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SUMMARY 
Marine ecosystems are facing a huge loss of biodiversity worldwide, together with a widespread 

collapse of habitats and their functionality. Direct and indirect anthropogenic pressures (e.g., 

release of pollutants, overexploitation of marine resources, introduction of invasive species, 

climate change, etc.) are the main responsible of this phenomenon, while the lack of long-term 

monitoring programs creates an obstacle in the implementation of successful management plans 

and policies. Recognizing the situation, the European legislation (e.g., Biodiversity Strategy for 

2030, Green Deal, Marine Strategy Framework Directive, and others) aims to increase the number 

of monitoring plans to create temporal baselines, fundamental to understand and measure possible 

shifts in biodiversity over time, providing stakeholders with precise information on the knowledge 

gaps in currently available biodiversity data. In addition, various European Directives (e.g., the 

Water Framework Directive and the Marine Strategy) suggest the application of benthic taxa as 

bioindicators of environmental pollution, since mainly edible species have been used so far, with 

pollutants law limits almost exclusively referred to the human consumption. 

In this context, the aim of this PhD project was to assess the benthic communities of an Italian 

Archipelago aimed to become a future Marine Protected Area, to inform stakeholders and policy 

makers of the hydroid (Cnidaria: Hydrozoa) and sponges (Porifera) characterising the studied area. 

In addition, a systematic review was conducted on the application of benthic organisms, proposed 

as non-conventional bioindicators of trace elements (TEs) in coastal shallow waters. In fact, this 

project also deepens the application of Porifera as biomonitoring tools for mercury pollution, with 

a multi-level analysis (from the community to the individual), exploring the involvement of 

sponges’ associated microbiota in the bioaccumulation processes, for their possible application in 

bioremediation scenario. 

In the framework of the PADI FOUNDATION project “Marine biodiversity of Montecristo Island 

(Mediterranean Sea)”, samplings were carried out by SCUBA diving during June 2019 and 2020 

in Montecristo and Giglio, two islands included in the Tuscan Archipelago National Park (TANP) 

(Tyrrhenian Sea, Italy), to investigate hydroid and sponge assemblages in relation to a bathymetric 

gradient. This work provides the first baselines of these assemblages in the considered islands, 

adding new records for the area (40 hydroid species and 17 sponge species). In addition, it 

improves the knowledge on the ecology of the two taxa, giving new information on hydroids’ 

epiphytic habits and on sponges’ distribution of the entire Archipelago. These are the first studies 

summarising hydroid and sponge diversity of the area, and one of the few focussing entirely on 
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these organisms. Although a high species richness was encountered, future studies are needed to 

fully describe the actual diversity of a poorly studied area. 

Following the suggestion of the EU legislation in identifying benthic organisms as bioindicators 

of environmental pollution, an extensive bibliographic research was conducted on Elsevier’s 

Scopus database on six sessile taxa of filter- and suspension-feeders (sponges, cnidarians, 

bryozoans, polychaetes, cirripeds, and tunicates). A total of 225 documents were included in the 

study, with most of them carried out in the Temperate Northern Atlantic and on a few TEs (i.e., 

Cd, Cu, Pb and Zn), focussing their attention mainly on two groups, Cnidaria and Porifera. The 

literature analysis allowed to summarize the current knowledge on the application of these taxa as 

bioindicators in coastal shallow waters, and to identify their possible use also as bioremediation 

tools. 

To this end, some of the sponge samples collected in the TANP for the community assessment 

were also used for further analysis on the total mercury content (THg). Among the analysed 

species, a high intra- and inter-variability have been recorded, with the species Cliona viridis 

showing the lowest concentration, and Chondrosia reniformis and Sarcotragus spinosulus the 

highest. From a literature research, other authors also highlighted these two species as better 

bioindicators than others, since they reflect the level of contamination of a location more 

accurately. For this reason, the following studies were conducted considering only on the Atlanto-

Mediterranean sponge C. reniformis. From additional samples of Chondrosia collected in the 

Tuscan Archipelago, a different distribution of Hg was found inside the sponge itself. In fact, since 

Chondrosia is characterized by two body regions, an external cortex and an internal choanosome, 

the two parts were analysed separately, showing higher concentration in the choanosome, were the 

actual filtration takes place. 

Another factor to consider in the bioaccumulation process was the possible involvement of the 

sponges’ microbiota. Therefore, the associated prokaryotic community was investigated on 

samples of C. reniformis collected in Faro (Portugal), thanks to the financial support of an 

Assemble Plus grant received during fall of 2020. Although the THg content in the microbial cell 

pallets was lower than the one showed by the sponge fraction (devoid of the microbiota), a 

considerable amount of metal was detected, suggesting a possible implication of the microbiota 

not only in the secondary metabolism but also in the bioaccumulation of TEs. Additionally, the 

microbial community of the sponge was defined and explored, highlighting that ammonia-

oxidizing organisms dominate the whole microbial consortium, thus proposing the ammonium 

oxidation/nitrification as a key metabolic pathway taking place within C. reniformis. 
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A collection of six manuscripts is included in this thesis. Five of them have been published on 

international journals (with Q2 ranking), while one paper is still in preparation. All these 

manuscripts contribute to the dissemination of knowledge in the marine taxonomic and ecological 

fields, giving new insights and laying the groundwork to stakeholders and policy makers in the 

implementation of new strategies and policies. 

In addition, at the end of the thesis, I listed other products and publications not concerning the 

topic of this thesis but performed during the PhD period. 
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INTRODUCTION 
 

BIODIVERSITY:  ROLE,  ASSESSMENT ,  AND SCIENTIFIC TRANSFER  

Although a multitude of definitions have been given to the term biodiversity (Kaennel 1998), it 

was defined by the Convention on Biological Diversity as “the variability among living organisms 

from all sources including, inter alia, terrestrial, marine and other aquatic ecosystems and the 

ecological complexes of which they are part; this includes diversity within species, between 

species and of ecosystems” (SCBD 2010, page 15), indicating that the concept covers a wide range 

of different aspects, at different scales and in different fields of activity, from natural to human 

sciences (Kaennel 1998). 

Biodiversity provides humans many ecosystem services and biological resources, delivered 

through subsistence agriculture, fishing and hunting, together with important social and economic 

benefits (Jaisankar et al. 2018; EC 2020). To keep using all the services and benefits supplied, 

biodiversity needs to be maintained: any disturbance in the delicate ecological balance kept by the 

multitude of organisms, habitats, and ecosystems, will lead to severe consequences, which may 

threaten the survival of many species (Jaisankar et al. 2018). However, in the last century, at a 

global level more than the 60% of ecosystem services have been deteriorated or already overused, 

several species have become extinct, and many others are threatened due to anthropogenic 

activities (SCBD 2010; Mace et al. 2012; Jaisankar et al. 2018). 

Marine biodiversity is nowadays subjected to a huge loss worldwide, together with a widespread 

collapse of ecosystems and their functionality. Considering the 5,291 marine species included in 

the International Union for Conservation of Nature (IUCN) Red List of Threatened Species, the 

25% are threatened (O’Hara et al. 2019). Nonetheless up to 23.2% of the assessed species fall into 

the Data Deficient category (IUCN 2021), making impossible to determine meaningful trends in 

the status of marine biodiversity, and creating problems in the drawing of new legislations and 

policies. 

Another important issue for marine biodiversity is related to taxonomy (i.e., the science dedicated 

to discovering, describing, naming, and identifying organisms) which, in the last decades, is facing 

the so-called “taxonomic crisis”; this phenomenon is characterized by a lack of taxonomic experts, 

strongly concentrated in a few countries, and by insufficient funding for taxonomic works, a 

situation widely recognized in Europe (UNEP-MAP RAC/SPA 2010; Costello et al. 2012). 

Considering only the Mediterranean Sea, the state-of-knowledge is unbalanced towards a few 
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metazoans, such as fish and a few vertebrates (i.e., echinoderms, crustaceans, and molluscs), while 

only a little is known about all other invertebrates, especially for small body size taxa (Costello et 

al. 2012), which are the main representatives in the marine environment. 

Although the Mediterranean is considered the best investigated sea globally (Costello et al., 2012), 

the knowledge of marine and coastal biodiversity is not homogenous and has many lacunae: the 

sampling effort results insufficient, being focussed only on a few areas, with many biocenoses still 

under-sampled on a basin scale (UNEP-MAP RAC/SPA 2010). Thus, data is often patchy, lacking 

information on the many species, habitats, and communities especially on a regional scale (UNEP-

MAP RAC/SPA 2010). Moreover, the rates of marine diversity loss due to continuous 

anthropogenic pressures (e.g., pollution, climate change, overexploitation of marine resources, 

introduction of invasive species, etc.), coupled with the low taxonomic effort, make urgent the 

need of collective action plans across European Union (EU) Member States aiming the monitoring, 

conservation, and recovery of degraded ecosystems at national and regional scales. Recognizing 

the situation, the EU legislation is moving to invest more and more in the protection and restoration 

of natural environments: the EU Biodiversity Strategy and the Marine Strategy Framework 

Directive (MSFD), together with the transition to a circular sustainable economy with the EU 

Green Deal, were developed around the so-called “ecosystem approach”1 for the management of 

anthropogenic activities impacting the marine environment, aiming to integrate the concepts of 

environmental protection with those of sustainable use, in order to maintain or reach the Good 

Environmental Status (GES) along the coasts of all European countries (EC 2008, 2019, 2020). 

To achieve these goals, EU Directives are intended to increase the number of monitoring plans to 

create temporal baselines, fundamental to understand and measure possible shifts in biodiversity 

over time, providing stakeholders with precise information on the knowledge gaps in currently 

available biodiversity data (Mihoub et al. 2017). The lack of historical long-term data is one of the 

major problems in understanding fluctuations of marine communities (McClenachan et al. 2012; 

Fortibuoni et al. 2017a). Most of long-term data series are related to fishery and plankton (e.g., 

Beaugrand et al. 2000; Coro et al. 2016; Fortibuoni et al. 2017a, 2017b; Zingone et al. 2019), and, 

despite these kinds of studies are becoming more and more frequent on benthic assemblages 

(Sandulli et al. 2021), datasets are still scarce (Clare et al. 2017). In fact, in the case of the benthic 

communities, most of monitoring plans started only within the last decades (Mihoub et al. 2017), 

even though most of the anthropogenic pressures have been operating over centuries, most 

 
1 The “ecosystem approach” is defined as the strategy for the integrated management of land, water and living 
resources, promoting conservation and sustainable use in an equitable way (For further information see 
https://www.cbd.int/ecosystem/). 
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remarkably during the Industrial Revolution in the middle of the 19th century and the “Great 

acceleration” in the 1950s (Ostberg et al. 2015; Steffen et al. 2015). Thus, the identified mismatch 

between the later application of benthic biodiversity monitoring and the start of anthropogenic 

pressures limits any assessment of the full impacts on biodiversity (Mihoub et al. 2017). 

Nonetheless, monitoring programs, especially for long-term studies, must not be underestimated, 

as they undoubtedly help to collect important information and give a general picture of the status 

of an area, fundamental for the implementation of new restrictions or protected areas or to 

strengthen the existing network of MPAs. 

In this spirit, the EU Biodiversity Strategy aims to protect at least the 30% of the European seas 

and to improve the health of existing protected areas (EC 2020). Therefore, the interaction between 

researchers and stakeholders represents a crucial tool to support the societal transition to 

sustainability (Figure 1) (Knaggård et al. 2019). 

 
Figure 1 – The stakeholders interaction model (modified from: Knaggård et al. 2019). 

The scientific knowledge not only has to be transferred from research institutions to stakeholders 

and decision makers, but research efforts need to be aligned with stakeholders’ priorities, 

considering establishing an academic community-based partnership (Camden et al. 2019). This 

will lead to a strict collaboration between the two parties, working synergically toward a same 

objective (Figure 1) (Camden et al. 2019; Knaggård et al. 2019).  

Stakeholders’ engagement results of fundamental importance in the achievement of the main goals 

of the new EU Directives and in the protection of our seas, to identify priority conservation areas, 

and to define their level of protection, management strategies and connectivity, enhancing a 

species-based protection to safeguard ecosystems’ diversity. 
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TRACE ELEMENTS:  THE CASE OF MERCURY (HG) 

Thousands of contaminants are released in the environment every year consequently to their 

production, use and disposal (Chiarelli and Roccheri 2014). They can be of natural (mainly from 

erosion and from volcanism) or of anthropogenic origin, from household use to manufacturing 

process (e.g., combustion of fossil fuels, leachate from the land, run-off from agricultural 

activities, mining and smelting operations, etc.) (Chiarelli and Roccheri 2014; Rebelo et al. 2014). 

During operational activities or abnormal circumstances, contaminants can be discharged and 

reach the marine coastal environment throughout different pathways (e.g., atmospheric 

depositions, rivers, industrial discharges, maritime traffic, or submarine groundwaters) affecting 

organisms and ecosystems (Tedetti et al. 2010; Rebelo et al. 2014; Senthil Rathi et al. 2021). 

Trace elements (TEs) are undoubtedly among the most common contaminants in coastal waters 

(Ghani 2015), and they represent one of the most important issues for marine ecosystems, ensuring 

that some of these metals and their derived organic compounds are listed in the WDF as priority 

pollutants (EC 2000). TEs are under the heading of “heavy metals”, even though a clear definition 

of this term is not yet available (Duffus 2002). They include all the transition elements (bloc d of 

the periodic table), the rare earth elements (lanthanides and actinides), all those elements 

presenting the typical characteristics of metals (bloc p), together with some metalloids (Ge, As, 

and Te) and nonmetals (Se) (Figure 2). 

 
Figure 2 – Periodic tables of elements. Red squares indicate groups and elements included under the heading of “trace elements” 
(modified from: Dan Cojocari - Own work - Print It Here, CC BY-SA 4.0, 
https://commons.wikimedia.org/w/index.php?curid=34444082). 
 

https://commons.wikimedia.org/w/index.php?curid=34444082
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Some TEs are micronutrients (e.g., Fe, Cu, Co, Mn, and Zn), essential elements playing key roles 

in the functioning of enzyme systems. However, concentrations above specific thresholds can 

induce toxic effects in organisms, leading to physiological and metabolic alterations (Zoroddu et 

al. 2019). Others (e.g., Al, As, Ba, Bi, Cd, Pb, Hg, Ni, Pt, and Ag) are considered as nonessential 

elements, having a natural toxicity and  no specific biological functions (EC 2000; Chang et al. 

1996). Due to their characteristics, the hazard on wildlife and ecosystems represented by TEs is 

widely recognized. In fact, they: (1) do not degrade and have long half-lives, (2) can bioaccumulate 

in organisms and, in the aquatic environment, (3) can be converted by chemical and biological 

reactions in organic compounds, more toxic than their inorganic forms (Simkiss and Taylor 1995; 

Jakimska et al. 2011).  

Owing to its relatively reduced area (2.3 x 106 km2) and the fact that it is an almost enclosed basin, 

the Mediterranean Sea is particularly subjected to atmospheric and river inputs of TEs, whether 

anthropogenic or natural (e.g., Saharan dust events), causing high concentration of these 

contaminants in the surface waters (Elbaz-Poulichet et al. 2001; Migon 2005). Among TEs, 

mercury (Hg) is listed by the WDF as a priority pollutant (EC 2000), being recognized as a risk 

for the good chemical status for the aquatic environment. Mercury is, in fact, characterized by a 

high persistence in the environment – especially in its organic form of methylmercury (MeHg) –, 

bioaccumulation in organisms and biomagnification in the trophic chain (Ramalhosa et al. 2008; 

EEA 2018; Droghini et al. 2019). Most mercury emissions result from anthropogenic activities, 

such as primary Hg mining and processing, its use in industrial and artisanal processes, coal 

combustion and the management of mercury waste (EC 2017). In addition, the Mediterranean 

basin is considered as a mercuriferous area, since it is characterized by the presence of natural 

deposits of Hg along the coasts of many countries (e.g., Algeria, Italy, Spain, Slovenia, and others), 

containing about 65% of the world’s cinnabar (HgS) deposits (Cossa and Martin 1991; Covelli et 

al. 2001). 

TEs can be detected directly from water samples, but they are often monitored indirectly with the 

application of organisms as biomonitors (e.g., Pan et al. 2018; O'Callaghan et al. 2019; Conti et 

al. 2020; Costa et al. 2021; Girolametti et al. 2021; Singh and Gupta 2021), since they can be 

present in the water column but not in bioavailable form (Simkiss and Taylor 1995). Marine 

invertebrates can introduce and accumulate Hg in their tissues, uptaking it from solution or food. 

If associated with particles, Hg usually becomes available to organisms after ingestion and 

digestion in the alimentary tract. In addition, its concentration can largely vary between taxonomic 

levels, from phyla down to species of the same genus (Rainbow 1990, 2002).  
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The destructive potential represented by mercury is well known for humans. It is enough to 

mention the acute MeHg poisoning occurred in 1953 in Minamata (Japan), which caused chronic 

and, in many cases, lethal effects on the population (Ekino et al. 2007). Physiological effects of 

Hg exposure have also been recorded in many marine organisms. For example, signs of apoptosis 

and alteration of cells’ movement were observed in various sponge species (Batel et al. 1993; 

Cebrian et al. 2007), mutagenicity, sterility and increase in the asexual reproduction in different 

cnidarians (Kasschau et al. 1980; Chotimah et al. 2014; Lucas and Horton, 2014), significant 

hemocyte mortality in oysters (Gagnaire et al. 2004), decrease of sperm density in polychaetes 

(Lockyer et al. 2019), reduction of the phenoloxidase activities and DNA damage in sea squirts 

and sea urchins respectively (Tujula et al. 2001; Schröder et al. 2005), and many others. 

Nonetheless, Hg law limits are defined for water, sediments, and various species of commercial 

interest (Table 1), being referred only to human health (EC 2002), and, for most marine 

invertebrates, thresholds are still not defined. 

Table 1 – Mercury (Hg) law limits in different environmental matrices. MAC = Maximum Allowable Concentration. 
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The application of non-conventional taxa in the biomonitoring of contaminants have been deeply 

discussed in the literature (e.g., Rainbow 1995; Chiarelli and Roccheri 2014) and by various EU 

Directives (EC 2000, 2008), but they are still of little use for this purpose. Sponges are important 

suspension-feeders, able to filter a large volume of water per day (many thousands of litres kg-1 

day-1), together with sediment and food particles, unicellular algae, bacteria, fungi (Schmitt et al. 

2007), and various contaminants, including TEs (Perez et al., 2005; Cebrian et al., 2006; Batista 

et al., 2014). Thanks to their characteristics, Mediterranean sponges have been already applied as 

bioindicators of TEs, but only a few studies investigated the presence of Hg and most of them have 

been carried out mainly on Dictyoceratida of the genus Spongia, collected along the coast of 

Marseille (France) (see Verdenal et al. 1990; Perez et al. 2004, 2005; Berthet et al. 2005). 

The potentiality of this taxon is not only linked to its possible use as bioindicator, but also in its 

application in bioremediation scenarios (Santos-Gandelman et al. 2014a, 2014b). Many sponge 

species host complex communities of microorganisms (which can contribute up to 60% of the 

biomass) in their mesohyl matrix, acquired both from a vertical transmission through larvae, both 

horizontally from seawater, and composing the associated microbiota. These sponges take the 

name of “bacteriosponges” or “high microbial abundance” (HMA) sponges, in which the 

microbiota take part in the nutrient and metabolic cycles, and exchange different metabolites with 

their host (Schmitt et al. 2007). It has been demonstrated that the bacteria composing the 

microbiota can actively participate in the bioaccumulation processes by storing considerable 

amounts of TEs (Selvin et al. 2009; Santos-Gandelman et al. 2014a, 2014b; Keren et al. 2017). 

However, to the best of our knowledge, only two studies testing mercury resistance of microbial 

strains isolated from marine invertebrates have been carried out (Salvin et al. 2009; Santos-

Gandelman et al. 2014b), and no information is currently available on the Hg content in the 

microbiota itself. 
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AIM OF THE STUDY 
Periodic biodiversity assessments are of fundamental importance for describing possible changes 

in marine communities caused by natural and/or anthropogenic impacts. In fact, the application of 

different organisms as bioindicators of human impacts and pollution has increased in the last 

decades thanks to the implementation of the European legislation (e.g., Water Framework 

Directive, Marine Strategy, etc.). 

From the analysis conducted on the current state-of-knowledge, different gaps were identified: 

• A general lack of taxonomic baselines useful to understand possible impacts or important 

shifts in biodiversity over time at regional and/or national scales; 

• An insufficient sampling effort, especially for taxa with small body size (e.g., Bryozoa, 

Cnidaria, Porifera, Tunicata and others), along the coasts of the Mediterranean basin; 

• A lack of a general picture regarding the application of unconventional non-edible taxa as 

biomonitors of TEs pollution; 

• A few information available on the Hg content in Mediterranean sponges, with studies 

frequently considering the same species and areas; 

• No data on the Hg content in sponges’ microbiota, coupled with a characterization of the 

entire microbial community to understand which are the main players in the 

bioaccumulation process. 

 

In this context, this project aims to analyse benthic assemblages with a multidisciplinary approach 

(i.e., taxonomy, ecology, analytical chemistry, genetic) at different level (i.e., community, 

population, individual, microbial) to partially fulfil the listed knowledge gaps. Therefore, the main 

objectives of this study were to: (1) increase the knowledge on the benthic communities of an 

Italian Archipelago aimed to become a future MPA; (2) confirm the role of sponges as suitable 

bioindicators of TEs pollution; (3) investigate the possible involvement of sponges’ microbiota in 

the bioaccumulation process to identify sponges not only as bioindicators but also as useful tools 

in a bioremediation scenario. 

For this end, this PhD project: 

• Provided new data on the zoobenthic communities of the Tuscan Archipelago National 

Park, useful to assess, with future monitoring, possible changes in the studied assemblages 

related to direct or indirect impacts (Chapter 1 – paper 1 and 2) 
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• Identified the sampling effort applied in the characterization of the sponge assemblages of 

the entire Tuscan Archipelago (Chapter 1 – paper 2) 

• Provided a review on the application of unconventional non-edible taxa as biomonitors of 

TEs pollution (Chapter 2 – paper 3) 

• Highlighted the role of sponges as attractive bioindicators of Hg pollution (Chapter 2 – 

paper 4, 5) 

• Provided a first complete characterization of the microbial community of the common 

Atlanto-Mediterranean sponge Chondrosia reniformis, together with new insights on the 

Hg content in the sponge microbiota (Chapter 3 – paper 6). 
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RESULTS AND DISCUSSION 
 
CHAPTER 1  –  NEW INSIGHTS INTO THE MARINE BIODIVERSITY OF 

MONTECRISTO AND GIGLIO ISLANDS (TUSCAN ARCHIPELAGO,  ITALY) 
 

This Chapter includes two papers related to the study of hydroid (Cnidaria:Hydrozoa) and sponge 

(Porifera) assemblages, characterising the benthic communities of the Tuscan Archipelago 

National Park (TANP, Italy).  

In the framework of the PADI FOUNDATION project “Marine biodiversity of Montecristo Island 

(Mediterranean Sea)”, sampling activities were carried out in SCUBA diving in two islands of the 

Archipelago, Montecristo and Giglio, at five depths, applying the visually-oriented sampling 

method. Collected organisms were identified at the lowest taxonomic level possible and stored in 

a reference collection deposited in the Zoology Laboratory at DiSVA (Department of Life and 

Environmental Sciences) of Università Politecnica delle Marche. 

In paper 1, entitled “The effect of substrate and depth on hydroid assemblages: a comparison 

between two islands of the Tuscan Archipelago (Tyrrhenian Sea)”, we explored if the nature 

of the substrate, divided in living (i.e., macroalgae) and non-living (i.e., bare rock), could influence 

the hydroid assemblages of the studied islands, along a bathymetric gradient. 

In paper 2, entitled “Unravelling the sponge diversity of the Tuscan Archipelago National 

Park (Northern Tyrrhenian, Italy)”, we assessed the current sponge biodiversity of the hard 

bottoms of the two studied islands. Considering the current knowledge on sponge communities of 

the TANP present in the literature, we also evaluated if the sampling effort applied in the 

Archipelago is sufficient to describe the sponge diversity of the area. 

Our data improve the knowledge on the biodiversity of the zoobenthic communities of the 

Archipelago, adding new records for the area and creating useful taxonomic baselines. These data 

can also contribute to laying the groundwork for stakeholders in the establishment of the TANP 

as a future MPA, following the Italian legislation and in agreement with the Italian legislation and 

the EU Directives (MSDF, Biodiversity Strategy for 2030, etc.). 
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PAPER 1 
 

MARINE BIODIVERSITY, 52(1), 1-20 

DOI: https://doi.org/10.1007/s12526-021-01254-0 

 

The effect of substrate and depth on hydroid assemblages: a 
comparison between two islands of the Tuscan Archipelago 
(Tyrrhenian Sea) 
Roveta Camilla, Marrocco Teo, Pica Daniela, Pulido Mantas Torcuato, Rindi Fabio, Musco 
Luigi, Puce Stefania 

 

 

 

Supplementary material available at:  

https://drive.google.com/drive/folders/1qaso9AXvCjVegtXTRbah-6vvidaTJ8RL?usp=sharing 
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PAPER 2 
 

THE EUROPEAN ZOOLOGICAL JOURNAL, 89(1), 310-323 

DOI: https://doi.org/10.1080/24750263.2022.2042406 

 

Unravelling the sponge diversity of the Tuscan Archipelago National 
Park (Tyrrhenian Sea, Italy) 
Roveta Camilla, Marrocco Teo, Calcinai Barbara, Pulido Mantas Torcuato, Pica Daniela, 
Valisano Laura, Puce Stefania 
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CHAPTER 2  –  TES AND MARINE BENTHIC ORGANISMS AS BIOINDICATORS  
 

In the current Chapter, three papers on the application of unconventional marine sessile taxa as 

bioindicators of TEs pollution are included.  

Paper 3, entitled “Biomonitoring of Heavy Metals: The Unexplored Role of Marine Sessile 

Taxa”, is a systematic review conducted using Elsevier’s Scopus database on the role of different 

filter- and suspension-feeders (sponges, cnidarians, bryozoans, polychaetes, cirripeds, and 

tunicates) as bioindicators in coastal shallow waters. The available literature about this topic was 

analysed to summarize the current knowledge and to identify possible applications of these taxa 

in a bioremediation scenario. 

In paper 4 “Hg Levels in Marine Porifera of Montecristo and Giglio Islands (Tuscan 

Archipelago, Italy)”, the suitability as bioindicators of Hg pollution were tested on various sponge 

species collected in the Tuscan Archipelago. A high variability was encountered in the Hg 

contents, underlining a species-specificity of metal concentrations for Porifera, and allowing to 

identify a few species as better bioindicators for Hg pollution. 

In paper 5, entitled “Distribution of mercury inside the Mediterranean sponge Chondrosia 

reniformis: a study case from the Tuscan Archipelago National Park (Tyrrhenian Sea)”, the 

attention was focussed on the species C. reniformis, a common Mediterranean Demospongiae. The 

Hg content and the bioconcentration factor were calculated, suggesting the role of Chondrosia as 

an attractive bioindicator of toxic metal pollution in coastal waters, and pointing out the usefulness 

of using organisms in the monitoring programs of coastal areas, as proposed by various European 

marine policies. 
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CHAPTER 3  –  TES AND THE ROLE OF SPONGES ASSOCIATED MICROBIOTA 

IN THE BIOACCUMULATION PROCESS  
 

This last Chapter includes one papers in which the role of sponges’ microbiota in the 

bioaccumulation of Hg is explored. 

Paper 6 is entitled “The Atlanto-Mediterranean sponge Chondrosia reniformis and its 

microbiota actively bioaccumulate mercury (Hg)” and it is the only paper still in preparation 

for submission. This study was conducted in the framework of the ASSEMBLE Plus project 

“Some sponges like heavy meals: the role of the microbiota in trace metals bioaccumulation”, and 

11 samples of Chondrosia reniformis were collected by SCUBA diving at Faro (Portugal, Atlantic 

Ocean). This is the first detailed description of the prokaryotic communities characterizing C. 

reniformis and the first study conducted on the Hg content in sponges’ microbiota, highlighting 

that the microbiome effectively bioaccumulate Hg and suggesting an involvement of the 

microbiota in the bioaccumulation processes. 
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Abstract 
Microbial communities inhabiting sponges are known to take part in many metabolic pathways, 

including important nutrient cycling pathways, suggesting a possible implication also in the 

bioaccumulation of trace elements. Here, we estimated the total mercury content (THg) in the 

external cortex and internal choanosome characterizing the body of the bacteriosponge 

Chondrosia reniformis and in the corresponding microbial cell pellets. Furthermore, we identified 

the microorganisms composing the microbiome extracted from each body region using next-

generation sequencing of 16S rRNA genes. Among the 11 phyla detected, the Bacteria domain 

dominated the microbial community, and no significant differences in the prokaryotic community 

composition of the two regions were recorded. Three lineages, the ammonium-oxidizing archaea 

Nitrosopumilus maritimus and Cenarchaeum symbiosum, and the ammonium-oxidizing bacterium 

Nitrosococcus sp., co-dominate the microbiome, suggesting ammonium oxidation/nitrification as 

a key metabolic pathway in the studied sponge. The microbiota also showed detectable 

concentrations of Hg, even though with lower levels than the sponge fraction, but with comparable 

values between the two regions of C. reniformis’ body. Considering the fundamental role played 

by the microbiota in sponge metabolism and the evidence that it can actively participate in the 

bioaccumulation of metals, sponges should be considered not only as bioindicators of 

environmental pollution, as suggested by the European legislation (e.g., the Water Framework 

Directive and the Marine Strategy), but also as useful tools in the bioremediation in metal polluted 

environments. 
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Introduction 
Microbes form complex relationships with most organisms, ranging from humans to invertebrates 

to plants (Thomas et al., 2016), with highly specialized reciprocal interactions, generally resulting 

in mutual benefits for both parties (Nyholm and McFall-Ngai, 2004; Schmitt et al., 2007). 

However, the diversity and highly dynamic nature of microbiomes make the understanding of the 

evolutionary and ecological drivers of symbiont composition challenging, as well as the possible 

roles played by the host-associated microbiota, which often result from multiple and 

interconnecting metabolic processes (Thomas et al., 2016). 

Various marine invertebrates, including corals, worms, clams, mussels, sponges, and sea-squirts, 

are characterized by the presence of complex communities of microorganisms composing the 

associated microbiota (Thomson et al., 2021), generally hosted in their tissues, where nutrient 

cycling and host-microbe metabolite exchange takes place (Schmitt et al., 2007).  

Marine sponges are sedentary filter-feeding organisms, whose microbiota can be acquired both 

horizontally from the seawater and vertically through larvae (de Oliveira et al., 2020). In many 

species, the sponge microbiota can contribute up to the 60% of host’s biomass. Such sponges are 

usually referred to as “bacteriosponges” or “high microbial abundance” (HMA) sponges, in 

contrast to “low microbial abundance” (LMA) sponges, which possess microbial densities similar 

to those of the surrounding seawater (Vacelet and Donadey, 1977; Schmitt et al., 2007; Gloeckner 

et al., 2014). 

Sponges are reservoirs of microbial genetic diversity, and the often-reported taxonomic 

diversification among so-far uncultivated symbionts of sponges is suggestive of metabolic 

novelties (Hardoim et al., 2014). Metabarcoding studies based on 16SrRNA gene amplicon 

sequencing showed how sponges not only present interspecific variability in the structure of their 

associated microbial communities, but also intraspecific variability between individuals of the 

same species collected in different localities (Hardoim et al., 2012). These patterns can be related 

to many factors, such as host-derived nutrients, chemical-physical parameters of the water (e.g., 

pH) and host characteristics (e.g., immune response), determining the composition and structure 

of symbiont communities over time and space (Thomas et al., 2016). However, only 1% to 14% 

of the total sponge bacterial community has been estimated to be cultivatable (Hardoim et al., 

2014). Moreover, culturable symbionts of marine sponges usually correspond to low abundance 

(“rare”) populations within this complex microbial consortium (Hardoim et al. 2014; Karimi et al., 

2019) limiting our knowledge of the functional roles played by most of the sponge symbionts 

which remain uncultivated (Karimi et al., 2019). 
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Sponges can filter large volumes of water (many thousands of litres kg-1 day-1), together with food 

particles and many different compounds, which are present in the water column both as dissolved 

and particulate organic matter (Berthet et al., 2005; Selvin et al., 2009; Batista et al., 2014). Among 

these compounds, contaminants (as hydrocarbons, organochlorinated compounds, trace elements, 

etc.) are largely collected. In fact, various studies demonstrated that sponges could present 

detectable concentrations of trace elements (TEs), and bioaccumulate these pollutants in their 

mesohyl (e.g., Perez et al., 2004, 2005; Cebrian et al., 2006; Batista et al., 2014). Thus, sponges 

are considered suitable bioindicators of environmental pollution, and they have been 

recommended by various European Directives, such as the Water Framework Directive (WFD, 

2000/60/EC) and the Marine Strategy Framework Directive (MSFD, 2008/56/EC) as possible 

monitors of TEs contamination. In addition, since the microbiota plays a fundamental role in 

sponge metabolism, it has been suggested it can actively participate in the bioaccumulation 

process, and many bacteria have been found to be resistant to various antibiotics and pollutants, 

including Persistent Organic Pollutants (POPs) and TEs (e.g., Cd, Co, Cu, Hg, Ni, Pb, Zn, and 

their organic compounds) (e.g., Selvin et al., 2009; Versluis et al., 2016; Rodriguez Jimenez et al., 

2021). For these reasons, sponges and their associated bacteria have been proposed as valid 

bioremediation tools (Santos-Gandelman et al., 2014a, 2014b). 

Chondrosia reniformis Nardo, 1847 is a typical cushion-shaped, Atlanto-Mediterranean 

demosponge usually living in the shallow coastal waters (0-50 m) (Wilkinson and Vacelet, 1979; 

Lazoski et al., 2001). The sponge possesses profuse and dense endoskeleton made of collagen 

fibres, which confers the organism a high body plasticity (Bonasoro et al., 2001). The sponge’s 

structure consists of two distinct body regions: an external cortical zone, named ectosome or 

cortex, composed by flattened pinacocytes and densely packed interwoven collagenous fibers; and 

an internal zone, named choanosome, which contains the choanocyte chambers (Bavestrello et al., 

1998a, b). Lacking a siliceous skeleton, Chondrosia reinforces its body incorporating large 

amounts of foreign material: the cortex incorporates only siliceous particles, while the choanosome 

allow the attachment of every kind of mineral (Bavestrello et al., 1998a). 

C. reniformis is known to be the source of several secondary metabolites, and therefore is 

commonly reared for in situ or aquaria studies. In fact, the species represents an important source 

of collagen and other important molecules, such as chondrosin, a newly discovered protein with 

anti-tumoral activity (Pozzolini et al., 2012, 2015, 2016, 2018; Scarfì et al., 2020). Moreover, C. 

reniformis has been already applied for biomonitoring studies and identified as a suitable 

bioindicator of TEs pollution, since it has shown higher concentrations than other sponge species, 
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reflecting more accurately the level of contamination of a specific location (Perez et al., 2004; 

Cebrian et al., 2007). 

In the present investigation we explored a possible implication of the microbiota in the 

bioaccumulation of mercury (Hg) in the common Atlanto-Mediterranean marine bacteriosponge 

C. reniformis, collected in Faro (Portugal, Atlantic Ocean). To this end, we estimated the total 

mercury content (THg) in the two body regions characterizing the sponge (external cortex and 

internal choanosome) and in the corresponding microbial cell pellets. In addition, we identified 

the microorganisms composing the microbiome extracted from each region using next-generation 

sequencing of 16S rRNA genes. The identification of the role played by sponges and 

microorganisms in the TEs bioaccumulation can contribute to the knowledge of the possible 

applications of sponges in a bioremediation scenario. 

 

Materials and Methods 
Samples collection and processing 

Eleven samples of Chondrosia reniformis were collected into sterile bags by SCUBA diving 

around 18 m depth at offshore Faro beach, Algarve, Portugal (“Pedra da Greta”: 36°58’47.2” N, 

07°59’20.8” E), in June 2021. Samples were collected at least 3 m apart from each other, to avoid 

clones, and placed in 3L plastic bags (type Ziploc®) filled with surrounding seawater. The 

collected sponge samples were of similar size to avoid possible differences in sponge age, since 

different THg levels could be related to this factor (Cebrian et al., 2007; Orani et al., 2020; Roveta 

et al., 2022). Together with sponges, four samples of seawater (3 L each) were also collected in 

separate Ziploc plastic bags, 1.5 m above the bottom. All samples were transported to the 

Environmental Sample Processing Facility of the Centre of Marine Sciences (Faro, Portugal) in a 

cool box within 1.5 h post sampling and processed immediately. 

Since Chondrosia is characterized by two body regions, the external cortex and the internal 

choanosome (Bavestrello et al., 1998a, b), samples were labelled with the following codes: CRI 

(C. reniformis internal, referring to the choanosome), CRE (C. reniformis external, referring to the 

cortex), and W (seawater), followed by sequential numbers. 

Sponge samples were cleaned of rock reseals, washed with sterile seawater to remove planktonic 

or loosely associated microorganisms, following Thomas et al. (2016). The two regions of each 

Chondrosia sample were separated using a decontaminated knife (see Illuminati et al., 2016 for 

the decontamination procedure), and from each region, 10 g were weighted for Hg content 

analyses, and microbial cell pellets were obtained from sponge samples using a differential 

centrifugation protocol as described by Hardoim et al. (2014). Firstly, due to the hardness of the 
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sponge given by collagenous fibres, each region of C. reniformis was mixed with a blender in 

sterile Ca2+ and Mg2+ free artificial seawater (CMFASW: 27 g L−1 NaCl, 1 g L−1 NaSO4, 0.8 g L−1 

KCl and 0.18 g L−1 NaHCO3, 1 g of sponge per 4 ml CMFASW w/v) and then homogenised using 

a sterile mortar and pestle. Both the homogenate and the sponge fraction were centrifuged for 2 

min at 500 g. The supernatants of the homogenates were then transferred into new centrifuge tubes 

and subjected to a final centrifugation step for 30 min at 10 000 g. The applied protocol allows to 

obtain a pellet enriched in microbial cells with negligible contamination of sponge cells, as 

estimated using shotgun metagenome sequenced (less than 2% of host-derived reads in the 

microbial cell pellets) (Karimi et al., 2017). In addition, 2.5 g of four C. reniformis samples were 

subjected to the protocol described above for the retrieval of microbial cell pellets, which were 

then used for total community microbial DNA extraction for the characterization of the prokaryotic 

communities associated with the species (see below).  

Part of the water collected (three samples of 3 L each) was filtered using 0.22 μM nitrocellulose 

membrane filters (Millipore, Billerica, MA, USA; 47 mm) using a vacuum pump, to collect the 

water microbiota on top of the filters. 

The obtained material was then stored at -80°C until further analysis. 

 

Assessments of bacterial community diversity and composition in Chondrosia reniformis and 

seawater  

The microbial pellets from sponge and the filters used to collect the seawater microbiome were 

subjected to total community DNA extraction using the Power Soil® DNA Isolation Kit (Mo Bio 

Laboratories Inc., Carlsbad, CA, USA) according to the manufacturer’s protocol and as detailed 

in Costa et al. (2013). Before the extraction, water filters were aseptically cut into small pieces. 

Each sample was then transferred to a lysing matrix tube provided by the kit and subjected to bead-

beating three times for 1 min (30.0 frequency) with a Mixer Mill MM 400 to improve submersion 

and contact between cells and lysing buffer. Metagenomic DNA yields and integrity were 

examined under ultraviolet (UV) light after standard agarose gel electrophoresis procedures, while 

the concentration of the DNA samples was quantified using a NanoDrop spectrophotometer 

(ThermoFischer Scientific). 

Taxonomic profiling of bacterial communities was performed via high-throughput sequencing of 

16S rRNA gene amplicons obtained by PCR from the metagenomic DNA samples. PCR 

amplification and sequencing of 16S rRNA gene amplicons was performed at MR DNA 

(www.mrdnalab.com, Shallowater, TX, USA). The primers used were the updated Earth 

Microbiome Project (EMP) primers 515F (5’-GTG YCA GCM GCC GCG GTAA-3’) (Parada et 
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al., 2016) and 806R (5’-GGA CTA CNV GGG TWT CTA AT-3’) (Apprill et al., 2015), with 

barcodes on the forward primer. Firstly, a 30 to 35-cycle PCR was used to amplify the V4 

hypervariable region (515 to 806) of the 16S rRNA gene, using the HotStarTaq Plus Master Mix 

Kit (Qiagen, USA). The conditions for the PCR were as follows: a first step of 5 min at 95°C, 

followed by 30 to 35 cycles of 30 s at 95°C, 40 s at 53°C and 1 min at 72°C, after which there was 

one final elongation step of 10 min at 72°C. PCR products were checked in a 2% agarose gel under 

UV light to determine whether the amplification was successful. After amplification, the samples 

were multiplexed using unique dual indices, pooled together and later purified using calibrated 

Ampure XP beads. Afterwards, the pooled and purified PCR products were used to prepare an 

Illumina DNA library, and sequencing was performed on a MiSeq platform following the 

manufacturer’s guidelines. During sequencing, an average 20,000 paired-end sequences, per 

sample, were generated. 

 

Total mercury content analysis 

Sponge samples were lyophilized (Edwards EF4 modulyo, Crawley, Sussex, England), minced, 

homogenized, and divided in aliquots of about 0.02 g each. The microbial pellet was centrifuged 

before the analysis at 1000 rpm for 1 minute to remove water residuals. Hg analyses were 

performed at the Department of Life and Environmental Sciences of the Polytechnic University of 

Marche, using a direct mercury analyser (DMA-1) as reported in Roveta et al. (2020).  

Both filtered and non-filtered seawater were diluted with ultrapure grade HCl 2% (v/v), and then 

analysed with a AFS Titan 8220 spectrofluorometer (Fulltech Instruments, Rome, Italy). Argon 

5.0 (99.999% purity) was used as a gas carrier and ultrapure grade HCl 5% (v/v) was used as the 

sample carrier. NaBH4 0.05 % in NaOH 0.4 % (m/v) was used as reductant agent to produce Hg 

hydrides. Instrumental parameters are reported in Table S1 of the supplementary material. 

All measurements were replicated at least 4 times. The calibration curve method was used to 

quantify THg content. The analytical accuracy is routinely checked using the appropriate Certified 

Reference Materials (CRMs); in this study DORM-2 and MESS-2 (National Research Council 

Canada, Ottawa, Canada). Details are reported in Table S2. 

 

Data treatment and analysis 

Bacterial community diversity and composition. Reads obtained from the water and sponge 

samples were subjected to quality processing following the analysis pipeline of MR DNA (MR 

DNA, Shallowater, TX, USA). In total, 313,846 raw 16S rRNA (V4 region) gene sequence reads 

were obtained. Firstly, sequences were depleted of primers, and sequences below 150bp or with 
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ambiguous base calls were removed. Then, sequences were quality filtered using a maximum 

expected error threshold of 1.0 and dereplicated. After denoising and dereplicating the sequences, 

zero-radius Operational Taxonomic Units (zOTUs), or Amplicon Sequence Variants, were 

generated and taxonomically classified using BLASTn against a curated database derived from 

NCBI (www.ncbi.nlm.nih.gov). Briefly, 16S rRNA gene reads possessing 100% nucleotide 

sequence homology are categorized into the same zOTU. Prior to downstream analyses, zOTUs 

classified as Eukaryota, chloroplasts or mitochondria were removed. The final analytical dataset 

comprised 303,732 16S rRNA gene reads sorted into 448 prokaryotic zOTUs, 17 belonging to the 

domain Archaea and 431 to the domain Bacteria (Table S3). 

For alpha-diversity analyses, the dataset was normalised by rarefaction to 23,477 reads per sample 

(corresponding to sample W3 which had the lowest number of reads), and the rarefied dataset was 

then used for the determination of observed species richness, estimated species richness (Chao1 

index) and diversity (Shannon’s index). Rarefaction and calculations were carried out using the R 

package phyloseq (McMurdie and Holmes, 2013). To test for possible differences in alpha-

diversity measures, a statistical analysis was performed using one-way ANOVA. Prior to analysis, 

the normality of the data was tested with a Shapiro-Wilk’s test and the homogeneity of the variance 

with a Levene’s test. In case of statistically significant differences, the Tukey’s test was performed. 

Statistical tests were performed using R packages car, stats and rstatix (Fox and Weisberg, 2019; 

Kassambara, 2021; R Core Team, 2021). 

To assess the prokaryotic community composition of each sample at phylum, class and genus 

levels, relative abundance data (percentages, non-rarefied) were used (Table S3). To improve the 

readability of taxonomy barplots, low abundance taxa (taxa below 1% relative abundance for the 

order plot and below 0.5% for the phylum and genus plots) were merged in a category called 

“Others”. Plots were created using R packages phyloseq, plyr and ggplot2 (Wickham, 2011; 

McMurdie and Holmes, 2013; Wickham, 2016). One-way ANOVAs followed by Tukey’s post-

hoc tests were used to test for differences in the relative abundance of the most dominant phyla 

across sample categories. 

The prokaryotic community structure was also investigated by means of multivariate analysis. 

zOTU data (non-rarefied) were Hellinger-transformed and Bray-Curtis dissimilarities calculated 

from the Hellinger-transformed OTU-data table using the vegan package for R (Oksanen et al., 

2020). The resulting distance matrix was then used as input in a Principal Coordinates Analyseis 

(PCoA) of the samples based on their zOTU profiles. To complement the result given by the PCoA, 

an analysis of Similarity Percentages (SIMPER) was carried out with the free software PAST 

(version 4.02) to rank the zOTUs contributing the most to community dissimilarities among 
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sample groups. SIMPER was performed considering all sample groups together and the resulting 

top 15 zOTUs were plotted as “species data” on the PCoA graph. To investigate whether there was 

a significant difference between sample groups, data were analysed with Permutational Analysis 

of Variance (PERMANOVA) (Anderson 2001), using a Bray-Curtis dissimilarity matrix, with 

9999 permutations. A posteriori pairwise comparisons were conducted in case of significant 

differences. Permutational analysis of multivariate dispersions (PERMDISP) was used to test the 

homogeneity of samples dispersion from their group centroids (Anderson et al., 2008). These 

analyses were carried out using PRIMER 7.0.20 (Clarke and Gorley, 2015) with the add-on 

PERMANOVA+ (Anderson et al., 2008). 

 

Total mercury content. For the THg content in sponge samples and associated microbiota, data 

were expressed in mg kg-1 dry weight (d.w.), while seawater data (filtered and unfiltered) were 

expressed in ng L-1. To assess the capability of both sponge fraction and microbiota to 

bioconcentrate Hg, the bioconcentration factor (BAF) was calculated using the formula: BAFsponge 

= THgsponge/THgfiltered water and BAFmicrobiota = THgmicrobiota/THgfiltered water, after the appropriate 

conversion of the measurement units. 

To test for possible differences in the THg content between filtered and unfiltered seawater 

samples, a one-tiled Student t test was carried out. Alternatively, one-way ANOVA (with Tuckey’s 

post-hoc) was performed to test for differences in THg content (among samples, sponge fraction 

and microbial pellet) and BAF values, as described above for alpha-diversity measures. In case of 

non-normality or heteroscedasticity, non-parametric Kruskal-Wallis analysis of variance was 

applied and, if statistically significant differences were found, the Dunn’s post-hoc comparison 

was performed. Statistical tests were performed using R packages car, stats and rstatix (Fox and 

Weisberg, 2019; Kassambara, 2021; R Core Team, 2021). 

 

Results 
Alpha-diversity analyses 

Alpha-diversity (species richness and Shannon’s diversity) in seawater and Chondrosia reniformis 

was explored using the rarefied (size-normalised) dataset. The observed number of zOTUs was 

significantly higher in seawater compared to CRE and CRI samples (Tukey’s test, p<0.05) (Figure 

1A). The estimated species richness (Chao1) was slightly higher than the observed richness in all 

samples, except for samples W3, CRI1 and CRE1 in which the two values were almost overlapping 

(Figure 1A). No differences among sample groups were found for Chao1 (ANOVA, p=0.06829), 

even though the seawater showed the higher values of estimated richness (Figure 1A). The 
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Shannon diversity indices were significantly higher for seawater than in CRI and CRE samples 

(Tuckey’s test, p<0.05) (Figure 1B).  

In general, between the two body regions of Chondrosia, CRI samples exhibited higher observed 

and Chao1 richness, and a lower Shannon Diversity compared to CRE samples (Figure 1), but no 

statistical differences were recorded. 

 

 
Figure 1 – Alpha diversity measures calculated on the rarefied dataset. (A) Observed (•) and Chao1 estimated 
(╳) zOTU richness per sample. (B) zOTU diversity per sample estimated with the Shannon diversity index. W 
= water; CRI = Chondrosia reniformis internal choanosome; CRE = C. reniformis external cortex. 
 

Prokaryotic community composition 

Proteobacteria, Thaumarcheota, Acidobacteria, Bacteroidetes, Chloroflexi (in this order) were the 

dominant phyla in the entire dataset (Figure 2A). Proteobacteria was the most abundant phylum in 

the three sample categories, with its relative abundance changing significantly between categories 

(Tuckey’s test, p<0.05) (Figure 2A). For seawater samples, the relative abundance was slightly 

higher, accounting for about the 75% of the dataset, compared to the CRI and CRE samples, where 

Proteobacteria represented about 50% of the microbial community (Figure 2A). Another phylum 

with a significative relative abundance in water samples was Bacteroidetes, almost reaching 20%, 

while lower values (~7%) were represented by Cyanobacteria. Apart from Proteobacteria, the 

Chondrosia prokaryotic community was characterized by a high relative abundance of 

Thaumarchaeota, an archaeal phylum representing about the 20-30% of the microbiota, and of 

Acidobacteria, ranging from a 15 to 40% of the reads in CRE and CRI datasets (Figure 2A). Well 

represented was also the phylum Chloroflexi, with relative abundances around 10%, while lower 

relative abundances were observed for Actinobacteria, Bacteroidetes, Firmicutes and Nitrospirae 

(< 5%) (Figure 2A). 

At the order-level, a drastic shift in taxonomic composition could be observed (Figure 2B). The 

overall community composition was most diversified in Chondrosia, with the highest relative 

abundance reached by the archaeal order Cenarchaeales, and by the bacterial orders 
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Acidobacteriales and Pseudomonales, each contributing with ~25% of the total reads to the dataset 

(Figure 2B). Other orders, such as Alteromonadales, Chloroflexales, Chromatiales, 

Nitrosopumilales and Rhodobacterales, also showed considerable relative abundances in CRE and 

CRI samples (Figure 2B). The order Rhodobacterales was dominant in all seawater samples, 

representing about the 45% of the dataset, while a lower contribution was given by 

Alteromonadales, Cellvibrionales, Flavobacteriales, Oceanospirillales, Pelagibacterales and 

Synechoccocales (Figure 2B). 

Genus-level taxonomic composition differed sharply between seawater and Chondrosia (Figure 

2C). Seawater samples were mostly dominated by Roseobacter, contributing with ~30% of the 

total reads in dataset, followed by Flavobacterium, Marinobacter, candidatus Pelagibacter, 

Planktomarina, Roseovarius and Synechococcus, contributing between 6 and 12% of the total 

reads in the  dataset (Figure 2C), while CRE and CRI samples were dominated by Pseudomonas, 

Cenarcheum and Acidobacterium, each contributing with ~20% to the dataset, followed by 

Chloroflexus, Nitrosococcus and Nitrosopumilus (Figure 2C). 
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Figure 2 – Relative abundance of zOTUs of the prokaryotic community non-rarefied dataset at (A) phylum-, 
(B) order- and (C) genus-level for each sample of water and Chondrosia reniformis layers. Phyla and genera 
below 0.5%, and order below 1% of relative abundance were joined under the category "Others". W = water; 
CRI = C. reniformis internal choanosome; CRE = C. reniformis external cortex. 
 

Beta-diversity analysis 

The PCoA revealed a clear separation of seawater and Chondrosia samples (Figure 3). Except for 

CRI1 and CRE1, which form a complete separate group from the other samples, CRI and CRE 

samples formed two single and separate clusters (Figure 3). Nonetheless, their vicinity suggested 

that, in respect to their zOTU composition, these samples were similar. 

In this ordination plot, the fifteen most differentiating zOTUs were also displayed, showing their 

effect and contribution to the dissimilarity between samples. For instance, zOTUs classified as 
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Marinobacter, candidatus Pelagibacter, Planktomarina, Roseobacter, Roseovirus, 

Pseudospirillum and Synechococcus were associated with water samples (Figure 3). Associated to 

Chondrosia samples were zOTUs affiliated with the Archaea species Cenarchaeum symbiosum 

and Nitrosopomilus maritimus, the bacterial genera Chloroflexus, Nitrosococcus, Pseudomonas, 

and zOTUs classified as Acidobacterium (Figure 3). 

 

 
Figure 3 – Principal Coordinates Analysis (PCoA) of prokaryotic communities of the sponge Chondrosia 
reniformis layers and water samples. Community ordination was based on a Bray-Curtis distance matrix 
calculated from Hellinger-transformed zOTU abundance data. The 15 zOTUs with higher contribution to the 
dissimilarity between sample groups (SIMPER test) are plotted on the ordination diagram. The position of the 
zOTUs is a projection of their respective abundances in the space of the two principal components. The 
proximity of the zOTUs to the sample groups is due to higher abundance of zOTUs in those sample groups. 
Samples are represented by black dots and zOTUs are marked as coloured dots. Percentual values on each axis 
correspond to the amount of variance explained by that axis. W = water; CRI = C. reniformis internal 
choanosome; CRE = C. reniformis external cortex. 
 

PERMANOVA showed statistical differences within samples’ groups (Table 1), and the pairwise 

comparison highlighted significant differences in the prokaryotic species composition between the 

seawater samples and both regions of C. reniformis’ body (Table 2). However, the PERMDISP 

test indicated a similar average dispersion within samples’ groups (Table 3), and thus differences 

in dispersion between groups were not significant (F2,8 = 3.4322; p = 0.3295). 
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Table 1 – Results of the one-way PERMANOVA. Analysis of microbial community variation within samples’ 
groups. df = degrees of freedom; SS = sum of squares; MS = mean squares; Pseudo-F = F-ratio; P (perm) = 
probability; Up = unique perms. Significant p-values (p < 0.05) are given in bold. 
 
Source df SS MS Pseudo-F P(perm) Up 
Samples 2 19010 9504.8 38.087 0.0027 9697 
Residuals 8 1996.4 249.55    
Total 10 21006     

 
Table 2 – Results of the a posteriori pairwise comparisons within samples’ groups. t = t-test; P (perm) = 
probability; Up = unique perms. Significant p-values (p < 0.05) are given in bold. W = seawater; CRI = 
Chondrosia reniformis internal choanosome; CRE = C. reniformis external cortex. 
 

Groups t P(perm) Unique perms 
W, CRI 7.5039 0.0279 9936 
W, CRE 9.5549 0.0288 9908 
CRI, CRE 1.0115 0.4563 9916 

 
Table 3 – Results of the a posteriori pairwise comparisons within samples’ groups. t = t-test; P (perm) = 
probability; Up = unique perms. Significant p-values (p < 0.05) are given in bold. W = seawater; CRI = 
Chondrosia reniformis internal choanosome; CRE = C. reniformis external cortex. 
 

Group Size Average SE 
W 3 5.7312 0.41009 
CRI 4 15.894 3.4514 
CRE 4 12.988 2.3918 

 

 

Total mercury content 

Our results are presented as content of mercury in the seawater and the analysed sponge species. 

THg levels in the unfiltered seawater samples were slightly higher (3.9 ± 1.9 ng L-1) than in the 

filtered one (3.3 ± 1.4 ng L-1) (Table 4). The Student t test did not highlight any significant 

differences between them (p>0.05). Nonetheless, to calculate BAFs, the THg value obtained with 

the filtered seawater was used. The mean THg value recorded in the filters with the microbiome 

extracted from the seawater was nearly negligible, measuring 0.0034 ± 0.0008 mg kg-1 d.w. (Table 

4). 

 

 

 

 

 



 

 108 

 
Table 4 – THg levels in sponges, microbiota, and seawater samples. The bioaccumulation factor (BAF) is also 
given. CRI = Chondrosia reniformis internal choanosome; CRE = C. reniformis external cortex. 
 
Samples 

code 
Sponge 

(mg kg⁻¹ d.w.) 
Microbiome 

(mg kg⁻¹ d.w.) 
Filtered 
seawater 
(ng kg⁻¹) 

Water 
microbiome 

(mg kg⁻¹ d.w.) 

Unfiltered 
seawater 
(ng kg⁻¹) 

BAF* (x10⁵) 
in sponges 

BAF* (x10⁵) 
in 

microbiota 

CR-C 
0.70 ± 0.08 

(0.51 – 0.82) 
0.008 ± 0.001 
(0.06 – 0.12) 

3.3 ± 1.4 0.0034 ± 0.0008 3.9 ± 1.9 

2.1 ± 0.3 
(1.6 – 2.5) 

0.25 ± 0.04 
(0.19 – 0.37) 

CR-E 0.26 ± 0.07 
(0.15 – 0.41) 

0.079 ± 0.002 
(0.068 – 0.12) 

0.8 ± 0.2 
(0.5 – 1.2) 

0.25 ± 0.05 
(0.19 – 0.35) 

*calculated using filtered seawater 

 

Considering C. reniformis, significant differences in the THg values were found between the two 

body regions (one-way ANOVA, p<0.05), with higher values in CRI (0.70 ± 0.08 mg kg-1 d.w., 

ranging from 0.51 to 0.82 mg kg-1 d.w.) than in CRE (0.26 ± 0.07 mg kg-1 d.w., ranging from 0.15 

to 0.41 mg kg-1 d.w.) (Table 4; Figure 4). The opposite was observed in the microbial pellet, with 

the mean THg concentration in the microbiome extracted from CRI ranging from 0.06 to 0.12 mg 

kg-1 d.w. (0.08 ± 0.01 mg kg-1 d.w.) and in the one extracted from CRE from 0.068 to 0.12 mg kg-

1 d.w. (0.079 ± 0.02 mg kg-1 d.w.), being extremely similar (one-way ANOVA, p>0.05) (Table 4; 

Figure 4). 

Clear differences were recorded between THg values of the sponge fraction and the extracted 

microbiome within both body regions (Kruskal-Wallis, p<0.05), with higher THg values in the 

sponge compared to the microbial pellet (Dunn’s test, p<0.05) (Figure 4), and a ratio of 8:1 and 

3:1 for choanosome and cortex, respectively.  

Similarly, for BAF values significant differences were found between body regions for the sponge 

fraction (one-way ANOVA, p<0.05), with higher values in the choanosome than in the cortex 

(Table 4), while no differences were recorded between the microbial pallet of the two regions 

(Kruskal-Wallis, p>0.05). Furthermore, BAF values were also different between the sponge 

fraction and the extracted microbiota in both choanosome and cortex (Kruskal-Wallis, p<0.05), 

with higher values in the sponge. 
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Figure 4 – Mean THg content (± standard deviation) in the microbiome and sponge devoid of microbial cells in 
the two body regions of Chondrosia reniformis. The different letters (a, b, c) indicate statistically significant 
differences (Dunn’s test, p<0.05; Tukey’s test, p<0.05). CRI = C. reniformis internal choanosome; CRE = C. 
reniformis external cortex. 
 

 

Discussion 
The current study represents the first detailed structural description of the prokaryotic communities 

of the two body regions characterizing Chondrosia reniformis, the internal choanosome and the 

external cortex. Among the 11 phyla detected, those belonging to the domain Bacteria dominated 

the microbial community, mainly represented by the phyla Proteobacteria, Acidobacteria, 

Bacteroidetes and Chloroflexi, while two phyla belonging to the domain Archaea, Euryarchaeota 

and Thaumarcheota, were also recorded. These observations are in line with previous studies on 

Atlanto-Mediterranean sponge microbes (e.g., Schmitt et al., 2007, 2012; Hardoim et al., 2012, 

2014; Karimi et al., 2017; Slaby et al., 2017) and species from other geographic locations (e.g., 

Schmitt et al., 2007; Zarzycki et al. 2009; Schmitt et al., 2012; Webster et al., 2013; O’Connor-

Sánchez et al., 2014). Particularly, the community profiles described here deepen our 

understanding of prokaryotic community assembly in C. reniformis owing to the higher resolution 

of the molecular approach employed (e.g., next-generation sequencing) in comparison with earlier 

studies relying on PCR-DGGE and clone libraries (Ribes et al., 2012) or fluorescence in situ 

hybridization (FISH) surveys (Manz et al. 2000). For instance, we revealed three lineages likely 

contributing to ammonium oxidation within C. reniformis: the ammonium-oxidizing archaea 

(AOA) Nitrosopumilus maritimus and Cenarchaeum symbiosum, and the ammonium-oxidizing 

bacterium (AOB) Nitrosococcus sp., while Ribes et al. (2012) found one AOB lineage of 

uncultivated Gammaproteobacteria based on cloning-and-sequencing of AmoA genes from 
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sponge metagenomic DNA. In addition, using widefield deconvolution epifluorescence 

microscopy combined with FISH, Manz et al. (2000) showed a compartmentalization of the 

microbial community in C. reniformis, with Desulfovibrionaceae (rod-shaped bacteria) colonizing 

the channel system of the sponge cortex, densely surrounded by coccoid bacterial cells within the 

sponge mesohyl (extracellular matrix). Although we did not analyse the spatial arrangement of the 

associated microbiota, the family Desulfovibrionaceae was not recorded in our samples, neither in 

the choanosome nor in the cortex, instead a great diversity of bacterial species was found in both 

body regions, thus not only confined to the mesohyl. Since it is known that intraspecific variability 

between individuals of the same species collected in different localities can be detected (e.g., 

Hardoim et al., 2012; O’Connor-Sánchez et al., 2014; Griffiths et al., 2019; Easson et al., 2020), 

the differences in microbial community composition found in comparison with previous studies 

could be related to the fact that samples were collected at different sites and marine provinces, 

namely Montgrí Coast (Mediterranean Sea) in Ribes et al. (2012), and Faro (Atlantic Ocean) in 

this study, while no information on the sampling location was given by Manz et al. (2000). 

Moreover, some, if not most, of the differences observed among the three studies are likely related 

to the techniques and approaches employed: FISH in Manz et al. (2000), targeted approach on 

Desulfovibrionaceae; PCR-DGGE and clone libraries in Ribes et al., (2012), targeted approach on 

ammonium-oxidizing bacteria and archaea; next-generation, Illumina sequencing of “total” 

archaeal and bacterial 16S rRNA genes in this study. 

C. reniformis is characterised by two body regions, the cortex and the choanosome, with a distinct 

texture and physical-chemical architecture: the first is composed by flattened pinacocytes and 

densely packed interwoven collagenous fibers, it is highly selective and able to incorporate only 

siliceous particles, while the latter contains the choanocyte chambers, allowing the entrance and 

attachment of every kind of material (Bavestrello et al., 1995, 1998a, b). Considering these 

differences, we thus hypothesized a distinct microbial community composition between the cortex 

and the choanosome. Surprisingly, the results obtained in this study reject the hypothesis, and no 

significant differences were recorded in the prokaryotic community structure between the two 

body regions of Chondrosia, as supported by statistical analysis. In this regard, both the PCoA and 

alpha-diversity analyses showed that C. reniformis sample 1 diverges from the other samples, but 

in light of the PERMDISP results, it cannot be seen as an outlier. This observation confirms the 

already observed variability that is possible to encounter between specimens of the same sponge 

species (e.g., Schmitt et al., 2007, 2012; O’Connor-Sánchez et al., 2014; Slaby et al., 2017) and it 

is likely that the extent of variation in microbiome composition between specimen 1 and the 
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remainder of the specimens analysed contributes for the lack of statistical difference between the 

internal and the external region reported in this study. 

Notably, sponges presenting a clear and strict separation between body regions (e.g., Geodia spp., 

Stelletta spp., Chondrosia spp. and others) have been seldomly studied and, to our knowledge, the 

microbial community has never been analysed separately. In this context, the current study 

represents an important contribution to a better understanding of this issue. 

The C. reniformis prokaryotic community was highly distinct from the one characterising the 

seawater. PCoA revealed that the difference between C. reniformis and seawater prokaryotic 

communities is caused by changes in both relative abundance and presence/absence of several 

bacterial and archaeal species, involving the enrichment, in C. reniformis, of archaeal ammonium 

oxidizers and of so-far uncultivated bacterial phylotypes in the Acidobacteria and Chloroflexi 

phyla. This is consistent with the community composition usually reported for bacteriosponges in 

the Atlanto-Mediterranean zone (e.g., Hardoim et al., 2014; Hardoim and Costa, 2014). 

Nevertheless, the dominance of archaeal species, namely N. maritimus and C. symbiosum 

(composing up to the 7 and 25% of the dataset of both body regions, respectively), in the total 

prokaryotic community is not frequently reported in studies of the marine sponge microbiome, 

and thus can be considered a distinguishing feature of the C. reniformis symbiotic consortium. 

This aspect was also clear by the alpha-diversity measures that were higher in the seawater than 

in the sponge, suggesting a selection of the symbiotic community by the sponge itself, as observed 

also in other sponge species and marine invertebrates such as corals (e.g., Karimi et al., 2017; 

Keller-Costa et al., 2017). Moreover, compared to the seawater, Chondrosia samples showed a 

higher individual-to-individual variation in their prokaryotic community structure and 

composition, a pattern also showed by other sponges, such as Ircinia variabilis (Schmidt, 1862) 

(Hardoim et al., 2012, 2014), Ircinia campana (Lamarck, 1814) (Griffiths et al., 2019) or 

Luffariella variabilis (Poléjaeff, 1884) (Webster et al., 2013), all recognized as HMA sponges. A 

lack of variability was instead recorded in Cliothosa delitrix (Pang, 1973) (cited as Cliona delitrix), 

a typical characteristic of low-microbial-abundance (LMA) sponges (Easson et al., 2020), since 

they reflect the more stable microbiota of the seawater, both in numbers and in phylogenetic 

composition (Schmitt et al., 2007). 

Because C. reniformis is an HMA sponge (Ribes et al., 2012), its microbiota can reach densities 

of 108 – 1010 cells g-1 of sponge wet weight, which presumably are mainly acquired by vertical 

transmission through larvae (Lévi and Lévi, 1976). This microbiota can actively participate in the 

metabolic cycles of their host, also contributing with the biosynthesis of a multitude of inhibitory 

compounds, being thus considered as sources of novel metabolites with high biotechnological 
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potential (Schmitt et al., 2007). PCoA and SIMPER highlighted the most characteristic taxa of C. 

reniformis, also belonging to the most representative genera, all recognized as important 

contributors in various pathways of sponges’ secondary metabolism (Feng and Li, 2019). Among 

them, C. symbiosum and N. maritimus are archaeal species, which are typical components of the 

microbiome of many sponges such as Aplysina aerophoba (Nardo, 1833), Axinella sp., Cliona 

celata Grant, 1826, Dragmacidon mexicanum (de Laubenfels, 1935) (cited as Axinella mexicana), 

Tethya aurantium (Pallas, 1766) (cited as Tethya aurantia), Theonella swinhoei Gray, 1868, 

Xestospongia sp. (Preston et al., 1996; Hallam et al., 2006; Feng et al., 2016), but never identified 

in C. reniformis before. These Thaumarcheota species are well known to be involved in the first 

step of nitrification within the nitrogen cycle, that is, ammonia oxidation. The fact that these 

ammonium-oxidizing archaea rank among the most dominant symbionts of C. reniformis, along 

with the ammonium-oxidizing bacterium Nitrosococcus, strongly suggests ammonia oxidation as 

a key metabolic pathway dictating the transformation of N within this sponge species. 

Similarly, important roles in carbon cycling may be played by Chloroflexus and Nitrosococcus 

spp. detected in our study, taxa well represented also in C. reniformis samples analysed by Ribes 

et al. (2012). Bacteria of the phylum Chloroflexi (in particular SAR202) are abundant and 

widespread in HMA sponges (Busch et al., 2020), and are usually involved in the 3-

hydroxypropionate cycle for autotrophic CO2 fixation (Zarzycki et al., 2009), but they can also 

participate in the central energy pathway, amino acid and fatty acid metabolism, and respiration, 

as observed in the sponge A. aerophoba (Bayer et al., 2018). On the other hand, Nitrosococcus is 

a Gram-negative ammonia-oxidizing bacterium (Chain et al., 2003), with the ability to oxidize 

methane to CO2 in the absence of ammonium or nitrite (Jones and Morita, 1983) and involved in 

fundamental pathways, including the tricarboxylic acid cycle, and the Embden-Meyerhof-Parnass 

and pentose phosphate pathways (Klotz et al., 2006). 

Another example of uncultivated bacterial phylum enriched in C. reiniformis as observed by Ribes 

et al. (2012) and this study, is Acidobacteria, which appears to dominate the bacterial community 

of various HMA sponges (Hardoim and Costa, 2014; O’Connor-Sánchez et al., 2014; Slaby et al., 

2017). However, information on their coding potential and physiology is still very scarce, since 

most of its members cannot be cultured and, in most studies, they have only been identified by 

their 16S rRNA gene sequences (O’Connor-Sánchez et al., 2014). Currently, the construction of 

metagenome-assembled genomes (MAGs) from metagenomic DNA sequences is enabling novel 

insights into the potential metabolism of marine sponge symbionts. In this context, Slaby et al. 

(2017) suggested that representatives of the phylum Acidobacteria evolved sophisticated 

mechanisms of defence against foreign DNA, since they present an abundance of multiple 
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restriction-modification and toxin-antitoxin systems, which are common attributes of obligate 

mutualists of marine sponges (Karimi et al., 2018). Future studies of Acidobacteria MAGs shall 

shed more light on the patterns of nutritional exchange between these symbionts and their sponge 

hosts. 

Pseudomonas, one of the most abundant genera in our Chondrosia samples, was instead not 

identified by Ribes et al. (2012). As well as other taxa characterising this sponge, Pseudomonas 

spp. are involved in denitrification processes, presenting a variety of denitrifying genes (Jin et al., 

2015; Feng and Li, 2019). Pseudomonas strain MSI016, isolated from the sponge Fasciospongia 

cavernosa (Schmidt, 1862) together with other microbial taxa, also showed a high resistance to 

different trace elements (Cu, Pb, Hg, Co, Cd, Zn, Ni), and was suggested as an ideal bioindicator 

model for the monitoring of metal pollution in the marine environment (Selvin et al., 2009). A 

similar pattern was observed for Cu, Ni, Pb and Zn in various microbial strains isolated from 

Spongia officinalis Linnaeus, 1759 (Bauvais et al., 2015). 

Considering the sedentary nature of sponges, they can live several years in the same location and 

accumulate metals for a long period (Selvin et al., 2009). In fact, samples of Chondrosia collected 

in Faro showed detectable concentrations of Hg and the lack of variability among samples of the 

same size suggest this species as an attractive bioindicator of Hg pollution. THg levels found in 

both cortex and choanosome were unequal, with higher concentrations in the internal region, as 

already observed for Hg in the same species collected in the Tuscan Archipelago (Italy) by Roveta 

et al. (2022). A differentiated distribution of metals was also observed in the sponge 

Spheciospongia vagabunda (Ridley, 1884), in which high Fe, Ni and Zn were distributed in 

patches or spots (Padovan et al., 2012). The distribution of the trace elements within sponges’ 

body is, in fact, often heterogeneous (Batista et al., 2014), and the phenomenon is usually 

correlated to a different microbiota-mediated accumulation (Padovan et al., 2012). However, the 

THg concentration found in Chondrosia microbiota extracted from the two body regions are 

similar, in line with the lack of differences found in the microbial community composition, thus 

suggesting that the same microbial species bioaccumulate with the same rates. In our case, the 

explanation should be found in the internal organization of the sponge body. Water filtration takes 

place only in the choanosome (Schmitt et al., 2007), where the choanocyte chambers are present 

and a polarization was seen in the incorporation of foreign matter, with the choanosome being not 

selective and able to incorporate every kind of material and compounds (Bavestrello et al., 1998a, 

b), probably including metals. 

From our study it is, thus, clear that the microbiota can actively bioaccumulate Hg, suggesting a 

possible involvement of the microbial community in the bioaccumulation process. A study 
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conducted on the tropical sponge Theonella swinhoei Gray, 1868, Keren et al. (2017) also found 

its microbiota able to bioaccumulate different concentrations of As and Ba. However, while the 

Chondrosia microbiota displayed a lower concentration compared to the sponge fraction, Keren 

et al. (2017) found significantly higher metals concentrations in each extracted bacterial fraction 

(unicellular bacterial cells, Entotheonella sp. with cyanobacteria, and Entotheonella sp. cells) 

compared to the sponge fraction alone. It is hard to interpret the different patterns found between 

the two studies, but a few considerations can be done: (1) the analysed sponges are different 

species, and concentration of trace elements can vary between taxa, from phyla down to species 

of the same genus (Rainbow, 2002); (2) Entotheonella sp. is a filamentous bacterium, considered 

the most important microbe in T. swinhoei, in which it plays a fundamental role in many metabolic 

pathways (Wilson et al., 2014); (3) different trace elements were considered, and their 

bioaccumulation rates can vary depending on their nature (Simkiss and Taylor, 1995); (4) the 

application of different protocols in the extraction of the microbiota. Therefore, considering the 

observed pattern of Hg distribution between the sponge and the microbial fractions, further studies 

on the actual histological location of Hg inside the sponge are needed to clarify if interactions 

between Hg and specific functional groups exist, as demonstrated in the bath sponge S. officinalis 

(Domingues et al., 2021), and to understand in which compartment Chondrosia stocks the metal. 

 

Conclusions 
This is the first study providing a detailed description of the microbial community inhabiting the 

two body regions characterizing Chondrosia reniformis, and the first establishing the mercury 

accumulation relationships in a marine sponge and its associated microbiota, unveiling the total 

Hg content in the cortex and choanosome of this sponge species and in their corresponding 

microbial cell pellets. 

The current investigation highlights the lack of differences in the prokaryotic community 

composition between the two body regions of the studied sponge. In addition, it reveals the 

presence of two ammonia-oxidizing archeal species, namely Cenarchaeum symbiosum and 

Nitrosopumilus maritimus, in both regions of C. reniformis’ body. These two species, together 

with the bacterium Nitrosococcus spp., another ammonia-oxidizing organism, co-dominate the 

whole microbial consortium, showing an enrichment in the sponge compared to the seawater. 

These results show that ammonium oxidation/nitrification is a key metabolic pathway taking place 

within C. reniformis, dictating nitrogen cycling within the animal, likely helping in the removal of 

toxic ammonium from the sponge body. In fact, having found many other denitrifying microbial 

species in Chondrosia, including several Pseudomonas, suggests that these may be able to pick up 
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the NO2 produced by the nitrifying organisms (C. symbiosum, N. maritimus, etc.) and denitrify it 

to N2, closing the cycle, in line with the observations made by Ribes et al. (2012). 

This work also points out the ability of the microbiota of C. reniformis in bioaccumulating 

mercury, and that the microbiota extracted from the cortex and the choanosome bioaccumulate 

similarly, in line with the aforementioned lack of differences in the microbial community 

composition, thus suggesting that the same microbial species bioaccumulate with the same rates. 

On the other hand, the differences in THg values recorded between the two body regions could be 

related to the different selectivity characterizing each region in the incorporation of foreign matter 

and compounds (Bavestrello et al., 1998a, b). 

To conclude, considering the fundamental roles played by the microbiota in sponge secondary 

metabolism and the evidence that it can actively participate in the bioaccumulation process, 

sponges should be considered not only as bioindicators – as suggested by the international 

legislation (e.g., the Water Framework Directive and the Marine Strategy) – but also as useful 

tools in the bioremediation in metal polluted environments (Santos-Gandelman et al., 2014a, 

2014b). 
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CONCLUDING REMARKS 
This PhD project provided new taxonomic baselines useful to assess, with future monitoring, 

possible changes in hydroid and sponge assemblages related to direct and indirect pressures. We 

will not stress enough the importance of increasing the sampling effort not only in the islands 

considered in this study, but in the entire Archipelago to describe the actual biodiversity of a poorly 

studied area. These data have also been made available to the Tuscan Archipelago National Park 

coordinators possibly helping stakeholders and decision makers in the implementation of new 

protection strategies and in the establishment of the National Park as an MPA, in line with the 

Italian and European legislations. 

In the context of anthropogenic impacts, this work highlights the role of non-conventional benthic 

taxa as bioindicators of trace elements pollution, with special attention to mercury. From the 

systematic review and the preliminary study on different sponge species emerged the importance 

in identifying the more suitable species for the application as biomonitors since they better reflect 

the level of contamination of a specific location. Even though Chondrosia reniformis demonstrated 

to be an attractive bioindicator for mercury pollution, it will be fundamental the application of 

molecular and/or genetic biomarkers (e.g., metallothioneins) to understand the actual 

physiological effects caused by the metal. 

Finally, together with a characterization of the sponge’s microbial community, the analysis 

conducted on the THg content in its associated microbiota highlighted that the microbiome 

effectively bioaccumulate Hg, even though the amount in the sponge fraction is higher. Future 

studies are needed to understand in which histological compartment sponges accumulate TEs and 

the fate of metals once they enter the sponge and the microbial cells. 

In conclusion, the implementation of monitoring programmes on marine coastal communities, 

together with the use of benthic organisms as biomonitors of changing in species composition or 

of pollutants are essential to determine the health status of these ecosystems for the achievement 

of the GES, as suggested by the Marine Strategy Framework Directive. This study represents an 

advancement on the taxonomic and ecological knowledge of benthic communities, providing 

additional data to address the main inputs of the major European Directives (e.g., MSFD, WFD, 

Biodiversity Strategy for 2030) to protect coasts, seas, and oceans. 
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