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Abstract

:

Current knowledge of the microbial diversity of shallow-water hydrothermal vents is still limited. Recent evidence suggests that these peculiar and heterogeneous systems might host highly diversified microbial assemblages with novel or poorly characterized lineages. In the present work, we used 16S rRNA gene metabarcoding to provide novel insights into the diversity of the bacterial and archaeal assemblages in seawater and sediments of three shallow-water hydrothermal systems of Panarea Island (Tyrrhenian Sea). The three areas were characterized by hot, cold, or intermediate temperatures and related venting activities. Microbial biodiversity in seawater largely differed from the benthic one, both in α-diversity (i.e., richness of amplicon sequence variants—ASVs) and in prokaryotic assemblage composition. Furthermore, at the class level, the pelagic prokaryotic assemblages were very similar among sites, whereas the benthic microbial assemblages differed markedly, reflecting the distinct features of the hydrothermal activities at the three sites we investigated. Our results show that ongoing high-temperature emissions can influence prokaryotic α-diversity at the seafloor, increasing turnover (β-)diversity, and that the intermediate-temperature-venting spot that experienced a violent gas explosion 20 years ago now displays the highest benthic prokaryotic diversity. Overall, our results suggest that hydrothermal vent dynamics around Panarea Island can contribute to an increase in the local heterogeneity of physical–chemical conditions, especially at the seafloor, in turn boosting the overall microbial (γ-)diversity of this peculiar hydrothermal system.
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1. Introduction


Hydrothermal vents can be found in all oceans, even at shallow depths. These systems represent extreme environments where high temperature is associated with reduced and low pH emissions, enriched in heavy metals and toxic compounds, and select specific taxa adapted to these conditions [1]. The analysis of these systems can contribute to expanding our understanding of the adaptation strategies that organisms use to cope with extreme environmental conditions [2]. Hydrothermal vents are common in deep-sea areas (volcanic areas and mid-ocean ridges) but can be present also at shallow-water depths [3,4,5]. Indeed, although hydrothermal vents at shallower water depths are abundant worldwide, easier to access, and spatially closer to human life than their deep-sea analogs, knowledge of their microbial diversity and functioning is still scarce [6,7,8,9]. They are situated within the photic zone where light still reaches the seafloor and are characterized by high biological productivity due to complex microbial communities of photosynthetic, chemosynthetic, or mixotrophic microbes that use sunlight and/or hydrothermal energy for their metabolic needs [10,11,12,13,14]. Here, microorganisms are involved in the transformation of chemical compounds released from the vent emissions and are at the basis of the hydrothermal system food web; hence, their study is essential to understanding hydrothermal biogeochemical cycles [9,15,16].



From the limited number of available studies on microbial diversity of the shallow-water hydrothermal vents, it is often difficult to draw general conclusions, as different studies used different sampling and sequencing approaches. Yet, current information highlights that Gammaproteobacteria and Campylobacteria (formerly Epsilonproteobacteria) [17] are usually the most common bacterial taxa that drive carbon, sulfur, and nitrogen cycling in both vent fluids and sediments [2,4,6,9,18,19]. Several investigations have also highlighted that microbial communities associated with shallow-water vents can markedly change both spatially and/or temporarily [20,21]. If the hydrothermal venting is reduced, hence decreasing the available chemical energy, the microbial assemblages can rapidly change, for instance, by shifting to photosynthetic lifestyle and related taxa [9,15]. Indeed, vent prokaryotic microbes usually show ample metabolic flexibility, which fosters their adaptation to these particularly unstable and rapidly evolving ecosystems [18,22].



The hydrothermal field off Panarea Island is the most active vent area of the entire Mediterranean Sea [16,19]. Panarea vents have mainly been described to occur at shallow-water depths (<200 m depth), although the hydrothermal activity is known to have effects down to the deep sea (i.e., >400 m depth), including the presence of solid deposits, chimneys, and significant amounts of heavy metals [16]. The emitted gases have been described to consist mostly of CO2 and variable concentrations of H2S, CH4, CO, and H2 [16]. Previous studies in this area reported metabolically and taxonomically diverse bacterial and archaeal taxa with a patchy distribution in the surface sediments [13,19,23].



In this work, we conducted a high spatial scale resolution study to provide novel insights into the diversity of the microbial assemblages in the seawater and surface sediments of this shallow-water hydrothermal system. We investigated three sites characterized by a gradient of venting emissions: two sites (Hot Vent and Cold Vent) within an area characterized by either hot or cold vent fluid emissions, as well as one site showing intermediate venting conditions (i.e., Bottaro Crater Vent). In November 2002, this latter area experienced a violent fluid emission, which added further environmental heterogeneity within the Panarea hydrothermal vent field [16,24,25]. In this study, we thus also investigated the potential effect of this explosive event on the resident microbial assemblages.




2. Materials and Methods


2.1. Sampling Sites and Sampling Strategy


The samples’ collection was carried out in September 2019 in three shallow-water sites of the Panarea hydrothermal vent field: the Hot Vent (38°38′022.95″ N; 15°04′045.62″ E), the Cold Vent (38°38′022.97″ N; 15°04′045.67″ E), and the Bottaro Crater Vent (38°38′013.58″ N; 15°6′033.95″ E), (Table S1; Figure 1). At each site, we collected bottom seawater samples with previously sterilized 4L Niskin bottles, as well as surface sediment samples (top 2 cm) with sterilized Plexiglas core tubes, manually operated by SCUBA diving. Overall, we collected three seawater samples (one at each vent site) and four sediment samples (one at the Hot Vent, one at the Cold Vent, and two at the Bottaro Crater Vent). The main chemical–physical parameters were measured at all sites through a multi-parametric probe (CTD profiler, SBE 19 Plus SeaCAT probe), and pH was determined spectrophotometrically, as has been reported by [8] (and replicated in Table S1 for ease of visualization).




2.2. DNA Extraction and Purification and Downstream Molecular Analyses


Two liters of bottom water from each site were filtered on a 47 mm nitrocellulose filter 0.22 µm pore size and stored at −20 °C until DNA extraction. Total DNA was extracted and purified from filters by using the GNOME DNA kit (MP Biomedicals, Medical Systems SPA, Genoa, Italy) and from 0.5 g of each sediment sample by using FastDNA SPIN Kit for Soil (MP Biomedicals, Medical Systems SPA, Genoa, Italy) according to the kit’s standard protocols. The obtained DNA samples were eluted in 50 μL of TE buffer, and their quality and concentration were determined by 0.6% agarose gel electrophoresis, using Lambda DNA/HindIII Marker (ThermoFisher Scientific, Rome, Italy) and by spectrophotometric measurements using a NanoDrop® ND-1000 Spectrophotometer (ThermoFisher Scientific, Rome, Italy). Ribosomal 16S amplifications were performed on a BioRad C1000 touch thermocycler (BioRad Laboratories, Naples, Italy) in a final volume of 25 µL. Primers were modified at their 5′-ends adding two short tails of 18 (forward primer) and 17 (reverse primer) nucleotides in length subsequently used as anchorage for the second PCR to ligate barcodes and P1 sequences, respectively [26]. The following mix was used: 1 µL extracted DNA was added to 10 µL PCR buffer, 0.5 µM of each of the two primers (515F–Y 5′-TAIL18-GTGYCAGCMGCCGCGGTAA; and 926R 5′-TAIL17-CCGYCAATTYMTTTRAGTTT; [27]), and 1.25U/reaction PrimeStar GXL DNA polymerase (Takara Bio Inc, Diatech Lab Line, Jesi, Italy). The PCR cycles were characterized by an initial denaturation of 5 min at 98 °C, followed by 35 cycles of 10 sec at 98 °C, 15 sec annealing at 53 °C, and 35 sec extension at 68 °C, with final extension of 7 min at 68 °C. All amplification products were run on a 1% agarose-TAE gel to verify the size of the amplicons and then purified with the AMPure XP magnetic beads (Beckman Coulter, Venice, Italy), following manufacturer’s instructions. The second PCR amplification (switch PCR) [26] was performed using the same volumes of reagents as in the first PCR but replacing the primer cocktail with Barcodes and P1 solution [26] at a final concentration of 0.5 μM each and using approximately 5 ng of the first PCR product as template and 1.25U/reaction PrimeStar GXL DNA polymerase (Takara Bio Inc, Diatech Lab Line, Jesi, Italy) in a final volume of 25 μL. The thermal profiling for the switch PCR started at 98 °C for 2 min, followed by 5 cycles of denaturation at 98 °C for 10 s, annealing at 60 °C for 15 s, and extension at 68 °C for 40 s, with a final extension at 68 °C for 7 min. PCR products were purified with the AMPure XP magnetic beads (Beckman Coulter, Venice, Italy), following manufacturer’s instructions. The quantity and quality of the PCR products were determined with the Agilent DNA High Sensitivity Kit on the Bioanalyzer (Agilent Technologies Italia Spa, Milan, Italy) following the manufacturer’s recommendations. An equimolar amount of all the libraries were pooled, following Thermo Fisher indications. The quantity of DNA was assessed using the dsDNA HS Assay Kit on the Qubit 3.0 fluorimeter (Thermo Fisher Scientific, Rome, Italy) following the manufacturer’s protocol. Library amplification and enrichment and chip loading were performed in automation using the Ion S5 ExT Chef Reagents and the Ion chip 530 on the Ion Chef system (Thermo Fisher Scientific, Rome, Italy) following the manufacturer’s recommendations. Massive parallel sequencing was carried out on the Ion GeneStudio S5 System with the Ion S5 ExT Sequencing Reagents (Thermo Fisher Scientific, Rome, Italy) at the SZN Sequencing and Molecular Analysis Center. Raw data were analyzed by Torrent Suite (Thermo Fisher, Scientific, Rome, Italy) to obtain BAM files to be used in downstream bioinformatic analyses.




2.3. Bioinformatic and Statistical Analyses


The raw single-end sequences were imported into the QIIME2 pipeline, and their quality was checked using the tools provided by the suite [28]; leftover primer sequences were identified and removed through the cutadapt plugin before running the DADA2 denoising procedure on the high-quality sequences using default parameters, after sequence trimming at 300 bp, following cutoff recommendations for single-end ION Torrent sequencing and including removal of singletons [29]. A subset of the SILVA database (v.138.1) [30] was produced by trimming the original database on the region amplified by the primer set through the QIIME2 extract-reads procedure; this subset was used as a reference for taxonomic affiliation of representative amplicon sequence variants (ASVs), which was carried out through the classify-consensus-vsearch classifier, with standard parameters. After ASV classification, ASVs matching eukaryotic, mitochondrial, and chloroplast sequences, as well as those without any classification, were removed to produce a reliable taxonomic table [29]. To allow the comparison of all samples despite differences in sequencing depths, we rarefied the resulting ASV table at the lowest number of sequences across the dataset (n = 160,000 sequences) by running the core-metrics procedure, which was also utilized to calculate alpha-diversity values and produce beta-diversity distance matrices [29]. ASV profile comparisons were performed using the statistical packages within the STAMP program (using standard two-sided White’s non-parametric t-test, DP: bootstrap 0.95, and Bonferroni correction) [31], and the number of ASVs exclusive of single samples or shared between and among samples was obtained through the VennDiagram package starting from the results of the ASV table rarefaction analysis. SIMPER analyses were performed to assess the turnover diversity as percentage of dissimilarity in prokaryotic assemblage composition [32,33,34]. To test the effects of environmental variables on prokaryotic assemblages, non-parametric multivariate multiple regression analyses based on Bray–Curtis distances were carried out using distance-based linear model (DISTLM) routine with the forward selection procedure. All statistical tests were performed using the PRIMER v6 + PERMANOVA add-on software [35,36].





3. Results and Discussion


The 16S rRNA gene metabarcoding analysis we carried out exhaustively covered the prokaryotic assemblage diversity within the samples collected in this study (Figure S1). The taxonomic annotation of the prokaryotic ASVs allowed us to identify a total of 168 taxa if aggregating at the class level and 546 taxa if aggregating at the family level. Sediment samples displayed the most diversified assemblages, with 167 class-level taxa and 505 family-level taxa, while the bottom water samples were composed of only 95 class-level taxa and 351 family-level taxa. In water samples, the most abundant bacterial class was Alphaproteobacteria, followed by Bacteroidia, Cyanobacteria, and Gammaproteobacteria classes (on average, 48%, 17%, 13%, and 10%, respectively), with similar contributions in the three water samples we investigated (Figure 2).



The Classes Alphaproteobacteria, Cyanobacteria, Bacteroidia, and Rhodothermia together accounted for approximately 50% of the total diversity in water samples, mainly represented by Clade I, Clade II, Clade III, SAR116, Cyanobiaceae, Flavobacteraceae, and Balneolaceae. These were otherwise almost absent in the sediments (<0.2% Figure S2). Conversely, the bacterial classes OM190, Subgroup22, and Phycisphaerae, as well as the archaeal classes Nitrosospheria and Nanoarcheia, were relatively abundant in sediment samples (each comprising from 2% to 12% of the whole assemblage), otherwise remaining below 0.3% in the seawater samples (Figure S2).



These results confirm the high taxonomic dissimilarity between the prokaryotic assemblages of bottom waters, as well as their remarkable difference with respect to sediment samples. Such difference between planktonic and benthic microbial assemblages has been frequently reported in other vent and non-vent marine ecosystems [15,37]. On the other hand, the prokaryotic assemblage composition found in the water samples analyzed here largely differs from previous investigations in the fluids/bottom waters of the Panarea hydrothermal vent [13,23] or of other pelagic sites at shallow-water hydrothermal vents [1,18]. In fact, the families reported in this study from water samples (see also the taxonomic analysis at the genus level in Table S3) mostly include common autotrophic and heterotrophic bacteria typical of non-extreme pelagic marine ecosystems [38,39,40,41]. This finding might suggest that the hydrothermal activity at the time of our sampling was too limited to influence the bottom-water microbial assemblages of the investigated sites.



The most abundant bacterial class in the sediment samples was Gammaproteobacteria, though with variable relevance in the different vents (14% in Hot Vent, 20% in Bottaro Crater, and 40% in Cold Vent), followed by Bacteroidia (13% in Hot Vent, 10% in Bottaro Crater, and 11% in Cold Vent) and Alphaproteobacteria (2% in Hot Vent, 9% in Bottaro Crater, and 5% in Cold Vent) (Figure 2). Whilst water samples were taxonomically similar at the three investigated sites at both class and family levels, the sediment samples showed evident differences (Figure 3, Figure 4 and Figure 5).



Such results were confirmed by the DISTLM analysis, which highlighted temperature and pH as significant drivers of the prokaryotic assemblage diversity in the analyzed samples (overall accounting for >79% of the total variation; p < 0.05; Table S2; Figure S4).



The sediments of Hot Vent were characterized by much larger relative abundances of Anaerolineae, Cyanobacteria, Calditrichia, Zetaproteobateria, Desulfuromonadia, and Nanoarchaeia (mainly represented by Anaerolineaceae, Calditrichaceae, and Mariprofundaceae, as well as unclassified Ardenticatenales, Cyanobacteria, Desulfuromonadia, and Woesearchaeales), that were otherwise almost absent in the Cold Vent and Bottaro Crater Vent sediments (Figure 2 and Figure 3).



Anaerolineaceae and Calditrichaceae have been reported as key bacterial taxa of shallow-water hydrothermal vents, involved not only in organic carbon remineralization but also in nitrogen cycling [15,42,43], and include moderate thermophilic chemoheterotrophs, which grow by fermentation of peptides or carbohydrates compounds and have been described as anaerobic digesters in several organic-rich habitats [44,45,46]. Analogously, bacteria within the orders Ardenticantales and Woesearchaeales (ammonium-oxidizing archaea) are known as key components of the microbial assemblages at hydrothermal vents, also participating in C, N, and especially Fe cycling [47,48,49]. In this regard, the reported presence of particularly high Fe concentration in the Panarea sediments [50] can explain the local proliferation of bacteria whose metabolic functions are strictly dependent upon Fe(III)/Fe(II) redox reactions. This was confirmed by the identification of abundant mat-forming, autotrophic Fe-oxidizing Mariprofundacea bacteria (Figure 2 and Table S3). These bacteria, together with the Fe-reducing Desulfuromonadia, may contribute to the wide orange-red mats that characterized the Hot Vent sediments and suggest intense iron biogeochemistry and mineral deposition in the investigated hydrothermal system [51,52,53].



Such taxonomic features largely differ from those previously reported in other Panarea or Vulcano Island hot vents, in which sulphur-oxidizing bacteria belonging to Campylobacterota (previously, Epsilonproteobacteria), such as Sulfurimonas, Arcobacter and Sulfurovum spp. contributed to >50% of the total microbial diversity [19,54]. Indeed, despite the primers we used for 16S rRNA gene sequencing widely targeting this taxon (>95% coverage as checked using SILVA TestPrime; www.arb-silva.de/search/testprime/; accessed on 20 September 2023 [30]), Campylobacterota was not detected from the Hot Vent site of our study (and only slightly represented also in the other samples we investigated; Figure 2). Conversely, our study indicates that the cyanobacteria were largely (>10 times) overrepresented at the Panarea sites characterized by hot vent fluid emissions. This finding is consistent with previous reports from this area reporting an abundant presence of the thermophilic and mixotrophic Synecoccoccus genus [13].



The Cold Vent sediments, even though at only a few-meter distance from the Hot Vent site, displayed a very different benthic prokaryotic assemblage, dominated by Gammaproteobacteria largely represented by Pseudoalteromonas spp. (accounting for 23% of the Cold Vent sediment total reads alone, i.e., 2–20 times more than in Hot Vent and Bottaro Crater Vent sediments, respectively) (Figure 2 and Figure 4; Table S3).



Pseudoalteromonadaceae include aerobic, heterotrophic, and extremophilic bacteria with wide metabolic and physiologic versatility. This taxon includes producers of biofilms and exopolysaccharides, which underlie their well-known adaptability to a wide range of peculiar environments such as extremely cold habitats, deep-sea sediments, and hydrothermal vents [15,55,56]. The Pseudoalteromonas spp. flourishing in the Cold Vent site may be favored by the more acidic pH conditions that characterize the sediments around the Panarea Hot/Cold Vents (~1 pH unit lower than at the Bottaro Crater), being, at the same time, able to tolerate the episodic intrusion of hot fluids from the hot vents nearby.



The Flavobacteraceae bacterial family showed higher relative abundances in the Cold Vent and Hot Vent sediments than in the Bottaro Crater sediments (6% and 8% vs. <1%, respectively), and its taxonomic composition largely differed between the Cold and Hot Vent. Indeed, whilst Cold Vent sediments hosted Sediminicola, Zeaxanthinibacter, Nonlabens, and Aquibacter spp., which include strictly aerobic, heterotrophic marine bacteria largely involved in organic matter degradation [57,58], Hot Vent sediments only comprised unclassified Flavobacteraceae (Table S3), suggesting that high-temperature marine ecosystems like the Hot Vent spot we investigated may be a source of novel members of this bacterial family, whose metabolic features remain to be studied.



We also report that Alphaproteobacteria, Planctomycetes, Desulfobacteria, and Nitrososphaeria were largely over-represented in the sediments from the Bottaro Crater Vent than in those of the Hot Vent and Cold Vent sites (Figure 5).



These bacterial and archaeal taxa are usually more abundant in sediments not interested in hydrothermal activity and typically decrease when approaching the hot vent fluids [14,19,43,54]. This agrees well with the results reported here for the Bottaro Crater spot investigated, which experienced a major gas explosion in November 2002 and now displays a much weaker, milder temperature of venting, with temperatures much lower than other hot vent sites of the Panarea hydrothermal vent field [16]. Previous studies conducted recently near the Bottaro Crater (at the Black Point site, also affected by the same gas explosion of November 2002) reported similarly high abundances of non-vent microbial taxa [13,23], corroborating our conclusion that this site shows intermediate features between vent and non-vent ecosystems in terms of prokaryotic assemblages.



These results suggest that the sudden change in environmental conditions caused by the past gas explosion at the Bottaro Crater Vent site probably led to a striking diversification of the benthic environmental niches available for prokaryotes. This likely contributed to generating physical–chemical ecotones and ecoclines across both time and space in this area [59,60], allowing the co-existence of microbes typical of both vent and non-vent benthic ecosystems in a relatively small area and turning the Bottaro Crater Vent site into a peculiar hot-spot of microbial biodiversity.



This conclusion was also confirmed by the analysis conducted at the ASV level, which revealed high variability in ASV richness (α-diversity) (Figure 6). The Bottaro Crater Vent sediments (on average, 8863 ASVs) showed the highest values, followed by the Cold Vent sediments (7423 ASVs) and Hot Vent sediments (2230 ASVs). Water samples reported ASV richness values up to four times lower compared to sediments (on average, 1549 ASVs), whose trend was expected, as frequently reported by comparative studies of marine water vs. sediment samples in both vent and non-vent environmental settings [13,15]. The particularly high ASV richness values detected at the Bottaro Crater Vent sediments are consistent with previous findings for this specific site [13,19,23]. Conversely, the lower prokaryotic diversity found in the sediment of the Hot Vent (Table S1) confirms that high-temperature vent fluids can locally decrease the prokaryotic ASV richness, as previously observed in other vent sites also [19,43,61].



As anticipated, microbial diversity at the ASV level was distinct (~100% dissimilarity) between planktonic and benthic prokaryotic assemblages (Figure S3). We found a large dissimilarity (≥90% turnover β-diversity) among benthic prokaryotic assemblages, while planktonic prokaryotic assemblages were relatively more similar to each other (41–46% turnover β-diversity) (Figure S3), indicating that the planktonic prokaryotic assemblages were more homogeneous in terms of ASV composition than the benthic ones.



Out of a total of 28501 ASVs (all samples), none were shared by all samples, 301 ASVs were shared only among seawater samples, and only 18 were shared among all sediment samples (Figure 7A).



Overall, the number of exclusive ASVs (i.e., ASVs found in a single sample category only) increased from plankton to benthic assemblages (58–67% of exclusive ASVs) and further tendentially increased in benthic samples while moving towards the Hot Vent site (82% at the Bottaro Crater Vent, 85% at the Cold Vent, and 90% at the Hot Vent sites; Figure 7A,B).



The analysis of the cumulative prokaryotic ASV richness (γ-diversity) highlighted that the Bottaro Crater sediments contributed the major portion (54%) to the total biodiversity (expressed as ASV richness; Figure 8).



This suggests that microbial (as Bacteria and Archaea) biodiversity, particularly in benthic assemblages, is promoted by the high heterogeneity either in terms of geological–mineralogical–topographic features and on venting gradients, reaching the highest values in areas where we observe the co-existence of vent and non-vent conditions.




4. Conclusions


Here, we provided new insights into the diversity of the microbial assemblages inhabiting seawater and sediments from three shallow-water hydrothermal vent sites near Panarea Island (Tyrrhenian Sea). We provide evidence of a distinct taxonomic composition between the planktonic and benthic microbial assemblages and that the hot vent fluids can select the bacterial and archaeal taxa, resulting in a decrease in benthic microbial diversity. Each vent site showed a distinct taxonomic composition of the benthic prokaryotic assemblages, indicating that the high heterogeneity of hydrothermal features at the Panarea vent promotes microbial turnover (β-)diversity. The Bottaro Crater Vent site, created by past gas explosions and presently characterized by milder venting features compared to the Hot Vent, displayed mixed vent/non-vent features in terms of prokaryotic taxonomic profiles and the highest diversification at the ASV level. As also reported by previous independent studies on other marine hydrothermal sites [13,19,20,21,23], our data suggest that the high heterogeneity of the seafloor (also in terms of physical–chemical conditions) related to hydrothermal activity around Panarea Island supports a high microbial (γ-)diversity. We conclude by highlighting the need to conduct further investigations by increasing the replication level and using comparable sequencing pipelines across studies to reach more definitive and robust conclusions on the patterns and drivers of prokaryotic diversity in this and other shallow-water vent sites.








Supplementary Materials


The following supporting information can be downloaded at https://www.mdpi.com/article/10.3390/microorganisms11102464/s1, Table S1. Environmental characterization of the different sampling sites of Cold Vent, Hot Vent and Bottaro Crater Vent within the Panarea Shallow Hydrothermal system; Table S2. Outputs of the statistical analysis of the DISTLM marginal tests carried out on the dataset of the taxonomic composition of the prokaryotic assemblages at (a) ASV, (b) family and (c) class level in the seawater and sediment samples of the different vent sites; Figure S1. Rarefaction curves of the observed ASVs in the 3 different vent sites at increasing sequencing depth; Figure S2. Taxonomic composition of the prokaryotic assemblages in water and sediment samples. Panel A shows a heatmap to highlight the clustering of the samples based on the relative abundance of the main prokaryotic classes identified; in panel B, the main prokaryotic classes responsible for the significant differences between water and sediment samples are shown; in panel C, higher resolution (at family level) analysis of the main prokaryotic taxa responsible for the significant differences between water and sediment samples; Figure S3. PCoA plot showing the turnover (β-)diversity in water and sediment samples of the three different vent sites. % values indicate the percent dissimilarity at ASV level among samples; Figure S4. dbRDA showing the relationship between environmental variables and the taxonomic composition of prokaryotic assemblages (at family level) of the bottom waters and sediments of the three vent sites investigated. Table S3: excel file showing results of the taxonomic analysis at the genus level.





Author Contributions


R.D., T.R., E.A., F.A. and E.R. conceived the study. V.E. and E.A. contributed to the field work, R.C. and E.A. contributed to the lab work, P.D.L. supervised the molecular work, M.T., E.B. and E.R. conducted the bioinformatics analyses. E.A., T.R., E.B., M.T. and E.R. contributed to data elaboration. E.A., T.R., E.B. and E.R. wrote the draft of the manuscript, R.D. and T.R. led a revision of the manuscript. All authors have read and agreed to the published version of the manuscript.




Funding


This study was supported by the project Marine Hazard funded by the Italian Ministry for University and Research PON “R&C” 2007-2013–PON03PE_00203_1 CUP: B62F15000210005–Development of innovative technologies for identification, monitoring, and mitigation of natural and anthropic contamination processes.




Institutional Review Board Statement


Not applicable.




Data Availability Statement


The datasets presented in this study were deposited in online repositories. The name of the repository and accession numbers can be found in the Figshare repository (URL: 10.6084/m9.figshare.22841903, accessed on 15 May 2023).




Acknowledgments


The authors would like to thank Andrea Fogliuzzi (Amphibia diving) for their help during the collection of underwater samples and the ECCSEL NatLab-Italy laboratory (European Carbon Dioxide Capture and Storage Laboratory Infrastructure, OGS) for their hospitality during the sampling activity and sample storage. We would also like to thank R. Pannone and the Sequencing and Molecular Analyses Center of the Stazione Zoologica A. Dohrn for their kind help on the molecular analyses, as well as the Bioinformatics, Analytic, Computing and Data Management (BAC) center at the Stazione Zoologica di Napoli “Anton Dohrn”, which provided us with a high-performance computing (HPC) platform to carry out the necessary bioinformatic analyses for metabarcoding.




Conflicts of Interest


The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as potential conflicts of interest.




References


	



Ristova, P.; Pichler, T.; Friedrich, M.W.; Bühring, S.I. Bacterial diversity and biogeochemistry of two marine shallow-water hydrothermal systems off dominica (Lesser Antilles). Front. Microbiol. 2017, 8, 2400. [Google Scholar] [CrossRef] [PubMed]

	



Li, Y.; Tang, K.; Zhang, L.; Zhao, Z.; Xie, X.; Chen, C.T.A.; Wang, D.; Jiao, N.; Zhang, Y. Coupled carbon, sulfur, and nitrogen cycles mediated by microorganisms in the water column of a shallow-water hydrothermal ecosystem. Front. Microbiol. 2018, 9, 2718. [Google Scholar] [CrossRef] [PubMed]

	



Tarasov, V.G.; Gebruk, A.V.; Mironov, A.N.; Moskalev, L.I. Deep-sea and shallow-water hydrothermal vent communities: Two different phenomena? Chem. Geol. 2005, 224, 5–39. [Google Scholar] [CrossRef]

	



Dick, G.J. The microbiomes of deep-sea hydrothermal vents: Distributed globally, shaped locally. Nat. Rev. Microbiol. 2019, 17, 271–283. [Google Scholar] [CrossRef]

	



Laffoley, D.; Baxter, J.M.; Thevenon, F.; Oliver, J. The Significance and Management of Natural Carbon Stores in the Open Ocean; Full Report; IUCN: Gland, Switzerland, 2014; p. 124. [Google Scholar]

	



Rastelli, E.; Corinaldesi, C.; Dell’Anno, A.; Tangherlini, M.; Martorelli, E.; Ingrassia, M.; Chiocci, F.L.; Lo Martire, M.; Danovaro, R. High potential for temperate viruses to drive carbon cycling in chemoautotrophy-dominated shallow-water hydrothermal vents. Environ. Microbiol. 2017, 19, 4432–4446. [Google Scholar] [CrossRef]

	



Bellec, L.; Cambon-Bonavita, M.A.; Durand, L.; Aube, J.; Gayet, N.; Sandulli, R.; Brandily, C.; Zeppilli, D. Microbial communities of the shallow-water hydrothermal vent near Naples, Italy, and chemosynthetic symbionts associated with a free-living marine nematode. Front. Microbiol. 2020, 11, 2023. [Google Scholar] [CrossRef]

	



Arcadi, E.; Rastelli, E.; Tangherlini, M.; Rizzo, C.; Mancuso, M.; Sanfilippo, M.; Esposito, V.; Andaloro, F.; Romeo, T. Shallow-Water Hydrothermal Vents as Natural Accelerators of Bacterial Antibiotic Resistance in Marine Coastal Areas. Microorganisms 2022, 10, 479. [Google Scholar] [CrossRef]

	



Sievert, S.M.; Bühring, S.I.; Gulmann, L.K.; Hinrichs, K.U.; Pop Ristova, P.; Gomez-Saez, G.V. Fluid flow stimulates chemoautotrophy in hydrothermally influenced coastal sediments. Commun. Earth Environ. 2022, 3, 96. [Google Scholar] [CrossRef]

	



Tarasov, V.G. Effects of shallow-water hydrothermal venting on biological communities of coastal marine ecosystems of the Western Pacific. Adv. Mar. Biol. 2006, 50, 267–421. [Google Scholar]

	



Hirayama, H.; Sunamura, M.; Takai, K.; Nunoura, T.; Noguchi, T.; Oida, H.; Furushima, Y.; Yamamoto, H.; Oomori, T.; Horikoshi, K. Culture-dependent and-independent characterization of microbial communities associated with a shallow submarine hydrothermal system occurring within a coral reef off Taketomi Island, Japan. Appl. Environ. Microbiol. 2007, 73, 7642–7656. [Google Scholar] [CrossRef]

	



Maugeri, T.L.; Lentini, V.; Gugliandolo, C.; Cousin, S.; Stackebrandt, E. Microbial diversity at a hot, shallow-sea hydrothermal vent in the southern Tyrrhenian Sea (Italy). Geomicrobiol. J. 2010, 27, 380–390. [Google Scholar] [CrossRef]

	



Maugeri, T.L.; Gugliandolo, C.; Lentini, V. Diversity of prokaryotes at a shallow submarine vent of Panarea Island (Italy) by high-throughput sequencing. AAPP Atti Accad. 2013, 91. [Google Scholar] [CrossRef]

	



Wang, L.; Cheung, M.K.; Kwan, H.S.; Hwang, J.S.; Wong, C.K. Microbial diversity in shallow-water hydrothermal sediments of Kueishan Island, Taiwan as revealed by pyrosequencing. J. Basic Microbiol. 2015, 55, 1308–1318. [Google Scholar] [CrossRef] [PubMed]

	



Rajasabapathy, R.; Mohandass, C.; Bettencourt, R.; Colaço, A.; Goulart, J.; Meena, R.M. Bacterial diversity at a shallow-water hydrothermal vent (Espalamaca) in Azores Island. Curr. Sci. 2018, 115, 2110–2121. [Google Scholar] [CrossRef]

	



Gugliandolo, C.; Maugeri, T.L. Phylogenetic diversity of archaea in shallow hydrothermal vents of Eolian Islands, Italy. Diversity 2019, 11, 156. [Google Scholar] [CrossRef]

	



Waite, D.W.; Vanwonterghem, I.; Rinke, C.; Parks, D.H.; Zhang, Y.; Takai, K.; Sievert, S.M.; Simon, J.; Campbell, B.J.; Hanson, T.E.; et al. Comparative genomic analysis of the class Epsilonproteobacteria and proposed reclassification to Epsilonbacteraeota (phyl. nov.). Front. Microbiol. 2017, 8, 682. [Google Scholar] [CrossRef]

	



Chen, X.; Tang, K.; Zhang, M.; Liu, S.; Chen, M.; Zhan, P.; Fan, W.; Chen, C.T.; Zhang, Y. Genome-centric insight into metabolically active microbial population in shallow-sea hydrothermal vents. Microbiome 2022, 10, 170. [Google Scholar] [CrossRef]

	



Gugliandolo, C.; Lentini, V.; Bunk, B.; Overmann, J.; Italiano, F.; Maugeri, T.L. Changes in prokaryotic community composition accompanying a pronounced temperature shift of a shallow marine thermal brine pool (Panarea Island, Italy). Extremophiles 2015, 19, 547–559. [Google Scholar] [CrossRef]

	



Price, R.; Boyd, E.S.; Hoehler, T.M.; Wehrmann, L.M.; Bogason, E.; Valtýsson, H.Þ.; Örlygsson, J.; Gautason, B.; Amend, J.P. Alkaline vents and steep Na+ gradients from ridge-flank basalts—Implications for the origin and evolution of life. Geology 2017, 45, 1135–1138. [Google Scholar] [CrossRef]

	



Sciutteri, V.; Smedile, F.; Vizzini, S.; Mazzola, A.; Vetriani, C. Microbial biofilms along a geochemical gradient at the shallow-water hydrothermal system of Vulcano island, Mediterranean Sea. Front. Microbiol. 2022, 13, 840205. [Google Scholar] [CrossRef] [PubMed]

	



Patwardhan, S.; Smedile, F.; Giovannelli, D.; Vetriani, C. Metaproteogenomic profiling of chemosynthetic microbial biofilms reveals metabolic flexibility during colonization of a shallow-water gas vent. Front. Microbiol. 2021, 12, 638300. [Google Scholar] [CrossRef] [PubMed]

	



Lentini, V.; Gugliandolo, C.; Bunk, B.; Overmann, J.; Maugeri, T.L. Diversity of prokaryotic community at a shallow marine hydrothermal site elucidated by Illumina sequencing technology. Curr. Microbiol. 2014, 69, 457–466. [Google Scholar] [CrossRef] [PubMed]

	



Italiano, F. Hydrothermal fluids vented at shallow depths at the Aeolian islands: Relationships with volcanic and geothermal systems. Res. Shallow Mar. Fresh Water Syst. 2009, 22, 55–60. [Google Scholar]

	



Aliani, S.; Bortoluzzi, G.; Caramanna, G.; Raffa, F. Seawater dynamics and environmental settings after November 2002 gas eruption off Bottaro (Panarea, Aeolian Islands, Mediterranean Sea). Cont. Shelf Res. 2010, 30, 1338–1348. [Google Scholar] [CrossRef]

	



Stefanni, S.; Stanković, D.; Borme, D.; de Olazabal, A.; Juretić, T.; Pallavicini, A.; Tirelli, V. Multi-marker metabarcoding approach to study mesozooplankton at basin scale. Sci. Rep. 2018, 8, 12085. [Google Scholar] [CrossRef]

	



Parada, A.E.; Needham, D.M.; Fuhrman, J.A. Every base matters: Assessing small subunit rRNA primers for marine microbiomes with mock communities, time series and global field samples. Environ. Microbiol. 2016, 18, 1403–1414. [Google Scholar] [CrossRef]

	



Bolyen, E.; Rideout, J.R.; Dillon, M.R.; Bokulich, N.A.; Abnet, C.C.; Al-Ghalith, G.A.; Alexander, H.; Alm, E.J.; Arumugam, M.; Asnicar, F.; et al. Reproducible, interactive, scalable and extensible microbiome data science using QIIME 2. Nat. Biotechnol. 2019, 37, 852–857. [Google Scholar] [CrossRef]

	



Tangherlini, M.; Corinaldesi, C.; Ape, F.; Greco, S.; Romeo, T.; Andaloro, F.; Danovaro, R. Ocean acidification induces changes in virus–host relationships in Mediterranean benthic ecosystems. Microorganisms 2021, 9, 769. [Google Scholar] [CrossRef]

	



Quast, C.; Pruesse, E.; Yilmaz, P.; Gerken, J.; Schweer, T.; Yarza, P.; Peplies, J.; Glöckner, F.O. The SILVA ribosomal RNA gene database project: Improved data processing and web-based tools. Nucleic Acids Res. 2012, 41, D590–D596. [Google Scholar] [CrossRef]

	



Parks, D.H.; Tyson, G.W.; Hugenholtz, P.; Beiko, R.G. STAMP: Statistical analysis of taxonomic and functional profiles. Bioinformatics 2014, 30, 3123–3124. [Google Scholar] [CrossRef]

	



Luna, G.M.; Corinaldesi, C.; Rastelli, E.; Danovaro, R. Patterns and drivers of bacterial α-and β-diversity across vertical profiles from surface to subsurface sediments. Environ. Microbiol. Rep. 2013, 5, 731–739. [Google Scholar] [CrossRef] [PubMed]

	



Tangherlini, M.; Corinaldesi, C.; Rastelli, E.; Musco, L.; Armiento, G.; Danovaro, R.; Dell’Anno, A. Chemical contamination can promote turnover diversity of benthic prokaryotic assemblages: The case study of the Bagnoli-Coroglio bay (southern Tyrrhenian Sea). Mar. Environ. Res. 2020, 160, 105040. [Google Scholar] [CrossRef]

	



Rastelli, E.; Corinaldesi, C.; Dell’Anno, A.; Tangherlini, M.; Lo Martire, M.; Nishizawa, M.; Nomaki, H.; Nunoura, T.; Danovaro, R. Drivers of bacterial α-and β-diversity patterns and functioning in subsurface hadal sediments. Front. Microbiol. 2019, 10, 2609. [Google Scholar] [CrossRef]

	



Clarke, K.R.; Gorley, R.N. PRIMER v6: User Manual/Tutorial; PRIMER-E: Plymouth, UK, 2006; 192 pp. [Google Scholar]

	



McArdle, B.H.; Anderson, M.J. Fitting multivariate models to community data: A comment on distance-based redundancy analysis. Ecology 2001, 82, 290–297. [Google Scholar] [CrossRef]

	



Tang, K.; Zhang, Y.; Lin, D.; Han, Y.; Chen, C.T.A.; Wang, D.; Lin, Y.S.; Sun, J.; Zheng, Q.; Jiao, N. Cultivation-independent and cultivation-dependent analysis of microbes in the shallow-sea hydrothermal system off Kueishantao Island, Taiwan: Unmasking heterotrophic bacterial diversity and functional capacity. Front. Microbiol. 2018, 9, 279. [Google Scholar] [CrossRef] [PubMed]

	



Paerl, H.W. Marine plankton. In Ecology of Cyanobacteria II: Their Diversity in Space and Time; Springer: Dordrecht, The Netherlands, 2012; pp. 127–153. [Google Scholar]

	



Giovannoni, S.J. SAR11 bacteria: The most abundant plankton in the oceans. Ann. Rev. Mar. Sci. 2017, 9, 231–255. [Google Scholar] [CrossRef] [PubMed]

	



Roda-Garcia, J.J.; Haro-Moreno, J.M.; Huschet, L.A.; Rodriguez-Valera, F.; López-Pérez, M. Phylogenomics of SAR116 Clade Reveals Two Subclades with Different Evolutionary Trajectories and an Important Role in the Ocean Sulfur Cycle. Msystems 2021, 6, e00944-21. [Google Scholar] [CrossRef]

	



Ferrer-González, F.X.; Widner, B.; Holderman, N.R.; Glushka, J.; Edison, A.S.; Kujawinski, E.B.; Moran, M.A. Resource partitioning of phytoplankton metabolites that support bacterial heterotrophy. ISME J. 2021, 15, 762–773. [Google Scholar] [CrossRef] [PubMed]

	



Bonch-Osmolovskaya, E.A.; Kublanov, I.V. Calditrichaceae. In Bergey’s Manual of Systematics of Archaea and Bacteria; John Wiley & Sons, Ltd.: Hoboken, NJ, USA, 2021; pp. 1–3. [Google Scholar]

	



Le Moine Bauer, S.; Lu, G.S.; Goulaouic, S.; Puzenat, V.; Schouw, A.; Barreyre, T.; Pawlowsky-Glahn, V.; Egozcue, J.J.; Martelat, J.E.; Escartin, J.; et al. Structure and metabolic potential of the prokaryotic communities from the hydrothermal system of Paleochori Bay, Milos, Greece. Front. Microbiol. 2023, 13, 5084. [Google Scholar] [CrossRef]

	



McIlroy, S.J.; Kirkegaard, R.H.; Dueholm, M.S.; Fernando, E.; Karst, S.M.; Albertsen, M.; Nielsen, P.H. Culture-independent analyses reveal novel anaerolineaceae as abundant primary fermenters in anaerobic digesters treating waste activated sludge. Front. Microbiol. 2017, 8, 1134. [Google Scholar] [CrossRef]

	



Yamada, T.; Sekiguchi, Y. Anaerolineaceae. In Bergey’s Manual of Systematics of Archaea and Bacteria; Kim, S.B., Goodfellow, M., Eds.; John Wiley & Sons, Ltd.: Chichester, UK, 2018; pp. 1–5. [Google Scholar]

	



Silva, J.B.; Centurion, V.B.; Duarte, A.W.; Galazzi, R.M.; Arruda, M.A.; Sartoratto, A.; Rosa, L.H.; Oliveira, V.M. Unravelling the genetic potential for hydrocarbon degradation in the sediment microbiome of Antarctic islands. FEMS Microbiol. Ecol. 2023, 99, 143. [Google Scholar] [CrossRef] [PubMed]

	



Kawaichi, S.; Ito, N.; Kamikawa, R.; Sugawara, T.; Yoshida, T.; Sako, Y. Ardenticatena maritima gen. nov., sp. nov., a ferric iron-and nitrate-reducing bacterium of the phylum ‘Chloroflexi’isolated from an iron-rich coastal hydrothermal field, and description of Ardenticatenia classis nov. Int. J. Syst. Evol. Microbiol. 2013, 63, 2992–3002. [Google Scholar] [CrossRef] [PubMed]

	



Zhou, Z.; St John, E.; Anantharaman, K.; Reysenbach, A.L. Global patterns of diversity and metabolism of microbial communities in deep-sea hydrothermal vent deposits. Microbiome 2022, 10, 241. [Google Scholar] [CrossRef] [PubMed]

	



Zemskaya, T.; Konstantinova, N.; Shubenkova, O.; Pogodaeva, T.; Ivanov, V.; Bukin, S.; Khabuev, A.; Khlystov, O.; Vilkin, G.; Lomakina, A. Microbial Communities of Ferromanganese Sedimentary Layers and Nodules of Lake Baikal (Bolshoy Ushkany Island). Diversity 2022, 14, 868. [Google Scholar] [CrossRef]

	



Sieland, R.; Steinbrückner, D.; Hamel, M.; Merkel, B.; Schipek, M. Geochemical investigations and gas quantification of submarine fluid discharges in the hydrothermal system of Panarea (Aeolian Islands, Italy). In Proceedings of the 1st International Workshop Research in Shallow Marine and Freshwater Systems, Freiberg, Germany, 14–16 May 2009. [Google Scholar]

	



McAllister, S.M.; Vandzura, R.; Keffer, J.L.; Polson, S.W.; Chan, C.S. Aerobic and anaerobic iron oxidizers together drive denitrification and carbon cycling at marine iron-rich hydrothermal vents. ISME J. 2021, 15, 1271–1286. [Google Scholar] [CrossRef]

	



Langwig, M.V.; De Anda, V.; Dombrowski, N.; Seitz, K.W.; Rambo, I.M.; Greening, C.; Teske, A.P.; Baker, B.J. Large-scale protein level comparison of Deltaproteobacteria reveals cohesive metabolic groups. ISME J. 2022, 16, 307–320. [Google Scholar] [CrossRef]

	



Zhong, Y.W.; Zhou, P.; Cheng, H.; Xu, X.W.; Wu, Y.H. Genome sequence of five Zetaproteobacteria metagenome-assembled genomes recovered from hydrothermal vent Longqi, Southwest Indian Ridge. Mar. Genom. 2022, 63, 100936. [Google Scholar] [CrossRef]

	



Antranikian, G.; Suleiman, M.; Schäfers, C.; Adams, M.W.; Bartolucci, S.; Blamey, J.M.; Birkeland, N.K.; Bonch-Osmolovskaya, E.; da Costa, M.S.; Cowan, D.; et al. Diversity of bacteria and archaea from two shallow marine hydrothermal vents from Vulcano Island. Extremophiles 2017, 21, 733–742. [Google Scholar] [CrossRef]

	



Parrilli, E.; Tedesco, P.; Fondi, M.; Tutino, M.L.; Giudice, A.L.; de Pascale, D.; Fani, R. The art of adapting to extreme environments: The model system Pseudoalteromonas. Phys. Life Rev. 2021, 36, 137–161. [Google Scholar] [CrossRef]

	



Twing, K.I.; Ward, L.M.; Kane, Z.K.; Sanders, A.; Price, R.E.; Pendleton, H.L.; Giovannelli, D.; Brazelton, W.J.; McGlynn, S.E. Microbial ecology of a shallow alkaline hydrothermal vent: Strýtan Hydrothermal Field, Eyjafördur, northern Iceland. Front. Microbiol. 2022, 13, 3278. [Google Scholar] [CrossRef]

	



Kirchman, D.L. The ecology of Cytophaga–Flavobacteria in aquatic environments. FEMS Microbiol. Ecol. 2002, 39, 91–100. [Google Scholar] [CrossRef] [PubMed]

	



Gavriilidou, A.; Gutleben, J.; Versluis, D.; Forgiarini, F.; van Passel, M.W.; Ingham, C.J.; Smidt, H.; Sipkema, D. Comparative genomic analysis of Flavobacteriaceae: Insights into carbohydrate metabolism, gliding motility and secondary metabolite biosynthesis. BMC Genom. 2020, 21, 569. [Google Scholar] [CrossRef] [PubMed]

	



Levin, L.A.; Baco, A.R.; Bowden, D.A.; Colaco, A.; Cordes, E.E.; Cunha, M.R.; Demopoulos, A.W.; Gobin, J.; Grupe, B.M.; Le, J.; et al. Hydrothermal vents and methane seeps: Rethinking the sphere of influence. Front. Mar. Sci. 2016, 3, 72. [Google Scholar] [CrossRef]

	



Ashford, O.S.; Guan, S.; Capone, D.; Rigney, K.; Rowley, K.; Orphan, V.; Mullin, S.W.; Dawson, K.S.; Cortés, J.; Rouse, G.W.; et al. A chemosynthetic ecotone—“chemotone”—In the sediments surrounding deep-sea methane seeps. Limnol. Oceanogr. 2021, 66, 1687–1702. [Google Scholar] [CrossRef]

	



Giovannelli, D.; d’Errico, G.; Manini, E.; Yakimov, M.; Vetriani, C. Diversity and phylogenetic analyses of bacteria from a shallow-water hydrothermal vent in Milos Island (Greece). Front. Microbiol. 2013, 4, 184. [Google Scholar] [CrossRef] [PubMed]








[image: Microorganisms 11 02464 g001] 





Figure 1. The figure shows the map of the study area, with the location of the Panarea vent sites (Hot, Cold, and Bottaro Crater Vents) sampled in the present study. The map was generated using Google Earth Pro, version 7.3.6, available at the following URL: https://www.google.it/earth/about/versions/, accessed on 15 May 2023. 
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Figure 2. Bar plots showing the taxonomic composition of prokaryotic assemblages in each bottom seawater sample and sediment sample collected at the different sites investigated in the present study at class level (A) and family level (B). The bar colors reflect the taxonomic color legend next to each plot. 
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Figure 3. Bar plots and extended error bar plots showing the main prokaryotic taxa responsible for the significant differences between Hot Vent sediment (HV_sed) and the other sediment samples investigated in the present study at class (A) and family (B) levels. Sample size is indicated in parenthesis next to the color legend. 
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Figure 4. Bar plots and extended error bar plots showing the main prokaryotic taxa responsible for the significant differences between Cold Vent sediment (CV_sed) and the other sediment samples investigated in the present study at class level (A) and at family level (B). Sample size is indicated in parenthesis next to the color legend. 
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Figure 5. Bar plot and extended error bar plot showing the main prokaryotic taxa responsible for the significant differences between Bottaro Crater Vent sediment (BCV_sed) and the other vent sediment samples investigated in the present study. Sample size is indicated in parenthesis next to the color legend. 
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Figure 6. Bar plot showing values of ASV richness of prokaryotic assemblages in each bottom seawater sample and sediment sample collected at the different hydrothermal vent sites investigated in the present study. 
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Figure 7. Venn diagram showing the shared and exclusive ASVs among all the samples collected from the sites investigated in the present study (A), and bar plot showing the distribution of exclusive ASVs across the different samples investigated in the present study (B). 
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Figure 8. Linear plot showing the cumulative contribution of each sample category to the total (γ-)diversity (at ASV level) of the Panarea shallow-water hydrothermal sites investigated in the present study. The solid line is drawn to emphasize the difference in the contribution between the different sample categories. 






Figure 8. Linear plot showing the cumulative contribution of each sample category to the total (γ-)diversity (at ASV level) of the Panarea shallow-water hydrothermal sites investigated in the present study. The solid line is drawn to emphasize the difference in the contribution between the different sample categories.



[image: Microorganisms 11 02464 g008]













	
	
Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to people or property resulting from any ideas, methods, instructions or products referred to in the content.











© 2023 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (https://creativecommons.org/licenses/by/4.0/).








Check ACS Ref Order





Check Foot Note Order





Check CrossRef













media/file13.jpg





media/file4.png
100%

90%

80%

70%

60%

50%

40%

30%

20%

10%

0%

Cold Hot Vent Bottaro

Vent Crater | Vent Crater Crater
Vent Vent_a Vent_b
Water Sediment

Cold Hot Vent Bottaro Bottaro

W Alphaproteobacteria

W Gammaproteobacteria
Bacteroidia

1 Cyanobacteriia

W Anaerolineae

B Rhodothermia

MPlanctomycetes

W Phycisphaerae

BNB1j

mOM190

M Nitrososphaeria

WM Nanoarchaeia

i Calditrichia

" Desulfobacteria
Acidimicrobiia

" Verrucomicrobiae

[ Desulfobulbia

W Subgroup_22

M Desulfuromonadia

M Latescibacterota

W Zetaproteobacteria

M Thermoanaerobaculia

M Spirochaetia

W Actinobacteria

[ Kiritimatiellae

[ Omnitrophia
Defferrisomatia

' Polyangia

I Ignavibacteria

" Thermodesulfovibrionia

W Others

100%

90%

80%

70%

60%

50%

40%

30%

20%

10%

0%

Cold Hot Vent Bottaro
Vent Crater
Vent

Water

EEEEEEENT
o

Cold Hot Vent Bottaro Bottaro

Vent

Crater Crater
Vent_a Vent_b

Sediment

lPseudoaIteromonadaceae
mClade
FIavoEactenaceae

wAnaerolineaceae
mSphingomonadaceae
mRhodobacteraceae
mCalditrichaceae
ENB1-j
mClade_|
Nitrosopumilaceae
mMariprofundaceae
mArdenticatenales
“Balneolaceae
wmPirellulaceae

mWoeseiaceae

Woesearchaeales
mKiloniellaceae
mLitoricolaceae

mSAR86_clade

Gammaproteobacterla uncIaSS|ﬁed
WAEGEAN-169_marine_grou
mDesulfosarcinaceae

Alpha roteobacterla unclassified
)esulgjrom
Subgrou
Jhycusphaeraceae
Saprospiraceae
Spirochaetaceae
Bacteroidetes_BD2-2
Nitrincolaceae
1-12_marine_group
mRhizobiaceae
mClade_|

25-

nS25
KI89A_clade
“Actinomarinaceae
_atesabacterota
Haliea
Halomonadaceae
2M28

EEEEEE
=2

Cyclobacteriaceae
Thermoanaerobaculaceae
Nitrosococcaceae
Defferrisomataceae
Marinomonadaceae
Desulfocapsaceae
Thermodesulfovibrionaceae

7-8

SG8-4
Microbacteriaceae





nav.xhtml


  microorganisms-11-02464


  
    		
      microorganisms-11-02464
    


  




  





media/file16.png
Cumulative number of ASVs

30,000 ~

25,000 A

20,000 A

15,000 -

10,000 -

5000 A

28,501

CcvV
water

HV
water

BCV
water

CcVv
sediment

HV
sediment

BCV
sediment





media/file2.png
Hot Vent
® Cold Vent

“

.

o \

Bottaro Crater Vent






media/file5.jpg
A Ve A other samples s 195% confidence intervals

Amcrinese pm— ‘ o <1x108
Gammaproicchacters B . e | <ixi0
Ganoacteria P — e
Caatrnis P =~ anior
Aphaprocobscters B — e
pr——— e Siaoe
Poncomyceies e . ixaon
o . —! 1w
Nirosspnaerm: ! e
o= e <1x108
rycsphacre - <1s08
Saceros m— e presra
oo R T R )
Mesn proortion (51 Dtrence i e proprtns 1
B mmvscsws mmAlonersampes s 95% conidence tervats
s —— | <axi®
[ i o <in0s
Anacrinescese o | . o
Catdrcnacens o= ] pres
Fauabacteriacese = i Siaon
Marraundocene P = prear
centcaenaies = L. P
Peuseateromanadicene —_— . Gl
Nirosopumioceoe = prasr iy
[ s pre
00 e 3 0 5 0 5 0 5 10 1

‘Mean proportion (%) Difference In mean proportions (%)

el sholokry

Pvaloe (corected)





media/file3.jpg





media/file1.jpg
Hot Vent <
 Cold Vent o\

Bottaro Crater Vent






media/file7.jpg
A B CVsedn B A other samples o
Gammaprosobactei E— | ot <1x10¥

‘Anacrolinese —— <axion g
Cramaactena et prastes
poit e protri |
inrs e e pritris
Aphaprotsobaciots e preriE
preoit—= = prasrin |
e = Slged
I We-m w0 10w %
e praporion 06 Oference inmean proportons ()
B cmcvses mm anomersampies s 955 contsnce ol
Peudoateromonadscese : ot <1xion
= Sl
Cyanobacteria m—. ] <1x10tF
Aroinescent — eIt
Carcnacess - — preri |
Favobacarcess B o Gxomd
ccncaensis - —] Gxony
oot = it
Nirosopumiscess B el Gxiond
NELj @ —.— <1x10%
o5 Ses 3 5 w5 0 5 W0 15w

‘Mean proportion (%) Diference in mean proportions (%)





media/file10.png
[ BCV _sed (n=1) I All other samples (n=3)

Alphaproteobacteria Emm——
Others
Planctomycetes BE=——
Nitrososphaeria ===
Desulfobacteria B=——=
|

|

95% confidence intervals

| | | | |

|
|
|
|
l
0.0 143 O
Mean proportion (%)

2 3 4 5 6 7

Difference in mean proportions (%)

1.7 x 1072
5.8 x 1073
2.3 x10?
4.0 x 102
3.4 x 10?

p-value (corrected)





media/file12.png
Number of observed ASVs

12,000
10,000
8000
6000
4000

2000

Cold
Vent

Hot
Vent

Water

1B Nl

Bottaro
Crater
Vent

Cold
Vent

Hot
Vent

Sediment

Bottaro Bottaro
Crater Crater
Vent_a Vent_b






media/file9.jpg
(B BCV_sed - N Al other samples i 95% confidence intervals. =

g

Apnoprotconscers Emmm—m— —_—
Oiners —— saxio €
Pancomycetes — 2301008
Nirososphoers — prents
Desuiosocers = ———] 346008

H

00 wso 1 2 3 4 5 & 1 8 9
T Y Tl i DO





media/file0.png





media/file14.png
Bottaro Crater Vent
Cold Vent water
water 741

43 Hot Vent 100
water 90
80
70
60
Hot Vent 50
sediments
30
20
10

% of Exclusive ASVs

Cold Vent

sediments
Bottaro Crater Vent_b

sediments

A

Bottaro Crater Vent_a
sediments

Bottaro
Crater
Vent

Hot
Vent

Water

Cold
Vent

Bottaro Cold Hot
Crater Vent Vent
Vent

Sediment






media/file8.png
A

B

[ CV_sed (n=1) I All other samples (n=3)

95% confidence intervals

Gammaproteobacteria ———————— | —0— <1x10%
Anaerolineae mm— ® ) <1x107%
Cyanobacteriia jpm— —e— | <1x107%
Calditrichia gg— —e— | <1x10%
Others == H_Ii <1 x107%5
Alphaproteobacteria EEs— —— <1x10%
Bacteroidia - I—J—l <1x10?%
NB].-] ._ |_‘I_| < 1 X 10-15
| | | | | \ |
0.0 39.6 —-20 —10 0 10 20 30
Mean proportion (%) Difference in mean proportions (%)

[ CV_sed (=1 I All other samples (n=3) 95% confl|dence intervals
Pseudoalteromonadaceae p—m——-—-43 | ————0—— < 1x107%
Others - @ . l <1x10P
Cyanobacteriia jgg— —— | <1x10?%
Anaerolineaceae jgg— —0— <1x10%
Calditrichaceae g —e— | <1x10
Flavobacteriaceae B2 ——0— <1x10%
Ardenticatenales g <1x10%
Mariprofundaceae g— :' <1x107%
Nitrosopumilaceae B —— <1x10%
NB1-j B- —0— <1x10%

\ | | | | | | | | |
0.0 36.5 —-20 -10 =5 0 5 10 15 20 25

Mean proportion (%)

Difference in mean proportions (%)

p-value (corrected)

p-value (corrected)





media/file11.jpg
12,000
10,000
8000
6000
4000
2000

Number of observed ASVs

Cold  Hot Bottaro Bottaro|
Vent Vent Crater Crater
Vent_a Vent_b|

Cold  Hot Bottar
Vent  Vent Crater
Vent

Water Sediment






media/file6.png
A I HV_sed n=1) [ All other samples (n=3)

95% confidence intervals

Anaerolineae | @A <1x10?"°
Gammaproteobacteria : @ { | <1x10%
Cyanobacteriia [ | o <1x10%
Calditrichia == | o <1x10%
Alphaproteobacteria s —e— <1x10%
Zetaproteobacteria | o <1x10®
Planctomycetes jmmm- Lo <1x10P
Others —o—, <1x10%
Nitrososphaeria jgsg- —OH <1x10?"°
NB1-j B o | <1x107%
Phycisphaerae B e | <1x10®
Bacteroidia : o <1x107%
| | | | | ]
0.0 26.3 —30 -20 -10 0 10 20
Mean proportion (%) Difference in mean proportions (%)
B I HV_sed n=1) [ All other samples (=3 95% confidence intervals
Others : @ : | <1x10%
Cyanobacteriia == | o <1x107%
Anaerolineaceae === | @ <1x1