease in particular of the HQ (L1) values (from
117.23 to 80.27), but the contamination class is the same (very
high contamination). Cagliari results show small changes both
for L1 and L2 (Table 3).

3.2 Fungal isolation results

Macro- and micro-morphological characterizations of fungi
show that the dominant fungal genera in the sediments ana-
lyzed are Penicillium, Fusarium, and Mucor (Genoa results
were published in Cecchi et al. 2019a). In particular, from
Leghorn, sediments counted, isolated, and conserved were
two morphotypes referable to the genera Penicillium and
Mucor. In Pisa sediments, the recognized morphotypes belong
to the genera Cunninghamella and Penicillium; while in
Cagliari sediments, strains belong to the genera Fusarium
and Cladosporium. DNA analyses allowed the specific iden-
tification of these strains: Penicillium brevicompactum
Dierckx and Mucor racemosus Fresen from Leghorn sedi-
ments; Cunninghamella elegans Lendn. and Penicillium
citrinum Thom from Pisa sediments; Fusarium oxysporum
complex Schltdl. and C. cladosporioides from Cagliari sedi-
ments. These DNA results showed an identity ≥ 97%.
Moreover, they were verified with the morphological studies.
Penicillium strain, isolated from Leghorn sediments and re-
sulted bymolecular analysis belonging to the brevicompactum
species, is characterized by slow growth and formation of dull
green colonies (12–22mmdiameter) after 7 days at 25 °C. It is
a terverticillate Penicillium; conidia are ellipsoidal (2.5–
3.5 μm long). Mucor racemosus strain (from Leghorn sedi-
ments), belonging to the Zygomycota Phylum, forms dark
gray-light gray colonies and produces sporangiophores with
an apical swelling enclosed by large sporangium filled with
ellipsoidal, single celled, smooth-walled, sporangiospores.
Cunninghamella elegans (from Pisa sediments) also belong
to the Zygomycota Phylum and rapidly grows (4 days)
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forming cottony and gray colonies. Here, the vesicles have
spine-like denticles on their surfaces. Sporangiospores are
one-celled, solitary, and globose. P. citrinum (from Pisa sedi-
ments) forms green-gray-blue colonies (18–25 mm diameter).
It is characterized by smooth-walled and globose conidia (2–
2.5 × 1.8–2.5 μm). The strain belonging to the F. oxysporum
complex (from Cagliari sediments) is characterized by rapid
colony growth (4.5 cm in 4 days) and by a white initial aerial
mycelium, becoming purple after some days. Conidiophores
are short and single. Macroconidia are fusiform and slightly
curved, mostly triseptate (23–24 × 3–4.5 μm). Microconidia
are abundant, ellipsoidal to cylindrical (5–12 × 2.3–3.5 μm).
C. cladosporioides strain (from Cagliari sediments) is charac-
terized by olive-green velvety colonies. It produces brown to
olive-brown, small, single-celled, and lemon-shaped conidia.

3.3 Mycoremediation results

As described in Cecchi et al. (2019a), Genoa Port sediments
were treated regarding heavy metal contamination with a

mixed inoculum of Penicillium expansum and Paecilomyces
formosus. As for Leghorn sediments, they were treated with
mixed inoculum of Penicillium brevicompactum and Mucor
racemosus. Fungal strains employed in the bioremediation
test on Pisa sediments were Cunninghamella elegans and
Penicillium citrinum. Finally, Cagliari sediments were treated
with Fusarium oxysporum and C. cladosporioides.

As described in Cecchi et al. (2019a), selected fungi from
Genoa sediments increase the membrane absorption of metals
(in particular of Zn and Cu). Figure 2 shows Leghorn results and
evidences that the recovery efficiency increases and reaches the
maximum value after 60 days of treatment for each considered
metal. Cr tot, Ni, and Mn appear to be hyper-bioaccumulated
(percentage of recovery ≥ 100%). However, DRE values show
that fungi start active bioaccumulating Cr tot after 15 days and
Ni after 30 days: initial accumulation is due to the membrane
(negative values). For Pisa sediments, RE data demonstrate that
all metals are immediately bioaccumulated, but the accumula-
tion values after the first 15 days is quite constant and does not
exceed 20%; only Sb reaches the peak of accumulation after

Table 2 Physical characterization
of the sediments analyzed in the
present study: inorganic and
organic fractions (%), results of
the grain size analysis (%)

Samples Genoa Leghorn Pisa Cagliari

Inorganic fraction 97 97 88 95

Organic fraction 3 3 12 5

Total coarse fraction (Ø > 63 μm) 86.7 60.4 27.4 76.6

Total fine fraction (Ø < 63 μm) 13.3 39.6 72.6 23.4

Gravel(Ø > 2000 μm) 0.3 22.6 3.4 2.1

Very coarse sand (1000 μm<Ø< 2000 μm) 0.7 6.2 2.9 1.9

Coarse sand (500 μm<Ø< 1000 μm) 1.7 6.3 4.4 5.0

Mean sand (250 μm<Ø< 500 μm) 3.7 12.1 4.5 23.2

Fine sand (125 μm<Ø < 250 μm) 65.5 7.2 5.9 35.7

Very fine sand (63 μm<Ø< 125 μm) 14.7 6.0 6.3 8.8

Coarse silt (30 μm<Ø < 63 μm) 7.2 4.9 16.5 5.0

Mean silt (16 μm<Ø< 30 μm) 2.3 8.4 15.8 5.6

Fine silt (4 μm<Ø< 16 μm) 3.2 20.0 30.8 10.4

Clay (Ø < 4 μm) 0.7 6.3 9.5 2.3

Table 3 Results of sediment quality (HQ) assessment before and after mycoremediation treatment. Green: absent or negligible contamination; yellow:
medium contamination; red: high contamination; and black: very high contamination

Initial 

characterization

Genoa 

sediments

Leghorn 

sediments

Pisa 

sediments

Cagliari 

sediments

HQ(L1) 8.16 0.24 117.23 16.08

HQ(L2) 0.51 0.09 44.84 6.39

After treatment
Genoa 

sediments

Leghorn 

sediments

Pisa 

sediments

Cagliari 

sediments

HQ(L1) 4.59 3.92 80.27 14.86

HQ(L2) 0.46 0.46 30.76 5.88
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60 days (> 70%; Fig. 3). DRE values show that Mn is excluded
by selected fungi and it does not bioaccumulate, while other
metals and in particular Cd, Cr tot, Zn, and Sb are actively
bioaccumulated by fungi.

Cagliari RE results are shown in Fig. 4 and provide evi-
dence that the main accumulated metals are as follows: Cr tot
and Ni up to 30 days of treatment; Mn, Sb, and As up to the
end of the treatment (60 days); Cd only at 60 days. However,
DRE data show that selected fungal species are not able to
bioaccumulate Cr tot, Ni, and Mn, and their accumulation is

due to the membrane (negative values), while As and Cd are
effectively bioaccumulated by fungi.

4 Discussion

The isolates belong to typically terrestrial and saprotroph fun-
gi. Many studies have reported that some terrestrial fungi are
able to adapt to marine environmental conditions playing a
central role in the carbon cycle as biodegradators of organic

Fig. 2 The histogram shows the
heavy metal recovery efficiency
(RE %) and difference recovery
efficiency (DRE %) of the
membrane inoculated with
autochthonous fungi on Leghorn
sediments at 15, 30, and 60 days

Fig. 3 The histogram shows the
heavy metal recovery efficiency
(RE %) and difference recovery
efficiency (DRE %) of the
membrane inoculated with
autochthonous fungi on Pisa
sediments at 15, 30, and 60 days
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matter (e.g., mineralization; Hyde et al. 1998; Capello et al.
2017). The use of autochthonous fungi and, in particular, of
marine-derived fungi in the bioremediation of polluted saline
environments is facilitated by their tolerance to saline condi-
tions (Vala et al. 2018). In this study, autochthonous fungal
strains are employed. P. expansum and P. formosus are select-
ed by Cecchi et al. (2019a) because of their known capability
of bioconcentrating metals (Di Piazza et al. 2017).
P. brevicompactum and Mucor racemosus, isolated from
Leghorn sediments, were also previously isolated from ex-
treme environments contaminated by heavy metals and they
exhibited the capability to bioaccumulate metals (Zhu et al.
2015; Cecchi et al. 2018b, 2019b). Moreover, P. citrinum to-
gether with Cunninghamella elegans are isolated from Pisa
sediments and are known to bioaccumulate heavy metals such
as Cu and Cd (de Lima et al. 2013; Verma et al. 2013).
Abdullahi and Ibrahim (2018) together with Nakkeeran et al.
(2018) highlighted the potential use ofC. cladosporioides and
F. oxysporum (isolated from Cagliari sediments) in the bioac-
cumulation of toxic metals.

Cecchi et al. (2019a) evidenced the high capability of fun-
gal strains selected from Genoa sediments to increase the
membrane absorption of metals. Treatment of Leghorn sedi-
ments showed the increase of metal bioaccumulation of the
membrane by the selected fungal species during experimental
time. It is interesting that the fungal uptake of Cr tot and Ni
starts after 15 and 30 days, respectively. These metals are
indifferent, without biological function, and they are often
contaminants and toxic not only for the environments but also

for organisms. Cr is highly toxic, mutagenic, and carcinogen-
ic, and it spreads widely beyond the site of initial contamina-
tion because of its mobility. Filamentous fungi, such as
Aspergillus sp., Penicillium sp., and Trichoderma sp., are
known to reduce Cr(VI) to Cr(III) by exploiting the reducing
power generated by carbon metabolism as mechanism of
Cr(VI) detoxification, and are known for the ability to both
biotransform Cr(VI) and accumulate it in the biomass (Viti
et al. 2014). Ni naturally occurs in the environment, often
combined with iron and sulfur, and it also has many
industrial uses and anthropogenic sources that may
contaminate the environment, representing a threat for
human health. Cecchi et al. (2017b) selected a Trichoderma
harzianum Rifai strain able to hyperaccumulate Ni.

For Pisa sediments, the DREs of metals show the Cd, Cr
tot, Zn, and Sb bioaccumulation in fungal cells. Cd represents
an indifferent metal without any biological function but its
biomagnification in nature and migration through drinking
water, food, and air to live organisms can cause severe health
effects (Fazli et al. 2015). However, fungal biomass can act as
a metal sink, either by Cd biosorption to biomass (cell walls,
pigments and extracellular polysaccharides), intracellular ac-
cumulation and sequestration, or precipitation of Cd com-
pounds onto and/or around hyphae (Fazli et al. 2015). On
the contrary, Zn represents essential metal for the fungal cell
metabolism and so it is actively accumulated, thanks to small
molecular weight proteins such metallothioneins and
phytochelatins (Lerch 1980; Cecchi et al. 2019a). Antimony
(Sb) is considered a high priority global contaminant and there

Fig. 4 The histogram shows the
heavy metal recovery efficiency
(RE %) and difference recovery
efficiency (DRE %) of the
membrane inoculated with
autochthonous fungi on Cagliari
sediments at 15, 30, and 60 days
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are various studies elucidating antimony removal from pollut-
ed sites highlighting, among other approaches (e.g., coagula-
tion) and reverse osmosis, methods based on the adsorption by
Mn oxides (Milová-Žiaková et al. 2016). However, it is
known that fungi play a central role in antimony mobility
(Milová-Žiaková et al. 2016).

Cagliari results show that selected species exclude Cr tot
and Ni as survival strategy in contaminated environments.
Fungi, in fact, can adopt three possible strategies against toxic
elements: (1) active metal bioaccumulation in fungal cell and
storage in vacuoles and/or passive metals bioabsorption on
fungal wall; (2) metal mobilization/transformation/immobili-
zation in the external environments, thanks to metabolites and
secondary organic acids production; (3) metal exclusion
(Gadd 2007). The main accumulated metals, thanks fungal
contribute, are Cd and As. Srivastava et al. (2011) isolated
fifteen fungal strains from arsenic-contaminated soils. Out of
fifteen, only five fungal strains were found resistant and sur-
vived with tolerance index pattern as 0.956: the most effective
removal of arsenic was observed in the Trichoderma sp.,
Neocosmospora sp., and Rhizopus sp. (Srivastava et al. 2011).

The different degrees of metal bioaccumulation by fungi
observed in the tests can be due to the following: environmen-
tal conditions, which can affect in situ mycoremediation of
sediments (e.g., pH, temperature, low molecular weight or-
ganic acids and humic acids); season in which pilot activities
were conducted; physical characteristics of sediments; and the
different fungal species employed, altering transformation,
transportation, valance state of heavy metals, and the bioavail-
ability of heavy metals (Fonti et al. 2015). At the end of the
experiment, the quality evaluation shows an improvement in
sediments after mycoremediation, even if not such as to lower
the sediment hazard class (Table 3). This could mean that for
high levels of metal contamination, as in the case of Pisa
sediments, the positive effect of mycoremediation is not
enough for a possible re-use of sediments. This could be due
to environmental and external factors which can negatively
influence and slow down the metal uptake process (as men-
tioned above), for example, the physical characteristics of
sediments, in the case of Pisa very fine and rich in clay and

silt sediments (9.5% and 63.1%, respectively). Clay and silt
sediments, in fact, as gravel do not positively influence fungal
growth: the first does not allow fungal colonization due to the
low oxygen values; the second favors the loss of the waters
and nutrients by the leaching processes which affect fungi
(Sinclair and Ghiorse 1989). On the other hand, other factors
such as organic fraction (OF) can positively influence fungi. It
increases fungal growth, because saprotrophic fungi degrade
organic matter in their nutrition and speed up their metabolism
favoring metal uptake (Yanardağ et al. 2017). Probably, a lon-
ger exposure of the sediments to the mycoremediation process
could lead to the achievement of the targets in terms of hazard
class. Surely, the chemical-physical-mycological characteriza-
tion of the sediment becomes very important to well define the
contamination degree, the potential limits of the sediments to
the mycoremediation treatment, and the fungal species to em-
ploy. Fungi, in fact, can be generalist or selective in the metal
bioaccumulation and the previous study of their behavior is
essential. For example in Pisa Port sediments, Cd, Cr tot, Zn,
and Sb are actively bioaccumulated by fungi (from 22, 320,
590, 6.7 mg kg−1 to 15.50, 210, 345, 5.25 mg kg−1, respec-
tively), while Mn is excluded, but the bioaccumulation pro-
cess is significantly reduced after first 15 days of treatment.
This fact underlines that some external factors (probably high
amount of clay fraction) have affected fungal performance for
the rest of experimental time not allowing the sediment tran-
sition to a lower hazard class. Regarding Cagliari, the scenario
is totally different: selected fungi exclude the major metals
and only Cd were actively bioaccumulated and removed from
sediments (from 1.9 to 1.45 mg kg−1), and the target has not
been reached. Therefore, it will be necessary to deepen this
aspect in the treatment process and found a possible solution.
In this context, in the last decade, some researchers have
started to evidence that integrated soil remediation technolo-
gies which combine physical/chemical/biological techniques
appear to be promising approaches in this technical field
allowing improved organic and inorganic pollutant removal
efficiencies to be achieved (Gan et al. 2009). Fungi can be
inhibited in their metabolic activities by too high concentra-
tions of inorganic contaminants, so the mycoremediation

Fig. 5 The images were taken by
the stereomicroscope and show
the polyester fibrous membrane
structure without fungal biofilm
(a) and the membrane aspect after
60 days from the fungal inoculum
of Leghorn sediment (b) (end of
the experiment)
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treatment can be longer and cheaper. On the other hand, fungi
can be successfully employed in bioaccumulation of the re-
maining metal contamination in the sediments (Gan et al.
2009). This integrated biochemical approach can represent
the new border of the remediation combining a shorter treat-
ment time and sustainable methods able not only to remove
the residual contamination but also to restore natural condi-
tions. Moreover, a large number of studies highlighted the
benefit of not only bioremediation integrated to traditional
techniques but also of bioremediation of a combination of
contaminants, because it is economic, environmental compat-
ible, and of high disposal ability for combined contaminants
of organics and inorganics (Zhang et al. 2007; Chen et al.
2015; Ma et al. 2016). The employed adsorbent membrane
enriched with fungal inocula allows mycelium colonization
(Fig. 5) and increases the metal accumulation not only on
the membrane absorbent fibers but also in the fungal cells,
representing a green and sustainable solution to the problem
of the metal residual contamination of dredged sediments.

5 Conclusions

Our work evidenced that these fungal species are able to grow
and root on a microporous support and are metabolically active.
In particular, selected native species actively bioaccumulate
metals into their cells, improving the membrane metal absorp-
tion. Only in the Cagliari case that fungi excluded metals as
survival strategy. The application of a biomembrane system
potentially employable in situ, in the remediation of the residual
inorganic contamination, could represent useful and important
approach. However, further studies should be conducted to
asses this, in particular regarding the metal tolerance and bio-
accumulation potential of fungi in different contaminated sedi-
ments. Mycotreatments may potentially offer low-impact
chemical/physical remedial options for highly contaminated
port sediments, allowing them to become a useful resource
for future applications.
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