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Abstract: The use of marine sponges dates back thousands of years, and interest in these animals
is increasing as new applications are discovered. Their potential is extensive, both in their ancient
and still popular use as bath sponges for cosmetics and regarding the more recent discovery of
bioactive secondary metabolites mainly of interest for the pharmaceutical industry and the less
developed aquariology. Despite their proven biofiltration and ecosystem restoration ability and
the biomass supply problem for the interested industries, few integrated multi-trophic aquaculture
(IMTA) systems incorporate these invertebrates in their facilities. Therefore, in this brief review,
the benefits that marine sponges could bring to rapidly growing IMTA systems are summarized,
highlighting their suitability for a circular blue economy.
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1. Introduction

Marine sponges have been targeted by fishermen for thousands of years, including
in the Egyptian civilization, and their presence in our society has been continuous ever
since [1]. However, the increasing interest in these animals during the last century has
entailed the impossibility of providing the arising sponge market with an adequate amount
of natural biomass. In this sense, when diving and collecting techniques improved in the
Mediterranean area, different sponge species were collected without any specific legislation
to supply a worldwide trade demanding dozens of tons of marine sponges, causing a dra-
matic reduction of natural stocks [2]. With the development of the pharmaceutical industry
in the last decades of the 1900s, for example, and the strong demand for sponge biomass
for the industrial production of avarol, e.g., (a powerful anti-inflammatory, anti-tumor, and
anti-psoriatic) [3–5], the systematic collection of Dysidea avara caused a dramatic depletion
of natural stocks, particularly along the eastern Mediterranean coasts, to the point of it
being considered endangered [2]. In response to this intensive withdrawal, many demo-
sponge species have been included in the lists of species with high conservation value for
which specific protectionist policies are recommended (Annex I of the Berne Convention).

On the other hand, the world’s population has tripled in the last seven decades.
Contemporaneously, several problems have arisen, one of the most important concerns
being food supply [6]. The inability of natural populations to achieve this has accelerated
the search for sustainable production alternatives. Fisheries have not been left behind, with
aquaculture and its derivative mariculture quadrupling production over the last 3 decades,
nearly equalling that of capture fisheries [7]. Still, as in most developing production
techniques, there are problems that need to be solved to minimize ecological impact.
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Coastal fish farms can have a significant environmental impact due to the release
of catabolites by cultured organisms and feed waste, leading to an overall increase in
sedimentation, organic matter, and a potentially pathogenic or antibiotic-resistant bacterial
load in the water [8]. However, Integrated Multitrophic Aquaculture (IMTA), the practice
that combines the cultivation of fed aquaculture species with other organisms able to extract
organic and/or inorganic substances from seawater, represents an eco-friendly alternative
to monoculture. IMTA allows better water quality and promises high economic return
and social suitability, implying an improvement in human welfare and ecosystem services
provided by the marine environment.

Among the extractive organisms, economically profitable edible filter-feeders are the
most utilized, including the predominant bivalves [9,10]. Nevertheless, Porifera seems to be
one of the most promising, although they are still underexploited. Up to now, few sponge
species have been tested to assess their rearing suitability and performance, bioactive
compound production, or bioremediation capability: on the Mediterranean scale, Geodia
cydonium [11], Spongia officinalis and Hippospongia communis [12,13], Dysidea avara [14],
Hymeniacidon perlevis [15], Chondrosia reniformis [14,16], Ircinia variabilis [17], and Sarcotragus
spinosulus [18]. In these trials, G. cydonium almost doubled its initial weight in six months.
D. avara and S. spinosulus doubled their size in four and twelve months, respectively, and
C. reniformis achieved a growth rate of 170% in one year, while S. officinalis and H. communis
sponges increased their volume by 100–200% over two years. Additionally, impressive
growth exceeding 2000% per year was registered in the Southwestern Pacific Ocean with
Mycale hentscheli cultured near a mussel farm [19]. Altogether, these impressive results
prove the suitability of the rearing system and the species, opening new possibilities in the
aquaculture sector.

In this sense, their environmental and economic potential and, thus, the interest in
these organisms, is increasing as new sustainable applications arise. This review aims to
highlight the suitability and benefits of marine sponges in IMTA systems in a circular blue
economy framework by discussing the profitability of these organisms and emphasizing
their eco-economic potential. From a literature search conducted in Scopus and Google
Scholar databases, the available papers on sponges in IMTA systems were selected to gather
current knowledge on this practice, along with relevant literature, providing an informative
and comprehensive framework of the status and potential of marine sponges. The results
of this bibliographic research are included in the references section of this work.

2. Past and Present Concerns

The trade of sea sponges dates back thousands of years to when they were collected
mainly for cosmetic use and known as “bath sponges”. In the last century, sponges could
be purchased for USD 30 per individual, and the annual value of imports is estimated to
be millions of USD. However, in a span of 50 years, sponge production declined by more
than 80% due to unregulated overexploitation, catastrophic diseases, and the introduction
of synthetic sponges into the market [20]. Even so, today in the Mediterranean basin,
countries such as Italy (e.g., Spugnificio Incorvaia, Gela; Bellini Let’s BE natural, Cogozzo
di Viadana; Spugnificio Rosenfeld, Muggia), Greece (e.g., Cipreo J.-Kypreos Natural Sea
Sponges, Kalymnos; Gerakios traders of natural sponges, Peristeri; Bioesti, Agios Nikolaos),
Croatia (e.g., Spuga2, Kapranj), Cyprus (e.g., Old Port Sea Sponges, Limassol), and Tunisia
(e.g., Éponge, Kraten) still maintain this economic sector based on traditional harvesting.

Although attempts to culture sponges have been documented since the late 18th
century [21], the lack of knowledge and the failure of experiments made harvesting individ-
uals from natural populations the most efficient and profitable methodology [22]. Still, the
aforementioned negative events during the 20th century prompted the search for new busi-
ness strategies. Thus, by the early 1970s, organized and successful mariculture trials with
bathing sponges had already been conducted. The number of attempts has only increased
over the years, becoming the second market interest for the culture of these animals [23,24].
In the search for sustainable and profitable production, as reviewed in [25], many studies
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have tried to define the best rearing system for bath sponges and have concluded it to be
strongly dependent upon species and environmental conditions.

In recent years, marine natural products have gained popularity and the demand for
sponges, though they are more expensive than those of synthetic origin, is high. However,
despite the research effort and promising growth rates of cultured bath sponges (doubling
or tripling in size annually) [26–30], few countries currently cultivate them for commercial
purposes, where they are mostly sold in the local markets, e.g., Micronesia [31] and Zanz-
ibar [32]. Additionally, few studies have been carried out concerning bath sponges within
an IMTA system [12,13], but everything remains in the theoretical framework since, to date,
there is no such production method at a commercial level. Incorporating bath sponges in
these environments where bacterial load is high involves zero cost of consumables like
food, while the material for their cultivation would barely reach a few hundred USD [30].
Since their maintenance is based on monthly growth monitoring, bath sponges rearing
seems an ideal candidate for promising high economic profitability when looking for a blue
circular economy in IMTA systems.

3. Bioremediation, a Way of Life

One of the main advantages of filter-feeding organisms such as Porifera is that their
energy source is obtained by the highly efficient filtration of organic particles between
0.1–50 µm, such as dissolved and particulate organic particles, heterotrophic bacteria and
eukaryotes, phytoplankton, and even viruses [33–35], so that their mere growth leads to
bioremediation of the surrounding environment. Therefore, they are considered a possible
solution to reduce eutrophication and bacterial load.

In this sense, numerous works have tried to calculate this potential by employing
experiments on the filtration and retention capacity of sponges. When it comes to those
performed ex situ, controlled conditions reduce the variability of factors, such as tem-
perature, salinity, nutrients, or microorganisms used, which, together with visualization
techniques and cell counting (such as spectrometry or cytometry), have served to prove
that this capacity differs significantly depending on the species and size of the sponge
explant or the size and even the motility of the microorganism used (Figure 1).
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ical Abundance) and LMA (Low Microbiological Abundance) for microbiological abundance and S 
(Small, <15 µm), B (Big, >15 µm), Y (motile), and N (non-motile) for microorganism description are 
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Figure 1. Comparison of sponge filtration rates (bars) according to species, explant biomass (cir-
cles), and microorganism characteristics. The cited bibliographic references are shown in the ref
column [36–49]. Rayed bars represent in situ studies where no specific microorganism was used.
When standardizing explant size and filtration rates, volume-to-weight and weight-to-weight conver-
sions were made based on [50,51], respectively. Microbiological abundance classification was that
described in [52]. M (Mediterranean), NEA (North-eastern Atlantic), SEA (South-eastern Atlantic),
NWP (North-western Pacific), and RS (Red Sea) for the geographic area; HMA (High Microbiologi-
cal Abundance) and LMA (Low Microbiological Abundance) for microbiological abundance and S
(Small, <15 µm), B (Big, >15 µm), Y (motile), and N (non-motile) for microorganism description are
the abbreviations used.
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However, the logistics and maintenance of conditions involve an expense that does not
exist in IMTA systems, being the natural environment of the sponges. In addition, variables
such as season, currents, or depth are excluded in ex situ experiments, despite being
proven to affect the growth, survival, morphology, composition, and pumping activity of
some sponges [39,40,53–56]. Although the remediation and conversion of organic carbon
have been studied (references already reviewed in [57]), little work has focused on in situ
filtration capacity (e.g., [36,37,40]) and even less on IMTA systems, where knowledge is
very limited [58,59]. Despite that, it has been shown that carbon uptake in these animals
may exceed that of commercial species, such as bivalves, whose market is well established
and generates large economic benefits while that of sponges is still under development [60].

Similarly, being filter-feeding organisms, they are constantly exposed to contamination
of the water column. More specifically, since the last century, numerous experiments have
been carried out to test the accumulation capacity and levels of pollutants, such as heavy
metals (HM, related to diseases such as autism, Alzheimer, or diabetes mellitus) [61] from
mercury or copper to heavier metals such as uranium, americium, or rare earth elements,
which in some cases have been seen to be higher than in mussels [62–83]. As with filtration,
it has been shown that this ability depends on the sponge species and the contaminant
tested, including the morphology of the individual, and that, although spicules represent
the main component of the biomass, they accumulate mainly in the organic tissue [84,85].
Additionally, they could potentially consume contaminated bacteria and incorporate their
HMs [86] and are being proposed as a source of biomagnification of these compounds in
higher trophic levels [87]. However, subjecting sponges to elevated HM concentrations
has been found to negatively affect growth, survival, fecundity, and filtering ability and to
cause DNA damage, ROS production increase, alterations in macromolecule composition,
or even apoptosis, suggesting them as bioremediators of environments partially exposed to
these contaminants [64,67–69,88–92].

The same is true for organic pollutants (OP), whose accumulation in sponges and
biomagnification has also been demonstrated, including natural compounds that have been
classified as such due to their possible toxic effects [93–98]. In this regard, there is a diversity
of results according to contaminants and sponge species. While some results state that
the accumulation of some polycyclic aromatic hydrocarbons (PAHs) and polychlorinated
biphenyls (PCBs) is higher than in some commercial oysters and mussels, others have
found similar levels [72,76,94,99]. However, as expected with pollutant compounds, also
OPs induce stress, DNA damage, and cell apoptosis in sponges [93,100,101].

On the other hand, microplastics (MP) represent a threat that has been gaining im-
portance for the past decade, despite having been found in sponge samples dated more
than 20 years ago [102,103]. Therefore, work and knowledge on the accumulation of these
contaminants and their derivatives in these animals are scarce [104–108]. As might be
expected, a higher concentration of MPs has been seen in filter feeders (similar between
sponges and mussels) than in other feeding strategies, and in the case of sponges, a possible
preference for very small fibers and particles as well [102,104]. While no negative effect has
also been reported [106,109], a more recent study demonstrates that the uptake of some
of these contaminants reduces filtration and respiration rates [110]. However, being that
the levels of MPs in the surrounding water are higher than in their tissues, these studies
agree and suggest a possible resistance or ejection mechanism that allows them to thrive in
contaminated waters [106,110].

When talking about remediation, and considering the concept of the sponge as a
holobiont, the capacity of the associated microbiota to resist, accumulate, and degrade
contaminants cannot be disregarded. In this sense, recent works have demonstrated the
HM accumulation capacity of some symbionts and identified genes that grant resistance
to them, which could have been transmitted via plasmids [111–117]. However, not all
these microorganisms appear to possess them, and, although no differences have also been
reported [118,119], the accumulation of HMs in the host has been shown to negatively
affect symbiont communities [79,120]. The usefulness of these microorganisms does not
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stop there. They have also been proposed to biotransform and can produce biosurfactants
for the bioremediation of these metals [121–126], for the degradation of MPs [127], and
of many OPs, such as pyrenes, brominated phenols, steroids, crude oil, dyes used in the
textile industry, or even alkylbenzene sulfonates present in detergents [96,128–136], which
increases the interest in and confirms sponges as a hot-spot for the search of new green
alternatives in this field.

All in all, the works cited above define marine sponges as good biofilters and bioindica-
tors of pollution caused by increased bacterial load and organic and inorganic contaminants
due to their ability to filter and accumulate them. In search of new remediation technologies,
these animals have even inspired the creation of synthetic sponges to treat water [137–139].
Therefore, incorporating them into the production systems of species for human consump-
tion, such as IMTAs, implies the possibility of monitoring and improving water quality
and, thanks to the demonstrated ability to reduce the pathogen bacterial load, a possible
reduction in antibiotic costs.

4. A Marine Bioactive Compound Factory

The first drugs of marine origin reaching clinical trials were extracted from a Caribbean
sponge around seven decades ago [140]; since then, the number of these compounds has
only increased, and, together with cnidarians, they are the most prominent organisms
discovered [141]. By November 2022, nearly 12,000 compounds were reported from the
phylum Porifera (exceeding a quarter of the total of marine origin), more than 200 of which
were described this year (Figure 2). These are synthesized not only by sponges but also
by their symbiont microorganisms. The value of the approved and artificially synthesized
ones can reach from hundreds to thousands of USD [142,143], demonstrating the potential
of profitable natural production carried out by these organisms.
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The different sponge species and their micro inhabitants open the possibility to search
for and characterize a great number of biomolecules, with different structures and activities
that review works have already tried to collect and synthesize, e.g., [141,143–146]. In
a very generalized way and without detailing, they have a wide range of applications:
from anti-tumour, antiviral, and antimicrobials in human medicine to antimicrobial and
antifouling activities in the aquaculture industry or biomaterial production in different
sectors. However, obtaining the needed biomass involves a considerable challenge, as
natural populations cannot supply this market sustainably.

Therefore, as with bath sponges, attempts to culture them for this purpose have
increased in recent years to become the main commercial target of these activities [24].
However, few attempts have been carried out in IMTA systems, and some of these are
cultures close to other fisheries facilities [11,14,16,18,19,147–149]. Considering the impor-
tance of symbionts in the synthesis of bioactive compounds, the conditions to ensure their
production should be optimal not only for the sponge but also for their inhabitants, which
ex situ can be costly and difficult to maintain. Therefore, co-culture strategies such as
IMTA appear to be possible and economically profitable solutions, as from reared sponge
biomass, as well as others for the pharmaceutical industry, antifouling and antibiotic com-
pounds could be obtained that would reduce the annual losses of billions for fisheries [150],
fostering a circular economy of the sector.

5. From the Sea to the Tank

With hundreds of aquariums worldwide and millions of recreational ones, another
economic potential of marine sponges is their sale for this activity, as due to their diverse
colors and shapes they are particularly attractive (Figure 3). There are companies dedicated
to their trade (mainly in the US), and their prices vary from tens to hundreds of USD per
individual, depending on species and size (e.g., Marine World Aquatics Ltd., Bradford,
UK; RUSALTY, St Okeechobee, FL, USA; Aquarium Creations Online, Lauderdale Lakes,
FL, USA).
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In addition, there are fish families such as angelfish (Pomacanthidae), filefish (Monacan-
thidae), boxfish (Ostraciidae), or pufferfish (Tetraodontidae) that graze on different sponge
species and can contribute to over 70% of their diet [151–153]. As it is used as an aquarium
species, sponge-based food supplies have already been developed (e.g., Mega-Marine
Angel, Hikari; Sponge Professional Softgran, EBO; Angel Formula, Ocean Nutrition).

Considering that some of the sponges consumed by these fish have already been
the target of in situ culture attempts (albeit if for a different purpose, such as Agelas
sp., Callyspongia spp., Chondrilla sp., Chondrosia sp., Geodia sp., Haliclona sp., Ircinia spp.,
Mycale spp., Spongia spp., or Xestospongia sp.) [11,13,14,16,26,27,30,36,53,147–149,154–160],
incorporating them into IMTA systems would be a viable option for the production of
aquarium feed supplements. On the other hand, physical traits such as color, shape, or
size are vital when selecting ornamental aquarium sponges. Depending on the geographic
position, these facilities could provide a suitable environment for the correct growth and
sustainable production of local ornamental aquarium species.

6. The Challenge in Marine Sponges’ Restoration

As many sponge species are considered endangered, efforts to recover natural popu-
lations are increasing (Annex I of the Berne Convention). From artificial reefs to vertical
collectors, ideas are emerging for different restoration structures to increase biodiversity
and create a biotope for these species [161]. Transplanting sponges to areas where they had
been almost eradicated has been seen as a viable option to recover the populations of these
animals, with 100% survival rates and maintaining fertile individuals to favor the natural
recruitment of juveniles and other organisms, such as corals, would improve ecological
succession [162,163].

In this sense, wisely planned IMTA systems could be reasonably proposed for envi-
ronmental restoration and conservation purposes. Such facilities combine bioremediation
with biodiversity increase thanks to the fouling attached to artificial substrates and reared
specimens (Figure 4). In the case of sponges, the biomass obtained can be valorized for
transplantation or restocking of threatened or vulnerable species up to benthic habitat
restoration. In addition to the environmental value, the creation of these ecosystems
and the indirect recruitment of other species could represent a benchmark of underwater
tourism that, at zero cost, would bring income to the local community [161].
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7. Deciding the Methodological Approach

Planning any sponge farm (including those in an IMTA system) requires in-depth
preliminary studies to first evaluate the consistency of the natural stocks which will act as
“donors”. Once the distribution and abundance of the sponge donor beds have been char-
acterized, it is necessary to study thoroughly the biological and ecological characteristics of
the potentially selected species. Among the features that must be considered in the species
selection, expertise in reproduction, growth performance, resistance to survival in critical
conditions, and resistance to manipulation are fundamental.

Going into more detail on the methodology and practical aspects of sponge culture,
the design of the systems and the survival and growth rates of the explants used vary
according to the sponge species, their skeletal consistency, and the aim of production. Thus,
for secondary metabolite production, the shape and appearance of the individual are taken
less into consideration, whereas maturity or symbiotic composition are. At the same time,
the opposite would be true if the cultured individuals were to be destined for an aquarium.

In this sense, sponge farming systems could be performed vertically in the water
column or horizontally on the seabed using different materials and tools. Mobile structures
suspended in the water column allow the rearing of many sponge explants around the fish
farming cages. In such systems, different tools have been tested, such as ropes, tubular
nets, mesh panels, lantern nets, and SEAPA cages where the sponge explants have been
inserted (Figure 5). [24] reviews the methodology of studies that have cultured sponges
in situ and concludes that artificial substrates are the predominant choice, followed by
rope and mesh systems, all with similar percentages (between 25% and 30% of the studies
reviewed for each). However, when the search is narrowed down to IMTA systems (present
study), those with thread lines running through explants and mesh systems become the
most studied (encompassing almost all the studies), while artificial substrates are hardly
used [16]. For Dysidea avara, for example, Ref. [164] concludes that in pristine natural waters
a cage system promotes a higher growth rate when compared with rope and mesh systems,
while [14] and the Porifarma company described in [25], being fish-farming associated
sponge rearing systems, utilize nylon rope systems with promising results. This change in
the choice of methodology could be mainly because, in IMTA systems, the organic load
in the water column coming from fish production is high and increases sedimentation [8],
which has been shown to negatively affect sponge culture structures with large exposed
or semi-enclosed surfaces, such as artificial substrates or cages [14]. Therefore, designs
in which more of the sponge surface area is in contact with the water column and less
is available for sedimentation and fouling colonization seem to be the most suitable for
explant rearing, such as the rope and mesh system variants.

However, when choosing the type of culture system, other factors must also be consid-
ered, which in some cases determine the biomass production yield or its usefulness for the
established objective. Depth, for example, is a determining factor for collagen production
in Chondrosia reniformis (higher content in shallow waters) [40]. Consequently, culture
structures should be located a few meters from the surface. Heat stress, on the other hand,
induces the loss of symbionts [165], which can be crucial to produce secondary metabolites;
thus, in areas where the water surface temperature rises above 30 ◦C, the culture should
be placed at greater depths. All in all, the selection of the cultivation method for marine
sponge explants is the result of different factors, such as environmental factors, species, or
production objectives, that will determine the type of system, material, and placement of
the structures.



J. Mar. Sci. Eng. 2023, 11, 80 9 of 17

J. Mar. Sci. Eng. 2023, 11, x FOR PEER REVIEW 9 of 18 
 

 

associated sponge rearing systems, utilize nylon rope systems with promising results. 
This change in the choice of methodology could be mainly because, in IMTA systems, the 
organic load in the water column coming from fish production is high and increases sed-
imentation [8], which has been shown to negatively affect sponge culture structures with 
large exposed or semi-enclosed surfaces, such as artificial substrates or cages [14]. There-
fore, designs in which more of the sponge surface area is in contact with the water column 
and less is available for sedimentation and fouling colonization seem to be the most suit-
able for explant rearing, such as the rope and mesh system variants. 

 
Figure 5. Main rearing methods in Remedia Life (upper) and ASMAR (lower) IMTA systems. Sar-
cotragus spinosulus reared in tubular nets (a), Aplysina aerophoba (b), and Hymeniacydon perlevis (c) 
reared in rope systems with net bags in the Maricoltura del Mar Grande fish farm (Mar Grande of 
Taranto, northern Ionian Sea); S. spinosulus in SEAPA nets (d), mesh panels (e) and lantern nets (f) 
close to Gargano fish farm (Gulf of Manfredonia, south-eastern Adriatic Sea). ASMAR project: As-
sessment of Sponge Mariculture Potential in Polyculture System in the Manfredonia Gulf–Interreg 
Adrion Blue Boost 2019–2020. 

However, when choosing the type of culture system, other factors must also be con-
sidered, which in some cases determine the biomass production yield or its usefulness for 
the established objective. Depth, for example, is a determining factor for collagen produc-
tion in Chondrosia reniformis (higher content in shallow waters) [40]. Consequently, culture 
structures should be located a few meters from the surface. Heat stress, on the other hand, 
induces the loss of symbionts [165], which can be crucial to produce secondary metabo-
lites; thus, in areas where the water surface temperature rises above 30 °C, the culture 
should be placed at greater depths. All in all, the selection of the cultivation method for 
marine sponge explants is the result of different factors, such as environmental factors, 
species, or production objectives, that will determine the type of system, material, and 
placement of the structures. 

8. Fitting Strategic and Sustainable Development Goals 
The European Union, in the amended 2022 “New strategic guidelines for aquacul-

ture”, improved the “Strategic Guidelines for a more sustainable and competitive Euro-
pean aquaculture for the period from 2021 to 2030” with a shared vision for further 

Figure 5. Main rearing methods in Remedia Life (upper) and ASMAR (lower) IMTA systems.
Sarcotragus spinosulus reared in tubular nets (a), Aplysina aerophoba (b), and Hymeniacydon perlevis (c)
reared in rope systems with net bags in the Maricoltura del Mar Grande fish farm (Mar Grande of
Taranto, northern Ionian Sea); S. spinosulus in SEAPA nets (d), mesh panels (e) and lantern nets (f)
close to Gargano fish farm (Gulf of Manfredonia, south-eastern Adriatic Sea). ASMAR project:
Assessment of Sponge Mariculture Potential in Polyculture System in the Manfredonia Gulf–Interreg
Adrion Blue Boost 2019–2020.

8. Fitting Strategic and Sustainable Development Goals

The European Union, in the amended 2022 “New strategic guidelines for aquaculture”,
improved the “Strategic Guidelines for a more sustainable and competitive European
aquaculture for the period from 2021 to 2030” with a shared vision for further development
of aquaculture in the EU. The goal is to build a sustainable, resilient, and competitive
aquaculture (marine and freshwater). Particular attention is paid to the need to put science
into practice through applied research and innovation, nationally and internationally.
Among the strategic points that member states must consider to achieve the proposed
goal by 2030 are supporting the development of new aquaculture methods, in particular
those with low environmental impact (e.g., IMTA), and promoting diversified production
to expand the supply of aquaculture products, using promising new species in the EU,
including marine invertebrates.

From a global point of view and with a focus on future feasible socio-economic de-
velopment, the use of marine sponges in IMTA systems fits perfectly with the Sustainable
Development Goals for 2030 described by the United Nations [166], which detail objec-
tives, such as reducing biodiversity loss and poverty, making sustainable use of marine
resources, and promoting environmentally sustainable economic development, among
others. Although the inclusion of sponges in IMTA is still underutilized, keeping avoiding
the over-exploitation of natural sponge populations in mind, the spreading of such practices
can combine environmental needs and sustainable development [24,25,57].

As mentioned above, sponge mariculture has been known for a long time but with
only a few large-scale applications, mainly related to “bath sponges” [24,25,57]. Currently,
a positive impact has been reported in regions such as Zanzibar and Micronesia, where in
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situ marine sponge culture systems enhance the recruitment of other species and provide
a source of income for the local population [31,32]. Thus, despite being underexploited
species in IMTA systems, the environmental and economic potentials of marine sponges
are important in the pursuit of the fixed goals of the aquaculture sector and sustainable
societal development.

9. Conclusions

The production of biomass from non-edible species in properly designed IMTAs, such
as marine sponges with important profitable applications, implies using new resources that
promote a blue circular economy (Figure 6). In this sense, these systems represent an eco-
friendly sponge biomass supply not only for economic interests, such as the bath sponge
market, green extraction of bioactive molecules, and aquariology (ornamental species
or food for fishes) but also for environmental welfare as bioremediation or restoration
purposes that increase ecosystem biodiversity. The IMTA systems not only fit perfectly
with the general Sustainable Development Goals proposed by the United Nations but, at
the same time, lowering the use of antibiotics would reduce costs and economic losses in
the pursuit of the aquaculture sector’s environmentally friendly progress.
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3. Müller, W.E.G.; Zahn, R.K.; Gasić, M.J.; Dogović, N.; Maidhof, A.; Becker, C.; Diehl-Seifert, B.; Eich, E. Avarol, a cytostatically

active compound from the marine sponge Dysidea avara. Comp. Biochem. Physiol. Part C Comp. Pharmacol. 1985, 80, 47–52.
[CrossRef] [PubMed]

4. Ferrándiz, M.L.; Sanz, M.J.; Bustos, G.; Payá, M.; Alcaraz, M.J.; De Rosa, S. Avarol and avarone, two new anti-inflammatory
agents of marine origin. Eur. J. Pharmacol. 1994, 253, 75–82. [CrossRef] [PubMed]

5. Amigó, M.; Payá, M.; Braza-Boïls, A.; De Rosa, S.; Terencio, M.C. Avarol inhibits TNF-α generation and NF-κB activation in
human cells and in animal models. Life Sci. 2008, 82, 256–264. [CrossRef]

6. United Nations Department of Economic and Social Affairs, Population Division. World Population Prospects 2022: Summary of
Results; UN DESA/POP/2022/TR/NO. 3; United Nations Publications: New York, NY, USA, 2022.

7. FAO. The State of World Fisheries and Aquaculture 2022. In Towards Blue Transformation; FAO: Rome, Italy, 2022.
8. Gowen, R.J.; Bradbury, N.B. The ecological impact of salmonid farming in coastal waters: A review. Oceanogr. Mar. Biol. 1987, 25,

563–575. [CrossRef]
9. Holdt, S.L.; Edwards, M.D. Cost-effective IMTA: A comparison of the production efficiencies of mussels and seaweed. J. App.

Phycol. 2014, 26, 933–945. [CrossRef]
10. Irisarri, J.; Fernández-Reiriz, M.J.; Labarta, U.; Cranford, P.J.; Robinson, S.M. Availability and utilization of waste fish feed

by mussels Mytilus edulis in a commercial integrated multi-trophic aquaculture (IMTA) system: A multi-indicator assessment
approach. Ecol. Indic. 2015, 48, 673–686. [CrossRef]

11. Müller, W.E.; Wimmer, W.; Schatton, W.; Böhm, M.; Batel, R.; Filic, Z. Initiation of an aquaculture of sponges for the sustainable
production of bioactive metabolites in open systems: Example, Geodia cydonium. Mar. Biotechnol. 1999, 1, 569–579. [CrossRef]

12. Pronzato, R.; Cerrano, C.; Cubeddu, T.; Lanza, S.; Magnino, G.; Manconi, R.; Pantelis, J.; Sarà, A.; Sidri, M. Sustainable
development in coastal areas: Role of sponge farming in integrated aquaculture. In Proceedings of the Aquaculture Europe,
Bordeaux, France, 7–10 October 1998. [CrossRef]

13. Pronzato, R. Sponge Farming in the Mediterranean Sea: New Perspectives. Mem. Qld. Mus. 1999, 44, 485–491.
14. Osinga, R.; Sidri, M.; Cerig, E.; Gokalp, S.Z.; Gokalp, M. Sponge Aquaculture Trials in the East-Mediterranean Sea: New

Approaches to Earlier Ideas. Open. Mar. Biol. J. 2010, 4, 74–81. [CrossRef]
15. Longo, C.; Cardone, F.; Corriero, G.; Licciano, M.; Pierri, C.; Stabili, L. The co-occurrence of the demosponge Hymeniacidon perlevis

and the edible mussel Mytilus galloprovincialis as a new tool for bacterial load mitigation in aquaculture. Environ. Sci. Pollut. Res.
2016, 23, 3736–3746. [CrossRef] [PubMed]

16. Gökalp, M.; Wijgerde, T.; Sarà, A.; De Goeij, J.M.; Osinga, R. Development of an integrated mariculture for the collagen-rich
sponge Chondrosia reniformis. Mar. Drugs 2019, 17, 29. [CrossRef]

17. Longo, C.; Scrascia, M.; Trani, R.; Pierri, C.; Cariglia, A.; Cariglia, F.; Cariglia, M. Assesment of sponge mariculture potential
in polycolture system in Manfredonia Gulf toward the IMTA implementation. In Proceedings of the Aquafarm Novelfarm,
Pordenone, Italy, 19–20 February 2020.

18. Giangrande, A.; Pierri, C.; Arduini, D.; Borghese, J.; Licciano, M.; Trani, R.; Corriero, G.; Basile, G.; Cecere, E.; Petrocelli, A. An
Innovative IMTA System: Polychaetes, Sponges and Macroalgae Co-Cultured in a Southern Italian in-Shore Mariculture Plant
(Ionian Sea). J. Mar. Sci. Eng. 2020, 8, 733. [CrossRef]

http://doi.org/10.1111/j.1439-0485.2008.00235.x
http://doi.org/10.1016/0742-8413(85)90130-6
http://www.ncbi.nlm.nih.gov/pubmed/2858349
http://doi.org/10.1016/0014-2999(94)90759-5
http://www.ncbi.nlm.nih.gov/pubmed/8013550
http://doi.org/10.1016/j.lfs.2007.11.017
http://doi.org/10.1016/j.icesjms.2006.04.021
http://doi.org/10.1007/s10811-014-0273-y
http://doi.org/10.1016/j.ecolind.2014.09.030
http://doi.org/10.1007/PL00011812
http://doi.org/10.13140/2.1.2461.3768
http://doi.org/10.2174/1874450801004010074
http://doi.org/10.1007/s11356-015-5587-z
http://www.ncbi.nlm.nih.gov/pubmed/26498810
http://doi.org/10.3390/md17010029
http://doi.org/10.3390/jmse8100733


J. Mar. Sci. Eng. 2023, 11, 80 12 of 17

19. Page, M.J.; Northcote, P.T.; Webb, V.L.; Mackey, S.; Handley, S.J. Aquaculture trials for the production of biologically active
metabolites in the New Zealand sponge Mycale hentscheli (Demospongiae: Poecilosclerida). Aquaculture 2005, 250, 256–269.
[CrossRef]

20. FAO. Available online: https://www.fao.org/3/ac286e/AC286E00.htm (accessed on 26 November 2022).
21. Cavolini, F. Memorie Per Servire Alla Storia de’ Polipi Marini; Wentworth Press: Napoli, Italy, 1785; pp. 262–265.
22. Crawshay, L.R. Studies in the market sponges I. Growth from the planted cutting. J. Mar. Biol. Assoc. UK 1939, 23, 553–574.

[CrossRef]
23. Gökalp, N. Türkiye’de Ilk Sünger Yetistirme Tecrübeleri. Balık ve Balıkçılık 1974, 12, 1–10.
24. Bierwirth, J.; Mantas, T.P.; Villechanoux, J.; Cerrano, C. Restoration of marine sponges—What can we learn from over a century of

experimental cultivation? Water 2022, 14, 1055. [CrossRef]
25. Duckworth, A. Farming Sponges to Supply Bioactive Metabolites and Bath Sponges: A Review. Mar. Biotechnol. 2009, 11, 669–679.

[CrossRef]
26. Verdenal, B.; Vacelet, J. Sponge culture on vertical ropes in the Northwestern Mediterranean Sea. In New Perspectives in Sponge

Biology; Rützler, K., Ed.; Smithsonian Institution Press: Washington, DC, USA, 1990; pp. 416–424.
27. Corriero, G.; Longo, C.; Mercurio, M.; Marzano, C.N.; Lembo, G.; Spedicato, M.T. Rearing performance of Spongia officinalis on

suspended ropes off the Southern Italian coast (Central Mediterranean Sea). Aquaculture 2004, 238, 195–205. [CrossRef]
28. Duckworth, A.R.; Wolff, C. Sath sponge aquaculture in Torres Strait, Australia: Effect of explant size, farming method and the

environment on culture success. Aquaculture 2007, 271, 188–195. [CrossRef]
29. Duckworth, A.R.; Wolff, C.; Evans-Illidge, E. Developing methods for commercially farming bath sponges in tropical Australia.

Porifera Res.-Biodivers. Innov. Sustain. Rio de Jan. Mus. Nac. Ser. Livros 2007, 28, 297–302.
30. Oronti, A.; Danylchuk, A.J.; Elmore, C.E.; Auriemma, R.; Pesle, G. Assessing the Feasibility of Sponge Aquaculture as a Sustainable

Industry in The Bahamas. Aquac. Int. 2012, 20, 295–303. [CrossRef]
31. Tobey, J.A.; Haws, M.C.; Ellis, S.S. Aquaculture Profile for Pohnpei Federated States of Micronesia; Technical Report; Pohnpei

State Division of Marine Development, Office of Economic Affairs and the Conservation Society of Pohnpei. 2004. Available
online: https://repository.library.noaa.gov/view/noaa/39936 (accessed on 26 November 2022).

32. Marinecultures. Available online: https://www.marinecultures.org/en/projects/spongefarming/spongefarming/ (accessed on
26 November 2022).

33. Simpson, T.L. The Cell Biology of Sponges, 1st ed.; Springer: New York, NY, USA, 1984.
34. Riisgård, H.U.; Larsen, P.S. Filter-feeding in marine macro-invertebrates: Pump characteristics, modelling and energy cost. Biol.

Rev. 1995, 70, 67–106. [CrossRef]
35. Hadas, E.; Marie, D.; Shpigel, M.; Ilan, M. Virus predation by sponges is a new nutrient-flow pathway in coral reef food webs.

Limnol. Oceanogr. 2006, 51, 1548–1550. [CrossRef]
36. Ledda, F.D.; Pronzato, R.; Manconi, R. Mariculture for bacterial and organic waste removal: A field study of sponge filtering

activity in experimental farming. Aquac. Res. 2014, 45, 1389–1401. [CrossRef]
37. Gili, J.M.; Bibiloni, M.A.; Montserrat, A. Tasas de filtración y retención de bacterias “in situ” de tres especies de esponjas litorales.

Estudio preliminar. Misc. Zool. 1984, 8, 13–21.
38. Varamogianni-Mamatsi, D.; Anastasiou, T.I.; Vernadou, E.; Papandroulakis, N.; Kalogerakis, N.; Dailianis, T.; Mandalakis, M.A.

Multi-species investigation of sponges’ filtering activity towards marine microalgae. Mar. Drugs 2021, 20, 24. [CrossRef]
39. Milanese, M.; Chelossi, E.; Manconi, R.; Sarà, A.; Sidri, M.; Pronzato, R. The marine sponge Chondrilla nucula Schmidt, 1862 as an

elective candidate for bioremediation in integrated aquaculture. Biomol. Eng. 2003, 20, 363–368. [CrossRef]
40. Gökalp, M.; Kooistra, T.; Rocha, M.S.; Silva, T.H.; Osinga, R.; Murk, A.J.; Wijgerde, T. The effect of depth on the morphology,

bacterial clearance, and respiration of the mediterranean sponge Chondrosia reniformis (Nardo, 1847). Mar. Drugs 2020, 18, 358.
[CrossRef]

41. Turon, X.; Galera, J.; Uriz, M.J. Clearance rates and aquiferous systems in two sponges with contrasting life-history strategies.
J. Exp. Zool. 1997, 278, 22–36. [CrossRef]

42. Ribes, M.; Coma, R.; Gili, J.-M. Natural diet and grazing rate of the temperate sponge Dysidea avara (Demospongiae, Dendrocer-
atida) throughout an annual cycle. Mar. Ecol. Prog. Ser. 1999, 176, 179–190. [CrossRef]

43. Kumala, L.; Riisgård, H.; Canfield, D. Osculum dynamics and filtration activity in small single-osculum explants of the
Demosponge Halichondria panicea. Mar. Ecol. Prog. Ser. 2017, 572, 117–128. [CrossRef]

44. Stuart, V.; Klumpp, D. Evidence for food-resource partitioning by kelp-bed filter feeders. Mar. Ecol. Prog. Ser. 1984, 16, 27–37.
[CrossRef]

45. Fu, W.; Sun, L.; Zhang, X.; Zhang, W. Potential of the marine sponge Hymeniacidon perleve as a bioremediator of pathogenic
bacteria in integrated aquaculture ecosystems. Biotechnol. Bioeng. 2006, 93, 1112–1122. [CrossRef]

46. Hadas, E.; Shpigel, M.; Ilan, M. Particulate organic matter as a food source for a coral reef sponge. J. Exp. Biol. 2009, 212, 3643–3650.
[CrossRef]

47. Osinga, R.; Kleijn, R.; Groenendijk, E.; Niesink, P.; Tramper, J.; Wijffels, R.H. Development of in vivo sponge cultures: Particle
feeding by the tropical sponge Pseudosuberites aff. andrewsi. Mar. Biotechnol. 2001, 3, 544–554. [CrossRef]

http://doi.org/10.1016/j.aquaculture.2005.04.069
https://www.fao.org/3/ac286e/AC286E00.htm
http://doi.org/10.1017/S0025315400014077
http://doi.org/10.3390/w14071055
http://doi.org/10.1007/s10126-009-9213-2
http://doi.org/10.1016/j.aquaculture.2004.04.030
http://doi.org/10.1016/j.aquaculture.2007.06.037
http://doi.org/10.1007/s10499-011-9457-5
https://repository.library.noaa.gov/view/noaa/39936
https://www.marinecultures.org/en/projects/spongefarming/spongefarming/
http://doi.org/10.1111/j.1469-185X.1995.tb01440.x
http://doi.org/10.4319/lo.2006.51.3.1548
http://doi.org/10.1111/are.12084
http://doi.org/10.3390/md20010024
http://doi.org/10.1016/S1389-0344(03)00052-2
http://doi.org/10.3390/md18070358
http://doi.org/10.1002/(SICI)1097-010X(19970501)278:1&lt;22::AID-JEZ3&gt;3.0.CO;2-8
http://doi.org/10.3354/meps176179
http://doi.org/10.3354/meps12155
http://doi.org/10.3354/meps016027
http://doi.org/10.1002/bit.20823
http://doi.org/10.1242/jeb.027953
http://doi.org/10.1007/s1012601-0078-2


J. Mar. Sci. Eng. 2023, 11, 80 13 of 17

48. Trani, R.; Corriero, G.; de Pinto, M.C.; Mercurio, M.; Pazzani, C.; Pierri, C.; Scrascia, M.; Longo, C. Filtering activity and nutrient
release by the keratose sponge Sarcotragus spinosulus Schmidt, 1862 (Porifera, Demospongiae) at the laboratory scale. J. Mar. Sci.
Eng. 2021, 9, 178. [CrossRef]

49. Stabili, L.; Licciano, M.; Giangrande, A.; Longo, C.; Mercurio, M.; Marzano, C.N.; Corriero, G. Filtering activity of Spongia
officinalis var. adriatica (Schmidt) (Porifera, Demospongiae) on bacterioplankton: Implications for bioremediation of polluted
seawater. Water Res. 2006, 40, 3083–3090. [CrossRef]

50. Riisgård, H.; Thomassen, S.; Jakobsen, H.; Weeks, J.; Larsen, P. Suspension feeding in marine sponges Halichondria panicea and
Haliclona urceolus: Effects of temperature on filtration rate and energy cost of pumping. Mar. Ecol. Prog. Ser. 1993, 96, 177–188.
[CrossRef]

51. Ricciardi, A.; Bourget, E. Weight-to-Weight conversion factors for marine benthic macroinvertebrates. Mar. Ecol. Prog. Ser. 1998,
163, 245–251. [CrossRef]

52. Moitinho-Silva, L.; Steinert, G.; Nielsen, S.; Hardoim, C.C.; Wu, Y.-C.; McCormack, G.P.; López-Legentil, S.; Marchant, R.; Webster,
N.; Thomas, T. Predicting the HMA-LMA status in marine sponges by machine learning. Front. Microbiol. 2017, 8, 752. [CrossRef]
[PubMed]

53. Wilkinson, C.R.; Vacelet, J. Transplantation of marine sponges to different conditions of light and current. J. Exp. Mar. Biol. Ecol.
1979, 37, 91–104. [CrossRef]

54. Duckworth, A.R.; Battershill, C.N.; Bergquist, P.R. Influence of explant procedures and environmental factors on culture success
of three sponges. Aquaculture 1997, 156, 251–267. [CrossRef]

55. Duckworth, A.R.; Battershill, C.N.; Schiel, D.R. Effects of depth and water flow on growth, survival and bioactivity of two
temperate sponges cultured in different seasons. Aquaculture 2004, 242, 237–250. [CrossRef]

56. Mendola, D.; De Caralt, S.; Uriz, M.; Van den End, F.; Van Leeuwen, J.L.; Wijffels, R.H. Environmental Flow Regimes for Dysidea
avara Sponges. Mar. Biotechnol. 2008, 10, 622–630. [CrossRef]

57. Gökalp, M.; Mes, D.; Nederlof, M.; Zhao, H.; Merijn de Goeij, J.; Osinga, R. The potential roles of sponges in integrated mariculture.
Rev. Aquac. 2021, 13, 1159–1171. [CrossRef]

58. Fu, W.; Wu, Y.; Sun, L.; Zhang, W. Efficient bioremediation of total organic carbon (TOC) in integrated aquaculture system by
marine sponge Hymeniacidon perleve. Biotechnol. Bioeng. 2007, 97, 1387–1397. [CrossRef]

59. Longo, C.; Corriero, G.; Licciano, M.; Stabili, L. Bacterial accumulation by the Demospongiae Hymeniacidon perlevis: A tool for the
bioremediation of polluted seawater. Mar. Pollut. Bull. 2010, 60, 1182–1187. [CrossRef]

60. Riisgård, H.U.; Larsen, P.S. Comparative ecophysiology of active zoobenthic filter feeding, essence of current knowledge. J. Sea
Res. 2000, 44, 169–193. [CrossRef]

61. Jaishankar, M.; Tseten, T.; Anbalagan, N.; Mathew, B.B.; Beeregowda, K.N. Toxicity, mechanism and health effects of some heavy
metals. Interdiscip. Toxicol. 2014, 7, 60. [CrossRef] [PubMed]

62. Leatherland, T.M.; Burton, J.D. The occurrence of some trace metals in coastal organisms with particular reference to the Solent
Region. J. Mar. Biol. Assoc. UK 1974, 54, 457–468. [CrossRef]

63. Patel, B.; Balani, M.C.; Patel, S. Sponge ‘sentinel’ of heavy metals. Sci. Total Environ. 1985, 41, 143–152. [CrossRef] [PubMed]
64. Olesen, T.M.E.; Weeks, J.M. Accumulation of Cd by the marine sponge Halichondria panicea Pallas: Effects upon filtration rate and

its relevance for biomonitoring. Bull. Environ. Contam. Toxicol. 1994, 52, 722–728. [CrossRef]
65. Hansen, I.V.; Weeks, J.M.; Depledge, M.H. Accumulation of Copper, Zinc, Cadmium and Chromium by the marine sponge

Halichondria panicea Pallas and the implications for biomonitoring. Mar. Pollut. Bull. 1995, 31, 133–138. [CrossRef]
66. Philp, R.B. Cadmium content of the marine sponge Microciona prolifera, other sponges, water and sediment from the eastern

Florida panhandle: Possible effects on Microciona cell aggregation and potential roles of low pH and low salinity. Comp. Biochem.
Physiol. Part C Pharmacol. Toxicol. Endocrinol. 1999, 124, 41–49. [CrossRef]

67. Cebrian, E.; Martı, R.; Uriz, J.M.; Turon, X. Sublethal effects of contamination on the mediterranean sponge Crambe crambe: Metal
accumulation and biological responses. Mar. Pollut. Bull. 2003, 46, 1273–1284. [CrossRef]

68. Rao, J.V.; Kavitha, P.; Reddy, N.C.; Rao, T.G. Petrosia testudinaria as a biomarker for metal contamination at Gulf of Mannar,
Southeast Coast of India. Chemosphere 2006, 65, 634–638. [CrossRef]

69. Rao, J.V.; Kavitha, P.; Srikanth, K.; Usman, P.K.; Rao, T.G. Environmental contamination using accumulation of metals in marine
sponge, Sigmadocia fibulata inhabiting the coastal waters of Gulf of Mannar, India. Toxicol. Environ. Chem. 2007, 89, 487–498.
[CrossRef]

70. Venkateswara Rao, J.; Srikanth, K.; Pallela, R.; Gnaneshwar Rao, T. The use of marine sponge, Haliclona tenuiramosa as bioindicator
to monitor heavy metal pollution in the coasts of Gulf of Mannar, India. Environ. Monit. Assess. 2009, 156, 451. [CrossRef]

71. Annibaldi, A.; Truzzi, C.; Illuminati, S.; Bassotti, E.; Finale, C.; Scarponi, G. First systematic voltammetric measurements of Cd,
Pb, and Cu in hydrofluoric acid-dissolved siliceous spicules of marine sponges: Application to Antarctic specimens. Anal. Lett.
2011, 44, 2792–2807. [CrossRef]

72. Mahaut, M.-L.; Basuyaux, O.; Baudinière, E.; Chataignier, C.; Pain, J.; Caplat, C. The Porifera Hymeniacidon perlevis (Montagu,
1818) as a bioindicator for water quality monitoring. Environ. Sci. Pollut. Res. 2013, 20, 2984–2992. [CrossRef] [PubMed]

73. Batista, D.; Muricy, G.; Rocha, R.C.; Miekeley, N.F. Marine sponges with contrasting life histories can be complementary
biomonitors of heavy metal pollution in coastal ecosystems. Environ. Sci. Pollut. Res. 2014, 21, 5785–5794. [CrossRef] [PubMed]

http://doi.org/10.3390/jmse9020178
http://doi.org/10.1016/j.watres.2006.06.012
http://doi.org/10.3354/meps096177
http://doi.org/10.3354/meps163245
http://doi.org/10.3389/fmicb.2017.00752
http://www.ncbi.nlm.nih.gov/pubmed/28533766
http://doi.org/10.1016/0022-0981(79)90028-5
http://doi.org/10.1016/S0044-8486(97)00131-2
http://doi.org/10.1016/j.aquaculture.2004.08.046
http://doi.org/10.1007/s10126-008-9102-0
http://doi.org/10.1111/raq.12516
http://doi.org/10.1002/bit.21352
http://doi.org/10.1016/j.marpolbul.2010.03.035
http://doi.org/10.1016/S1385-1101(00)00054-X
http://doi.org/10.2478/intox-2014-0009
http://www.ncbi.nlm.nih.gov/pubmed/26109881
http://doi.org/10.1017/S0025315400058641
http://doi.org/10.1016/0048-9697(85)90184-6
http://www.ncbi.nlm.nih.gov/pubmed/3983628
http://doi.org/10.1007/BF00195494
http://doi.org/10.1016/0025-326X(94)00228-2
http://doi.org/10.1016/S0742-8413(99)00046-8
http://doi.org/10.1016/S0025-326X(03)00190-5
http://doi.org/10.1016/j.chemosphere.2006.01.072
http://doi.org/10.1080/02772240601150588
http://doi.org/10.1007/s10661-008-0497-x
http://doi.org/10.1080/00032719.2011.565450
http://doi.org/10.1007/s11356-012-1211-7
http://www.ncbi.nlm.nih.gov/pubmed/23054777
http://doi.org/10.1007/s11356-014-2530-7
http://www.ncbi.nlm.nih.gov/pubmed/24442965


J. Mar. Sci. Eng. 2023, 11, 80 14 of 17

74. Maloubier, M.; Michel, H.; Solari, P.L.; Moisy, P.; Tribalat, M.-A.; Oberhaensli, F.R.; Bottein, M.Y.D.; Thomas, O.P.; Monfort, M.;
Moulin, C. Speciation of Americium in seawater and accumulation in the marine sponge Aplysina cavernicola. Dalton Trans. 2015,
44, 20584–20596. [CrossRef] [PubMed]

75. Celik, F.; Camas, M.; Camas, A.S.; Ozalp, H.B. Uranium (VI) biosorption on marine sponge, Sarcotragus foetidus (Schmidt, 1862)
and its statistical investigation using central composite design. Turkish J. Fish. Aquat. Sci. 2016, 16, 899–911. [CrossRef]

76. Gentric, C.; Rehel, K.; Dufour, A.; Sauleau, P. Bioaccumulation of metallic trace elements and organic pollutants in marine sponges
from the South Brittany Coast, France. J. Environ. Sci. Health A 2016, 51, 213–219. [CrossRef]

77. Ferrante, M.; Vassallo, M.; Mazzola, A.; Brundo, M.V.; Pecoraro, R.; Grasso, A.; Copat, C. In Vivo Exposure of the marine sponge
Chondrilla nucula Schmidt, 1862 to Cadmium (Cd), Copper (Cu) and Lead (Pb) and its potential use for bioremediation purposes.
Chemosphere 2018, 193, 1049–1057. [CrossRef]

78. Orani, A.M.; Barats, A.; Vassileva, E.; Thomas, O.P. Marine sponges as a powerful tool for trace elements biomonitoring studies in
coastal environment. Mar. Pollut. Bull. 2018, 131, 633–645. [CrossRef]

79. Rodríguez, G.R.; Morales, E.O. Assessment of heavy metal contamination at Tallaboa Bay (Puerto Rico) by marine sponges’
bioaccumulation and fungal community composition. Mar. Pollut. Bull. 2020, 161, 111803. [CrossRef]

80. Srikanth, K.; Rao, J.V.; Rao, A.R. Trace elements in Endectyon fruticosa collected from a sewage outfall site, Therespuram, Tuticorin
coast, India. Int. J. Environ. Sci. Technol. 2020, 17, 267–272. [CrossRef]

81. Gravina, M.F.; Longo, C.; Puthod, P.; Rosati, M.; Colozza, N.; Scarselli, M. Heavy metal accumulation capacity of Axinella
damicornis (Esper, 1794) (Porifera, Demospongiae): A tool for bioremediation of polluted seawaters. Mediterr. Mar. Sci. 2022, 23,
125–133. [CrossRef]

82. Krikech, I.; Jafarabadi, A.R.; Leermakers, M.; Le Pennec, G.; Cappello, T.; Ezziyyani, M. Insights into bioaccumulation and
bioconcentration of potentially toxic elements in marine sponges from the Northwestern Mediterranean coast of Morocco. Mar.
Pollut. Bull. 2022, 180, 113770. [CrossRef] [PubMed]

83. Orani, A.M.; Vassileva, E.; Thomas, O.P. Marine sponges as coastal bioindicators of rare earth elements bioaccumulation in the
French Mediterranean Sea. Environ. Pollut. 2022, 304, 119172. [CrossRef] [PubMed]

84. Genta-Jouve, G.; Cachet, N.; Oberhänsli, F.; Noyer, C.; Teyssié, J.-L.; Thomas, O.P.; Lacoue-Labarthe, T. Comparative bioaccumula-
tion kinetics of trace elements in Mediterranean marine sponges. Chemosphere 2012, 89, 340–349. [CrossRef]

85. Illuminati, S.; Annibaldi, A.; Truzzi, C.; Scarponi, G. Heavy metal distribution in organic and siliceous marine sponge tissues
measured by square wave anodic stripping voltammetry. Mar. Pollut. Bull. 2016, 111, 476–482. [CrossRef] [PubMed]

86. Lacoue-Labarthe, T.; Warnau, M.; Beaugeard, L.; Pascal, P.-Y. Trophic transfer of radioisotopes in Mediterranean sponges through
bacteria consumption. Chemosphere 2016, 144, 1885–1892. [CrossRef]

87. Agusa, T.; Takagi, K.; Kubota, R.; Anan, Y.; Iwata, H.; Tanabe, S. Specific accumulation of arsenic compounds in green turtles
(Chelonia mydas) and hawksbill turtles (Eretmochelys imbricata) from Ishigaki Island, Japan. Environ. Pollut. 2008, 153, 127–136.
[CrossRef]

88. Batel, R.; Bihari, N.; Rinkevich, B.; Dapper, J.; Schäcke, H.; Schröder, H.C.; Müller, W.E. Modulation of organotin-induced
apoptosis by the water pollutant methyl mercury in a human lymphoblastoid tumour cell line and a marine sponge. Mar. Ecol.
Prog. Ser. 1993, 93, 245–251. [CrossRef]

89. Wagner, C.; Steffen, R.; Koziol, C.; Batel, R.; Lacorn, M.; Steinhart, H.; Simat, T.; Müller, W.E.G. Apoptosis in marine sponges: A
biomarker for environmental stress (cadmium and bacteria). Mar. Biol. 1998, 131, 411–421. [CrossRef]

90. Schröder, H.C.; Hassanein, H.M.A.; Lauenroth, S.; Koziol, C.; Mohamed, T.-A.; Lacorn, M.; Steinhart, H.; Batel, R.; Müller, W.E.G.
Induction of DNA strand breaks and expression of HSP70 and GRP78 homolog by cadmium in the marine sponge Suberites
domuncula. Arch. Environ. Contam. Toxicol. 1999, 36, 47–55. [CrossRef]

91. Wanick, R.C.; de Sousa Barbosa, H.; Frazão, L.R.; Santelli, R.E.; Arruda, M.A.Z.; Coutinho, C.C. Evaluation of differential protein
expression in Haliclona aquarius and sponge-associated microorganisms under cadmium stress. Anal. Bioanal. Chem. 2013, 405,
7661–7670. [CrossRef]

92. Akpiri, R.U.; Konya, R.S.; Hodges, N.J. Development of cultures of the marine sponge Hymeniacidon perleve for genotoxicity
assessment using the alkaline comet assay. Environ. Toxicol. Chem. 2017, 36, 3314–3323. [CrossRef] [PubMed]

93. Zahn, R.K.; Kurelec, B.; Zahn-Daimler, G.; Müller, W.E.G.; Rijavec, M.; Batel, R.; Given, R.; Pondeljak, V.; Beyer, Ŕ. The effect of
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