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Introduction

In our paper, we explored the impact of different anthropogenic stressors, namely, mussel farming, methane extraction platforms, and summer mass tourism, on the epipelagic microbiomes of the North-Western Adriatic Sea.





Methods

By 16S rRNA gene sequencing, we provided the epipelagic microbiome layout from selected sites corresponding to each of the considered impacts. As an unimpacted reference, we used already published 16S rRNA sequencing data.





Results

According to our findings, each one of the anthropogenic stressors resulted in a peculiar increase of specific epipelagic microbial components, including copiotrophic R-strategists and host-restricted bacteria, as well as some pathobiome components, the latter being detected exclusively in impacted sites. Particularly, potentially harmful pathogenic species such as Legionella impletisoli and Staphylococcus epidermidis have been detected in proximity to the mussel farms, and Escherichia coli and Campylobacter ureolyticus were present close to the methane extraction platform and at the summer mass tourism site, respectively. Particularly, C. ureolyticus is an emerging human gastrointestinal pathogen, capable of destroying intestinal microvilli.





Discussion

In addition to providing evidence supporting the existence of recognizable and impact-driven fingerprints on the epipelagic marine microbiome peculiar to the different anthropogenic stressors, our findings also raise concern about the ecological relevance of the observed changes, in terms of possible loss of ecosystem services and also for the potential release of pathogenic microorganisms in the environment.
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1 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 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.




2 Materials and methods



2.1 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 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 a, 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.




2.2 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 rRNA gene was PCR amplified 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).




2.3 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 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) and Made4 (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 “compute tree” option was selected using the RAxML program and GTR model including the neighbor sequences. The tree was exported in newick format and uploaded on iTOL for graphical representation (Letunic and 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 Wiggum plot network structure was created using Cytoscape (http://www.cytoscape.org/). Circle sizes were proportional to families’ abundance or over-abundance, and connections between nodes were 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 dataset of the study (meanArea/meanTot). Hub nodes, 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 from Cytoscape as previously described (Agler et al., 2016). Cohesion and modularity were calculated using the “igraph” R package as proposed by Hernandez et al. (2021).





3 Results



3.1 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. Environmental parameters at the time of sampling for the impacted sites and for the reference control are reported in Table 1. 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.




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.




Table 1 | Environmental parameters at the time of sample collection.



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%) (Supplementary Figure S1), with site-specific declinations in terms of relative abundances, as noticeable at the corresponding family level (Figure 2; Supplementary Figure S2). 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). 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 Supplementary Figure S3. 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 Supplementary Table S2. The Wiggum plot showing the compositional relationships between the microbial network components is provided in 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 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 (Supplementary Figure S5). According to our findings, each impacted sites correspond to a specific layout of over-abundant families, resulting in recognizable site-specific declination of the epipelagic network structure.




Figure 2 | 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.






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 bold line. Significant variations across study sites are highlighted in the figure (Wilcoxon rank-sum test; p ≤ 0.05*, p ≤ 0.01**, p ≤ 0.001***).






3.2 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'Donovan et 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 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 (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.




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).







4 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; Liu et 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 (Skirtun et al., 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 (Sun et al., 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 microbiome 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 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, mussel farming 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 waters 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 new set of indicator bacterial species, specific for the different anthropogenic impact sources, our results also raise the concern of the release of pathogenic microorganisms in the marine ecosystem potentially harmful to human and marine life health.
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Values were retrieved from Copernicus database from monthly data in September 2021 for each site under study.





