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Abstract 
The marine coastal ecosystems provide a wide range of ecologically and economically important 

ecosystem services, for example habitat provisions, nutrient cycling, coastal protection and fisheries 

enhancement (Trevathan-Tackett et al. 2019). These ecosystems' capacity to deliver essential services 

to society is already under stress, being threatened by anthropic and climate change pressures. Indeed, 

coastal ecosystems around the world are in danger due to rising temperature, ocean acidification (that 

is reducing the calcification ability of reef-building organisms) and increase of pollutants discharged into 

seawater. To support the health of coastal ecosystems, a key role is played by marine holobionts. These 

habitat-forming organisms - such as corals, sponges, mussels, anemones, polychaetes, macroalgae, 

seagrasses, mangroves, and saltmarshes- are primary producers and are at the base of the coastal 

trophic chains, providing the support to entire ecosystems. The health and services of marine coastal 

ecosystems are linked to microbial communities that live in association with marine holobionts. The 

mutual symbiosis between host and its microbial communities supports nutrition, protection, and 

development of the host. Thus, microbiome from marine holobionts may have a role of primary 

importance to mitigate the climate change pressures.  

In this context, we propose a model for ecosystem service restoration that leverages microbiomes from 

healthy holobionts already adapted to environmental fluctuations and anthropogenic stressors. As a 

case study to investigate population dynamics in a stressed marine ecosystem, we focused on the 

bivalve Chamelea gallina, a commercially valuable clam species that experiences recurrent, yet poorly 

understood, mass mortality events along the Emilia-Romagna coastline of the Adriatic Sea. These 

events are more frequent and severe in northern sites, while southern populations appear 

comparatively more resilient. This Ph.D. research aims to identify and characterize stress-response and 

adaptive indicators that may serve as tools for restoring the health of northern C. gallina populations. 

Through a series of controlled aquarium experiments, we present preliminary evidence supporting the 

prebiotic effect of microbiomes derived from healthy holobionts that are already acclimated to similar 

environmental stress conditions. Finally, we propose an innovative microbiome-based management 

strategy to sustain and enhance the productivity of C. gallina fisheries in the Adriatic Sea. This approach 

involves the identification and maintenance of a probiotic microbial niche, offering a promising 
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framework for the conservation and resilience of benthic species under increasing environmental 

pressure. 
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Chapter 1-Introduction 

1.1_Physiology and Ecosystem Services of the Striped Venus 

Clam Chamelea gallina in Coastal Marine Habitats  
 

Coastal marine ecosystems are the result of a complex and dynamic interaction between abiotic factors 

including: temperature, salinity, nutrient availability and biotic factors, such as: plants, animals and 

microorganisms (Reiss et al., 2009; Gammal et al., 2019). Of these, the benthic community constitutes 

a major and functionally indispensable component of coastal marine ecosystems (Snelgrove, 1998). 

Benthic organisms, which inhabit the sediment or attach to hard substrates on the seafloor, play a vital 

role in ecosystem function. They drive nutrients and carbon cycles by resuspending organic matter from 

the sediment to the overlying water column and by decomposing and burying organic matter (Satheesh, 

S., & El-Sherbiny, M. M. (2022). They support food webs by serving as a primary food source and 

maintain biodiversity by providing shelter, food, and protection to a variety of marine organisms 

(Satheesh, S., & El-Sherbiny, M. M. (2022). They also regulate water quality by sequestering excess 

nutrients and particulates through filter-feeding benthic organisms and serve as indicators of 

ecosystem health because their abundance, well-being and community structure directly reflect the 

quality and stability of their aquatic environment (Satheesh, S., & El-Sherbiny, M. M. (2022). The striped 

venus clam Chamelea gallina is one of the most abundant benthic organisms in the Northwestern 

Adriatic Sea. Its range extends along the Eastern Atlantic coast, from Norway to the Iberian Peninsula, 

as well as along the Moroccan coast, the Canary Islands, and the Black Sea. This extensive distribution, 

in conjunction with its substantial economic value and ecological function, establishes C. gallina as a 

crucial marine species (Ramón M, et al. 1992; Backeljau T, et al. 1994; Lemieux J, et al. 2014). It is 

estimated that the fishery of C. gallina in the Adriatic Sea represents one of the most important 

resources. It is reported that in 2018, approximately 15,000 t were caught, involving 670 fisheries with 

an annual turnover of approximately 100 million euros (Carducci F, et al. 2020). Chamelea gallina is an 

infaunal, microphagous filter feeder (Carducci F, et al. 2020) that inhabits muddy-sandy sediments or 

sandy coastal areas with specific physicochemical conditions. These environments are typically 

characterized by high oxygen levels, redox potentials below 300 mV, and moderate to strong 

hydrodynamic activity (Ballarin L et al.,2002; Rufino MM, et al. 2006; Ministerial Decree n.27 del 17/6/. 

(2019)). The annual reproductive cycle of the gonochoristic Chamelea gallina spans from April to August 



 

 

6 

and involves external planktonic fertilization, followed by a larval stage living 15–30 days in suspension. 

After this period, the larvae begin forming their shells by depositing calcium carbonate, which causes 

them to sink and settle into the sediment in a vertical position, with siphons extended above the 

substrate. At this point, the clams transition to a benthic lifestyle, feeding on organic matter and small 

plankton from the water column (Carducci F, et al. 2020; Baeta M, et al., 2021). C. gallina exhibits 

relatively rapid growth; in the Adriatic Sea, individuals typically reach a diameter of 1.6–1.8 cm after 

one year, corresponding to their sexual maturity. By around two years of age, they attain the European 

commercial size of 2.5 cm (Turolla 2008; Carducci F, et al. 2020). In the Adriatic Sea, there has been a 

decline in the clam bed biomass of the Chamelea gallina community, from approximately 35,000 to 

15,000 tonnes over the past two decades (FAO FishStat). It is suggested that this decline may be 

primarily attributed to intense fishing pressure (Froglia C. 2000), as well as several episodic mortality 

events. It is possible that a number of factors may be contributing to these local die-offs, including 

temperature fluctuations, oxygen depletion, increased water turbidity, the presence of anthropogenic 

toxic substances, and bacterial and/or viral infections (Carducci F, et al. 2020). 

 

1.2_The Role of Environmental and Anthropogenic Stressors in the 

Decline of Chamelea gallina and Marine Ecosystem Services 
 

The Adriatic Sea is warming significantly due to climate change, with surface temperatures increasing 

more rapidly than those at the bottom (Tojčić et al., 2024).The heat accumulation on the seawater 

alters atmospheric and oceanic conditions that increase the formation, persistence, and intensification 

of marine heatwaves, especially in the southern Adriatic, which is a hotspot for heat accumulation  (Da 

Costa, V. S., et al. 2024; Marcos, M., et al. 2025).  Salinity patterns are also shifting due to the increasing 

temperature showing both increases and decreases depending on depth and location. In coastal areas, 

surface salinity tends to decrease overall, except during summer when salinity rises due to evaporation 

and reduced freshwater input (Tojčić, I., et al. 2024). These changes are intensifying water column 

stratification and altering circulation patterns, reducing dense water formation in the northern Adriatic 

and intensifying the southern Adriatic cyclonic gyre (Tojčić, I., et al. 2024). Vertical stratification can 

lead to oxygen depletion in bottom waters, promoting hypoxic or anoxic conditions (Šolić et al., 2020). 
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In this context it also restricts vertical mixing between surface and deeper layers, reducing the 

availability of nutrients essential for phytoplankton growth, which impacts primary production and the 

entire marine food web (Riedel et al., 2008). These shifting conditions pose a significant challenge for 

Chamelea gallina. In comparison to other bivalves, Chamelea gallina exhibits a low stress tolerance 

compared to other bivalves, with specific optimal ranges for temperature and salinity crucial for its 

survival, growth, and immune function. Deviations outside these ranges induce significant physiological 

stress. Temperature strongly influences its shell growth and immune response, with temperatures 

below 10 °C inhibiting growth and above 28 °C increasing energy expenditure, reducing calcification 

and making the clam more susceptible to disease (Gizzi, F., et al. 2016). Sometime the species that live 

in the intertidal zone experiment with the reduction of the salinity of the seawater due to increased 

freshwater inflow, which may have altered the osmotic balance of molluscs (Grazioli, E., et al. 2022).  In 

this situation, when there is a reduction of the optimal salinity level (34‰) Chamelea gallina must 

expend additional energy to regulate the balance of salts and water in their tissues (Grazioli, E., et al. 

2022). This can lead to physiological stress, reduced feeding activity, which directly affects their energy 

intake and growth (Grazioli, E., et al. 2022). Furthermore, low salinity can disrupt gametogenesis (the 

formation of eggs and sperm) and spawning, potentially leading to reduced reproductive success and 

recruitment of new individuals (Grazioli, E., et al. 2022). Extended periods of low salinity can lead to the 

process of shell formation (calcification) in molluscs because the availability of calcium carbonate is 

reduced (Grazioli, E., et al. 2022). The reduction of the availability of ions necessary for shell formation 

induces the building of thinner and weaker shells, increasing the vulnerability to predation, infection 

and environmental stress (Grazioli, E., et al. 2022).  Similar effects are observed when seawater salinity 

is excessively high; indeed, elevated salinity stresses the gills, reducing filtration rates. When combined 

with high temperatures, this stress can intensify, potentially leading to stunted growth or increased 

mortality (Grazioli et al., 2022).  

Another factor affecting the growth of the species is anthropogenic pressure in terms of water 

acidification, pollution and overfishing. The emission of carbon dioxide, a consequence of human fossil 

fuel combustion, into the atmosphere has been linked to a decline in pH levels (Sordo, L. et al., 2024). 

The dissolution of CO2 in seawater results in the formation of carbonic acid, a process that releases 

hydrogen ions and consequently decreases the pH of water, as a result enhancing its acidity (Caldeira, 

K. et al. 2003; Sordo, L. et al., 2024). Water acidification may negatively impact the ability of marine 
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organisms to produce calcareous structures, as well as influencing their physiological responses and 

growth (Sordo et al., 2024). In this context, C. gallina can survive and maintain physiological functions 

within a seawater pH range of approximately 7.7–8.1 (Matozzo et al., 2013). Deviation from this pH 

level for more than seven days can induce alterations in immune responses: antioxidant enzyme 

activities, increased lipid peroxidation and reduced growth and feeding rates (Chinellato, A. et al., 2011; 

Matozzo et al., 2013). The severity of these effects increases with elevated temperature and salinity 

variability (Matozzo et al., 2013). 

The pollutants, originating from industrial activities, agricultural runoff (including pesticides and 

fertilizers), and urban areas, are transported by rivers and ultimately deposited in marine environments 

(Visciano et al., 2015). Heavy metals such as mercury, cadmium and lead, which are released into the 

environment by industrial activities, can accumulate in the tissues of clams, with mercury being 

particularly hazardous due to its neurotoxicity and environmental persistence (Bat et al., 2014; Visciano 

et al., 2015). These contaminants interfere with osmoregulatory functions and inhibit growth in clams 

by contributing to reduced shell development and metabolic depression (Bat et al., 2014; EastMed, F. 

A. O. (2014)). The impact of these pollutants is intensified by the decline in pH, as it typically modifies 

the chemical form and bioavailability of numerous sediment-bound pollutants, such as zinc, copper, 

iron, and cadmium. (Zeng, X., et al., 2015). This increases the flux from the sediment into seawater, 

making the pollutants more toxic (Zeng, X., et al., 2015). Exposure to heavy metals alters the 

photosynthetic and respiratory activity of marine primary producers, thereby perturbing seawater 

partial pressures and concentrations of CO₂ and O₂ (Zeng et al., 2015). In addition to direct metal 

toxicity, anthropogenic agricultural inputs are able to modulate primary production and respiration 

rates, exacerbating shifts in the carbon and oxygen dynamics of coastal waters (Zeng et al., 2015). Urban 

and agricultural runoff and effluent from animal production introduce a continuous input of persistent 

organic pollutants, pesticides, and eutrophying nutrients elements (nitrogen and phosphorus) into 

coastal and marine systems (Zeng et al., 2015). The consequent enrichment of bioavailable nitrogen 

and phosphorus stimulates excessive primary production, leading to prolific algal growth and, in many 

cases, harmful cyanobacterial blooms that alter ecosystem structure and function (Chislock et al., 

2013). When phytoplankton senesce, their particulate organic matter sinks to the benthos and is 

remineralized by heterotrophic bacteria (Li, Q. et al., 2019; Turley, B. D., et al., 2022; Li, Z., et al., 

2023). Microbial decomposition consumes dissolved oxygen in the water column and at the sediment–
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water interface; if community respiration outpaces oxygen inputs from atmospheric reaeration and 

photosynthesis, dissolved oxygen concentrations decline and hypoxic (and, in extreme cases, anoxic) 

conditions develop (Li, Q. et al., 2019; Turley, B. D., et al., 2022; Li, Z., et al., 2023). These oxygen-

depleted zones are often inhospitable to most macrofauna and are therefore referred to as “dead 

zones” (Li, Q. et al., 2019; Turley, B. D., et al., 2022; Li, Z., et al., 2023). In addition, dense algal blooms 

increase light attenuation in the euphotic zone, suppressing photosynthesis by submerged aquatic 

vegetation and thus reducing local oxygen production (Li, Q. et al., 2019; Turley, B. D., et al., 2022; Li, 

Z., et al., 2023). Physical processes such as temperature- or salinity-driven stratification further inhibit 

vertical mixing and oxygen replenishment, increasing both the likelihood and persistence of hypoxia (Li, 

Q. et al., 2019; Turley, B. D., et al., 2022; Li, Z., et al., 2023). Exposure to hypoxia imposes considerable 

stress on natural populations of Chamelea gallina, impairing hemocyte-mediated immune defenses — 

including phagocytosis, lysozyme enzymatic activity, and antioxidant responses (Pampanin et al., 2002; 

Matozzo et al., 2004). The severity of hemocyte depletion and functional impairment is time-

dependent: short-term hypoxic episodes are often reversible, whereas exposures beyond 

approximately 24 hours increasingly produce irreversible reductions in hemocyte number and activity. 

This ability to recover rapidly likely helps C. gallina withstand transient hypoxic events in its habitat; 

however, prolonged hypoxia (24–48 h or longer) causes more severe and frequently permanent 

alterations in hemocyte abundance, function, and survival (Li et al., 2019). 

The harmful consequences of climate change and increasing human-derived pollutants are intensified 

by overfishing (Baeta et al., 2021). Commercial fishing imposes a strong anthropogenic pressure on 

Chamelea gallina by selectively removing large individuals, as a result reducing size diversity and overall 

abundance. Although discarded smaller clams often survive, mitigating immediate mass mortality 

among juveniles (Bargione et al., 2021; Carlucci et al., 2024), sustained overharvesting reduces the pool 

of breeders and promotes genetic homogenization, which diminishes the population’s adaptive 

capacity to environmental change and hampers recovery (Carducci et al., 2020; Baeta et al., 2021). C. 

gallina contributes to sediment stabilization, nutrient cycling and functions as prey for higher trophic 

levels; declines in the abundance of large specimens therefore impair these ecosystem services and can 

reshape benthic community structure and ecosystem health (Baeta et al., 2021).  
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1.3_Microbial Communities of the Marine Environment 

Marine microbial communities are complex and diverse ecosystems consisting of bacteria, archaea, 

viruses, fungi, and unicellular eukaryotes living in marine environments such as seawater, marine 

sediments, and coastal estuaries (Marchesi and Ravel, 2015). These microbial communities, which 

coexist in habitats characterised by specific physiochemical properties, engage in interspecific 

associations that have the ability to influence community phenotype (Banerjee et al., 2018).  As posited 

by Whipps et al. in 1988, the nature of these associations can be classified as positive in instances of 

mutualism, synergism, or commensalism. Conversely, the associations are deemed negative in the 

presence of predation, parasitism, or competition (Berg et al., 2020). Community composition is 

determined not only by biotic interactions but also by external, abiotic drivers. Spatiotemporal variation 

in environmental conditions plays a major role in structuring microbiome composition and function 

(Shade et al., 2013; Graham et al., 2016). 

Temporal monitoring of compositional 

shifts following environmental 

perturbation therefore enables the 

discrimination of stably associated, 

resident taxa from transient members that 

appear only under particular conditions 

(Shade and Handelsman, 2012). The 

coastal marine ecosystem is substantially 

shaped by terrestrial inputs including 

sediments, freshwater, particulate and 

dissolved organic carbon, and inorganic 

nutrients which modulate microbial 

productivity and enhance habitat 

heterogeneity (Longhurst, 2010). In 

contrast, a deeper environment (depths > 

4 km) displays relatively stable physical and chemical conditions (Karl, D.M. 2007).  Marine microbial 

communities, that inhabit marine ecosystems in a planktonic state, play a critical role in global 

biogeochemical cycling, including the cycling of carbon, nitrogen, phosphorus and contribute 
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substantially to global biomass and influence atmospheric composition through primary production and 

oxygen production (Apprill, 2017; Heynderickx, H. C. D. et al., 2022). Despite the absence of rigid 

physical barriers, the global ocean is composed of a set of different and semi-isolated habitats 

(Longhurst A.R., 2010). Marine microbial communities in open oceans with a relatively stable physical 

and chemical conditions show a clear vertical stratification linked to oceanic ecological zones such as 

the epipelagic (surface to 200 m), mesopelagic (200-1000 m), and bathypelagic layers (below 1000 m) 

(Li, J. et al., 2023). Each layer harbours distinct microbial communities adapted to specific 

environmental conditions like temperature, light, oxygen, and nutrient availability (Li, J. et al., 2023). 

Strong ocean stratification, especially in the upper 200 m, acts as a physical barrier limiting vertical 

mixing of water, heat, nutrients, oxygen, and organisms (Li, J. et al., 2023). This leads to reduced 

microbial diversity and evenness in the surface layers and creates isolated microbial communities at 

different depths (Liu, N. et al., 2023). Microbes in surface waters tend to specialize in processes linked 

to photosynthesis and oxygen-rich conditions, such as cyanobacteria and certain proteobacteria (Liu, 

N. et al., 2023; Lopes, E., et al. 2023; Chen, S., et al., 2024). Deeper layers host microbes adapted to low 

oxygen, high pressure, and reduced light conditions, often relying on organic matter sinking from 

surface layers (Liu, N. et al., 2023; Lopes, E., et al. 2023; Chen, S., et al., 2024). Temperature and salinity 

gradients are significant drivers of microbial stratification for these reasons in the coastal marine 

environments marine microbes are more heterogeneous (Liu, N. et al., 2023; Lopes, E., et al. 2023; 

Chen, S., et al., 2024). In general the seawater bacteria are often aerobic, phototrophic, and involved 

in early-stage organic matter breakdown, while sediment bacteria tend to be anaerobic or 

microaerophilic, specializing in the decomposition of more recalcitrant organic material and 

biogeochemical cycling under low oxygen conditions (Liu, N. et al., 2023; Lopes, E., et al. 2023; Chen, 

S., et al., 2024). 

 

1.4_Symbiotic associations between bacteria and marine host 

Holobiont theory redefines the concept of biological individuality in evolution by proposing that the 

individual organism is not just a single genetic entity but a multi-species assemblage, the host plus its 

associated microbiome, functioning as a single evolutionary unit called the holobiont (Suárez, J., & 

Triviño, V. 2020). This shifts the traditional view of individuality from a single genome organism to a 
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composite organism with a collective "hologenome" that includes the host’s genome and those of its 

microbial symbionts (Suárez, J., & Triviño, V. 2020). The identity of holobionts depends on the 

maintenance of interactions between the host and its microbiota, even though the microbial 

community members can be dynamic and interchangeable over time (Suárez, J., & Triviño, V. 2020). 

The host and its microbiome function as a complex, interconnected system, where microbes contribute 

significantly to the host’s biology, including digestion, immune response, and overall health (Suárez, J., 

& Triviño, V. 2020). In this interconnected system the association types between bacteria and their host 

in the formation of a holobiont include a range of symbiotic interactions that can vary from mutualism 

to parasitism (Suárez, J., & Triviño, V. 2020; Pérez-Carrascal, O. M., et al., 2022; Dzierozynski, L., et al. 

2023). In mutualistic interactions, both the host and associated microorganisms derive reciprocal 

benefits (Suárez, J., & Triviño, V. 2020; Pérez-Carrascal, O. M., et al., 2022; Andargie, Y. E. et al., 2023; 

Dzierozynski, L., et al. 2023). For example plants and fungi or bacterial endosymbionts help with 

nutrient uptake (Hanif et al., 2024). Instead in the commensalism interaction bacteria benefit from the 

host environment without harming or benefiting the host directly (Saha et al., 2024). Biofilms on 

seaweed surfaces are examples of this where microbes colonize without apparent effect on the host 

(Mohamed et al., 2023). Furthermore, some bacteria can establish protective symbioses with marine 

hosts (e.g. sponges and bryozoans), through the production of bioactive compounds that enhance host 

defence against predators and pathogenic organisms (Mohamed et al., 2023; Mehbub et al., 2024). 

While most marine microbial interactions are mutualistic or commensal, true bacterial parasitism in 

marine hosts is rare. An example is the intracellular nuclear parasite Candidatus Endonucleobacter 

found in mussels, which represents a clear case of bacterial parasitism in a marine host (Porras, M. Á. 

Et al., 2024). When the bacteria live inside host cells or tissues, they establish an endosymbiotic 

relationship. In this type of relationship bacterial endosymbionts can contribute to essential processes 

including nutrient cycling, metabolic regulation, and defense against pathogenic organisms, enhancing 

host fitness and survival (Sogin et al., 2021; Mohamed et al., 2023). This is a common interaction 

between many deep-sea marine organisms and hydrothermal vent communities that supports essential 

processes such as chemosynthesis (Sogin et al., 2020; Sogin et al., 2021). In contrast there is an 

ectosymbiosis interaction when the bacteria live on external surfaces of marine hosts, such as on fish 

skin or coral surfaces (Zink, K. E. 2020; Berggren, H. et al., 2022). Microbial competition and niche 

occupation provide a form of colonization resistance, reducing the likelihood of pathogenic invasion 
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(Woelfel, S. et al., 2024). All these interactions are dynamic, influenced by environmental factors, and 

can involve vertical transmission of microbes (parent to offspring) which are more stable leading to a 

close mutualistic relationship or acquisition from the environment each generation (horizontal 

transmission) (Rosenberg & Zilber-Rosenberg, 2021; Saha et al., 2024). Vertically transmitted taxa tend 

to form tighter, longer-lasting associations with the host, promoting co-adaptation, whereas 

horizontally acquired microbiota reflect local ecological conditions and therefore introduce greater 

compositional variability, a feature that can accelerate host adaptability to changing environments 

(Rosenberg & Zilber-Rosenberg, 2021; Xiong et al., 2022). Some hosts combine both vertical and 

horizontal transmission, such as through external bacterial adherence on egg surfaces and later 

environmental acquisition, balancing stability with flexibility (Renelies-Hamilton et al., 2021; Rosenberg 

& Zilber-Rosenberg, 2021). In the holobiont ecosystem, hosts employ several mechanisms to select 

beneficial bacteria and maintain a beneficial microbiome (McFall-Ngai, M., & Ruby, E. 2021). The initial 

layer of selection is immune recognition: hosts rely on innate immune receptors, notably pattern-

recognition receptors (PRRs), to sense microbe-associated molecular patterns (MAMPs) and to 

discriminate between symbionts and pathogens (Akira, Uematsu, & Takeuchi, 2006; McFall-Ngai, M., & 

Ruby, E. 2021). This discrimination is achieved by modulating immune outputs, promoting tolerance 

and permissive responses toward beneficial microbes while activating targeted defences against 

harmful taxa (Wilde, J. et al. 2024). In presence of harmful bacteria hosts produce antimicrobial 

peptides such as defensins, mucins, lysozymes and toxic compounds that inhibit colonization (Wilde, J. 

et al. 2024). These barriers shape the microbial community by providing selective pressures favouring 

beneficial microbes adapted to resist or evade them (Heimlich, Harrison, & Mason, 2014). A further, 

more specific form of chemical selection is “microbial gardening,” first described for terrestrial plants, 

in which host exudates actively modulate microbiome composition (Lebeis et al., 2015). Emerging 

evidence indicates analogous processes in marine hosts: seaweeds, corals and other marine organisms 

produce chemo-attractant and antibacterial compounds that shape their surface-associated 

microbiomes (Kessler, R.W. et al. 2018; Ochsenkühn, et al.  2018; Saha & Weinberger, 2019). The 

microbiomes of holobionts are shaped not only by the host itself but also by external and random 

processes such as ecological drift, dispersal (particularly relevant in interconnected aquatic systems), 

and evolutionary dynamics, including coevolution and horizontal gene transfer mediated adaptations 

(Fantin M., et al. 2023). These factors often interact with host driven selection (Fantin M., et al. 2023; 
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Choi, S., & Lee, H. S. 2024). Within this framework, the environment plays a crucial role, as 

environmental perturbations can restructure host-associated microbial networks by altering metabolic 

interdependencies and lifestyle strategies (e.g., transitions between free-living and host-associated 

states) and by modulating host immune responses (Trivedi, P. et al. 2022; Fantin M., et al. 2023). 

Disruptions to these associations may result in dysbiosis or decreased host fitness, ultimately 

predisposing the host to disease (Choudhary, D. K., et al., 2023). 

 

1.4.1_Host–microbiota symbiosis in clams: structure, metabolic roles and resilience 

 Host–microbe symbiosis plays a crucial role in bivalve biology, with bivalves harbouring diverse 

microbial communities, including bacteria, archaea, viruses, and fungi, that contribute significantly to 

their survival, nutrition, health, and adaptation (Masanja, F., et al. 2023).  

These microbes are found in distinct 

regions of the bivalve’s body such as gills, 

digestive tract, siphons and mantle, each 

hosting different microbial compositions 

(Masanja, F., et al. 2023). The microbial 

symbionts assist in digestion by breaking 

down complex carbohydrates and 

producing essential amino acids 

(Masanja, F., et al. 2023). For example, 

chemosynthetic bacterial symbionts in 

some bivalves convert inorganic 

compounds (e.g., sulfur, methane) to 

organic nutrients, supplying essential 

nourishment to their hosts (Roeselers, G. 

et al., 2012). This is key to survival in nutrient-poor or extreme environments like deep-sea vents 

(Roeselers, G. et al., 2012). They also play roles in detoxifying pollutants, cycling nutrients, and 

defending against pathogens by producing antimicrobial compounds (Masanja, F., et al. 2023). 

 

Fig 2 Schematic figure illustrating the life cycle of Mauritanian 

lucinid bivalves associated with horizontally transmitted 

symbionts (Zauner, S., et al. 2022) 
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Colonization involves environmental acquisition of bacteria or retention and spread of symbionts within 

host tissues (Alcaraz, C. M., et al., 2024).  

Modes of symbiont transmission vary among bivalves. There can be vertical transmission (from parent 

to offspring), horizontal transmission (from the environment to each new generation), or mixed modes. 

Transmission mode affects the stability and genetic diversity of the symbiotic microbes (Liu, C., et al. 

2025). Initial microbial colonization profoundly shapes the developmental microbiota of bivalves 

through complex processes involving both exposure to environmental microbes and parental microbial 

contributions. In the vertical transmission bivalves can inherit microbes through maternal transfer, 

particularly via the egg in a process termed transovarial microbial transfer (Tanger, I. S., et al., 2024). 

This maternal microbiota contributes significantly to the initial internal microbiome of the bivalve larvae 

before they start feeding (Tanger, I. S., et al., 2024). Early inherited microbes contribute to building the 

initial gut microbiota and provide important protection by forming biofilms that prevent colonization 

by harmful microorganisms. They also prime the immune system, enabling it to distinguish between 

beneficial and harmful microbes and support a symbiotic relationship (Tanger, I. S., et al., 2024). After 

initial colonization from parental sources, environmental microbes soon become the major 

contributors to the bivalve microbiota, especially after the larvae are released into the environment. In 

this stage bivalve larvae can selectively shape their microbiota from early life stages, not passively 

acquire microbes from the environment. This is evidenced by the fact that eggs and larvae harbour 

distinct microbial assemblages, including members of Alphaproteobacteria, Clostridia, and 

Gammaproteobacteria, which differ significantly from those present in the surrounding water column 

and sediments (Zauner et al., 2022). In this dynamic interaction environmental microbes influence the 

whole-body microbiome of the juvenile, and as the bivalve grows, its microbiota becomes more 

complex and adapted to the environmental conditions. Symbiotic bacteria necessary for later life 

stages, such as sulfur-oxidizing symbionts in lucinid bivalves, are typically acquired horizontally from 

the environment after hatching, meaning initial colonization involves other transient or pioneer 

microbes that influence host development and immune system maturation (Zauner, S., et al. 2022). The 

initial microbiota influences immune system education and developmental processes, shaping the later 

composition and stability of the microbiome (Dantan, L., et al. 2024). Controlled exposure to beneficial 

microbes during early development can confer long-term immune protection and biological resilience 

(Dantan, L., et al. 2024). The early interaction between the developing immune system and microbiota 
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induces long-term epigenetic changes, including DNA methylation patterns, which underpin a form of 

innate immune memory (Destoumieux-Garzón, D., et al. 2024). This epigenetic remodelling provides a 

lasting increase in immune responsiveness that can even be transmitted intergenerationally 

(Destoumieux-Garzón, D., et al. 2024). In bivalves like the Pacific oyster (Crassostrea gigas), early 

microbial colonization triggers increased expression of immune genes, including pathogen recognition 

receptors, signalling pathways such as TLR, JAK/STAT, and antimicrobial effectors which together 

contribute to a more robust and fine-tuned immune system later in life (Destoumieux-Garzón, D., et al. 

2024). The immune system, once educated by early microbiota, actively regulates the host's microbial 

community in later life stages to maintain homeostasis and prevent disease-causing dysbiosis 

(Destoumieux-Garzón, D., et al. 2024). Specialized immune cells called hemocytes play a central role in 

this regulation through phagocytosis and antimicrobial mechanisms (Destoumieux-Garzón, D., et al. 

2024).  Studies suggest that early-life microbial exposures, including to non-pathogenic bacteria, are 

critical for shaping a resilient and adaptive innate immune system in bivalves, reducing susceptibility to 

diseases like the Pacific Oyster Mortality Syndrome (a disease affecting the Crassostrea gigas caused 

by a herpesvirus (OsHV-1) and opportunistic bacteria, leading to rapid, high-mortality events in farmed 

oysters) (Destoumieux-Garzón, D., et al. 2024).  The colonization dynamics of different bivalve body 

parts (gills, digestive tract, siphons, and mantle) by symbiotic bacteria show distinct patterns and roles. 

In marine lucinid clams and in many other bivalves, particularly those inhabiting hydrothermal vents 

and cold seeps the gills are the primary site of colonization by symbiotic chemosynthetic bacteria such 

as nitrifying and sulfur-oxidizing bacteria, which may facilitate biogeochemical cycling at the sediment–

water interface (Dando, P. R., et al. 1985; Wentrup et al., 2014). These bacteria live intracellularly within 

specialized gill cells called bacteriocytes (Wentrup, C., et al. 2014). The gills grow continuously, forming 

new filaments that are initially aposymbiotic (without symbionts) and are colonized de novo by 

symbionts throughout the bivalve's lifetime (Wentrup, C., et al. 2014). Colonization is influenced by the 

developmental stage of the gill cells, and new gill cells may be infected by symbionts originating from 

older gill tissues (self-infection) (Wentrup, C., et al. 2014). Symbiont colonization alters gill cell 

structure, showing similarities to epithelial cells infected by intracellular pathogens (Wentrup, C., et al. 

2014). Environmental bacteria also influence colonization, indeed in some bivalves, symbiont 

populations outside the gills may be persistent and less affected by environmental changes compared 

to gill symbionts, which may be more sensitive to factors like sulfide availability (Alcaraz, C. M., et al., 
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2024). This makes gill colonization a dynamic and continuous process in the host's life (Wentrup, C., et 

al. 2014). Sulfur-oxidizing symbiont populations, previously reported from the gills, are also present in 

the digestive tract and mantle (Wentrup et al., 2014). These symbionts may be housed intracellularly 

and persist in the digestive tract, supporting host nutrition especially under sulfur-rich environmental 

conditions (Wentrup, C., et al. 2014; Alcaraz, C. M., et al., 2024). The symbiotic bacteria associated with 

the digestive gland of clams include diverse taxa that contribute to host health, nutrient acquisition, 

and digestion (Rossbach, S., et al. 2019.) Members of the family Rhodobacteraceae are a key bacterial 

group consistently observed within the digestive tissues of clams (Rossbach et al., 2019; Jensen et al., 

2021; Liu et al., 2025). These bacteria, which are present even in the early developmental stages of 

giant clams, possess remarkable metabolic versatility. Their capabilities include anaerobic 

photosynthesis, hydrocarbon degradation, and the synthesis of essential compounds such as vitamin 

B12 and antibacterial compounds. These functions likely promote nutrient acquisition and digestion 

while also inhibiting the growth of pathogens (Rossbach et al., 2019; Jensen et al., 2021; Liu et al., 2025). 

The genus Endozoicomonas (family Endozoicomonadaceae) is also frequently identified in various clam 

tissues, including the digestive glands and gills. This genus is strongly implicated in nitrogen cycling and 

is thought to provide essential nutrients to its host through a symbiotic relationship (Rossbach et al., 

2019; Jensen et al., 2021; Liu et al., 2025). The composition of host-associated microbial communities 

is dynamic, shaped by a complex interplay of abiotic factors such as salinity, temperature, seasonal 

changes and pollution levels (Yuan et al., 2024). This dynamic relationship is particularly critical for 

bivalves, where the stress tolerance of symbiotic bacteria is a key determinant of host resilience (Yuan 

et al., 2024). For example, studies on the razor clam, Sinonovacula constricta, show that fluctuations in 

salinity stress can disrupt the community structure, functional potential, and network stability of its gut 

microbiota (Yuan et al., 2024). This disturbance, known as dysbiosis, compromises the host's 

fundamental physiological processes, including immune response and nutrient absorption (Yuan et al., 

2024). The resulting weakened resistance leads to higher mortality rates for the clam under stressful 

conditions (Yuan et al., 2024). The destabilization of the microbial community is further evidenced by a 

shift in microbial network interactions from mutualism to competition or parasitism (Yuan et al., 2024; 

Rodriguez et al., 2022). Opportunistic pathogens, including members of the families Vibrionaceae, 

Aeromonadaceae, Pseudomonadaceae, and Shewanellaceae, tend to increase in abundance, indicating 

a detrimental shift in microbial stability and a reduced resilience within these clam-associated 
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symbionts (Yuan et al., 2024; Rodriguez et al., 2022). In this contest the maintenance of a balanced 

microbial community is crucial for defense against these opportunistic pathogens, which are known to 

cause mortality in stressed bivalves (Rodriguez et al., 2022; Sun et al., 2021). It is evidence that dysbiosis 

is directly associated with increased susceptibility to disease, especially when organisms are already 

facing environmental stress, but some Host-associated microbiota can provide critical services that 

buffer against forms of environmental stress (Yuan et al., 2024; Rodriguez et al., 2022; Sun et al., 2021). 

Certain symbiotic bacteria produce antioxidants, such as superoxide dismutase and catalase, to 

mitigate cellular damage from thermal or hypoxic stress (Yuan et al., 2024; Rodriguez et al., 2022). The 

microbiota may also contribute to essential metabolic processes like shell formation and calcium 

metabolism, thereby indirectly enhancing the host’s resilience to ocean acidification (Gomez et al., 

2017). The dynamic nature of these microbial consortia is consistently reinforced by observations of 

seasonal shifts in microbial abundance and diversity, highlighting a continuous adaptation to fluctuating 

environmental conditions (Lopez-Garcia et al., 2019). Given this plasticity, there is growing interest in 

the potential for the host-associated microbiome to act as a buffer against climate change by shifting 

its composition to retain functional abundance and maintain essential ecological services (Leung et al., 

2022).  

 

1.5_The Probiotic Solution: Boosting Holobiont Resilience to Stressors in 

Marine Ecosystem  

The direct influence of anthropogenic stressors on marine organisms typically leads to slow, low-rate 

acclimation processes within the host physiology. In contrast, these same stressors can indirectly act 

on marine holobionts, the host and its associated microbial community, by driving rapid changes in the 

microbiome. Owing to the fast population growth rate of microbes (Logue et al., 2015), this process 

facilitates a more rapid acclimation to swift environmental shifts, offering potential biotechnological 

applications for marine restoration. The ultimate outcome of such disturbances is highly contingent on 

the type and intensity of the stressor, as well as the specific properties of the holobiont itself (Pita et 

al., 2018). Research across diverse aquaculture species, including both finfish and shellfish, consistently 

supports the use of probiotics as a stress-mitigating strategy (Calcagnile, M., et al. 2024). For example, 

dietary supplementation with probiotics like Saccharomyces cerevisiae and Lactobacillus bulgaricus has 
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been shown to improve growth performance and feed utilization in species such as Megalobrama 

capito (Shehata, A. I., et al. 2024). These improvements suggest that the marine holobiont are better 

able to adapt to environmental challenges (Calcagnile, M.,et al., 2024). Furthermore, probiotics have 

been observed to directly enhance disease and stress resistance in a variety of aquatic organisms 

(Akhter, N., et al., 2015). This is accomplished through several key mechanisms, including the 

competitive exclusion of harmful pathogens, the production of natural antimicrobial compounds, and 

the stimulation of immune responses (Akhter, N., et al., 2015). Specific studies on Nile tilapia and Rohu 

have shown that probiotics like Bacillus subtilis and Bacillus licheniformis can reduce stress-induced 

cortisol levels, which is a primary stress hormone (Torres-Maravilla, E., et al., 2024). These same studies 

also report an increase in innate immune markers such as lysozyme and complement proteins, which 

are critical for disease defense. Probiotic application also indirectly improves the living conditions of 

aquatic species by enhancing water quality (Rahayu, S., et al., 2024). By promoting beneficial microbial 

communities that facilitate nitrification and denitrification, there is a reduction of environmental 

stressors linked to poor water conditions, such as the accumulation of ammonia or nitrite (Rahayu, S., 

et al., 2024). Overall, the use of probiotics consistently leads to higher survival rates and greater 

resilience in aquaculture species when they are exposed to bacterial infections and environmental 

stress (Rahayu, S., et al., 2024). In conclusion, the research across multiple aquaculture species confirms 

that probiotics are a highly effective tool for mitigating the negative impacts of anthropogenic and 

environmental stressors. By strengthening immunity, enhancing growth, and promoting a stable 

microbial community; probiotics offer a robust and sustainable solution for improving survival rates 

and resilience in aquaculture. This approach not only supports the health of individual organisms but 

also contributes to the overall stability of the marine holobiont, ultimately benefiting marine 

restoration and sustainable aquaculture practices. 
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Chapter 2-Human Footprints on Coastal Microbiomes and 

the Mechanisms of Clam Resilience 
 

2.1_ Study plan in the proposed research  

Human activities along the coast leave distinct imprints on marine microbial communities, and those 

imprints cascade through environment and host-associated microbiomes to influence the physiological 

state and survival prospects of the clam Chamelea gallina (Scicchitano et al., 2022; Trapella et al., 2024; 

Zhang et al., 2024). Local anthropogenic pressures, including aquaculture, energy infrastructure, 

tourism and altered nutrient inputs, favor fast-growing, copiotrophic and host-associated microbes 

while reducing typical oligotrophic lineages and, in some hotspots, overall microbial diversity; these 

community shifts change the pool of microbial functions available in the water column and sediments 

and increase the presence of taxa with pathogenic potential, thereby altering exposure and baseline 

resilience for benthic organisms (Fierer et al., 2007 & Roller & Schmidt, 2015; Ma et al., 2023; 

Corinaldesi et al., 2023 & Peixoto et al., 2023; Trapella et al., 2023; Trapella et al., 2024; Zhang et al., 

2024). The physiological response of C. gallina to episodic environmental stressors such as marine 

heatwaves is tightly coupled to energetic status and to the composition and functional capacity of 

environmental microbiome and host-associated microbiomes (Lattos et al., 2022; Masanja et al., 2023; 

Trapella et al., 2023; Iuffrida et al., 2024). Clams from sites with historically low productivity and high 

mortality levels exhibited indications of nutritional depletion and transcriptional shifts. These shifts are 

consistent with compensatory feeding and enhanced digestive activity, representing an energetically 

costly state that compromises other protective defences. In contrast, clams from higher-productivity 

sites maintain stronger metabolic and redox balance during stress, including up-regulation of NADPH-

producing enzymes (e.g., isocitrate dehydrogenase, IDH) and concurrent activation of antioxidant and 

immune pathways (Trapella et al., 2023; Iuffrida et al., 2024). Environmental drivers (temperature, 

oxygen, chlorophyll) explain part of this variation, but a substantial portion of differential response is 

explained by local endogenous factors such as sediment quality and the host microbiome (Trapella et 

al., 2023; Iuffrida et al., 2024). Crucially, a mechanistic interpretation emerges in which sediment and 

host microbiomes act as functional buffers that can either promote or undermine clam resilience 

(Corinaldesi et al., 2023; Peixoto et al., 2023; Trapella et al., 2023). Productive sediments and richer 
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host-associated microbiomes supply nutrients, antioxidant precursors and defensive functions that 

reduce the host’s energetic and detoxification burdens, enabling metabolic rerouting toward protective 

processes (for example, NADPH-generating reactions) and sustained immune/antioxidant activity 

under stress (Trapella et al., 2023; Iuffrida et al., 2024). Experimental transfers and aquarium trials show 

that sediments from highly productive sites can function in a “prebiotic” manner, promoting beneficial 

microbiome components in clams from less productive areas and revealing that sediment community 

composition is a modifiable factor influencing host health (Trapella et al., 2023). When human activities 

disrupt the relationships between clams and their helpful microbes—by changing nutrients, adding 

pollutants or pathogens, or reducing microbial diversity—clams can lose important microbial benefits 

that help them save energy and protect their cells (cytoprotection). This makes them more likely to run 

out of energy during sudden stress and increases their risk of dying during events like marine heatwaves 

(Iuffrida et al., 2024; Trapella et al., 2024; Zhang et al., 2024). From a management perspective, these 

findings argue that protecting clam populations requires expanding monitoring and intervention 

beyond traditional abiotic metrics to include microbial indicators at the epipelagic, sediment and host 

levels (Corinaldesi et al., 2023; Peixoto et al., 2023; Trapella et al., 2023; Zheng et al., 2023; Iuffrida et 

al., 2024; Kraft et al., 2024; Trapella et al., 2024). Practical steps include adding information about the 

types and functions of microbes to monitoring programs, reducing local pollution that promotes 

harmful microbes (for example, by improving wastewater treatment and using better aquaculture 

practices), and testing restoration methods that focus on sediments. These tests aim to see if bringing 

back helpful microbes can improve the health and survival of organisms in areas where many deaths 

often occur. (Trapella et al., 2023; Trapella et al., 2024; Iuffrida et al., 2024). Viewing the microbiome–

host axis as both a diagnostic tool and an intervention point offers a direct means to enhance the 

resilience of Chamelea gallina against anthropogenic and climatic stressors (Corinaldesi et al., 2023; 

Peixoto et al., 2023; Iuffrida et al., 2024). 

 

 2.2_Technical aspects: sampling and molecular analysis 

To avoid redundancy in the subsequent sections, this chapter provides an overview of the common 

techniques that were consistently employed across multiple studies. In the “Materials and Methods” 

section of each individual study, only a concise reference to the relevant protocol is provided, with a 
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cross-reference to this section for comprehensive methodological details. Techniques that are specific 

to a particular study are described exclusively within the corresponding study section. 

 

Sample collection and DNA extraction 

Specimen collections were sampled according to the origin and type of the sample; sampling 

procedures were adapted to preserve sterility by employing sterile containers and previously sterilized 

instruments. Collected materials were transported to the laboratory as fast as possible where they are 

kept at -80 °C until further processing, except where specific preliminary treatments were required 

prior to freezing. Total microbial DNA was extracted using procedures optimized for each sample 

matrix; however, all extractions reported in this thesis were performed with Qiagen spin-column 

nucleic acid purification kits (Qiagen, Hilden, Germany). Extracted nucleic acids were quantified using a 

NanoDrop ND-1000 spectrophotometer (NanoDrop Technologies, Wilmington, DE) and stored at −20 

°C until downstream applications. The V3–V4 hypervariable region of the 16S rRNA gene was targeted 

for amplicon sequencing. PCR reactions (50 µL final volume) contained 25 ng template DNA, 2× KAPA 

HiFi HotStart ReadyMix (Roche, Basel, Switzerland) and 200 nmol/L of each primer (341F and 785R) 

carrying Illumina overhang adapter sequences. Thermal cycling comprised an initial denaturation at 95 

°C for 3 min, 30 cycles of 95 °C for 30 s, 55 °C for 30 s and 72 °C for 30 s, followed by a final extension 

at 72 °C for 5 min (Biagi et al., 2020; Musella et al., 2020). Amplicons were purified using Agencourt 

AMPure XP magnetic beads (Beckman Coulter, Brea, CA). Indexed libraries were generated by limited-

cycle PCR using Nextera technology, purified as above, normalized to 4 nM and pooled. The pooled 

library was denatured with 0.2 N NaOH, diluted to a final loading concentration of 6 pM and 

supplemented with 20% PhiX control prior to sequencing. Paired-end sequencing (2 × 250 bp) was 

performed on an Illumina MiSeq platform according to the manufacturer’s protocol (Illumina, San 

Diego, CA). 
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Bioinformatics and statistical analysis 

Raw sequence reads were processed using a pipeline combining PANDAseq for read assembly and 

QIIME 2 for downstream analysis (Masella et al., 2012; Bolyen et al., 2019). Quality filtering was carried 

out with the fastq_filter function from USEARCH11 to retain high-quality reads within a 350–550 bp 

length window (Edgar & Bateman, 2010). Amplicon sequence variants (ASVs) were inferred using 

DADA2 (Callahan et al., 2016). Taxonomic assignment was performed with VSEARCH and the SILVA 

reference database (December 2017 release) (Rognes et al., 2016; Quast et al., 2013). Sequences 

assigned to eukaryotic lineages (including chloroplast and mitochondrial sequences) and reads that 

remained unassigned were removed prior to diversity analyses. Different metrics, depending on the 

dataset, are used to evaluate alpha diversity, whereas beta diversity is estimated by computing the 

unweighted UniFrac distance. Statistical analyses were conducted in R (R Core Team, version 4.1.2) 

using the packages “Made4” and “vegan” (Culhane et al., 2005). Group separation observed in principal 

coordinates analysis (PCoA) based on unweighted UniFrac was evaluated by permutation tests with 

pseudo-F ratios (function adonis in vegan). Between-group comparisons were made using Kruskal–

Wallis or Wilcoxon rank-sum tests as appropriate. Where multiple testing was performed, p-values 

were adjusted using the Benjamini–Hochberg procedure and a false discovery rate (FDR) ≤ 0.05 was 

considered statistically significant. 
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2.3_Study I: Signature of the anthropogenic  impacts on the epipelagic  

microbiome of the North Western Adriatic Sea  (Mediterranean Sea) 
 

 Giulia Trapella, Daniel Scicchitano, Lucia Foresto, Andrea Nicolo´ Dell’Acqua, Elena Radaelli, Silvia Turroni, 

Simone Rampelli, Cinzia Corinaldesi, Giorgia Palladino and Marco Candela 

 

Introduction 

It is now a matter of fact that the epipelagic microbiome plays a central role in primary productivity, 

the global biogeochemical cycling, and the functioning of food webs of marine ecosystems (Arrigo, 

2005; Luna, 2015; Dang and Lovell, 2016). In a recent publication (Scicchitano et al., 2022), the structure 

and function of the epipelagic microbiome of the North-Western Adriatic Sea (Mediterranean Sea) have 

been described, showing a well-balanced microbial ecosystem structured for the provision of key 

ecosystem services. Indeed, by applying 16S rRNA next-generation sequencing and a network-based 

approach on epipelagic samples collected from a 130-km2 area located 13.5 km away from the Emilia-

Romagna coast, the authors reported that the epipelagic layer of the North-Western Adriatic Sea was 

dominated by Synechococcus-like Cyanobacteria Subsection I, a photosynthetic primary producer 

(Scanlan and West, 2002; Flombaum et al., 2013), and by Flavobacteriales, Oceanospirillales and 

Rhodobacterales, copiotrophic microbiome components playing an important role in the cycling of the 

dissolved organic matter (DOM) (Lauro et al., 2009). Conversely, cosmopolitan marine heterotrophs, 

such as SAR11 clade and Cellvibrionales, represented only minor components of the epipelagic 

microbiome, as typically dominated more oligotrophic waters (Giovannoni et al., 2005; Salter et al., 

2015; Liao et al., 2020). The North-Western Adriatic Sea is characterized by shallow waters, with a 

maximum depth of approximately 40 m. The ecosystem productivity in the coastal area is mainly 

sustained by nutrient inputs, especially from the Po River (Findlay et al., 1990; Grilli et al., 2020), with 

two main currents dominating the circulation in the Adriatic Sea, namely, the Western Adriatic Current 

(WAC), flowing toward the southeast along the Western Italian coast, and the East Adriatic Current 

(EAC), flowing from the northwest along the eastern Croatian coast (Findlay et al., 1990; Grilli et al., 

2020). Its peculiar geochemical and hydrodynamic features make the overexploited North-Western 

Adriatic Sea a remarkable model of a marine system dynamically influenced by complex anthropogenic 

impacts (Danovaro, 2003; Zuccato et al., 2005; Zuccato et al., 2006; Corinaldesi et al., 2022). Indeed, in 
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the last decades, the Adriatic Sea has been increasingly threatened by several anthropogenic stressors 

(e.g., hydrocarbon extraction, over-fishing, aquaculture, marine traffic, plastic contamination, and 

tourism), and, recently, it has been identified as one of the areas in the Mediterranean Sea most worthy 

of protection (Bastari et al., 2016). In this scenario, the assessment of the impact of these different 

threats on the epipelagic ecosystems of the Adriatic Sea is becoming particularly relevant (Orel et al., 

2022) in terms of impaired ecological functions and also for possible concerns regarding human and 

animal health. Indeed, the changes induced in the structure and dynamics of the marine pathobiome 

(Naidoo and Olaniran, 2014; Buccheri et al., 2019; Numberger et al., 2019) represent a global risk for 

the spread and consolidation of infectious diseases resulting from exposure to contaminated waters 

and/or the consumption of contaminated seafood as defined in the One Health concept (Orel et al., 

2022). In our work, three different impact sources have been considered in the North-Western Adriatic 

Sea, namely, i) mussel farming, where the North-Western Adriatic Sea accounts for 50% of the Italian 

mussel production (Prioli, 2006); ii) methane extraction platforms, with 82 platforms installed since 

1960 in the Adriatic Sea (Colaleo et al., 2022), 50 of which occupy the area between Rimini and Ravenna 

(http:// ytaa.miesbcn.com/work/220, 2016 Edition, Ghiselli, and Melandri); iii) summer mass tourism, 

where the Emilia-Romagna coast represents one of the most important touristic hotspots of the 

Mediterranean Sea, where the summer tourism peak has been associated with serious threats to the 

coastal ecosystems (Andolina et al., 2021). Seawater samples were collected in an area of 

approximately 585 km2 in the North-Western Adriatic Sea during the summer of 2021 (September), 

including a mussel farm located offshore Cesenatico, a methane extraction plant (“Azalea”) located 

offshore Rimini, and a coastal site in Riccione, one of the main Italian sites for mass summer tourism in 

the North-Western Adriatic Sea since 1960 (Istat Annual report on the tourist movement and hotel and 

complementary consistency in Emilia Romagna 2020). Epipelagic microbiomes from these impacted 

sites were assessed by 16S rRNA next-generation sequencing and compared with those from a relatively 

unimpacted reference site from Scicchitano et al. (2022). Findings reported in this study provide 

glimpses into possible risks from the overexploitation of marine resources, posing significant threats to 

the health of fragile marine ecosystems such as those of the Adriatic Sea. 
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Materials and methods 

Study areas and sampling collection 

 The present study was conducted in September 2021 in four different sites located offshore a coast 

trait encompassing Cesenatico to Riccione (Emilia Romagna, Italy). A total of 44 seawater samples were 

collected using a Niskin bottle from three sites subject to different anthropogenic impacts. In particular, 

12 samples were collected near a mussel farm located offshore Cesenatico at a depth of 3 m. Eleven 

samples were collected in a concentric area around the Azalea methane extraction platform off the 

Rimini coast at a depth of 10 m. Twenty-one samples were collected close to the Riccione coast, which 

is subject to mass tourism especially during summer, at a depth of 2.5 m close to the artificial structures, 

referred to as WMesh, originally designed to prevent coastal erosion (Palladino et al., 2022a). Finally, 

16S rRNA sequencing data from Scicchitano et al. (2022), including 19 epipelagic samples from a 

relatively unimpacted offshore area of 130 km2 at a depth of 10 m, have been used as a control. 

Geographic coordinates, water depths, and distance from the coast for each sample are reported in 

Study I Supplementary Table S1. Immediately after collection, 2 L of seawater was poured into a 

previously sterilized plastic bottle. Samples were stored in the dark until arrival at the laboratory. 

Seawater samples were pre-filtered through a 1.2-μm cellulose mixed ester polycarbonate filter to 

remove large, suspended particles (Chen et al., 2019) and then filtered through 0.22-μm 47-mm-

diameter cellulose mixed ester pore-size filters (MF Millipore, Merck Millipore, Billerica, MA, USA) 

through vacuum filtration system (Behzad et al., 2022) under laminar flow hood. Filters were stored in 

sterile Eppendorf at −80°C until processed. The environmental parameters (temperature, pH, and 

concentration of chlorophyll α, dissolved inorganic carbon, phosphate, nitrate, and ammonium) of the 

study sites at the time of sample collection (September 2021) were retrieved using the monthly data 

present within the Copernicus database (https:// www.copernicus.eu/en, retrieved 5 January, 2024). 

Specifically, for the extraction site, the mussel farming site, and the coastal tourism site, a single point 

was considered, while for the pristine site, a mean of the data in the whole sampling area was obtained. 
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DNA extraction, 16S rRNA gene amplification, and sequencing 

 Extraction of the total microbial DNA from water samples was performed from the entire membrane 

filters using the DNAeasy PowerWater extraction kit (QIAGEN, Hilden, Germany) following the 

manufacturer’s instructions (Scicchitano et al., 2022). Extracted DNA was then quantified using 

NanoDrop ND-1000 (NanoDrop Technologies, Wilmington, DE, USA) and stored at −20°C until further 

processing. The V3–V4 hypervariable region of the 16S rRNAgene was PCRamplified in a 50 µL reaction 

containing 25 ng of microbial DNA, 2X KAPA HiFi HotStart ReadyMix (Roche, Basel, Switzerland), and 

200 nmol/L of 341F and 785R primers carrying Illumina overhang sequencing adapter (Klindworth et 

al., 2013). The thermal cycle consisted of 3 min at 95°C, 25 cycles of 30 s at 95°C, 30 s at 55°C and 30 s 

at 72°C, and a final elongation step of 5 min at 72°C (Palladino et al., 2022b). PCR products were purified 

using Agencourt AMPure XP magnetic beads (Beckman Coulter, Brea, CA, USA). Indexed libraries were 

prepared using limited-cycle PCR with Nextera technology and cleaned up using Agencourt AMPure XP 

magnetic beads (Beckman Coulter, Brea, CA, USA). Libraries were normalized to 4 nM and pooled. The 

sample pool was denatured with 0.2 N NaOH and diluted to a final concentration of 4.5 pM with a 20% 

PhiX control. Sequencing was performed on an Illumina MiSeq platform using a 2 × 250 bp paired-end 

protocol, according to the manufacturer’s instructions (Illumina, San Diego, CA, USA). 

 

Bioinformatics and biostatistics 

The QGIS software (https://qgis.org/it/site/) was used to construct the maps of the study area. Raw 

sequencing outputs for a total of 63 samples were processed using a pipeline combining PANDAseq 

(Masella et al., 2012) and QIIME2 (Bolyen et al., 2019). High-quality reads (min/max length = 350/550 

bp) were retained using the “fastq filters” function of Usearch11 (Edgar, 2010). Specifically, reads with 

an expected error per base E = 0.03 (i.e., 3 expected errors every 100 bases) were discarded, based on 

the phred Q score probabilities. The resulting reads from the length and quality filtering were binned 

into amplicon sequence variants (ASVs) using DADA2 (Callahan et al., 2016). The taxonomy was 

assigned using the hybrid method combining VSEARCH and q2 classifier trained on the Silva database 

release 138.1 (Bokulich et al., 2018) against the SILVA database (2022, v138.1) (Quast et al., 2012). All 

the sequences assigned to eukaryotes (i.e., chloroplasts and mitochondria) or unassigned were 
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discarded. Sequencing reads were deposited in ENA (project number PRJEB69608). All statistical 

analyses were performed using the R software (R Core Team; www.r-project.org—last access: March 

2021), v. 4.1.2, with the package “vegan” (https://cran.r-project.org/web/ packages/vegan/index.html) 

andMade4 (Culhane et al., 2005). Beta diversity was estimated by computing Weighted UniFrac 

distance, and the data separation in the principal coordinate analysis (PCoA) was tested using a 

permutation test with pseudo F ratios (function “adonis” in the vegan package). Wilcoxon rank sum test 

and Kruskal–Wallis test were used to assess significant differences in alpha diversity and taxon relative 

abundance between groups. p-Values were corrected for multiple testing with the “p.adjust” function 

in R, with a false discovery rate (FDR) ≤0.05 considered statistically significant. Sequences 

corresponding to the ASVs assigned to Leptothrichiaceae_sp, Legionellaceae, Campylobacteraceae, 

Staphylococcaceae, and Enterobacteriaceae were retrieved and uploaded to the Silva online tool for 

alignment, classification, and tree service (SINA v1.2.12, https://www.arb-silva.de/aligner/). The 

default parameters were used, and for the search and classify section, the 10 closest neighbors with a 

minimum identity of 97% were evaluated. For the construction of the phylogenetic trees, the 

“computetree”optionwasselectedusingtheRAxMLprogramand GTRmodel including the neighbor 

sequences. The tree was exported in network format and uploaded on iTOL for graphical representation 

(Letunicand Bork, 2021). For the microbiome network construction, bacterial co-abundance groups 

were obtained by computing the association among the bacterial families using the Kendall correlation 

test. The Wiggumplot network structure was created using Cytoscape (http://www.cytoscape.org/). 

Circle sizes were proportional to families’ abundanceorover-abundance, andconnectionsbetween 

nodeswere represented as “red line” or "dashed gray line” for positive or negative correlation, 

respectively. Over-abundance values were calculated using the ratio between the mean relative 

abundance in a specific site and the average relative abundance in the whole data set of the study 

(meanArea/meanTot). Hubnodes, total cohesion, negative/positive cohesion ratio, and modularity 

were calculated on the overall structure of the network. Specifically, hub nodes were identified by 

looking at the combination of the highest values of closeness centrality, betweenness centrality, and 

degree retrieved fromCytoscape as previously described (Agleretal.,2016). Cohesion and modularity 

were calculated using the “igraph” R package as proposed by Hernandezetal. (2021). 
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Results  

Impact of different anthropogenic pollution sources (mussel farming, methane 

extraction, and coastal tourism) on the epipelagic microbiome 

 In this study, we characterized the epipelagic microbiome by 16S rRNA gene sequencing from a total 

of 63 water samples collected in the North-Western Adriatic Sea, including i) 12 samples from the 

mussel farming-impacted site, ii) 11 samples from the methane extraction-impacted site, and iii) 21 

samples from the tourism-impacted site. As a control, 16S rRNA sequencing data from Scicchitano et 

al. (2022) were used, representing 19 epipelagic samples from a relatively unimpacted control area. In 

Figure 1, we provide an overview of the samples collected from each impacted site and the relatively 

unimpacted control. 
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 FIGURE 1  

Geolocation of sampling sites. General distribution of sampling sites within the study area with a 

focus on the coastal tourism and extraction platform sites (platform CH4), where the distance 

between sampling points is on a finer scale. 
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Environmental parameters at the time of sampling for the impacted sites and for the reference control 

are reported in Table 1.  

 TABLE 1 Environmental parameters at the time of sample collection. 

 

 Values were retrieved from Copernicus database from monthly data in September 2021 for each site under study. 

 

Overall, 44 samples have been newly sequenced, providing a total of 588,896 high-quality reads (13,884 

± 3,638) corresponding to 3,408 total ASVs. According to our findings, the main phyla representing the 

epipelagic microbiome were Proteobacteria (mean r.ab ± SD; 53.1% ± 11.7%), Bacteroidota (17.6% ± 

7.5%), Cyanobacteria (8.7% ± 8.7%), Actinobacteriota (5.2% ± 8.7%), Planctomycetota (4.5% ± 4.7%), 

and Verrucomicrobia (7.3% ± 5.1%) (Study I Supplementary Figure S1), with site-specific declinations 

in terms of relative abundances, as noticeable at the corresponding family level (Figure 2; Study I 

Supplementary Figure S2).  
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Focusing on the phylogenetic resolution at the ASV level, the PCoA plot of the microbiomes’ 

compositional structure showed sharp segregation between the epipelagic microbiomes at the control 

and impacted sites (Figure 3A). More specifically, according to our data, each impacted site showed a 

peculiar ASV-level compositional profile of the epipelagic microbiome, well segregating from the 

unimpacted control and the other impacted sites. Noticeably, when accounting for the alpha-diversity 

distribution (Figure 3B), the methane extraction-impacted site showed an overall lower diversity 

compared to the other sites (particularly, tourism-impacted site and control site).  

 
 FIGURE2  

Microbial families’ relative abundance distribution in the study sites. Bubble chart showing the 

relative abundance of most abundant families (r.ab. ≥  2.5% in at least two samples) within the four 

sampling sites (starting from the left: mussel farming,extraction platform, pristine site, and coastal 

tourism site). Circle sizes correspond to the legend on the right part of the figure. 

http://r.ab/
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 FIGURE 3  

Principal coordinate analysis (PCoA) and alpha-diversity indices of the study sites. (A) PCoA based 

on weighted UniFrac distances, with color code legend for each site at the bottom-right part of the 

panel. Study sites are significantly separated (Adonis;p=0.001). (B) Boxplots of alpha-diversity 

indices calculated for each study site. The central box represents the distance between the 25th 

and 75th percentiles, while the median between them is marked with a boldline. Significant 

variations across study sites are highlighted in the figure (Wilcoxon rank-sum test; 

p≤0.05*,p≤0.01**, p≤0.001***) 

 

To highlight the site specific impact on the epipelagic microbiome in terms of compositional diversity, 

the boxplots of the microbial families showing a significantly different distribution between each of the 

impacted sites and unimpacted reference control are provided in Study I Supplementary Figure S3. 
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According to our findings, each of the impacted sites showed a specific layout of significantly increased 

or depleted bacterial taxa compared to the pristine control. In particular, the mussel farming-impacted 

site was characterized by a higher abundance of Hyphomonadaceae (mean r.ab variation + 5.17%), 

Nannocystaceae (+0.70%), Saprospiraceae (+5.29%), Oleiphilaceae (+0.30%), family AB1 of Rickettsiales 

(+0.64%), Alteromonadaceae (+2.97%), Ruminococcaceae (+0.05%), Leptothrichiaceae (+0.12%), and 

Pseudoalteromonadaceae (+6.48%) while being depleted in Puniceicoccaceae (−2.83%), Cyanobiaceae 

(−13.07%), SAR11 (−0.22%), and SAR116 clades (−4.35%). Focusing on the methane extraction impact, 

the epipelagic microbiome in the proximity of the extraction  platform was enriched in 

Pseudoalteromonadaceae (+12.40%), Actinomarinaceae (+6.61%), Vibrionaceae (+13.62%), 

Enterobacteriaceae (+0.18%), Staphylococcaceae (+0.07%), Alteromonadaceae (+2.19%), 

Rhodobacteraceae (+3.84%), Bifidobacteriaceae (+0.04%), and Bacillaceae (+0.56%) while depleted in 

Rhodospirillales (Aegean 169 marine group) (−2.39%), Cyanobiaceae (−9.15%), Flavobacteriaceae 

(−3.16%), PS1 clade of Parvibaculales (−0.89%), Puniceicoccaceae (−2.64%), SAR11 (−3.00%), and NS9 

marine group of Flavobacteriales (−1.48%). Finally, the coastal tourism impacted site was characterized 

by a significant increase of Rhodobacteraceae (+7.52%), Cryomorphaceae (+3.96%), Rubritaleaceae 

(+3.02%), Methylophilaceae (+0.62%), DEV007 of Verrucomicrobiales (+4.07%), and Alteromonadaceae 

(+0.67%), with a depletion in SAR11 clades (−1.04%), Puniceicoccaceae (−3.12%), Actinomarinaceae 

(−0.75%), and Pirellulaceae (−1.83%). In order to explore the variation of the epipelagic microbiome 

network structure at the impacted and control sites, the overall network of the epipelagic microbiome 

was first obtained, and then its declination at the different impacted and reference sites was assessed. 

For the construction of the microbiome network, co-abundance associations between microbial 

families have been computed, obtaining six Co Abundance Groups (CAGs), namely, Vibrionaceae CAG, 

Halieaceae CAG, Saprospiraceae CAG, Rhodobacteraceae CAG, Cyanobiaceae CAG, and Clade_I CAG. 

The detailed composition of each CAG is provided in the Study I Supplementary Table S2. The Wiggum 

plot showing the compositional relationships between the microbial network components is provided 

in Study I Supplementary Figure S4. According to our findings, the obtained epipelagic microbiome 

network structure showed modularity of 0.197, a ratio between negative to positive cohesions of 0.913, 

and a total cohesion of 0.42. Finally, Clade_I; SAR116_clade; Puniceicoccaceae; Pirellulaceae, 

Saprospiraceae; DEV007; Flavobacteriales, f_NS9_marine_group; Hyphomonadaceae; and 

Cyanobiaceae and Cryomorphaceae resulted as keystone components supporting the whole network 
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topology. The variation of the epipelagic network in the different impacted and at the control sites was 

then explored. To this aim, site-specific patterns of over-abundance families were computed, and the 

respective site-specific over-abundant network plots were created (Study I Supplementary Figure S5). 

According to our findings, each impacted sites corresponds to a specific layout of over-abundant 

families, resulting in recognizable site-specific declination of the epipelagic network structure. 
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FIGURE 4  

Phylogenetic tree with amplicon sequence variants (ASVs) assigned to (A)Enterococcaceae, (B) 

Legionellaceae, and (C) Staphylococcaceae families and their neighbors. Within each phylogenetic 

tree, the taxonomic classification of known species is highlighted with the complete name, while 

the red-colored labels highlight the ASVs retrieved from our study (the orange ones are the ASVs 

taken into account for the evaluation of ASV distribution among control and impacted sites). 
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Variations of the epipelagic pathobiome at the impact sites 

In order to characterize the variations of the epipelagic pathobiome structure at the impacted sites, the 

ASVs assigned to Leptothrichiaceae_sp, Legionellaceae, Campylobacteraceae, Staphylococcaceae, and 

Enterobacteriaceae have been considered, representing microbial families encompassing well-known 

pathogens and/or opportunistic pathogens (Palusińska-Szysz and Cendrowska-Pinkosz, 2008; Otto, 

2009; O'Donovanet al., 2014; Rock and Donnenberg, 2014; Eisenberg et al., 2016; Sabaté Brescó et al., 

2017). Using this approach, we detected 84 epipelagic pathobiome ASVs in our dataset. The Silva 

classification is provided in Study I Supplementary Table S3. For six of these ASVs, it has been possible 

to assign the corresponding species using the Silva database, of which one ASV was assigned to 

Campylobacter ureolyticus and five ASVs were assigned to Leptothrichiaceae_sp. To further improve 

the species-level assignment of the epipelagic pathobiome members, we implemented the approach 

reported by Orel et al. (2022). Coherently, when possible, for the ASVs belonging to the 

abovementioned pathobiont families—and assigned at the genus level on the Silva database—we 

generated a phylogenetic tree including matching reference species manually curated, allowing the ASV 

identification based on their clustering close to specific references. We thus obtained a phylogenetic 

tree for ASVs belonging to Escherichia, Staphylococcus, and Legionella, as shown in Figure 4. According 

to the trees, one Escherichia ASV was assigned to Escherichia coli, one Staphylococcus ASV to 

Staphylococcus epidermidis, and one Legionella ASV to Legionella impletisoli. For the ASVs belonging to 

the possible pathobiome and being identified at the species level, the correspondent distribution in the 

impacted and control sites was assessed in terms of presence or absence (Study I Supplementary Figure 

S6). Specifically, the ASV assigned to E. coli was only detected in proximity to the methane extraction 

platform, whereas the ASVs assigned to Leptothrichiaceae_sp, L. impletisoli, and S. epidermidis were in 

proximity to mussel farms. Finally, the ASV assigned to C. ureolyticus was only detected at the touristic 

coastal site. 
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Discussion 

 In the present work, we explored variations in the marine epipelagic microbiome in response to 

different sources of anthropogenic stressors, namely, mussel farming, methane extraction activities on 

offshore platforms, and mass coastal tourism. According to our findings, the three different impacted 

sites resulted in a well-defined and site-specific fingerprint on the epipelagic microbiome, shaping its 

general compositional structure at different phylogenetic levels and resulting in site-specific layouts of 

co-abundant taxa. More specifically, the epipelagic microbiome in the proximity of the mussel farms 

was enriched in specific carbon oxidizing copiotrophic r-strategists, such as Pseudoalteromonadaceae 

and Alteromonadaceae (Bowman, 2007; Liuet al., 2011; Ivanova et al., 2014); host-associated 

microbiome components, such as Ruminococcaceae and Rickettsiales (Darby et al., 2007; Afouda et al., 

2019; Klinges et al., 2019); and some potentially pathogenic microorganisms, such as the 

Leptothrichiaceae (Eisenberg et al.,2016).Not surprisingly, the epipelagic waters in the proximity of the 

mussel farms were also enriched in known microbial plastisphere components from the marine 

environment, such as Hypomonadaceae and Saprospiraceae (Dudek and Neuer, 2023) due to the use 

of plastic socks and other items in this mariculture practice (Skirtunetal.,2022). When the variation of 

the epipelagic microbiome in the proximity of a methane extraction platform was taken into account, 

we observed that close to the extraction platform, the epipelagic waters were enriched in specific host-

associated microorganisms, such as members of, Vibrionaceae, Bifidobacteriaceae, Bacillaceae, 

Enterobacteriaceae, and Staphylococcaceae, with the latter four of probable terrestrial origin (Sanders, 

2015; Mandic-Mulec et al., 2016; Lugli et al., 2017; Gorrasi et al., 2021; Soto, 2022). Moreover, waters 

close to the extraction platforms were enriched with specific carbon oxidizing copiotrophic r strategists, 

such as Pseudoalteromonadaceae and Alteromonadaceae (Bowman, 2007; Liu et al., 2011; Ivanova et 

al.,2014), also found to be enriched in the proximity of the mussel farm, and Rhodobacteraceae,a 

copiotrophic sulfur oxidizer (Sunetal., 2020). Finally, for the touristic  impacted site, we observed an 

increase in a specific set of copiotroph microorganisms, such as Verrucomicrobiales 

,Alteromonadaceae, and Rhodobacteraceae, possibly due to the proximity with the coast (Liu et al., 

2011; Baltar et al., 2018; Sun et al., 2020), as well as the host associated marine microbial component 

(i.e., Rubritalaceae) (Garibay Valdez et al.,2021). Although each one of the anthropogenic stressors 

taken into account resulted in a peculiar increase of specific epipelagic microbial components, all of 
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them shared a common fingerprint in terms of depletion of epipelagic marine microorganisms, such as 

well-known carbon oxidizing oligotrophic k-strategists (i.e., members of the SAR11 and SAR116 clades) 

(Choi et al., 2015; Tinta et al.,2015; Hu et al.,2021), phototrophic primary producers (i.e., Cyanobiaceae) 

(Salazar et al., 2020), and copiotrophic heterotrophs (i.e.,Puniceicoccaceae)(Choo et al., 2007). When 

exploring changes in the epipelagic network topology at the impacted and control sites, impact-specific 

changes in the abundance patterns of the six epipelagic microbiome CAGs were observed. More 

specifically, musselfarming was characterized by an over-abundance of the Saprospiraceae and Clade_I 

CAGs, while the Vibrionaceae and Rhodobacteraceae CAGs were over-abundant in the extraction 

platform and coastal tourism-impacted sites, respectively. Finally, all impacted sites were depleted in 

the Halieaceae CAG with respect to the reference site. When focusing on the pathobiome components, 

we detected different potential pathogenic species in the impacted sites. Specifically, 

Leptothrichiaceae_sp, L. impletisoli, and S. epidermidis were all detected in the proximity of the mussel 

farm site, whereas E. coli and C. ureolyticus were found in the epipelagic waters in the proximity of the 

methane extraction platform and at the coastal tourism-impacted site, respectively. While E. coli 

typically colonizes the human gastrointestinal tract and only a few strains show a pathogenic behavior 

(Kaper et al., 2004), C. ureolyticus is an emerging gastrointestinal pathogen, capable of causing the 

destruction of the filamentous microvilli (O'Donovan et al., 2014). In contrast to the impacted sites, no 

pathogenic microbial species were detected in the control site. Taken together, these findings suggest 

the release of potentially pathogenic strains in the epipelagic from each of the characterized impacted 

sites, showing a site-specific pathobiome with a recognizable pattern of pathogenic components, 

possibly representing potential threats to human health. In conclusion, our findings provide evidence 

of the existence of identifiable and impact-driven fingerprints on the epipelagic marine microbiome 

specific to different anthropogenic activities. According to our findings, a specific layout of enriched 

epipelagic microbiome components, including impact-specific pathogenic species, is associated with 

each of the described stressors. Conversely, all anthropogenic stressors result in the depletion of 

characteristic epipelagic microbiome components, such as SAR11 and SAR116 clades and 

Cyanobiaceae. Even though our findings are still preliminary and need to be confirmed in a wider spatial 

and temporal context, here, we provide new insights into the potential of the microbiome to provide 

specific fingerprints for different anthropogenic activities. In addition to providing a news set of 

indicator bacterial species, specific for the different anthropogenic impact sources, our results also raise 
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the concern of the release of pathogenic microorganisms in the marine ecosystem potentially harmful 

to human and marine life health. 
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2.4_Study II: Microbiome variation at the clam-sediment interface may 

explain changes in local productivity of Chamelea gallina in the North 

Adriatic sea 
 

Giulia Trapella, Nicolò Cinti, Luca Parma, Antonina De Marco, Andrea Nicolò Dell’Acqua, Silvia Turroni, Simone 

Rampelli, Daniel Scicchitano, Letizia Iuffrida, Alessio Bonaldo, Silvia Franzellitti, Marco Candela and Giorgia 

Palladino 

 

Background 

The striped venus clam Chamelea gallina is one of the most important fish resources of the 

Northwestern Adriatic Sea (Moschino V, et al., 2006), with a reported annual production of 15,000 

tonnes in 2018 (Ministerial Decree n.27 del 17/6/. (2019)) and a turnover of 100 million euros per year 

(Carducci F,  et al., 2020). From an ecological point of view, C. gallina is considered an “ecosystem 

engineer”, capable of influencing nutrient cycling, acting as a habitat-forming species, and affecting 

food webs directly, as a prey and filter feeder, or indirectly, through sediment movement and nutrient 

release (Jones CG et al. 1992). Although particularly abundant in the Northwestern Adriatic Sea, C. 

gallina is also found along the Eastern Atlantic coast, from Norway to the Iberian Peninsula, along the 

coast of Morocco and the Canary Islands, and in the Black Sea. This relatively wide distribution, together 

with its important ecological role and relevant economical value, makes this clam a very important 

marine organism (Ramón M et al. 1992;  Backeljau T, et al. 1994;  Lemieux J et al. 2014). C. gallina is a 

typical example of an infaunal microphagous filter feeder (Carducci F,  et al., 2020). This clam inhabits 

sandy coasts, occupying a well-defined ecological niche characterized by the presence of specific 

chemical-physical conditions in water and sandy or muddy-sandy sediments, such as high oxygen 

content, a redox potential < 300 mV, and a medium to high hydrodynamic regime ( Pampanin DM, et 

al. 2002;  Rufino MM et al. 2006; Ministerial Decree n.27 del 17/6/. (2019)). The annual reproductive 

cycle of C. gallina is characterized by external planktonic fertilization followed by a larval phase, living 

in suspension for 15–30 days. After this period, the larvae begin to deposit calcium carbonate in the 

shell, resulting in sinking and hollowing into the sediment, where the clam settles in a vertical position 

with siphons protruding from the substrate. The clam then starts its typical benthic life, feeding on 

organic matter and small planktonic organisms from the water column (Carducci F, et al. 2020; Baeta 

M, et al. 2021). The growth of C. gallina is relatively fast and, specifically in the Adriatic Sea, clams can 
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reach a diameter of 1.6–1.8 cm after one year, corresponding to their sexual maturity. After about 2 

years, they reach the European commercial size of 2.5 cm (Turolla E. 2008; Carducci F, et al. 2020). Due 

to its peculiar ecological niche, C gallina can only be harvested directly from natural beds. This highlights 

the strategic importance of implementing measures to protect natural clam populations as the only 

possible solution for the sustainable management of this valuable marine resource. This topic is 

particularly relevant in the Adriatic Sea, where C. gallina is already suffering a severe decline due to 

high fishing pressure (Froglia C. 2000) and several occasional mortality events have been reported (Del 

Piero D, et al. 1998; Froglia C. 2000; Carducci F, et al. 2020). Interestingly, these mortality events 

showed a local decline to specific sites along the Adriatic coast, that show a higher but irregular 

incidence of mortality (Carducci F, et al. 2020). Although still unexplained, several factors might be 

involved in the local mortality events observed so far, such as temperature fluctuations, oxygen 

deficiency, increased water turbidity, and release of xenobiotic compounds (Ezgeta-Balić D, et al. 2011; 

Visciano P, et al. 2015). However, the possible involvement of other as yet unexplored factors has been 

suggested, such as down-regulation of genes typically involved in immune defense or variations of host-

microbial interactions in response to environmental changes (Carducci F, et al. 2020). Like all marine 

animals, clams live in close association with a complex microbial community inhabiting their digestive 

gland (DG) (O’Brien PA, et al. 2019). The DG-associated microbiome plays an integral role in the host 

biology, providing essential physiological services that are strategic for the clam health (Carducci F, et 

al. 2020). The DG-associated microbiome is involved in nutritional and immunological functions, it can 

contribute to the enhancement of the defense systems against pathogens and xenobiotics and allows 

for a better adaptation of the host to stressful conditions [(Carducci F, et al. 2020), 17–19]. Conversely, 

alterations in the clam DG-associated microbiome have been associated with increased susceptibility 

to opportunistic infections (Carducci F, et al. 2020). In our work, we collected clam and sediment 

samples from 4 productive sites along the Northwestern Adriatic coast, Italy. The selected sites were 

distributed along a gradient from high to low incidence of recorded mortality events and productivity, 

covering a stretch of 60 km along the coast of the Emilia Romagna region (Del Piero D, et al. 1998; 

Froglia C., 2000; Ministerial Decree n.27 del 17/6/. (2019); Carducci F, et al. 2020) (Fig. 1). We explored 

possible connections between site-specific features of the DG-associated microbiome of C. gallina and 

local variations in animal nutritional status. Furthermore, as the importance of the interaction between 

clam DG and sediment microbiome has recently been stressed (Carducci F, et al. 2020), controlled 
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aquaria experiments were performed, allowing us to elucidate possible mechanisms of interaction 

between clam-associated microbiomes and sediment microbiomes. By providing some clues on the 

importance of the interaction between sediment and clam DG-associated microbiomes for animal 

health and physiological status, our findings pave the way for new microbiome-based approaches and 

technologies for biomonitoring and conservation of C. gallina clams in the Adriatic Sea, with a view to 

protecting and possibly restoring local populations subject to mortality events. 

 

 Methods 

Sampling area and sample collection  

C. gallina specimens were collected in four marine sites located 0.4 km off the coast of Marina di 

Ravenna (Latitude 44°28’38’’N, Longitude 12°17’09’’E), Lido di Savio (44°18’44’’N, 12°20’44’’E), 

Cesenatico (44°11’56’’N, 12°23’43’’E) and Rimini (44°03’48’’N, 12°34’51’’E), Italy. Sampling was 

performed by professional local fishermen during the summer season 2022 (Fig. 1). For each sampling 

site, 65 clams were collected for microbiological and physiological analysis, together with the 

corresponding sediment (50 g) and seawater (2 L). Clam  individuals were collected at commercial size 

(min. 25 mm) by hydraulic dredge, while sediment and sea water were sampled with a Van Veen grab 

and a Niskin bottle, respectively. After collection, samples were stored at + 4 °C and transported to the 

laboratory, where they were immediately processed for biometric measurements and DG sectioning. 

The individual weight of the shells and fresh tissues was assessed using a precision scale (SAUTER Re 

2012 Precision Electronic Weighing Scales, METTLER TOLEDO Instruments, Milano, Italy), while the 

individual length and width of the shell were measured using a caliper (sensitivity ± 0.05 mm, Borletti 

CDJB20 digital caliper, LTF, Bergamo, Italy). These data were used to calculate the condition index 

according to Kanduč et al. (2018) (Carducci F, et al. 2020). DGs were stored at -80 °C until further 

processing. 
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 Proof-of-concept experiment in controlled environment  

A proof-of-concept experiment was carried out under controlled conditions at the laboratory of 

Aquaculture at the Department of Veterinary Medical Sciences of the University of Bologna (Cesenatico, 

Italy). Four 70-liter aquaria were set up in the laboratory, and filled with recirculating natural Adriatic 

seawater at a salinity of 23–25 ppt and a temperature of 20 ± 0.5 °C. Each aquarium was independent 

from the others, with its own electronic heat exchangers and a filtration unit system composed of 

biological, mechanical and UV filters. About 10 kg of sand from Rimini and Marina di Ravenna was used 

to fill a 10-cm layer in each aquarium (two aquaria with Ravenna sediments and two with Rimini 

sediments). From each sampling area, a total of 120 adult clams were collected and transferred to the 

aqua culture laboratory within 6 h. Sixty animals from Rimini were randomly distributed into an 

aquarium with Rimini sediments, while the other 60 clams were placed with Ravenna sediments. The 

same distribution criteria were used for the Ravenna clams. The clams were fed daily with a 

maintenance ration of live microalgae Isochrysis galbana, consisting of 3% of the mean dry-meat weight 

of the animals in dry weight of algal feed per day, in accordance with the FAO hatchery protocol for 

bivalve culture (Carducci F, et al. 2020). After 3 days of acclimatization, the clams were reared on the 

different sediments for 21 days. Clams from the four aquaria were sampled at three different time 

points (T0, immediately after experimental set-up and acclimatization; T1, after the first 7 days of 

incubation; T2, after 21 days) for characterization of the DG-associated microbiota, whereas biometric 

parameters were assessed at T0 and T2. Individual weight of the shells and fresh tissues was assessed 

using a precision scale (SAUTER Re 2012 Precision Electronic Weighing Scales, METTLER TOLEDO 

Instruments), while individual length and width of the shell were measured using  a caliper (sensitivity 

± 0.05 mm, Borletti CDJB20 digital caliper, LTF). The condition index (CI) for clams in controlled 

environments was calculated according to Kanduč et al. (2018) (Carducci F, et al. 2020). Sample 

processing and microbial DNA extraction For field production sites and aquarium-controlled conditions, 

DGs of C. gallina were pooled on base 3 to obtain 12 clam pools per site and 3 to 5 pools for aquarium 

(4 different aquaria conditions, with Ravenna clams reared on either Ravenna or Rimini sediments and 

the same for Rimini clams, for 3 different timepoints) for DNA extraction. Microbial DNA was extracted 

using the DNeasy PowerSoil kit (Qiagen, Hilden, Germany) according to manufacturer’s instructions 

with minor adjustments. Briefly, the homogenization step was performed using a FastPrep instrument 

(MP Biomedicals, Irvine, CA, USA), and the elution step was preceded by a 5-min incubation at 4 °C 
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(Carducci F, et al. 2020; Musella M,  et al., 2020). Seawater samples were processed by vacuum filtration 

under sterile conditions using 0.22-µm pore size MF-Millipore (Darmstadt, Ger many) membrane filters. 

Seawater microbial DNA was extracted using the Dneasy PowerWater Kit (Qiagen, Hilden, Germany) 

following the manufacturer’s instructions. Finally, 0.28–0.30 g of sediment from each collection site 

was used for microbial DNA extraction using the Dneasy PowerSoil Kit (Qiagen) following the 

manufacturer's instructions. The extracted DNA was quantified using NanoDrop ND-1000 (NanoDrop 

Technologies, Wilmington, DE, USA) and stored at -20 °C until further processing.  

 

16S rRNA gene amplification and sequencing  

Library preparation was performed according to Illumina 16 S Metagenomic Sequencing Library 

Preparation protocol (Illumina, San Diego, CA, USA). The V3-V4 hyper variable region of the 16 S rRNA 

gene was amplified by PCR in 50 µL final volume, containing 25 ng of microbial DNA, 2X KAPA HiFi 

HotStart ReadyMix (Roche, Basel, Switzerland), and 200 nmol/L forward 314 and reverse 785 primers 

carrying Illumina overhang adapter sequences (Klindworth A, et al. 2013). The PCR thermocycle 

consisted of 3 min at 95 °C, then 30 cycles of 30 s at 95 °C, 30 s at 55 °C and 30 s at 72 °C, and a final 

elongation step at 72 °C for 5 min [Musella M,  et al., 2020; Palladino G, et al. 2021). Amplified products 

were purified using Agencourt AMPure XP magnetic beads (Beckman Coul ter, Brea, CA, USA). Indexed 

libraries were prepared by limited-cycle PCR using Nextera technology (Illumina) and purified again as 

described above. The libraries were then quantified using a Qubit 3.0 fluorimeter (Invitrogen, Waltham, 

MA, USA), normalized to 4 nM, and pooled. Finally, the library pool was denatured with 0.2 N NaOH 

and diluted to 4.5 pM with a 20% PhiX control. Sequencing was performed on an Illumina MiSeq 

platform using a 2 × 250-bp paired-end protocol, according to the manufacturer's instructions 

(Illumina). 

 

Bioinformatics and biostatistics 

Condition index data were analyzed by one-way ANOVA, followed by Tukey’s HSD test (p-value ≤ 0.05) 

for multiple comparisons, after checking the assumptions for ANOVA: Shapiro-Wilk test was used for 

normality (p-value = 0.07) (Shapiro SS, et al., 1965), Bartlett’s test for homogeneity of variances (p-value 
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= 0.07) (Bartlett MS. 1937). Raw sequences from field-collected samples, totaling 56 samples (12 clam 

pools per site, 4 sediment and 4 seawater samples), were processed using a combination of the 

PANDAseq (Masella AP et al. 2012) and QIIME 2 pipelines (Carducci F, et al. 2020). The “fastq filter” 

function of the Usearch11 algorithm (Edgar RC. 2010) was applied to retain high-quality sequences. 

Specifically, based on the probabilities of the phred Q score, sequences with an expected error per base 

E = 0.03 (i.e., three expected errors per 100 bases) or higher were discarded. High-quality sequences 

were then clustered into amplicon sequence variants (ASVs) using DADA2 (Callahan BJ, et al. 2016). 

Taxonomic assignment was performed using a hybrid method combining the VSEARCH algorithm 

(Rognes T, et al. 2016) and the q2-feature-classifier plugin (Bokulich NA, et al. 2018) trained on the 

SILVA database (2022, v138.1) (Quast C, et al.2012). All sequences assigned to eukaryotes or not 

assigned were discarded. Alpha diversity was calculated by Shannon diversity, Faith’s phylogenetic 

diversity (PD) and the number of observed ASVs for microbial richness. Beta diversity was calculated 

using weighted and unweighted UniFrac distances. All statistical analyses were performed using the R 

software (R Core Team; http://www.r-project. org), v.4.1.2, with the packages “vegan” (https:// cran.r-

project.org/web/packages/vegan/index.html), “KEGGREST” (v1.36.3,http://www.bioconductor.org/ 

packages/release/bioc/html/KEGGREST.html), and “gplots” (v3.1.3, https://cran.r-

project.org/web/packages/ gplots/index.html). UniFrac distances were plotted using the vegan 

package, and the data separation in the Principal Coordinates Analysis (PCoA) was tested using a 

permutation test with pseudo-F ratios (function “adonis” in vegan, 999 permutations). Wilcoxon rank-

sum test was used to assess significant differences in alpha diversity. P-values were corrected for 

multiple testing using the Benjamini–Hochberg method, with a false discovery rate (FDR) ≤ 0.05 

considered statistically significant. Linear discriminant analysis (LDA) effect size (LEfSe) (Segata N, et al., 

2011), aimed at identifying discriminant taxa between high- and low-CI sites, was performed on ASV 

relative abundance tables, retaining only taxa with LDA score threshold of ± 2 (on a log10 scale) and p-

value ≤ 0.05. The online Galaxy Version interface (https://huttenhower. sph.harvard.edu/galaxy/, last 

accessed May 2023) was used to run LEfSe. We then used BLAST (last accessed May 2023) (Altschul SF, 

et al. 1990) to identify bacterial species corresponding to ASV sequences belonging to the discriminant 

taxa identified by LEfSe. PICRUSt2 (Douglas GM, et al. 2020) with default parameters was used to 

predict metagenome functions based on the ASVs identified in our dataset. The output file with the 

predicted KO (KEGG orthology) copy number per ASV was then used to construct the heatmaps 
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representing the metagenome functions, grouped by pathway, for the discriminant ASVs identified by 

LEfSe. Reads mapping was performed using Bowtie2 v. 2.3.4.3 (Langmead B,  et al., 2012) for the 

alignment, with the following parameters “--end-to-end --very-sensitive”. The number of aligned reads 

for each sample was then retrieved using Samtools v. 1.16. 

 

 Results  

Sample collection, environmental data, and assessment of condition index  

C. gallina samples were collected from 4 different production sites along the Western coast of the North 

Adriatic Sea (Fig. 1A). Sampling was carried out during the summer season (2022) on the same day at 

all sites, to avoid temporal variations in environmental conditions during the sampling campaign. For 

each site, 65 clams and a corresponding seawater and sediment sample per site were collected, for a 

total of 260 clam individuals, 4 seawater samples and 4 sediment samples. Environmental parameters 

on the day of sampling are reported in Fig. 1B. A total of 20 clams per site were used for the assessment 

of the Condition Index (CI) as a proxy for the general nutritional and health state of the animal (Zeng Y, 

et al.,2021), with higher CI values corresponding to a better health status of the clam. The CI values 

showed a decreasing trend from the Southern to the Northern sites, with Rimini having a CI score 

significantly higher than the other sites and Marina di Ravenna, Lido di Savio, and Cesenatico having 

comparable values (one way ANOVA) (Fig. 2). According to these data, Rimini was considered the only 

high-CI site, while Marina di Ravenna, Lido di Savio, and Cesenatico were considered low-CI sites.  
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Fig. 1 Sampling sites and environmental parameters. A) Map showing the sampling sites in Marina di Ravenna (RA), 

Lido di Savio (RA), Cesenatico (FC) and Rimini (RN), located inside the Flag area along the Emilia Romagna coast. 

Sampling sites are represented as red dots (map created using the Free and Open Source QGIS at 

https://www.qgis.org/it/site/). B) Environmental parameters on the day of sampling at the 4 sites. Abbreviations: 

psu = practical salinity unit; OD = dissolved molecular oxygen. Data were retrieved from Copernicus website. 

(https://data.marine.copernicus.eu/product/MED SEA_ANALYSISFORECAST_BGC_006_014/description and 

https://data.marine.copernicus.eu/product/MEDSEA_ANALYSISFORECAST_PHY_006_013/ description) 

 

Core and variable fractions of the clam digestive gland-associated and sediment 

microbiomes  

For each site, 36 out of the 50 collected clams were pooled on base 3, for a total of 12 pools per site, 

which were used to profile the DG-associated microbiome by 16 S rRNA amplicon sequencing. The 

microbial communities of corresponding sediments and seawater were also characterized. Sequencing 

was performed on a total of 48 clam pools, 4 seawater and 4 sediment samples, resulting in 6,677.4 ± 

3,965.6 mean high-quality reads per sample   ( Study II Suppl. Table S1) table and 1,056 ASVs. The 

microbial compositional structure at phylum and family level is shown in Study II Suppl. Fig. S1. Overall, 

the clam DG-associated microbiome was dominated by the phyla Bacillota (42%) and Planctomycetota 

(18%), with Pseudomonadota (11%) and Spirochaetota (11%) as subdominant phyla. The sea water 

microbiome was dominated by Pseudomonadota (43%), Actinobacteriota (22%), Bacillota (17%), and 

Bacteroidota (14%), whereas the sediment microbiome was dominated by Bacillota (33%), 
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Pseudomonadota (24%), and Actinobacteriota (18%). Alpha and beta diversity measurements of the 

described microbial datasets (Fig. 3) showed a clear segregation of clam-associated and environmental 

microbiomes (p-value ≤ 0.001 for beta diversity, permutation test with pseudo-F ratios), with the 

former showing lower levels of alpha diversity (p-value ≤ 0.05 for the alpha diversity comparison 

between clam and environmental microbiomes in all metrics, Wilcoxon rank-sum test; see Fig. 3 for 

further details). According to the PCoA plot, the clam DG-associated microbiome was closer to the 

sediment microbiome compared to sea water samples. These results confirm previous observations 

(Zhao Z, et al., 2022; Akter S, et al., 2023) and emphasize the important connection between the clam-

associated and sediment microbiomes. The separation in the PCoA also highlighted a certain 

heterogeneity of the clam DG-associated microbiome according to collection sites (p-value ≤ 0.05 

permutation test with pseudo-F ratios, data not shown), confirming the observed site-specific features 

of the clam DG-associated microbiome (Carducci F et al., 2020, Liu X, et al., 2020), even at a local scale. 

In Suppl. Fig. S2, we provide the compositional profile of the DG associated microbiome at each 

sampling site. Despite a certain degree of site specificity, a core DG-associated microbiome of C. gallina 

was detectable, defined as the taxa with a prevalence higher than 70% in our sample set. This core 

included the phyla Bacillota, Planctomycetota, Pseudomonadota, and Verrucomicrobiota, and the 

families Mycoplasmataceae, Peptostreptococcaceae and Pirellulaceae as major components. On the 

other hand, no significant differences in the alpha diversity of the DG-associated microbiome were 

observed between sites (Study II Suppl. Fig. S3). Finally, focusing on the sediment microbiome variation 

among sampling sites, we found that sediments from the high-CI site (Rimini) were mainly characterized 

by several microorganisms of environmental origin, both marine and terrestrial, such as members of 

the Ilumatobacteraceae, Flavobacteriaceae, Hungateiclostridiaceae, Rhizobiaceae, Xanthobacteraceae 

and Rubritaleaceae, with the exception of Mycoplasmataceae, that is known to be a host-associated 

microorganism (Tatarinova TV et al., 2016). Conversely, sediments from low-CI sites (Marina di 

Ravenna, Lido di Savio and Cesenatico) were enriched in host-associated or opportunistic 

microorganisms, such as Lactobacillaceae, Streptococcaceae, Paenibacillaceae, Staphylococcaceae and 

Pseudomonadaceae (Study II Suppl. Table S2).  
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Fig. 2 Condition index values for all sampling locations. Condition index (CI) was calculated for clams collected 

at all sampling sites. One-way ANOVA test was used to assess significant differences in CI values among sites 

(F value = 10.7 and total degrees of freedom = 76) 

 

 Variations in the clam digestive gland-associated microbiome according to condition 

index 

To identify the compositional specificities of the DG associated microbiome at high- and low-CI sites, 

we first applied LEfSe (Segata N, et al., 2011) at the ASV level (Fig. 4), and then used BLAST [32] to assign 

the corresponding bacterial species to the discriminant ASVs (Study II Suppl. Table S3). According to 

our findings, the high-CI site was characterized by 7 discriminant species with a best hit corresponding 

to the species Marvinbryantia formatexigens strain I-52 (percentage identity 93.10%, family 

Lachnospiraceae), Prevotellamassilia timonensis strain Marseille-P2831 (94.88%, family 

Prevotellaceae), Culturomica massiliensis strain Marseille-P2698 (93.27%, family Odoribacteraceae), 

Duncaniella freteri strain TLL-A3 (86.67%, family Muribaculaceae), Simkania negevensis strain Z 
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(90.32%, family Simkaniaceae), Bacteroides oleiciplenus YIT  12,058 (97.12%, family Bacteroidaceae) 

and Mariniblastus fucicola strain FC18 (97.77%, family Pirellulaceae). Low-CI sites were characterized 

by 4 discriminant taxa with a best hit corresponding to the species Mycoplasmopsis mustelae strain 

MX9 (90.61%, family Mycoplasmataceae), Mycoplasma procyoni strain LR5794 (88.73%, family 

Mycoplasmataceae), Roseibacillus ponti strain YM27-120 (91.67%, family Verrucomicrobiaceae) and 

Mariniblastus fucicola strain FC18 (94.74%. family Pirellulaceae). Discriminant ASVs ranged between 0 

and 54% of relative abundance in the DG of clams from the different sites. To highlight the possible 

connections between these DG-associated microbiome components and the respective environmental 

ecosystem, we investigated the distribution of the respective families in the corresponding water and 

sediment microbial ecosystems from high- and low-CI sites (Fig. 5). Overall, the bacterial families 

corresponding to DG-associated species characterizing the high-CI site were sporadic in the 

environmental microbiomes, with only Lachnospiraceae present in the Rimini seawater, 

Lachnospiraceae and Prevotellaceae in the Ravenna and Cesenatico sediments, and Mariniblastus in 

the respective seawater. Conversely, bacterial families corresponding to DG-associated microbiome 

species characterizing low-CI sites were most pervasive in the environmental microbiomes. For 

instance, Mycoplasmataceae were quite pervasive in seawater and sediments from Savio, Cesenatico 

and Rimini. Verrucomicrobiaceae and Pirellulaceae were detected in Ravenna seawater, with 

Pirellulaceae also detected in Cesenatico seawater. The functional features of the discriminant species 

identified for high- and low-CI sites were inferred using PICRUSt2 (Douglas GM, et al., 2020). To 

emphasize the respective specificities while excluding core functionalities, only exclusive functions, 

defined as KO_ASVs, for at least 2 species for each discriminant group were considered. According to 

our findings, DG-associated microbiome species discriminating high- and low-CI sites showed different 

metabolic propensities, especially for pathways involved in carbohydrate, lipid, amino acid, nucleotide, 

and energy metabolism (Study II Suppl. Fig. S4). Interestingly, only DG-associated microbial species 

characterizing the high-CI site were endowed with pathways involved in the metabolism of cofactors 

and vitamins, including, among others, the biosynthesis of pyridoxine (vitamin B6), folate, riboflavin 

and terpenoids, suggesting their possible role as health promoting bacteria (HPB) (Fig. 6). 
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Fig. 3 Alpha and beta diversity of theC. Gallina digestive gland-associated microbiome and the surrounding 

environmental microbiomes. (A) Principal coordinate analysis (PCoA) based on unweighted UniFrac distances 

between the microbial profiles of C. gallina digestive glands and environmental samples (seawater and 

sediments) shows a significant separation between groups (permutation test with pseudo-F ratio, p-value ≤ 

0.001). Color gradients indicate sampling sites (Marina di Ravenna, Lido di Savio, Cesenatico, and Rimini) 

according to the legend in the plot. The first and second principal components (PCo1 and PCo2) are plotted, 

and the percentage of variance in the data set explained by each axis is reported. Ellipses include a 95% 

confidence area based on the standard error of the weighted average of the sample coordinates. (B) Box-and-

whiskers distribution of alpha diversity calculated using Faith’s phylogenetic diversity (PD), the number of 

observed ASVs, and the Shannon index. Significant p-values (Wilcoxon rank-sum test controlled for multiple 

testing using FDR) are indicated in the figure by the following symbols: * p-value ≤ 0.05; ** p-value ≤ 0.01; *** 

p-value ≤ 0.001 
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 Fig. 4 Discriminant taxa between high- and low-CI sites. Linear discriminant analysis (LDA) scores of 
discriminating ASVs between high- and low-CI sites. The plot was obtained by LDA effect size (LEfSe) analysis 
with the logarithmic threshold for discriminative features set to 2.0. Refer to Suppl. Table S3 for taxonomic 
assignment of the identified ASVs 

 

Proof-of-concept experiment in controlled environment 

In order to further explore possible connections between the clam DG-associated microbiome 

components, the surrounding sediment microbial communities and animal health, experiments were 

conducted under controlled conditions. We tested the hypothesis that sediments from the high-CI site 

(i.e., Rimini) would favor the increase of health-promoting microorganisms in clams from a low-CI site 

(i.e., Ravenna), possibly resulting in an improved physiological status of the animal. To this end, clams 

collected in Ravenna were reared in aquaria on both Ravenna and Rimini sediments. The DG-associated 

and sediment microbiomes were assessed at 3 time points: T0 (right after the experimental set-up and 

acclimation), T1 (after 7 days of incubation) and T2 (after 21 days of incubation). For each aquarium, 15 

clams were collected and pooled on base 3 at T0 and T1, and 9 clams were collected and pooled at T2, 

for a total of 52 clam pools, and 3 sediment sample were collected for each aquarium at all timepoints, 

resulting in 6,566.0 ± 3,368.4 mean high-quality reads per pool and 3,992 ASVs (Study II Suppl. Table 

S4). Clams collected at T0 at T2 were used to assess CI values. According to our observations, Ravenna 

clams reared on Rimini sediments showed a better performance in terms of ΔCI when compared to 

their initial condition (Ravenna clams on Ravenna sediments). More specifically, the ΔCI between T2 
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and T0 for Ravenna clams reared on Rimini sediments was > 1 (ΔCIRa−Ri = 1.37), whereas for Ravenna 

clams reared on Ravenna sediments it was close to 0 (ΔCIRa−Ra = -0.15). Interestingly, when we assessed 

the total relative abundance of previously identified HPB (namely, Marvinbryantia formatexigens, 

Prevotellamassilia timonensis, Culturomica massiliensis, Duncaniella freteri, Simkania negevensis, 

Bacteroides oleiciplenus and Mariniblastus fucicola) in the clam DG associated microbiomes in 

controlled environment, we observed that clams reared on Rimini sediments maintained a relevant 

proportion of these microorganisms up to T2 (570 RPKM, where Reads Per Kilobase per Million reads 

mapped were calculated by dividing the number of reads mapped to each reference sequence by the 

mean kilobase length of that sequence and the total number of reads in that sample times 1 million). 

Conversely, the identified HPB progressively disappeared in the clams reared on Ravenna sediments 

during the observation time (0 RPKM at T2). No relevant difference in the reads count of these 

microorganisms was observed between Ravenna and Rimini sediments. Taken together, our data 

suggest the possibility that sediments from Rimini may favor the physiological status of the clam, by 

promoting the acquisition of certain microorganisms, resulting in an overall improvement in animal 

health. 
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Fig. 5 Presence of digestive gland-associated microbiome taxa discriminating between high- and low-CI sites 
in corresponding environmental samples. Presence (blue) or absence (grey) display of discriminant taxa 
identified by LEfSe in sediment (Sed) and seawater (H2O) microbiomes from high- (Rimini) and low-CI sites 
(Marina di Ravenna, Lido di Savio and Cesenatico). Discriminant taxa identified for the high-CI site are shown 
in green, those for the low-CI sites in red 
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Fig. 6 Metabolism of cofactors and vitamins in high- and low-CI sites. Heatmap representing the 
presence/absence of KO copy number in each discriminant ASV identified by LEfSe in the metabolic pathways 
of cofactors and vitamins 

 

Discussion  

In this work, we explored the connections between the C. gallina DG-associated microbiome, the 

surrounding environmental microbiomes, and the nutritional status of the animal in 4 productive sites 

along the Emilia Romagna coast, stretching about 60 km along the North western Adriatic Sea. 

According to our findings, C. gallina individuals are able to select for a specific DG-associated 

microbiome, which is closely linked to the surrounding sediment ecosystem, while retaining a well-

recognizable and host-selected compositional layout. Interestingly, we observed a relevant, site-

specific degree of variability in the DG associated microbiome, confirming previously reported 

variations in the DG-associated microbiome according to geography (Lokmer A, et al., 2016; Carducci F,  

et al., 2020; Liu X,  et al., 2020), but at a spatially smaller scale, as the mean distance between two 



 

 

76 

consecutive sites was only about 20 km. Even in the context of such site specific variability, we were 

able to identify a core DG associated microbiome in C. gallina individuals up to the family level, including 

Mycoplasmataceae, Peptostreptococcaceae and Pirellulaceae as the most prevalent microbial families. 

In general agreement with the available historical data (Ministerial Decree n.27 del 17/6/. (2019),) and 

according to the measured CI of the collected samples, the clams collected in Rimini showed an overall 

better nutritional state compared to those collected in Marina di Ravenna, Lido di Savio and Cesenatico. 

Interestingly, some DG-associated microbiome species were found to be specifically associated with 

either high- or low-CI sites, namely Marvinbryantia formatexigens, Prevotellamassilia timonensis, 

Culturomica massiliensis, Duncaniella freteri, Simkania negevensis, Bacteroides oleiciplenus and 

Mariniblastus fucicola strain with the high-CI site (i.e., Rimini) and Mycoplasmopsis mustelae, 

Mycoplasma procyoni, Roseibacillus ponti and Mariniblastus fucicola with the low-CI sites. Based on the 

functional features predicted for these discriminating taxa, we observed that the DG-associated 

microbial components characterizing the high-CI site were equipped with functionalities for the 

biosynthesis of cofactors and vitamins, such as pyridoxine, folate, riboflavin and terpenoids, suggesting 

their possible role as HPB. Indeed, they could provide the host with essential nutrients, and enhance its 

defense through the production of molecules such as terpenoids (Dickschat JS,  et al., 2005; Gozari M, 

et al., 2021; Rudolf JD, et al. 2021). In contrast, Mycoplasmopsis and Mycoplasma species, 

characterizing the DG-associated microbiome of low-CI sites, have been, respectively, associated with 

distemper-like symptoms in mink (Salih MM, et al., 1983) and showing high sequence similarity with a 

nearly complete 16 S rRNA gene of a Mycoplasma strain cultured from a racoon clinical sample 

(Volokhov DV, et al., 2020). These findings are in line with the evidence of Mycoplasma and 

Mycoplasmopsis species for a strong propensity in causing chronic infections in humans and other 

vertebrates, effectively bypassing host immune responses (Waites KB, et al., 2004; Gupta RS, et al., 

2018). For example, members of the family Mycoplasmataceae have been associated with disease 

development in susceptible oysters ( Carducci F,  et al., 2020). When investigating the presence of DG-

associated microbial taxa discriminating high- and low-CI sites in the respective environmental 

ecosystems, we observed that taxa discriminant for low-CI sites were generally pervasive in sediment 

and seawater microbiomes, whereas taxa discriminant for the high-CI site showed a more sporadic 

behavior, being rarely detected in environmental microbiomes. Finally, through experiments under 

controlled conditions, we were able to provide some preliminary evidence on the role of sediments 
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from the high-CI (Rimini) site in favoring the possible acquisition of a probiotic DG-associated 

microbiome configuration by clams. Indeed, Ravenna clams reared on Rimini sediments showed an 

increase of the previously identified HPB and a better performance in terms of CI variation over time, 

compared to the same clams reared on Ravenna sediments. 

 

 Conclusions  

Taken together, our data suggest the possible existence of an indirect support mechanism from 

sediment microbiomes in the acquisition of HPB by the clam DG-associated microbiome, resulting in a 

better physiological and nutritional status of the host. Further investigation, in particular the 

implementation of tailored metabolomic approaches (e.g., LC/GC ultra-high resolution mass 

spectrometry), carried out in parallel with CARD-FISH experiments, allowing the visualization of HPB in 

the native ecosystem, could help shed light on these mechanisms, supporting our evidences indicating 

that specific microbial components in marine sediments (i.e., the high-CI site Rimini) may provide 

molecular modulators that interact with the microbiome of C. gallina, thus promoting a higher HPB 

abundance in the DG-associated microbiome. Such molecular modulators may include micro and macro 

nutrients or substrates facilitating the growth of probiotic microbiome components (Carducci F,  et al., 

2020; Scicchitano D, et al., 2022), with potential beneficial effects on the host animal by improving its 

microbial balance (Prado S, et al., 2010). Conversely, sediments from the low-CI sites, e.g., Ravenna, 

may negatively interact with DG-associated microbial components due to the presence of specific 

xenobiotics compounds, such as hydrocarbons and heavy metals (Fabbri D, et al. 2003; Vassura I, et al., 

2005; Pignotti E, et al., 2018), as already observed in Venice lagoon area (Carducci F,  et al., 2020) and 

the Abruzzo coast (Carducci F,  et al., 2020). Health promoting bacteria might contribute to the host 

health by providing essential nutrients, such as vitamins and cofactors, but also defense molecules, 

essential for controlling opportunistic pathogens and keeping an eubiotic configuration of the DG-

associated microbiome. Our findings may contribute to the definition of innovative microbiome-based 

management strategies for the preservation of C. gallina productivity in the Adriatic Sea, in particular 

for the retention of a probiotic niche at the sediment-animal microbiome interface. 
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2.5_Study III: Physiological plasticity and life history traits affect 

Chamelea gallina acclimatory responses during a marine heatwave 
 

 Introduction  

The striped Venus clam, Chamelea gallina (Linnaeus, 1758), is a bivalve belonging to the Veneridae 

family. It is widely distributed along the Eastern Atlantic coast, from Norway and the British Isles to 

Morocco, including Madeira and the Canary Islands. It is also found in the Black Sea and the 

Mediterranean Sea, and it is particularly abundant in the Adriatic Sea (Carducci et al., 2020; Rufino et 

al., 2006), where it occupies a well-defined ecological niche determined by limited ranges of chemical 

and physical parameters of water column and sediments (Grazioli et al., 2022; Milan et al., 2016). C. 

gallina is a high economic-valuable bivalve in Italy, contributing to 11% of the country’s total fishery 

production by weight, and 6% in terms of revenue in 2018 and 2019 (DGPEMAC, 2019). The primary 

area for harvesting this clam species is the Northcentral Adriatic Sea, which accounts for over 98% of 

clam production at the national level (Bargione et al., 2023). Nevertheless, the high fishing pressure in 

this area led to a strong decline in stock abundance (Scarcella and Cabalenas, 2016), further 

exacerbated by several mortality events that occurred in the past years (Grazioli et al., 2022). The 

precise causes of C. gallina mass mor talities remain unclear, and multiple factors, operating 

synergistically, should be considered, including wide and sudden fluctuations in water temperature, 

salinity, pH, dissolved oxygen, particulate organic matter, nutrients, and quality of sediments, that 

routinely occur in coastal areas of the Northern Adriatic Sea (Matozzo et al., 2012; Monari et al., 2011; 

Sordo et al., 2021; Vasconcellos and Ünal, 2022). Additionally, phytoplankton blooms (Romanelli et al., 

2009), heightened incidences of infectious diseases (Matozzo et al., 2012; Milan et al., 2019; Torresi et 

al., 2011), and pollution (Guglielmi et al., 2023; Monari et al., 2011; Visciano et al., 2015) may be further 

potential detrimental factors for clam health status. However, the absence of a comprehensive 

monitoring plan over the past decades has made quite challenging to elucidate the possible connections 

between fluctuations of the resource and environmental variability (Carlucci et al., 2024). C. gallina 

shows relatively low stress tolerance compared to other bivalve species (Moschino and Marin, 2006), 

and impairment of defense mechanisms have been observed in clams from wild stocks affected by 

periodic mass mortality events (Milan et al., 2016). Furthermore, due to its peculiar ecological niche, C. 
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gallina can only be harvested directly from natural beds. These findings highlight the importance of 

implementing measures to protect wild clam stocks and ensure their sustainable management. This 

study focused on clam natural stocks of the Northwestern (NW) Adriatic Sea (Italy). In this area, the 

general circulation pattern, dominated by the North Adriatic Current originating from density gradients 

off the Po River delta, determines latitudinal gradients, particularly of salinity, chlorophyll, and nutrients 

(Cozzi and Giani, 2011; Grilli et al., 2020; Kraus et al., 2019). Despites these features sustain the large 

bivalve productivity of these coastal zones (Brigolin et al., 2017; Minarelli et al., 2018), they are also 

responsible for the remarkable environmental variability and natural stress pressure on marine fauna, 

which is further exacerbated by high anthropogenic pressures, and by strong climate hazards under 

ongoing climate changes (Hala and Bakiu, 2024). Among these, extreme events including long-lasting 

marine heatwaves and extreme rainfalls are projected to increase in frequency and intensity (Tojˇ ci´ c 

et al., 2024). While stress responses of C. gallina has been widely investigated under laboratory 

experiments, as triggered by temperature alone or in combination with further stressors (Matozzo et 

al., 2012, 2013; Monari et al., 2011; Soms-Molina et al., 2024), to our knowledge no field investigations 

reported the impacts of environmental stress during a heatwave on clam natural populations showing 

a different degree of physiological plasticity. In this study, the physiological status of C. gallina was 

explored at four sites selected along a gradient from high to low incidence of recorded historical 

mortality events and low to high productivity. Investigations were performed during the exceptional 

heatwave that hit the Mediterranean Sea in 2022, with recorded average sea surface temperature (SST) 

anomalies for the North Adriatic as high as +2 ◦ C (Marullo et al., 2023). The aim is to assess the impact 

of a heatwave event on striped Venus clams already facing site-specific physiological impairments. The 

parameters assessed in clams included biometric parameters, condition indices, and transcriptional 

profiles of genes related to metabolic, antioxidant, and cytoprotective/detoxification responses (which 

are the main processes previously explored in wild stock clams) (Carducci et al., 2020; Milan et al., 

2016). Physiological data were integrated with a dataset of environmental parameters to unravel 

putative signatures of ongoing physiological impairments related either to the local or the global 

environmental threats. 
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Materials and methods  

Study area and clam sampling  

Clam samplings were performed at four sites within the FLAG (Fishery Local Action Group) Area Costa 

Emilia Romagna of the Northwestern (NW) Adriatic Sea (Italy), which covers a stretch of 130 km of 

coastal waters off the Emilia Romagna Region (Fig. 1) (EU Regulation No 1303, 2013). The Sites (i.e., 

Ravenna, Savio, Cesenatico, Rimini) were selected considering the gradient of productivity and 

historical trends of mortality events in the area (Carducci et al., 2020; DGPEMAC, 2019; Romanelli et 

al., 2009), and with technical advice of fishermen from the Co.ge.mo Ravenna Consortium that provided 

the technical support for sampling procedures. Ravenna (44.48333 N, 12.28633 E) and Savio (44.30277 

N, 12.34763 E) fall within a low productivity district (low productivity sites), while Cesenatico 

(44.206367 N, 12.40463 E) and Rimini (44. 07388 N, 12.58054 E) are within a high productivity district 

(high productivity sites). At each Site, specimen of C. gallina were collected by commercial fishermen 

in July, September, and November 2022. For each sampling site and time point, 65 clams were collected 

for microbiological (Trapella et al., 2023) and physiological analyses. The clams were immediately 

stored in coolers at +4 ◦ C and transferred to the laboratory, where shell length, total tissue weight, soft 

tissue weight, and shell weight were recorded (N = 20 per condition). Meat yield (soft tissue 

weight/total weight) and condition index (dried soft tissue weight/dried shell weight) (N = 20 per condi 

tion) were calculated as reported previously (Kurtay and L¨ ok, 2023). Digestive glands (DG) were 

dissected from each individual clam (N = 10 per condition), snap-frozen in liquid nitrogen and stored at 

80 °C until further analyses. 
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Fig. 1. Study area and location of the sampling sites in the NW Adriatic Sea (Italy). Maps were generated using 
the ggplot2 and ggmaps packages in R (R Development Core Team, 2021). Colored figure is intended only for 
the online and PDF version. 

 

 Assessment of environmental parameters 

Timeseries of temperature, salinity, dissolved oxygen, and chlorophyll concentration were retrieved 

from E.U. Copernicus Marine Service Information (https://marine.copernicus.eu, last accessed 

February 2024). The temperature and salinity data were obtained from the Mediterranean Sea Physics 

Analysis and Forecast dataset 

(https://doi.org/10.25423/cmcc/medsea_analysisforecast_phy_006_013_eas8). The time series data 

for chlorophyll and dissolved oxygen were obtained from the Mediterranean Sea Biogeochemistry 

Analysis and Forecast dataset (https://doi.org/10.25423/cmcc/medsea_analysisforecast_bgc_ 

006_014_medbfm4). Extracted timeseries span the sampling period and extend back to January 2022. 

For each sampling site, data were extracted at the sea-bottom level (about 8 m, the approximate depth 

of clam collection) and provided as monthly means. 

  



 

 

88 

RNA extraction and cDNA preparation 

For each animal, the whole digestive gland (about 40 mg fresh tissue) was homogenized in a suitable 

volume of the TripleXtractor reagent (Grisp, Porto, Portugal), and total RNA extraction was carried out 

using the DirectZol™ RNA MiniPrep kit (Zymo Research, Freiburg, Germany) following the 

manufacturer’s instructions. RNA concentration and quality were confirmed using the Qubit system 

(Thermo Scientific, Milan, Italy) and electrophoresis with a 1.2% agarose gel under denaturing 

conditions. The iScript™ Reverse Transcription Supermix (Bio Rad Laboratories, Milan, Italy) was used 

to synthesize cDNA from 1 μ g of total RNA, following the manufacturer’s instructions. 

 

Quantitative real-time PCR (qPCR) analyses  

A de novo transcriptome for C. gallina was assembled through the Trinity pipeline (Haas et al., 2013) 

using RNAseq experiments available at the NCBI Gene Bank database (GeneBank Ac. Numb.: 

SRR7957478 to SRR7957492). The de novo transcriptome was used together with the Chameleabase 

database (Coppe et al., 2012) to retrieve nucleotide sequences for the selected gene transcripts to be 

used for qPCR primer design using the PrimerQuest Tool (https://eu.idtdna.com/page 

s/tools/primerquest, last accessed March 2023). Primer pair specificities were checked both in silico 

and empirically by BLAST analysis and using melting profiles, electrophoresis, and sequencing of PCR 

products. The amplification efficiency of each primer pair was calculated through a cDNA dilution series 

(Study III Table S1). qPCR reactions were performed in duplicate for each sample in a final volume of 

10 μL. The reaction mixture contained 5 μ L iTaq Uni versal Master mix with ROX (BioRad Laboratories, 

Milan, Italy), 1 μL diluted cDNA, and 0.2 μM specific primers. To assess specificity, both a no-template 

control and a minus-reverse transcriptase (no-RT) control were incorporated into the qPCR analysis. 

Amplifications were performed in a StepOne real-time PCR system apparatus (Thermo Fisher, Milan, 

Italy) using a standard “fast mode” thermal protocol. Melting curves and agarose gel electrophoresis 

were used to verify the product for each target mRNA, ensuring specificity and confirming the absence 

of artifacts. EF1 and TUB were selected as reference genes to normalize qPCR data following the 

procedure previously described (Balbi et al., 2016). Relative expression values of target mRNAs were 

determined using the comparative delta CT method (Schmittgen and Livak, 2008) and analyzed with the 
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StepOne and the DataAssist softwares (Thermo Fisher, Milan, Italy). Data are reported as relative 

expression (fold change) with respect to a reference sample (Ravenna - July).  

 

Statistical analyses  

Data visualization and graphics were performed using the ggplot2 package in R (R Development Core 

Team, 2021). Environmental parameters, biometric parameters of clams, and qPCR data were analyzed 

by a 2-way permutation multivariate analysis of variance (PERMANOVA) using PRIMER v6 (Anderson et 

al., 2008) to test for variations among Sites and sampling Months. Log-transformed variations of 

variables were used to calculate similarity matrices based on the Euclidean distance (999 

permutations). When the PERMANOVA main tests revealed statistical differences (P < 0.05), 

PERMANOVA pairwise comparisons were carried out. Principal-component analysis (PCA) of 

normalized environmental parameters was performed with the stats package in R (R Development Core 

Team, 2021) to examine possible gradients across the study sites. Distance-based redundancy linear 

modeling (DistLM) with a test of marginality in PRIMER was also performed to account for the 

contribution of environmental parameters in explaining the observed variances in the biometric and 

gene transcription datasets. DistLM used the BEST selection procedure and Akaike information criterion 

adjusted for small sample sizes (AICc) selection criterion. In all cases, statistical differences were 

considered significant when P < 0.05. 

 

Results  

Environmental parameters  

The extraction of time series was made for 11 months, from January to November 2022. The timeseries 

of the monthly means and violin plots showing variations of temperature, salinity, dissolved oxygen, 

and chlorophyll at the sampling months are shown in Fig. 2. The onset of the heatwave was set in May 

2022 (Marullo et al., 2023), where monthly trends showed a sudden increase of sea temperatures (Fig. 

2A), paralled by remarkable increase of salinity levels (Fig. 2B) and decrease of dissolved oxygen (Fig. 

2C) and chlorophyll concentrations (Fig. 2D) at all sampling Sites. The variability of the environmental 
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parameters at the sampling timepoints was analyzed through PERMANOVA, which demonstrated that 

the individual factors "Site" and "Month" exerted a significant effect on all parameters, except for the 

effect of "Site" on temperature (P < 0.05; Table S2). For all the assessed parameters, a significant 

interaction between the factors (P < 0.05; Table S2), except for chlorophyll, is reported. In July, water 

temperature was significantly lower in Rimini compared to the other three study sites (Fig. 2A). In 

November, significantly lower temperatures were observed in Savio (Fig. 2A). Salinity showed complex 

patterns across the sampling months. In July, average values recorded in Ravenna were significantly 

lower compared to the other sites (Fig. 2B). In September, a salinity gradient was observed from north 

to south, with all sites exhibiting significant differences from one another (Fig. 2B). In November, the 

low productivity sites (Ravenna and Savio) were characterized by significantly lower salinity values 

compared to the high productivity sites (Cesenatico and Rimini) (Fig. 2B). Dissolved oxygen measured 

in September showed a decrease from north to south, with Ravenna and Savio showing significantly 

higher values than Rimini (Fig. 2C). In November, Savio showed higher dissolved oxygen concentrations 

compared to Ravenna and Rimini (Fig. 2C). Finally, chlorophyll values in Rimini were significantly lower 

compared to the other sampling sites in all sampling months (Fig. 2D). For all parameters, further 

pairwise comparisons between different sampling months within the sampling sites are reported in 

Study III Table S3. The Principal Component Analysis (PCA) showed clustering along the primary (PC1) 

and secondary (PC2) axes, which accounted for 97% of the total observed variance (Study III Fig. S1). 

The permutation test showed that both PCA components were significant (P < 0.05). A clear clustering 

by sampling month was observed, mainly correlated with temperature and chlorophyll variations. 

Within each cluster, slight Site-related differences related to dissolved oxygen and salinity were 

observed (Study III Fig. S1). 
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Fig. 2. Timeseries of seawater 
parameters recorded at the sampling 
sites. (A) temperature; (B) salinity; (C) 
dissolved oxygen; (D) chlorophyll. For 
each parameter, left-side graphs display 
trends of monthly mean between 
January and November 2022. Violin 
plots show variations of the parameters 
at the sampling time months (lines 
within violins indicate median, 25th and 
75th percentiles). Different letters 
indicate statistical differences between 
Sites within each sampling time Months 
(P < 0.05). Colored figure is intended 
only for the online and PDF version. 
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C. gallina biometric parameters and calculated physiological indices  

Fig. 3 shows variations of C. gallina biometric parameters and calculated meat yield and condition index 

at the different sampling sites and months. All parameters showed significantly lower values in low 

productivity vs high productivity sites (Fig. 3A–E). Results from PERMANOVA analyses demonstrated 

that the single factors “Site” and “Month” had a significant effect on all parameters except for “Month” 

on meat yield and condition index (P < 0.05; Study III Table S4). Furthermore, PERMANOVA analyses 

showed a significant interaction between the factors (P < 0.05; Study III Table S4). Pairwise comparisons 

within each sampling month showed that in July and September values of shell length, shell weight, and 

soft tissue weight of clams collected in Rimini were significantly higher compared to other sampling 

sites (Fig. 3A–C). In November, values of the same biometric parameters detected in both high 

productivity sites (Cesenatico and Rimini) were significantly higher than those assessed in Ravenna and 

Savio (P < 0.05) and not significantly different between each other (P > 0.05) (Fig. 3A–C). Calculated 

meat yield and condition index of clams collected in Ravenna in July and September were significantly 

lower than those assessed in the other sites, while values recorded in clams from Rimini in September 

were significantly higher than those assessed in clams from the other sites (Fig. 3D–E). Finally, 

calculated meat yield and condition index values of clams collected in Rimini in November were 

significantly lower than those assessed in the other sites (Fig. 3D–E). For all parameters further pairwise 

comparisons between different sampling time months within the sampling sites are reported in Study 

III Table S5. Distance-based linear model (DistLM) analysis (Fig. 3F) revealed that temperature and 

dissolved oxygen mainly account for differences between sampling months, that explained about 40% 

total variation, while salinity and chlorophyll accounted for about 11% total variation explaining the 

observed changes in biometric parameters across sampling sites. The tests of marginality from DistLM 

analyses, performed on separate low productivity and high productivity sites datasets by considering 

environmental parameters, showed that in low productivity sites dissolved oxygen explained most of 

the variation (about 68%) of the observed biometric parameters and physiological indices, with 

contribution of the other environmental parameters being not statistically significant (P > 0.05; Fig. 3G). 

Chlorophyll, salinity, and water temperatures cumulatively explained about 90% of the variation of 

biometric parameters and physiological indices in high productivity sites (P > 0.05; Fig. 3G). 
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C. gallina transcriptional profiles in digestive glands 

Variations of C. gallina gene transcription profiles at the different Sites and sampling Months are 

reported in detail in Fig. 4. IDH, PK, and GST showed significantly lower values in low productivity vs 

high productivity sites (Fig. 4B,C,E). Results from PERMANOVA analyses demonstrated that at least one 

amongst the single factors “Site” and “Month” had a significant effect on all gene transcriptional 

profiles except AMYL (P < 0.05; Study III Table S6). Furthermore, PERMANOVA analyses showed a 

significant interaction between the factors for all gene transcriptional profiles except AMYL and HSP90 

(P < 0.05; Study III Table S6). All gene products showed complex transcriptional patterns across sites 

and sampling months (Fig. 4A–K). Pairwise comparisons within each sampling months showed that low 

productivity sites (Ravenna and Savio) displayed significant over expression for AMYL, ABCC, LYS in 

September, and for PK, GST (Savio), SOD, MT10 (Savio), and CTSL (Savio) in November (Fig. 4). High 

productivity sites (Cesenatico and Rimini) displayed significant over-expression for IDH and SOD (Rimini) 

in July (Fig. 4). For all gene transcripts further pairwise comparisons between different sampling time 

months within the sampling Sites are reported in Study III Table S7, highlighting significant variations 

for some gene transcripts according to sampling month. Distance-based linear model (DistLM) analysis 

(Fig. 5A) performed on the whole dataset revealed that temperature and chlorophyll mainly account 

for differences between sampling Months, that explained about 22% total variation, while salinity and 

dissolved oxygen accounted for about 11% total variation explaining the observed changes in 

transcriptional profiles across sampling Sites. Fig. 5B reports the tests of marginality from DistLM 

analysis performed on separate low productivity and high productivity sites gene transcription datasets 

by considering environmental parameters. Results showed that for transcriptional profiles all the 

environmental parameters almost equally contribute explaining the total variance observed either in 

the low productivity or in the high productivity site dataset (P < 0.05; Fig. 5B). 
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Discussion  

During 2022, the Mediterranean Sea experienced an unprecedented persistent and intense marine 

heatwave event. The basin average SST anomaly was 0.8 ± 0.3 ° C in 2022, well above the value of 0.5 

± 0.2 °C recorded in 2021 (Marullo et al., 2023). The Mediterranean SST warming started in May 2022, 

when the mean anomaly increased abruptly from 0.01 °C (April) to 0.76 °C (May), reaching the highest 

values between June and July (about 1.7 °C) (Marullo et al., 2023). Results of this study showed that in 

the NW Adriatic Sea, the 2022 heatwave generated peak temperatures in July as high as about 29 °C, a 

high salinity (about 38 psu), and chlorophyll concentrations as low as 0.1 mg/m3 . These values are the 

result of the prolonged drought and extremely low riverine inputs of freshwater and nutrients related 

to a concomitant major atmospheric heatwave over Europe (Faranda et al., 2023). Within this general 

scenario, a differentiation of environmental conditions between the C. gallina low productivity and high 

productivity sites of the NW Adriatic Sea assessed in this study can be observed. Indeed, the PCA 

analysis showed that high productivity sites, Cesenatico and Rimini, cluster together in all sampling 

timepoints and are clearly differentiated by the low productivity site of Ravenna. The Savio site had a 

distinct pattern, clustering with Cesenatico and Rimini in July and adopting an intermediate position in 

the remaining two months. These Site-related variations of environmental parameters seem mainly 

correlated with salinity and dissolved oxygen latitudinal patterns, whereas patterns of water 

temperatures and chlorophyll dominate within the Month-related data clustering. It is known that C. 

gallina has a very narrow window of optimal environmental conditions, in particular concerning 

temperature, dissolved oxygen, and salinity (Moschino and Marin, 2006). For example, the optimum of 

water temperature for its growth ranges between 10 °C and 27 °C (Bargione et al., 2021; Moschino and 

Marin, 2006). Temperatures only slightly out of this range are known to reduce clam growth and impair 

reproduction (Bargione et al., 2021; Moschino and Marin, 2006). Such a narrow acclimatory capability 

may explain the observed differences in the overall biometric parameters and physiological indices. 

Clams from the low productivity sites have significantly lower overall values of biometric parameters as 

well as meat yield and condition index, thus suggesting that environmental conditions at the low 

productivity sites are generally less favorable for clam somatic growth and health status compared to 

those at the high productivity sites. Furthermore, natural stocks of C. gallina in the study area have 

already experienced several severe mortality events. For example, the present-day stocks are 
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recovering from the 2018 mass mortality that generated a differential reduction of clam production 

between the Ravenna compartment and the Rimini compartment (DGPEMAC, 2019). Signatures of 

these peculiar life history traits may contribute to the different clam physiological status between these 

compartments. Time course variations of the biometric parameters across the sampling period pointed 

out that environmental conditions assessed at all sampling sites in July and September (when the 

influence of the heatwave was at its maximum) may have contributed to reduce the Site/productivity -

related variations of biometric parameters, as no significant differences were observed among the 

sampling sites at the July sampling time point, except for shell length and soft tissue weight from clams 

collected in Rimini. It must be observed that seawater temperatures recorded in June and July overrode 

the upper thermal limit (about 27 ° C) after which clam growth is reduced and reproduction is inhibited 

(Moschino and Marin, 2006), although in Rimini water temperatures were on average about 1 °C lower 

than values assessed at Cesenatico, Savio, and Ravenna. This may combine with the very low water 

concentrations of chlorophyll, a proxy for food availability, to produce a situation of generalized stress 

and poor nutritional status for the clams. In November, when water temperature decreased back to 

about 18 °C and chlorophyll concentration increased at all sites, biometric parameters accounted for 

the significant physiological differences between low productivity and high productivity sites. The 

physiological indices meat yield and condition index are widely used as metrics to evaluate bivalve 

fitness and physiological status (Andral et al., 2004; Kanduˇ c et al., 2018). Although it is known that 

conditions experienced by bivalves during heatwaves may cause a reduction in the condition index and 

in the energy reserves (De Marco et al., 2023; Lattos et al., 2023), in this study, clams collected at the 

different sampling sites showed different Month-related patterns for these parameters. In general, 

Ravenna showed a significant increase in these parameters in November compared to July/September, 

indicating an improvement of clam physiology as the environmental conditions became more favorable 

(in particular, temperature). Rimini showed an opposite trend compared to Ravenna, while Cesenatico 

and Savio showed more stable meat yield/condition index values. Although in this study no 

reproduction related parameters have been assessed, we can hypothesize the influence of the 

reproductive cycle progression, at least for clams collected in Rimini. In the Adriatic Sea, C. gallina 

spawning commonly occurs from April to September, with some additional events in early autumn 

(Bargione et al., 2021; Grazioli et al., 2022). Furthermore, C. gallina showed an opportunistic 

reproductive strategy, as spawning takes place only when conditions are suitable for the development 
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of planktotrophic larvae, i.e. when phytoplankton is abundant (García-Fern´andez et al., 2024), and the 

water temperature ranges from 18 °C to 27°C (Bargione et al., 2021).  It must be hypothesized that in 

Rimini the July/September environmental conditions were not so extreme as in Ravenna or in the other 

sites; therefore, gonad development was not impaired and spawning could take place in November 

sampling time-point at this Site, as suggested by the significant decrease of meat yield and condition 

index. This finding is in agreement with a prevailing effect of spawning on utilization of energy reserves, 

which are depleted from growth (Hong et al., 2020; Mladineo et al., 2007; Moschino and Marin, 2006). 

A previous investigation showed the relevant metabolic and stress response pathways related to health 

status of C. gallina collected from sites affected by events of reduced productivity (Milan et al., 2016). 

Specifically, clams sampled across a 3-months period showed permanent immune response activation 

in DGs, increased protein turnover (via up-regulation of several ribosomal proteins and the lysosomal 

proteolytic enzyme cathepsin L), and reduced energy metabolism (mainly the glycolytic pathway). It has 

been proposed that individuals may need to allocate part of their energy reserves to cope with the long-

lasting environmental stress condition or to sustain immune responses causing the degradation of the 

energy balance. Furthermore, local variation in food quality or even declined feeding activity induced 

by deterioration of animal health may be considered as possible physiological mechanisms related to 

the observed molecular outcomes (Milan et al., 2016). Accordingly, results reported in this study 

showed variations of some gene transcripts related to metabolism, antioxidant responses, and 

lysosomal functions that may be consistent with the above findings. The radar plots (Fig. 5C) that 

summarize month-related transcriptional changes in DGs, showed that transcriptional profiles in clams 

from the low productivity sites are characterized by differential expression of the metabolism related 

gene transcripts AMYL and PK, of the lysozyme LYS, and of the ABC transporter ABCC. Alpha-Amylase 

(AMYL) and pyruvate kinase (PK) are key enzymes in glycolytic metabolism (Canesi et al., 2007; Liu et 

al., 2017), and acknowledged biomarkers of mussel digestive functions (Connor et al., 2016). Their over-

expression in clams from Ravenna and Savio in July may sign the induction of glycolysis and digestive 

activity as a requirement from increased energy budget for acclimation to the challenging 

environmental conditions. This finding is further corroborated by modulation of LYS and ABCC in these 

same clams. Although the primary role attributed to lysozymes in bivalves is the defense of the host in 

the circulating hemolymph, a digestive function for some LYS isoforms in the digestive gland has been 

suggested (Xue et al., 2010, and reference therein). ABCC encodes a Multidrug Resistance-Related 
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Proteins (MRP), an ABC transporter pivotal in marine bivalve Multixenobiotic resistance system 

(Franzellitti et al., 2016). Its expression and transport activity can be triggered as a part of a generalized 

response to food ingestion and stimulation of digestive and immune functions, as previously observed 

in marine mussels (Franzellitti et al., 2019). Transcriptional profiles assessed in DGs of clams from the 

high productivity sites across the heatwave are dominated by over-expression of transcripts encoding 

a NADP-dependent isocitrate dehydrogenase (IDH), catalase (CAT) and cathepsin-L (CTSL). IDH catalyzes 

oxidative decarboxylation of isocitrate to α-ketoglutarate in the Krebs’ cycle. A primary function of IDH 

is to supply reduced NADP (NADPH) for the antioxidant systems (Yang et al., 2002), and the biosynthetic 

pathways leading to the production of nucleic acids and lipids (Al-Khallaf, 2017). The concomitant CAT 

over-expression corroborates the potential stimulation of the antioxidant system. The lysosomal 

enzyme Cathepsin-L (CTSL) is involved in intracellular protein catabolism, and it is a component of the 

autophagic pathway (Xue et al., 2010). Therefore, its over-expression may indicate stimulation of the 

clam innate immune system through a CTSL-dependent lysosomal proteolytic pathway, as observed in 

mussels (Romero et al., 2022). A previous study revealed that DG associated microbiome in clams from 

the high productivity site of Rimini was enriched of microorganisms capable of biosynthesizing health-

promoting cofactors and vitamins, such as pyridoxine, folate riboflavin, and the antioxidants and 

steroid-precursors terpenoids (Trapella et al., 2023). The healthier physiological performances of the 

Rimini clams under the heatwave would have been supported by this health promoting components of 

the DG microbiome, that may boost antioxidant, immune, and health-promoting metabolic processes 

in clam hosts, while reducing the need for digestive functions. The influence of endogenous factors on 

modulating gene transcriptions is further supported by the DistLM analysis, which indicated that only 

the 34% of total variation in the gene transcription dataset might be explained by environmental 

parameters profiles, suggesting the involvement of additional factors in regulating these transcripts. 

These factors may further include the widespread pollutants distributed in coastal habitats of the NW 

Adriatic Sea. In particular, sediments are reported to be a source of metals, polycyclic aromatic 

hydrocarbons (PAHs), poly chlorinated biphenyls (PCBs), pesticides and pharmaceuticals for benthic 

organisms (Barra et al., 2020; Combi, 2020; Combi et al., 2016; Maggi et al., 2022). Indeed, different 

types of pollutants have been reported in soft tissues of mussels collected in farms located in the same 

areas of clams sampled in this study (Gomiero et al., 2019; Interino et al., 2023; Palladino et al., 2023). 

Both sediment and mussel investigations show north to south trends of pollutant concentrations, but 
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also local enrichments, likely reflecting the significant riverine inputs from the Italian border, the 

coastal-based human activities, as well as the hydrological features of the Adriatic Sea. Although the 

focus of the project presented in this study was not on pollutant survey and effects, previous 

microbiome data (Trapella et al., 2023) suggested that pollutants in sediments from the low 

productivity sites (e.g., Ravenna) may negatively interact with clam DG-associated microbial 

components causing the onset of dysbiosis, a condition increasingly associated with pathogenesis and 

impaired clam health status (Iannello et al., 2021; Peruzza et al., 2023). 

 

Conclusions  

This study provides a snapshot of the physiological status and acclimatory potential of C. gallina from 

some high and low productivity sites of the NW Adriatic Sea across the 2022 heatwave event. As such, 

the results of this study may not be universally applicable to all populations of C. gallina, since 

physiological responses may vary significantly between different geographical regions and 

environmental contexts. However, this study may provide a valuable example of how this clam species, 

which is well-known for its sensitivity to environmental variability and its narrow range of acclimation, 

may indeed be affected either positively or negatively by local conditions that shape its resilience to 

environment changes. Clams from low productivity sites showed enhanced transcripts related to 

feeding/digestive functions as a possible compensatory response to withstand the physiologically 

challenging environmental conditions at the peak of the heatwave. Clams from high productivity sites 

are endowed with health promoting DG microbiome components (Trapella et al., 2023), that may have 

supported a healthier metabolic makeup (i.e. synthesis of NADPH metabolic intermediate through IDH 

activity) and the effective induction of protective mechanisms (antioxidant and immune responses) at 

the peak of the heatwave. These features may be addressed as a hallmark of enhanced resilience of the 

species towards environmental stress, that allowed clams at these sites to maintain their fitness despite 

the adverse environmental conditions (as suggested by trends of meat yield and condition index). The 

oceanographic models project that the Adriatic Sea will run towards an increase of average SSTs and 

incidence of extreme events faster than the whole Mediterranean Sea (Tojˇ ci´ c et al., 2024). 

Furthermore, local anthropogenic threats make coastal habitats in this area remarkable models to 

study the impacts of global and local environmental changes on Mediterranean marine commercial 
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fauna (Capolupo et al., 2017; Iuffrida et al., 2025; Palladino et al., 2023). In this scenario, the 

identification of health-promoting endogenous mechanisms either from the animal side (this study) or 

from its associated microbiome (Trapella et al., 2023) would aid in developing novel tools and strategies 

to improve the physiological conditions of C. gallina at the low productivity sites and/or during the 

onset of adverse environmental conditions, thereby sustaining animal well-being and clam production. 

Future research should build on this study by incorporating long-term monitoring and broader 

geographic coverage to address the chronic biological impacts of (repeated) extreme events and 

climate changes on C. gallina physiological resilience and, tentatively, forecast mitigation solutions. 
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Chapter 3-Concluding Remarks 

The picture that emerges from the joint analysis of the three studies suggests that the microbiome of 

Chamelea gallina is not an isolated entity but part of an environmental network in which sediment and 

the water column play different and complementary roles. Among these, the benthic microbiota, the 

community living in the sediment, appears to be the most influential actor when it comes to shaping 

the stable microbial community within the digestive gland of the bivalves. Experimental evidence shows 

that, although there is a microbial core “selected” by the host, the variable component of the gland’s 

microbial diet closely follows the microbial composition of the local sediments. When sediments 

collected from more productive beds are placed in contact with clams from impoverished sites, the 

gland’s microbial profile shifts toward taxa considered “health-promoting” and the condition of the 

individuals improves within a short time. This pattern suggests two non-exclusive pathways of action: 

on the one hand, sediment can act as a direct source of inocula, transferring microorganisms through 

ingestion and contact; on the other hand, it can modify available resources and microenvironments i.e., 

act as a “prebiotic”,  favoring the proliferation of microbial communities that are, in turn, more readily 

stabilizable within the host. The surface water column, by contrast, assumes a different but no less 

important role. Analyses of epipelagic samples reveal that various anthropogenic pressures leave a 

distinct imprint on microbial composition: areas adjacent to mussel farms, methane extraction 

platforms, or intensive tourist activities show a prevalence of copiotrophic taxa and the emergence of 

opportunists and potential pathogens. This not only alters ecological functions in the surface zone 

(nutrient cycling, trophic dynamics) but also increases the risk of introducing undesirable agents into 

the environment. In other words, the epipelagic microbiota acts as a sentinel and a potential 

transmission route for elements of pathobiont potential or anthropogenic contamination: it is therefore 

crucial to integrate it into surveillance and management strategies, particularly for “One Health” 

reasons. At the physiological level, the results are equally informative. Specimens from high-

productivity beds, which host so-called “health-promoting” bacteria, show transcriptional profiles 

consistent with greater metabolic and defensive capacity: central metabolic enzymes such as isocitrate 

dehydrogenase (IDH) are more highly expressed, and a coordinated activation of antioxidant genes and 

immune components is observed. This picture is compatible with a larger energy reserve and a better 
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response to acute stress. Conversely, clams collected in more impoverished sites tend to chronically 

upregulate transcripts related to ingestion and digestion, a compensatory strategy that appears to 

support short-term survival but is energetically costly and likely limits the plasticity of responses to 

extreme events such as heatwaves. Stress-control markers, such as HSP70, cathepsin L, or parameters 

of oxidative homeostasis (SOD, catalase, GST), provide sensitive indicators of immediate tolerance and 

recovery times: individuals with a “favorable” microbiome tend to exhibit less prolonged stress 

responses and faster recoveries. This work proposes a pragmatic and innovative approach to restoring 

marine ecosystems aimed at enhancing the resilience and health of Chamelea gallina populations. The 

approach is based on targeted manipulation of the benthic microbiome via interventions on the 

sedimentary component of the habitat. Sediment is identified as the principal modulator of the 

digestive-gland microbial community, while the surface water column plays a critical role as an indicator 

and potential vector of risk in the presence of anthropogenic pressures. To translate these emerging 

findings into operational management tools, it is necessary to move from 16S-based analyses to multi-

omic investigations (shotgun metagenomics and metatranscriptomics) able to identify functions, risk 

genes and beneficial microbial strains (Jovel, J. et al., 2016; Matchado, M.S. et al. 2024). Integrating 

metabolomics would also allow the identification of chemical mediators responsible for any prebiotic 

effects of the sediment (O’Connell, T.M. et al. 2020; Yang, Y. et al., 2025). The use of imaging techniques 

such as CARD-FISH would make it possible to verify the establishment and localization of bacteria within 

tissues (Kubota, K. et al., 2012; Piwosz, K. et al.,2021). In parallel, large-scale factorial experiments, 

including simulated environmental stresses, and multi-year, multi-site studies would be essential to 

evaluate the persistence of modifications and population-level impacts (Gan, N. et al. 2021; Rynkowski, 

L. et al., et al., 2025). Further development should include detailed chemical analyses of sediments and 

waters, including the determination of heavy metals, polycyclic aromatic hydrocarbons, PCBs and 

emerging organic contaminants (Ferraro, A. et al., 2022; Bouzekry, A. et al., 2024). These data would 

allow interpretation of microbial differences between sites and the definition of safety thresholds, 

supported by a co-located water-sediment sampling plan so that chemical, microbial and physiological 

information is spatially coherent and capable of distinguishing transient effects from stable structural 

changes (Ferraro, A. et al., 2022; Bouzekry, A. et al., 2024). Hydrodynamic information on currents, 

turbulence and deposition is finally indispensable for developing spatial models of contaminant 

distribution, capable of predicting at-risk areas and optimizing the selection of donor sites and 
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intervention zones (Morales-Marín, L.A. et al., 2018; Umgiesser, G. et al., 2022). In conclusion, targeted 

manipulation of the benthic microbiome emerges as a concrete and scientifically grounded strategy to 

improve the health and resilience of C. gallina populations, provided it is accompanied by robust multi-

omic evidence, rigorous experimental protocols, thorough risk assessments, and institutional 

integration that places environmental and public safety at the center of decision-making processes.  
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site approaches to detect interactions and 

persistence.  

Umgiesser, G. et al., Hydrodynamic modelling in 

marginal and coastal seas: review. (2022) 

review of coastal hydrodynamic models (useful 

when arguing for model use in donor-site 

selection).  

Yang, Y. et al., Metabolomic insights into the 

prebiotic and metabolic effects of 

polyphenols/dietary components. (2025) recent 

metabolomics work illustrating how chemical 

mediators can be detected and linked to 

microbial shifts. 
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Chapter 4-Supplementary Material 

 

Study I Supplementary Table S1. Geographic coordinates, water depths and distance from coast for each 

sample in the study areas. When the resolution of the sampling is on a very fine scale (i.e., mussel farming and 

coastal tourism), only one point is reported. 
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 Study I Supplementary Table S3. Silva taxonomic classification of the 84 ASVs of the identified pathobiome 
within the dataset. 
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Study I Supplementary Figure S1. Phylum-level microbiota profile of each study site. Pie charts summarizing the 

phylum level microbiota composition of each study site. Only phyla with a relative abundance ≥ 2.5% in at least 2 

samples are represented. Phyla with a mean relative abundance ≥ 3% are highlighted with their names.  
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Study I Supplementary Figure S2. Family-level microbiota profile of each study site. Pie charts summarizing the 

family level microbiota composition of each study site. Only families with a relative abundance ≥ 2.5% in at least 2 

samples are represented. Families with a mean relative abundance ≥ 2% are highlighted with their names.   
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Study I Supplementary Figure S3. Box-and-whisker plots of bacterial taxa showing significantly different 

variations between impacted and control site. Bacterial families showing significant variations between study 

sites and pristine control are represented (Kruskal-Wallis test, p < 0.05). The central box of each dataset 

represents the distance between the 25th and the 75th percentiles and the median between them is marked 

with a bold line. 
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Study I Supplementary Figure S4. Wiggum plot representing the overall relative abundance of each bacterial 

family in the 6 CAGs, represented with different colors and named according to the most abundant family: 

Vibrionaceae (green), Halieaceae (violet), Saprospiraceae (blue), Rhodobacteraceae (orange), Cyanobiaceae 

(red) and Clade_I (pink). Each node represents a bacterial family, and its dimension is proportional to its mean 

relative abundance in all samples. Connections between nodes represent positive (red) and negative 

correlators (dashed gray) between families. 
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Study I Supplementary Figure S5. Wiggum plots representing the over-abundance of each bacterial family in 

the 6 CAGs, represented with different colors and named according to the most abundant family: Vibrionaceae 

(green), Halieaceae (violet), Saprospiraceae (blue), Rhodobacteraceae (orange), Cyanobiaceae (red) and 

Clade_I (pink). In each site (A) Coastal tourism site; (B) Mussel farming site; (C) Methan extraction platform 

site; (D) Pristine site. Each bacterial family is depicted as a node whose size is proportional to its over-

abundance. Node and name of bacterial families with an over-abundance < 1 are not represented, and those 

with an over-abundance ≥ 1.5 are bolded. Connections between nodes represent positive (red) and negative 

correlation (dashed gray) between families.  
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Study I Supplementary Figure S6. Pathobiome ASVs distribution across study sites. Presence/absence plot of 

the ASVs within the study sites and assigned to Enterococcaceae, Legionellaceae, Staphylococcaceae, 

Campylobacteraceae and Leptothrichiaceae families. 
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 Mean: 6677.4 

 Stdandard deviation: 3965.6 

    

Sample ID Reads count Sample ID Reads count 

SA-16P 1145 RI-S 7107 

RA-P7 1155 C-V31 7127 

SA-2P 1162 RA-V26 7174 

RI-V29 1504 RA-V28 7662 

SA-6P 1614 RA-V29 7682 

RI-P1 2287 C-V30 8106 

RI-P2 2708 C-S 8154 

C-V32 3155 C-V28 8391 

RI-V32 3669 RA-V33 8609 

SA-4P 3726 C-V27 9433 

SA-1P 3775 C-W 10509 

RI-V33 3857 RI-V27 10959 

RA-V31 3872 SA-3P 11099 

RA-V32 3949 CV-26 11816 

RA-V30 4508 RA-V27 12448 

RI-V30 4906 SA-W 14024 

RI-V28 5572 RI-W 15775 

RI-V31 5882 RA-W 16302 

RA-S 6471   

SA-S 6536   

RI-V26 6589   
 

Study II Supplementary Table S1  - Reads count per sample. Abbreviations: SA = Lido di Savio; RI = Rimini; RA 
= Marina di Ravenna; C = Cesenatico; S = sediment; W = seawater; P or V with a serial number = clam. 

 



 

 

125 

 

Study II Supplementary Table S2  - Relative abundance of bacterial families in sediment samples of all 
sampling sites. Only families with relative abundance > 0.5% in at least 1 samples are represented. NA=not 
assigned; CI = condition index. 
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Sites ASV ID BLAST best hit Query coverage 
Percentage 

identity 
BLAST taxonomy 

High CI 

a2972683f51cc5a211910

c9e9eff65ba 

Marvinbryantia formatexigens 

strain I-52 16S ribosomal 

RNA, partial sequence 

100% 93.1% 

Bacteria; Terrabacteria group; Bacillota; 

Clostridia; Eubacteriales; 

Lachnospiraceae; Marvinbryantia 

f88926125e81899deafa9e

610030689a 

Prevotellamassilia timonensis 

strain Marseille-P2831 16S 

ribosomal RNA, partial 

sequence 

100% 94.88% 

Bacteria; FCB group; 

Bacteroidota/Chlorobiota group; 

Bacteroidota; Bacteroidia; 

Bacteroidales; Prevotellaceae; 

Prevotellamassilia 

e32a25a47c0ec72369158

869ec8a3b88 

Culturomica massiliensis 

strain Marseille-P2698 16S 

ribosomal RNA, partial 

sequence 

100% 93.27% 

Bacteria; FCB group; 

Bacteroidota/Chlorobiota group; 

Bacteroidota; Bacteroidia; 

Bacteroidales; Odoribacteraceae; 

Culturomica 

ac39c792898deec473a3f7

2391b8656e 

Bacteroides oleiciplenus YIT 

12058 16S ribosomal RNA, 

partial sequence 

97% 97.12% 

Bacteria; FCB group; 

Bacteroidota/Chlorobiota group; 

Bacteroidota; Bacteroidia; 

Bacteroidales; Bacteroidaceae; 

Bacteroides 

14874f4dfc902d7f4236b0

40048002a9 

Mariniblastus fucicola strain 

FC18 16S ribosomal RNA, 

partial sequence 

99% 97.77% 

Bacteria; PVC group; Planctomycetota; 

Planctomycetia; Pirellulales; 

Pirellulaceae; Mariniblastus 

1baf0fffa0f65e2763943a7

fb5491078 

Duncaniella freteri strain TLL-

A3 16S ribosomal RNA, 

partial sequence 

100% 86.67% 

Bacteria; FCB group; 

Bacteroidota/Chlorobiota group; 

Bacteroidota; Bacteroidia; 

Bacteroidales; Muribaculaceae; 

Duncaniella 

87a66055b542b579c17b6

7a734ba7bc0 

Simkania negevensis strain Z 

16S ribosomal RNA, partial 

sequence 

100% 90.32% 

Bacteria; PVC group; Chlamydiota; 

Chlamydiia; Parachlamydiales; 

Simkaniaceae; Simkania 

Low CI 

8689e33c25896e54943f4

a3e3f435853 

Mycoplasmopsis mustelae 

strain MX9 16S ribosomal 

RNA, partial sequence 

100% 90.61% 

Bacteria; Terrabacteria group; 

Mycoplasmatota; Mollicutes; 

Mycoplasmatales; Mycoplasmataceae; 

Mycoplasmopsis 

c65ea5ed65209cd5ed75a

ae5024cbabe 

Roseibacillus ponti strain 

YM27-120 16S ribosomal 

RNA, partial sequence 

100% 91.67% 

Bacteria; PVC group; 

Verrucomicrobiota; Verrucomicrobiae; 

Verrucomicrobiales; 

Verrucomicrobiaceae; Roseibacillus 

f73c1f0750a662909bb13

59a1705f048 

Mariniblastus fucicola strain 

FC18 16S ribosomal RNA, 

partial sequence 

100% 94.74% 

Bacteria; PVC group; Planctomycetota; 

Planctomycetia; Pirellulales; 

Pirellulaceae; Mariniblastus 

703e92ee7da5f2d788020

201475c4c36 

Mycoplasma procyoni strain 

LR5794 16S ribosomal RNA, 

partial sequence 

100% 88.73% 

Bacteria; Terrabacteria group; 

Mycoplasmatota; Mollicutes; 

Mycoplasmatales; Mycoplasmataceae; 

Mycoplasma 

 

Study II Supplementary Table S3 - BLAST best hit of discriminant ASVs identified by LefSe between high- and 
low-condition index (CI) sites. 
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Sample ID Reads count Sample ID Reads count Sample ID Reads count Sample ID Reads count 

FT0AQ2bS 1106 FT0AQ1V2 4088 FT1AQ4V5 6685 FT0AQ3bS 16190 

FT1AQ3AS 1760 FT1AQ3V5 4146 FT1AQ1bS 6728 FT0AQ3cS 17670 

FT0AQ1V3 2122 FT0AQ2V4 4170 FT0AQ3V4 6758 FT0AQ4bS 18120 

FT0AQ4V1 2172 FT1AQ3V4 4333 FT1AQ4V3 6889   

FT2AQ1AS 2356 FT2AQ3V1 4410 FT2AQ4V3 6980   

FT0AQ3V1 2469 FT1AQ1V1 4860 FT2AQ2BS 7050   

FT2AQ2AS 2484 FT1AQ4V1 4934 FT0AQ1BS 7112   

FT0AQ1V1 2529 FT2AQ4V2 4982 FT0AQ4cS 7299   

FT2AQ1CS 2737 FT1AQ2aS 5083 FT2AQ4V1 7336   

FT0AQ2V1 2750 FT1AQ4CS 5287 FT1AQ4AS 7539   

FT2AQ1V3 2812 FT0AQ1V5 5319 FT0AQ4aS 7648   

FT0AQ1V4 2883 FT1AQ1V5 5337 FT2AQ3V2 7758   

FT1AQ4V2 2953 FT1AQ2V2 5582 FT1AQ1cS 7847   

FT0AQ2V5 3154 FT1AQ3CS 5615 FT2AQ2V1 8277   

FT2AQ1V2 3260 FT0AQ3V3 5781 FT1AQ1V2 8351   

FT0AQ3V5 3469 FT0AQ4V3 5843 FT0AQ3V2 8507   

FT2AQ2V2 3479 FT2AQ4CS 5876 FT1AQ3BS 8628   

FT1AQ2V4 3550 FT2AQ3BS 5976 FT0AQ2aS 9557   

FT2AQ3CS 3683 FT1AQ2cS 6047 FT2AQ4BS 9904   

FT2AQ4AS 3683 FT0AQ3AS 6051 FT1AQ2V1 10050   

FT2AQ1V1 3738 FT2AQ1BS 6056 FT1AQ2bS 10243   

FT1AQ1aS 3773 FT2AQ2CS 6063 FT1AQ2V3 10688   

FT1AQ3V3 3884 FT0AQ1CS 6065 FT0AQ1AS 11283   

FT1AQ3V1 4023 FT1AQ3V2 6088 FT1AQ2V5 11392   

FT2AQ2V3 4028 FT2AQ3V3 6153 FT0AQ4V2 11405   

FT0AQ2V2 4042 FT0AQ2V3 6372 FT1AQ4BS 11856   

FT1AQ4V4 4069 FT1AQ1V3 6523 FT0AQ4V5 12183   

Study II Supplementary Table S4  - Reads count per sample in aquaria experiments. Abbreviations: T0, T1 and T2 = Timepoints 0, 1 and 2; Q1 
= Aquarium 1 (Ravenna clams reared on Ravenna sediments); Q2 = Aquarium 2 (Rimini clams reared on Ravenna sediments); Q3 = Aquarium 
3 (Ravenna clams reared on Rimini sediments); Q4 = Aquarium 4 (Rimini clams reared on Rimini sediments); S = sediment replicates 
(identified with A, B or C); V with a serial number = clams. 
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Study III Table S1 - Primers sequences and qPCR performances. 

  Gene Primers Ampli
con 
size 
bp 

Amplification 
efficiency 

(%) 

Accession number 
(Chameleabase) 

target 
genes 

ABCC 5’- GTGCTGGATCAGGGAAAGATAA -
3’ 

5’- GCATCTGAGGCCATACCATAAA -
3’ 

92 108 - 

AMYL 5’- GCAGTACACTTCTCTGGGTTAT -
3’ 

5’- GTGTCCGGAGTCAGTCATATTC -
3’ 

127 91 - 

CAT 5’- ACACAGCCGACGATGATAAC -3’ 

5’- ACAGCACGCTTCTGGATAAA -3’ 

139 114 Chamelea_c30562 

  

CTSL 5’- CCATATAGAGCTAGGGACCAGTA 
-3’ 

5’- GACCCTAGTTCACTTTGGAGAG -
3’ 

116 114 Chamelea_rep_c27205 

  

SOD 5’- GGCTTCCATGTGCATCAATTT -3’ 

5’- GTTGGAGCACCATGTTGTTTAC-
3’ 

95 112 Chamelea_c10658 

  

GST 5’- ACATCAGAAGGTAGCAGTTTGT -
3’ 

5’- CGGCGAACTTGTTGTGAATG -3’ 

93 107 Chamelea_rep_c657 

  

HSP90 5’- GCAGAGGATTCCCAAGTGTAAG -
3’ 

5’- TGGTCAGTTTGGTGTAGGTTTC -
3’ 

105 114 Chamelea_rep_c2316 

  

IDH 5’- GTCGGGCGTCACATTCTT-3’ 

5’- AAATGGGCTCTCACCTTGG -3’ 

108 111 Chamelea_rep_c12181 

  

LYS 5’- CCATCTGCCGCTTTCAATTTC-3’ 

5’- TGGATCCTCTCGAGCCTTATT -3’ 

148 93 - 



 

 

130 

MT10 5’- GTGTAAGTGATGGGACGAAGT -
3’ 

5’- CAGCGGTTCATGGAGTATCTT -3’ 

99 109 Chamelea_rep_c20174 

  

PK 5’- CCATTACCAGAAACGCTCAAAC -
3’ 

5’- GGTCTACATCCACTGTCCATTC -
3’ 

108 98 - 

Referenc
e genes 

28S 5’- CCCGTCATCGAGAGCTTAAA -3’ 

5’- GCGTCGTTTCCTCATTTCATC -3’ 

101 110 Chamelea_rep_c41133 

  

EF1 5’- GTACTCTGGTGATGCCTGTATG -
3’ 

5’- TACAGCAAATCGTCCAAGGG -3’ 

97 110 Chamelea2_rep_c1644 

  

GAPD
H 

5’- 
AGCATTAGAAAGAGTCCAGTCATC -

3’ 

5’- 
ACCGTATTAGGTTACTGTCGATTG -

3’ 

136 95 Chamelea_rep_c3622 

  

RPS20 5’- ATCACACTCACCAGCAGAAAT -3’ 

5’- CGGAGGATCTTAGTTGGCATAC -
3’ 

122 95  Chamelea_rep_c6834 

  

TUB 5’- GACTTGATGTACGCCAAGAGAG -
3’ 

5’- TCTCAAGGGCAGCCAAATC -3’ 

103 101 Chamelea_rep_c2525 

  

ABCC = Multidrug resistance protein; AMYL = α-Amylase; CAT = Catalase; CTSL = Cathepsin L; SOD = Superoxide dismutase Cu/Zn; GST 

= Glutathione S-transferase; HSP90 = Heat Shock Protein 90kDa; IDH = Isocitrate dehydrogenase; LYS = Lysozime; MT10 = Metallothionein 

10kDa; PK = Pyruvate kinase; 28S = 28S rRNA; EF1 = Elongation factor-1α; GAPDH = Glyceraldehyde 3-phosphate dehydrogenase; RPS20 

= 40s Ribosomal Protein s20; TUB = Tubulin. 
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Stud III Fig S1.  Principal Component Analysis for environmental variables. Symbols indicates the mean 
value for each sampling month and site. 

 

Study III Table S2. PERMANOVA results on the extracted environmental parameters for sampling Sites and 
Months (999 permutations). Significant P values are in bold. 

  Temperature Salinity Dissolved oxygen Chlorophyll 

Source df Pseudo-F P(perm) Pseudo-F P(perm) Pseudo-F P(perm) Pseudo-F P(perm) 

Site 3 1.51 0.201 94.22 0.001 4.77 0.001 12.10 0.001 

Month 2 1159.20 0.001 686.99 0.001 126.46 0.001 398.02 0.001 

Site x Month 6 4.86 0.001 13.43 0.001 3.15 0.005 1.39 0.223 

df: degree of freedom; Pseudo-F: F value by permutation (Anderson et al., 2008); P(perm): probability of pseudo-F. 
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Table S3 PERMANOVA pairwise comparisons between sampling months for the environmental parameters 
for different sampling Sites (999 permutations). Significant P values are in bold. 

 Ravenna Savio Cesenatico Rimini 

 t P(perm) t P(perm) t P(perm) t P(perm) 

Temperature         

July vs September 7.38 0.001 7.58 0.001 6.36 0.001 3.18 0.005  

July vs November 23.15 0.001 27.75 0.001 26.01 0.001 23.54 0.001  

September vs 
November 2.18 0.001 15.61 0.001 16.51 0.001 17.51 0.001  

         

Salinity         

July vs September 0.38 0.720 3.17 0.003 3.17 0.003 7.57 0.001 

July vs November 13.14 0.001 13.63 0.001 13.63 0.001 11.08 0.001 

September vs 
November 12.97 0.001 15.03 0.001 15.03 0.001 18.50 0.001 

         

Dissolved oxygen         

July vs September 5.60 0.001 8.82 0.001 9.97 0.001 9.23 0.001 

July vs November 2.54 0.001 1.16 0.255 1.73 0.096 2.07 0.055 

September vs 
November 1.83 0.083 7.18 0.001 8.29 0.001 8.33 0.001 

         

Chlorophyll         

July vs September 4.09 0.002  3.22 0.001 3.23 0.001 3.37 0.001 

July vs November 10.61 0.001  13.13 0.001 13.49 0.001 18.55 0.001 

September vs 
November 6.98 0.001  9.80 0.001 9.89 0.001 13.54 0.001 

t: t-Statistics; P(perm): probability of t. 

Study III Table S4. PERMANOVA results on biometric parameters and calculated meat yield and condition index 
assessed in C. gallina from different sampling Sites and Months (998 permutations). Significant P values are in 
bold. 

  Shell length Shell weight 
Soft tissue 

weigth Meat yield Condition index 

Source df 
Pseudo

-F P(perm) 
Pseud

o-F P(perm) 
Pseud

o-F 
P(perm

) 
Pseud

o-F 
P(perm

) 
Pseudo

-F 
P(perm

) 

Site 3 85.45 0.001 59.58 0.001 46.13 0.001 10.12 0.001 9.75 0.001 

Month 2 50.47 0.001 36.53 0.001 16.91 0.001 2.93 0.051 2.42 0.11 

Site x 
Month 6 13.22 0.001 15.24 0.001 10.23 0.001 13.67 0.001 13.99 0.001 

df: degree of freedom; Pseudo-F: F value by permutation (Anderson et al., 2008); P(perm): probability of pseudo-F. 
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Study III Table S5. PERMANOVA pairwise comparisons between sampling months for biometric parameters 
and calculated meat yield and condition index assessed in C. gallina from different sampling Sites (999 
permutations). Significant P values are in bold. 

  Ravenna Savio Cesenatico Rimini 

  t P(perm) t P(perm) t P(perm) t P(perm) 

Shell length                 

July vs September 4.26 0.001 1.79 0.082 4.16 0.001 2.90 0.009 

July vs November 1.12 0.29 1.91 0.069 4.42 0.001 4.40 0.001 

September vs 
November 2.09 0.045 0.29 0.77 9.35 0.001 6.47 0.001 

                  

Shell weight                 

July vs September 2.66 0.014 2.27 0.025 1.44 0.16 0.22 0.818 

July vs November 1.47 0.139 0.78 0.446 5.14 0.001 5.85 0.001 

September vs 
November 0.73 0.46 1.33 0.204 6.93 0.001 6.14 0.001 

                  

Soft tissue weight                 

July vs September 3.08 0.003 3.05 0.005 2.59 0.011 2.37 0.02 

July vs November 1.36 0.181 1.79 0.092 4.39 0.001 1.71 0.084 

September vs 
November 4.01 0.001 1.46 0.148 8.31 0.001 0.86 0.407 

                  

Meat yield                 

July vs September 1.53 0.151 4.18 0.002 2.31 0.017 2.39 0.03 

July vs November 2.77 0.011 2.57 0.012 0.89 0.377 3.55 0.002 

September vs 
November 4.01 0.001 2.48 0.016 3.70 0.002 5.98 0.001 

                  

Condition index                 

July vs September 1.52 0.137 4.21 0.003 2.31 0.034 2.39 0.028 

July vs November 2.84 0.014 2.64 0.017 0.83 0.398 3.59 0.001 

September vs 
November 4.06 0.001 2.46 0.022 3.70 0.001 5.69 0.001 

t: t-Statistics; P(perm): probability of t. 
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Study III Table S6. PERMANOVA results on gene transcriptions assessed in digestive glands of C. gallina from different 
sampling Sites and Months (998 permutations). Significant P values are in bold. 

  Source 

  Site 

(df = 3) 

Month 

(df = 2) 

Site x Month 

(df = 6) 

AMYL Pseudo-F 0.77 0.42 0.87 

       P(perm) 0.51 0.65 0.52 

IDH Pseudo-F 9.68 0.86 2.73 

     P(perm) 0.001 0.44 0.02 

PK Pseudo-F 4.59 6.05 4.49 

 P(perm) 0.007 0.005 0.001 

CAT Pseudo-F 8.03 10.32 6.39 

 P(perm) 0.002 0.002 0.002 

GST Pseudo-F 2.96 0.99 3.84 

 P(perm) 0.043 0.35 0.005 

SOD Pseudo-F 2.77 7.24 4.11 

 P(perm) 0.06 0.004 0.002 

ABCC Pseudo-F 3.15 22.60 6.45 

 P(perm) 0.04 0.001 0.002 

LYS Pseudo-F 2.61 27.03 4.82 

 P(perm) 0.07 0.001 0.002 

MT10 Pseudo-F 0.78 15.28 3.05 

  P(perm) 0.52 0.001 0.02 

HSP90 Pseudo-F 1.60 22.92 1.31 

 P(perm) 0.22 0.001 0.28 

CTSL Pseudo-F 4.47 6.10 3.24 

 P(perm) 0.008 0.006 0.01 

df: degree of freedom; Pseudo-F: F value by permutation (Anderson et al., 2008); P(perm): probability of pseudo-F. 
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Study III Table S7. PERMANOVA pairwise comparisons between sampling time months for gene 
transcriptions assessed in digestive glands of C. gallina from different sampling Sites (999 permutations). 
Significant P values are in bold. 

  Ravenna Savio Cesenatico Rimini 

  t P(perm) t P(perm) t P(perm) t P(perm) 

AMYL                 

July vs 
September 0.02 0.973 1.26 0.235 1.62 0.174 0.18 0.856 

July vs 
November 1.03 0.374 0.50 0.694 1.66 0.198 0.63 0.550 

September vs 
November 1.10 0.360 0.92 0.416 2.31 0.112 0.14 0.911 

                  

IDH                 

July vs 
September 3.96 0.038 1.39 0.193 1.63 0.200 1.71 0.141 

July vs 
November 3.48 0.017 0.90 0.338 1.14 0.301 0.32 0.909 

September vs 
November 1.76 0.135 0.62 0.576 0.43 0.705 2.61 0.027 

                  

PK                 

July vs 
September 1.03 0.292 3.34 0.028 0.63 0.432 0.74 0.562 

July vs 
November 1.09 0.426 4.16 0.027 3.70 0.032 1.76 0.176 

September vs 
November 2.84 0.023 0.90 0.457 2.24 0.085 4.48 0.034 

                  

CAT                 

July vs 
September 0.21 0.863 6.08 0.031 2.57 0.066 0.99 0.358 

July vs 
November 0.72 0.527 1.34 0.313 5.28 0.024 3.42 0.026 

September vs 
November 1.36 0.271 3.87 0.030 10.27 0.035 1.67 0.201 

                  

GST                 

July vs 
September 1.35 0.214 2.16 0.069 3.63 0.032 1.08 0.342 

July vs 
November 0.44 0.686 0.70 0.553 1.76 0.142 1.09 0.324 
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September vs 
November 2.19 0.059 2.93 0.066 0.79 0.478 1.80 0.155 

                  

SOD                 

July vs 
September 3.04 0.034 5.02 0.027 1.53 0.247 1.15 0.292 

July vs 
November 0.63 0.586 0.35 0.701 0.92 0.307 0.30 0.791 

September vs 
November 2.04 0.107 6.15 0.026 3.02 0.058 1.98 0.121 

                  

ABCC                 

July vs 
September 2.76 0.034 3.63 0.032 0.42 0.807 6.01 0.029 

July vs 
November 2.82 0.030 2.60 0.056 4.65 0.036 5.64 0.029 

September vs 
November 0.17 0.882 2.10 0.122 3.37 0.034 0.16 0.794 

                  

LYS                 

July vs 
September 2.58 0.052 5.04 0.032 2.72 0.055 4.44 0.027 

July vs 
November 2.82 0.033 3.14 0.032 1.50 0.324 4.30 0.028 

September vs 
November 0.74 0.547 5.14 0.041 2.09 0.024 1.69 0.223 

                  

HSP90                 

July vs 
September 0.78 0.563 0.15 0.977 0.10 0.925 2.74 0.059 

July vs 
November 2.10 0.067 3.11 0.037 5.01 0.036 4.76 0.029 

September vs 
November 2.65 0.053 3.57 0.030 2.59 0.083 2.30 0.057 

                  

MT10                 

July vs 
September 8.43 0.027 1.91 0.105 1.38 0.276 4.53 0.035 

July vs 
November 0.17 0.924 3.80 0.032 0.90 0.488 0.36 0.751 

September vs 
November 3.95 0.032 1.43 0.288 0.61 0.548 3.62 0.026 
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CTSL                 

July vs 
September 1.32 0.228 0.79 0.450 1.50 0.195 0.18 0.812 

July vs 
November 2.77 0.078 0.70 0.513 5.01 0.029 1.33 0.220 

September vs 
November 0.41 0.696 1.46 0.177 3.45 0.061 1.07 0.312 

t: t-Statistics; P(perm): probability of t. 

 


