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Introduction

This study provides a comprehensive analysis of the microbial communities in marine environments across different geographical regions, including the Mediterranean Sea (Northwest and Southwest), the Atlantic Ocean, the Arctic Ocean, and the Indian Ocean. The goal of this research is to examine the diversity and composition of microbial life in these ecosystems and investigate the impact of environmental factors on microbial communities.





Materials and methods

High-throughput NGS sequencing techniques of the V3-V4 variable region of the 16S rRNA gene was employed to identify bacterial composition of the epipelagic communities in 45 water samples, using the MiSeq rRNA amplicon sequencing protocol (Illumina). Shannon index was used to described population diversity in samples.





Results

We identified significant differences in the bacterial composition of these ecosystems, highlighting the dominance of Proteobacteria, Cyanobacteria, and specific genera such as SAR11, Alteromonas, and Synechococcus. Variations in microbial communities were strongly influenced by environmental factors such as temperature and salinity. Notably, the Mediterranean exhibited the highest microbial diversity, while the Atlantic displayed thelowest.





Discussion

Our results reveal the complex interplay between microbial life and environmental conditions, emphasizing the need for long-term monitoring of these communities. These baseline data are essential for understanding the impacts of climate change and anthropogenic pollution on marine ecosystems. By improving our understanding of microbial biodiversity and its connection to ecological and human health, this study contributes to the broader goal of planetary health, offering a foundation for future efforts to mitigate the effects of environmental alterations.
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1 Introduction

Marine microbes live in a dynamic equilibrium, interacting in numerous ways with each other and with the surrounding environment, through complex trophic networks, ruled by cross-feeding and ecological successions. Numerous factors influence the structure of marine bacterial communities such as inorganic nutrient concentration, phosphorus, nitrogen, seasonal variations, depth, oxygen levels, salinity, algal composition, and particulate organic carbon. Environmental variables drive genetic and functional diversity across locations, selecting for the most suitable metabolic capabilities under specific conditions (Morales and Holben, 2011). In marine habitats, mutualism and competition are obligate strategies shaping the structure of the bacterial community at any given time, following seasonal succession in prokaryotes and picoeukaryotes species abundance (Giordano et al., 2024; Korlević et al., 2022). Through the interaction network called Microbial loop, microorganisms contribute to global biogeochemical cycles, the recycling of organic debris, and the maintenance of balance and productivity within oceanic food chains (Cherabier and Ferrière, 2022). Moreover, in natural ecosystems, microorganisms play a critical role in the biodegradation of pollutants, while the high diversity within microbial communities enhances their resilience to the spread of antimicrobial resistance, both of which are vital for maintaining planetary homeostasis (Klümper et al., 2024).

Microbes are key players in horizontal gene transfer, which enables entire bacterial communities to rapidly adapt to environmental fluctuations, acting as a superorganism that responds to real-time changes. Furthermore, secondary metabolites, produced in a diverse range of molecules, serve crucial ecological roles by providing selective advantages and facilitating chemical communication between species and their environment (Giordano et al., 2015).

The functioning of ecosystems has been dramatically altered in last decades by human activities and pollutants (Hajji and Lucas, 2024). In the marine environment, xenobiotic molecules of human origin have a profound impact on the stability of microbial communities, which should be considered a fundamental standard for maintaining water quality, preserving ecosystem health, and advancing sustainable development (Nimnoi and Pongsilp, 2020). Anthropogenic pollution, including excess nutrients, microplastics, heavy metals, and chemicals, significantly impacts marine microbial communities, especially in coastal areas, where increased exposure leads to disruptions in community structure, diversity, and ecosystem functions. Iron fertilization of the seas is widely used, not without consequences for algal blooms (Buesseler et al., 2008). In such a vast and interconnected habitat, marine trade contributes to the spread of bacterial strains from allochthonous sites, implementing the core microbiota of the ocean and thus attenuating biogeographic specificity. Changes in the physiology or abundance of one organism alter ecosystems, affecting other taxa and reshaping communities (Hennon et al., 2018). Artificial substrates (e.g. microplastics) floating in the oceans or sinking for degradation are a major environmental concern, both through the diffusion of chemical pollutants and through microbial adhesion to suspended particles in the water column (Harbeitner et al., 2024), with a demonstrated ability to spread antimicrobial resistance genes and strains to new areas via horizontal gene transfer (Bowley et al., 2021; Stevenson et al., 2024; Yang et al., 2019).

Of particular concern are the effects of bacterial population shifting on aspects directly or indirectly related to human health. Climate alteration is enhancing infection patterns for certain diseases previously occurring mainly in warm regions: pathogenic bacteria are thriving in their familiar habitats and adapting to new areas as their ranges expand. Some species of the genus Vibrio are among the most potentially dangerous human pathogens (Baker-Austin et al., 2016; Semenza et al., 2017; Vezzulli, 2023).

Research efforts have primarily focused on coastal regions within specific geographical areas, leaving much of the open ocean underexplored in terms of its microbial communities and their interactions with environmental biotic and abiotic factors. Moreover, our understanding of the whole network of relationships between bacterial groups cannot be sufficiently supported by in vitro studies, since most marine bacteria remain unculturable under canonical laboratory conditions (Stulberg et al., 2016) although interesting perspectives have been proposed by some authors (Berdy et al., 2017; Rodrigues and de Carvalho, 2022).

Sequencing technology and computational methods for analysing large DNA sequence datasets have significantly enhanced our understanding of marine microbial physiology and interactions (Moran, 2015). High-throughput next-generation sequencing (NGS) technology targeting the taxonomically informative 16S rRNA gene is the standard method for exploring the entire bacterial community in marine environments. While it provides detailed insights into the composition and diversity of microbial communities, its resolution is generally limited to broader taxonomic levels, such as genus. It is estimated that only a small fraction of the microbial species in the ocean have been catalogued, with the true extent of diversity likely far exceeding what is represented in current databases, believed to encompass less than 5% of oceanic microbial communities (Sunagawa et al., 2015).

Building on previous global marine projects (e.g. TARA Oceans, 2009-2013) (PANGAEA, 2017), this research aims to enhance our understanding of oceanic microbial communities by investigating their diversity and key physico-chemical drivers, and looking forward to how changes in these factors might affect the structure and dynamics of marine microbial communities, including any shifts in their composition.

This research is part of the Sea Care project, a three-year investigation (2022-2025), that is a collaborative initiative between the Italian Military Navy and the National Institute of Health - Istituto Superiore di Sanità (ISS). The aim of this global project is to study the health risks associated with emerging contaminants in the marine environment and climate change, from a ‘planetary health’ perspective, covering the world’s oceans.

The data presented in this study, obtained from the first-year project, are crucial for understanding the ocean’s microbiome. This knowledge provides a valuable baseline for understanding ocean microbiome composition and variability across regions and may contribute to future efforts in long-term ecological monitoring, ocean health assessments, and the development of informed strategies for sustainable marine governance, in line with the objectives of the UN2030 Agenda.




2 Materials and methods



2.1 Water sampling and filtration

Between May 2022 and January 2023, during four sampling campaigns, a total of 45 marine water samples (Supplementary Table S1; Figure 1) were collected aboard 4 military naval vessels: Amerigo Vespucci, Caio Duilio, Alliance, and Paolo Thaon di Revel. The routes crossed the Mediterranean Sea, the Indian Ocean (including Persian Gulf, the Gulf of Oman, the Gulf of Aden and the Red Sea), the Atlantic Ocean and the Arctic Ocean. Sampling procedures were adapted to the operational conditions of each vessel and to the prevailing weather and sea state. Whenever possible, the ship was brought to a complete stop and seawater was collected manually from the starboard side near the bow, after temporarily shutting off all nearby discharges to minimize contamination risk. Alternatively, when sea conditions permitted, a small boat (launch) was deployed to collect samples at a short distance from the main vessel. These precautions were taken to avoid any contamination from the ship’s structure or engine. At each site, 3–5 L of surface seawater were collected from approximately 30 cm depth using a dedicated bucket that was thoroughly sanitized after each use. To focus on the free-living microbial fraction and minimize membrane clogging, a two-step filtration procedure was performed on board using a vacuum filtration system. Seawater was first pre-filtered through a 5 µm mesh filter (mixed cellulose esters, Millipore) to remove larger particles. The resulting filtrate was then passed through a 0.22 µm sterile membrane filter (mixed cellulose esters, 47 mm diameter, Millipore) to retain microbial cells. Each 0.22 µm filter was placed in a sterile 2 mL tube and stored at −20 °C until DNA extraction.

[image: Map showing sampling locations in the Atlantic Ocean, Mediterranean Sea, Arctic Ocean, and Persian Gulf. Symbols indicate seasonality: circles for spring, squares for summer, triangles for fall, and stars for winter. Colors represent the Shannon Diversity Index, ranging from light to dark brown. Arrows depict the main current directions during sampling periods. Legends are included for reference.]
Figure 1 | Sampling points from the first-year campaign of the Sea Care project are provided, along with the Shannon Diversity Index (H), the season of sampling, and the direction of marine currents at the time of sampling. The main currents direction is represented as monthly average during the sampling period and is elaborated starting from data by Copernicus Marine Service (CMEMS https://marine.copernicus.eu/, database DOI: 10.48670/moi-00016).




2.2 Determination of seawater environmental parameters

Seawater temperatures, pH, salinity and chlorophyll were measured on site at each sampling location using a handheld multi-parameter water quality probe (IDRONAUT, Ocean Seven 316 Plus) equipped with dedicated sensors for each parameter.





2.3 DNA extraction, sequencing, bioinformatics, and statistical analysis

Total DNA from the prokaryotic biomass retained on the membrane filters was extracted in the laboratory using the DNeasy PowerWater Kit (Qiagen) according to the manufacturer’s instruction. DNA purity and concentration were determined using a Qubit 4.0 Fluorometer with the Qubit dsDNA HS Assay Kit (Thermo Fisher Scientific), following the manufacturer’s instructions.

The V3–V4 region was amplified using the primer pair 341F (5′-CCTACGGGNGGCWGCAG-3′) and 785R (5′-GACTACHVGGGTATCTAATCC-3′), originally designed by Klindworth et al. (2013), which target a ~460 bp fragment of the 16S rRNA gene. The V3–V4 variable region was sequenced following the MiSeq rRNA Amplicon Sequencing protocol (Illumina, San Diego, CA) with some modifications. The detailed methodology for DNA extraction, PCR amplification, and sequencing, including reagent concentrations, cycling conditions, and sequencing protocol, is provided in the Supplementary Materials.

Sequencing was performed on an Illumina MiSeq platform. Bioinformatics analyses were performed in Quantitative Insights into Microbial Ecology v2022.2 (QIIME2) software suite and R packages, the DADA2 algorithm, and an in-house trained classifier for taxonomy assignment. The Silva database, release 138.1 was used to identify the bacterial flora in each sample and to compare them between groups.

The relative abundance rate of the bacteria was determined at both the phylum and genus level, focusing on taxa that accounted for at least 1% of the total microbial community in each water sample.

The alpha diversity index was calculated for each library, and the analysis refers to the variety and complexity of species in a community. Shannon index was used to describe population diversity in samples (Sarmiento et al., 2019).

Statistically significant differences in alpha diversity (Shannon) in pairwise comparisons between bacterial communities from different geographical areas were estimated using the Kruskal-Wallis pairwise test (QIIME2). The correlation between physico-chemical parameters and bacterial genera abundance was determined using Pearson’s correlation. Due to the compositional nature of relative abundance data, Pearson correlation analysis required appropriate data transformation to avoid spurious results. Following Gloor et al. (2017), relative abundance data were transformed using centered log-ratio (CLR) transformation implemented in the “compositions” package (version v.4.3.1).





3 Results



3.1 Sequence read summaries

Details on the sequence read summaries, including the total number of filtered reads, geographic group distributions, and amplicon sequence variant (ASV) clustering, are provided in the Supplementary Materials (Supplementary Table S2). Sequences were submitted to the NCBI Sequence Read Archive (SRA) (link to be provided at proof stage, currently under review).




3.2 Marine microbiome

A total of 31 distinct phyla were identified. The most prevalent phyla, along with their occurrence percentages across the 45 sampling sites, were: Proteobacteria, Actinobacteriota, and Bacteroidota (100%), Cyanobacteria (95.5%), Verrucomicrobiota (93.3%), Marinimicrobia (82.2%), Campylobacterota (75.5%), and Firmicutes (15.5%). These phyla appeared in varying proportions across the samples. Proteobacteria were the most abundant at all sites, with relative frequencies ranging from 31.50% to 94.30%, followed by Bacteroidota (0.20%–48.11%), Cyanobacteria (0.19%-46.20%), Actinobacteriota (1.11%-18.59%), Firmicutes (0.09%–14.30%), Verrucomicrobiota (0.07%-3.84%), Campylobacterota (0.07%-2.80%), and Marinimicrobia (0.08 -1.77%).

Approximately 400 bacterial genera were identified within the 45 microbial communities examined. The heat map in Supplementary Figure S4 represents the relative abundance of bacterial genera identified in seawater samples collected from different geographical regions, as determined by 16S rRNA gene sequencing. Only genera with a relative abundance greater than 1% were included in this heat map to simplify visualization, highlight the most significant taxa, and minimize the influence of low-abundance taxa. A core group of 15 genera is shared by the Atlantic, Mediterranean and Indian Oceans, while the Arctic Ocean has a different composition, with a smaller number of genera.

The north-western (NW) Mediterranean shows a greater diversification of genus composition, as seen in the central part of the map. SAR11 clade Ia was the most widespread genus identified in this study, with higher relative abundances in Mediterranean and Atlantic water samples. Even at lower abundance levels, SAR11 clade II remained widely distributed. A high abundance of Alteromonas and Pseudoalteromonas was observed in some samples from the NW Mediterranean Sea and from the Atlantic Ocean, respectively. These two genera were predominant in number of ASVs (Alteromonas 28253 ASVs in the sample MED NW7; Pseudoalteromonas 19432 ASVs in ATL OC1). Except for the Arctic Ocean, where Synechococcus_CC9902 was detected sporadically and in trace amounts (below 1% relative abundance), the genus was present in all other geographic areas considered, with the highest relative abundance in Mediterranean Sea samples. Two other genera frequently encountered are AEGEAN-169_marine_group and SAR86.

The microbial community structures across different geographical areas are presented in Figures 2–6. For each geographical area, the detected bacterial phyla and genera are presented in bar-coded form, with the results described individually. For clarity and consistency, taxonomic composition plots at the genus level (Figures 2-6, lower panels) display only those ASVs that could be classified at the genus level. ASVs assigned only at the family level or higher were excluded from these visualizations.

[image: Stacked bar charts showing the composition of bacterial phyla and genera in the Arctic Ocean at five sites labeled ARC OC 1, 3, 6, 7, and 8. The top chart depicts phyla, dominated by Proteobacteria, Bacteroidota, and others. The bottom chart shows genera distribution, with SAR11 IA, SAR116, and others being prevalent. Percentages range from 0 to 100 on the x-axis. Both charts use distinct colors to represent different bacterial groups.]
Figure 2 | Relative abundance of bacterial phyla and genera in the Arctic Ocean.

[image: Bar charts display the relative abundance of bacterial phyla and genera in the North-West Mediterranean. The top chart shows phyla, with Proteobacteria dominating. Other phyla include Bacteroidota, Actinobacteriota, and Cyanobacteria. The bottom chart illustrates genera distribution, with SAR11 variants being prevalent. Various colors represent different taxonomic groups, with each bar corresponding to a specific sample labeled MED NW 1 to 16. Percentages are indicated from zero to one hundred on the horizontal axis. Legends identify each group with distinct colors for easy reference.]
Figure 3 | Relative abundance of bacterial phyla and genera in the Northwest Mediterranean Sea.

[image: Bar charts show the distribution of bacterial phyla and genera in the Atlantic Ocean across eight sites (ATL OC 1-8). The top chart displays phyla like Proteobacteria and Cyanobacteria, while the bottom chart shows genera such as SAR11 and Synechococcus. Both charts use colored bars to represent the percentage composition of each category, with a legend for reference.]
Figure 4 | Relative abundance of bacterial phyla and genera in the Southwest Mediterranean Sea.

[image: Bar charts display the bacterial composition in the South-West Mediterranean. The top chart shows the distribution of bacterial phyla, with Proteobacteria as the dominant group. The bottom chart illustrates bacterial genera diversity, highlighting variations across samples MED SW 1 to MED SW 6. Different colors represent distinct bacterial types in each chart.]
Figure 5 | Relative abundance of bacterial phyla and genera in the Atlantic Ocean.

[image: Bar graphs illustrate bacterial composition in the Indian Ocean, divided by phyla and genera across eight sites (IND OC 1 to IND OC 8). The first chart details phyla like Proteobacteria and Cyanobacteria, showing dominance variations. The second chart shows genera, including SAR11 and Synechococcus, highlighting distribution differences. Colors represent specific bacterial groups.]
Figure 6 | Relative abundance of bacterial phyla and genera in the Indian Ocean.




3.2.1 Arctic ocean

The relative abundances of bacterial phyla and genera detected in the Arctic Ocean are shown in Figure 2. The phyla Proteobacteria and Bacteroidota accounted for more than 90% of the relative abundance. Fibrobacterota and Actinobacteriota were also present with relative abundances of approximately 6% in the samples that were richer in these two minority phyla (ARC OC 1 and ARC OC 7, respectively). Cyanobacteria were only present in traces in some of these samples. At the genus level, the predominance of the SAR11 clade Ia was characteristic of samples ARC OC 1, ARC OC 3, and ARC OC 8. In the northern most samples ARC OC 6 and ARC OC 7, the genus Polaribacter, belonging to the phylum Bacteroidota, was predominant with a relative abundance of more than 40%. The highest relative abundance for the genus Sulfitobacter was found in the sample ARC OC 7 (13.2%) and ARC OC 6 (13.1%), while the lowest was found in ARC OC 1 (1.2%). The Nitrincolaceae were consistently present in the analysed samples, with percentages ranging from ~5% to ~16%, with the highest percentages observed in the ARC OC 6 and 7 samples. The genus Rhodococcus, belonging to the family of Nocardiaceae, detected in samples ARC OC 3-6-7 and 8, had the highest relative abundance in sample ARC OC 7 (4%).




3.2.2 Northwest Mediterranean sea

At the phylum level, the NW Mediterranean Sea was dominated by Proteobacteria, which accounted for more than 90% of the total population in some samples (MED NW 5, 6, and 7) (Figure 3). The second most abundant phylum was Cyanobacteria, with the highest percentages found in samples MED NW 3 (35.6%) and MED NW 14 (34.6%).

The dominant group across all samples was the SAR11 clade Ia, with more modest yet notable contributions from other clades such as II, III, IV, and Ib. Notably, clade II is the second most abundant after Ia, reaching 9.4% in sample MED NW 11.

Among the Alphaproteobacteria, the SAR116 group stood out for its relevance, with a maximum percentage of 14.3% in sample MED NW 13. Among the Gammaproteobacteria, Alteromonas was one of the most common genera with a relative abundance value reaching 81.2%, alongside the SAR86 group (9%). The genus Idiomarina was also significant: although absent in samples MED NW 1 through MED NW 7, it was present in all the other samples with varying percentages, reaching 26.6% in sample MED NW 13.

Regarding bacteria of the family Flavobacteriaceae, the genus Salegentibacter was found, with a presence varying from 0.1% (MED NW 9) to 8.6% (MED NW 16). The genus Vibrio was identified only in a few samples, with a presence of 0.4% in samples MED NW 6 and MED NW 7, and 0.2% in sample MED NW 9.

Finally, the genus Acinetobacter was present in high percentages in four samples: MED NW 8 (12.9%), MED NW 12 (10.9%), MED NW 1 (9%), and MED NW 4 (6.9%).





3.2.3 Southwest Mediterranean sea

The analysis of bacterial phyla in the southwestern Mediterranean is shown in Figure 4. Proteobacteria were the dominant phylum in all samples, with relative abundances ranging from 42.5% in the MED SW 4P sample to 88% in MED SW 6.

Cyanobacteria represented a substantial proportion of the bacterial community in certain samples, peaking at 46.2% in MED SW 4P and reaching its lowest level of 5.7% in MED SW 6.

Sample MED SW 4P exhibited the lowest contribution of Proteobacteria, the highest abundance of Cyanobacteria, and the maximum detection of Verrucomicrobiota (3.9%).

Bacteroidota was consistently present across all samples, with percentages ranging from 3.9% in MED SW 2 to 9.7% in MED SW 4. SAR11 clade Ia was the most prominent genus, with its peak in sample MED SW 3 (27.1%) and the lowest abundance in MED SW 4 (11.7%). SAR11 clade II contributed to the microbial community, with a maximum of 4.5% in MED SW 6P. SAR116 showed moderate representation, reaching 5.7% in MED SW 1. Among the Gammaproteobacteria, the genus Alteromonas was remarkable, especially abundant in MED SW 2 (13.9%) but absent in MED SW 4P. Another noteworthy genus was Idiomarina, which dominated certain samples such as MED SW 6 (46%) and MED SW 4 (29.6%). Synechococcus and Prochlorococcus were the most abundant genera. Synechococcus was particularly prominent in sample MED SW 4P (45.8%). Prochlorococcus, although less abundant, showed its highest representation in MED SW 1 (14.4%). Finally, Vibrio was detected in 50% of the samples.




3.2.4 Atlantic ocean

In the Atlantic Ocean samples (Figure 5), Proteobacteria was the most abundant phylum, with the highest proportion observed in ATL OC 1 (94.3%) and the lowest in ATL OC 8 (64.2%). Cyanobacteria was the second most prevalent phylum, with a maximum relative abundance recorded in ATL OC 6 (24.5%) and a minimum in ATL OC 1 (4.6%). The Marinimicrobia (SAR 406) phylum was present in small but notable proportions, particularly in ATL OC 4 and ATL OC 5, with values of 1.6% and 1.8% respectively. At the genus level, Synechococcus was found consistently among the most abundant cyanobacterial genera across Atlantic samples, although its relative abundance varied markedly among stations, peaking at ATL OC 4 (12.6%) and ATL OC 5 (10.3%), and showing lower levels at ATL OC 7 (1.8%). Pseudoalteromonas reached a high relative abundance in ATL OC 1 (75.6%), where it represented a dominant component of the community. Alteromonas was also well represented across multiple sites, particularly in ATL OC 7 (45%) and ATL OC 6 (30.6%). Additional genera, such as SAR11 clade Ia, Prochlorococcus and AEGEAN-169 marine group were recurrently detected and contributed to the overall diversity.




3.2.5 Indian ocean

Two phyla from the Archaea domain, Thermoplasmatota and Nanoarchaeota, were detected with percentages never exceeding 2% (Figure 6). The bacterial phyla Proteobacteria, Bacteroidota and Actinobacteriota were well represented in the Indian Ocean samples, with peak abundances of 89.2% (IND OC 7), 7% (IND OC 1) and 17% (IND OC 1), respectively, while Nanoarchaeota and Thermoplasmatota were detected with percentages never exceeding 2%.

Proteobacteria abundance ranged from a high of 89.2% in IND OC 7 to a low of 31.5% in IND OC 4. Analysis of bacterial genera in the Indian Ocean samples revealed the occurrence of SAR11 clade I, SAR 11 II, and SAR 11 IV (the latter less than 1%) across all samples.

Synechococcus was the most abundant and widespread genus, detected in all the samples examined. The genus Alteromonas was predominant in most samples, surpassing Pseudoalteromonas in all cases except for IND OC 2, where Pseudoalteromonas peaked at 20.9%. The genus SAR86 was widespread in this area, although its abundance varied: it reached a maximum in IND OC 1 (7.7%), but declined in IND OC 7, where it was almost absent (0.4%). Prochlorococcus was found in 3 samples reaching a relative abundance of 16.8% in sample IND OC 2. IND OC 6 had the highest proportion of the genus Vibrio among all Indian Ocean samples with 25.5%, followed by IND OC2, IND OC 5, IND OC 6 and IND OC3 with 5.6%, 4.2%, 2.6% and 1.7% respectively.





3.3 Alpha diversity

Figure 7 shows the Shannon alpha diversity index of microbial communities across the different geographic regions, highlighting variations in community richness and evenness. Statistically significant differences among oceanic regions are reported in Supplementary Table S3 (Kruskal–Wallis, p < 0.05).

[image: Box plot showing alpha diversity (Shannon index) across five regions: MED SW, MED NW, ATL OC, ARC OC, and IND OC. Each box represents data distribution with median, quartiles, and outliers. Colors: red (MED SW), orange (MED NW), blue (ATL OC), grey (ARC OC), and green (IND OC).]
Figure 7 | Alpha-diversity Shannon index of microbial communities from different geographic areas.

The Mediterranean Sea exhibited the highest alpha diversity among all sampled areas. Both subregions—northwestern (MED NW) and southwestern (MED SW)—had significantly higher Shannon values than the Arctic Ocean and the Indian Ocean, with a particularly marked difference between MED NW and the Indian Ocean (p < 0.01), and a significant difference between MED SW and the Indian Ocean (p < 0.05). Among the two Mediterranean subregions, MED NW showed slightly higher median diversity than MED SW.

The Atlantic Ocean showed the broadest variability in Shannon values across sites, as reflected by the large interquartile range. While some samples had high diversity, the median value was comparable to MED SW but lower than MED NW.

The Arctic Ocean displayed the lowest alpha diversity, with minimal variation between samples. The Indian Ocean, which includes semi-enclosed basins like the Persian Gulf, Gulf of Oman, Gulf of Aden, and Red Sea, also showed significantly lower alpha diversity compared to both Mediterranean subregions.

The spatial arrangement of sampling sites, overlaid with Shannon diversity classes, is shown in Figure 1, offering insight into the geographic structuring of microbial alpha diversity.




3.4 Environmental parameters

Detailed results for temperature, salinity, and chlorophyll in the seawater samples are provided in the Supplementary Materials. Supplementary Figure S1 illustrates seawater temperatures across the sampling sites, ranging from nearly 0°C in the Arctic Ocean samples to approximately 30°C in the Indian Ocean. Supplementary Figure S2 shows salinity values (PSU) across the sampling sites, ranging from approximately 30 PSU in Arctic Ocean samples to values approaching 40 PSU in tropical waters and in a few samples from the northwestern Mediterranean Sea. In the southwestern Mediterranean, salinity values were lower, reaching approximately 37.5 PSU. Supplementary Figure S3 illustrates chlorophyll concentrations (µg/L) across the sampling sites. The values show a high degree of variability, with peaks observed in certain samples from the North-Western Mediterranean and the Atlantic Ocean, reaching up to 17.8 µg/L, while most other sites exhibit lower concentrations.





3.5 Correlation of bacterial relative abundance with environmental parameters

The analysis of correlations between the relative abundance of microbial genera and environmental variables revealed distinct patterns associated with salinity, chlorophyll, and temperature, as shown in Figure 8. Regarding salinity, many genera exhibited negative correlations, indicating higher abundance in lower salinity waters. Notably, Marine Group II, Candidatus Actinomarina, Thalassotalea, and Synechococcus CC9902 showed pronounced negative associations with salinity. Conversely, some taxa such as the SAR116 clade and KI89A clade were more abundant in environments characterized by higher salinity.

[image: Heatmap illustrating Pearson correlation between various bacterial families and environmental factors: chlorophyll, salinity, and temperature. Correlation coefficients range from -1.0 (purple) to 1.0 (yellow), with labels listing bacterial families and groups.]
Figure 8 | Pearson correlation heatmap between the relative abundance of bacterial genera/clades and environmental variables (temperature, salinity, and chlorophyll) at the sampling sites. Total relative abundance data were used, without applying any thresholds. Taxa are reported at the genus level according to SILVA classification. Only in cases where the genus was annotated as uncultured, the corresponding higher taxonomic rank is shown. The prefixes “g” and “f” indicate taxonomic assignments at the genus and family levels, respectively.

In relation to chlorophyll, only Leeuwenhoekiella and Mesonia were weekly positively correlated.

Correlations with temperature were more variable across taxa. Groups like the SAR86 clade, SAR116 clade, and SAR92 clade showed positive correlations with temperature, while others such as SAR11 clade I, and UBA10353 marine group correlated negatively, indicating differing temperature preferences. Although the main correlation analysis was conducted on the entire dataset (n = 45) to ensure adequate statistical power, additional correlation heatmaps stratified by geographic region are presented in Supplementary Figure S4, allowing a more detailed inspection of area-specific patterns.





4 Discussion

This study provides a global overview of the diversity and composition of epipelagic bacterial communities across multiple oceanic regions. The selection of the sequenced 16S rRNA region was driven by its widespread use in marine microbiome studies and its proven compatibility with the Illumina MiSeq platform, enabling direct comparison with a large number of publicly available datasets (Klindworth et al., 2013; Caporaso et al., 2012; Sunagawa et al., 2015; Choi et al., 2021; Parada et al., 2016).

The analysis of bacterial communities across the 45 sampling sites revealed a high microbial diversity, identifying 31 distinct phyla and approximately 400 genera. The dominance of Proteobacteria, Actinobacteriota, and Bacteroidota, which were present in all samples, underscores their ecological significance in marine environments.

The wide range of relative abundances of Proteobacteria reflects their adaptability to diverse environmental conditions and their central role in nutrient cycling and organic matter degradation (Sunagawa et al., 2015). Actinobacteriota, a group of microorganisms widely distributed in the marine environment, has developed different metabolic strategies with greater potential for carbohydrate and recalcitrant compounds degradation. These bacteria can rapidly sense and respond to external environmental cues needed to survive environmental changes. In this context, a specific transcriptional regulator involved in iron-sulphur cluster-bound proteins has been described (Roda-Garcia et al., 2023). This group has also been studied for years as a producer of various bioactive substances with biotechnological and therapeutic potential (Manivasagan et al., 2014; Sheikh et al., 2018).

Bacteroidota, detected across all samples, contribute to the degradation of complex organic matter, reinforcing their importance in nutrient recycling and ecosystem functioning (Fernández-Gómez et al., 2013).

The high abundance of Cyanobacteria at sites with favorable light and temperature conditions highlights their importance as primary producers (Scanlan et al., 2009). The most abundant genera were Synechococcus (detected in 43 out of 45 sites) and Prochlorococcus (26/45), the most important photosynthetic organisms in seawaters. In particular, Synechococcus thrives in well-lit, nutrient-poor conditions, making it a key primary producer (Scanlan et al., 2009). Prochlorococcus, while characterized by low relative abundance in the analysed samples, prefers stable, nutrient-limited environments, contributing significantly to carbon fixation (Flombaum et al., 2013; Kent et al., 2019; Mella-Flores et al., 2012).

SAR11 clade Ia emerged as the most widespread and abundant genus, but other SAR11 clades were frequently detected in this order of abundance: clade II, clade IV, clade III and clade Ib. This Alphaproteobacteria genus was defined using 16S rRNA gene and internal transcribed spacer (ITS) analyses, which allowed members to be grouped into several clades with distinct spatiotemporal abundance patterns (Haro-Moreno et al., 2020; Tucker et al., 2021). As the most abundant group of planktonic bacteria globally, SAR11 thrives in nutrient-poor environments due to its small cell size and streamlined genome (Morris et al., 2002). Its ability to oxidize organic compounds to CO2 and facilitate nutrient fluxes underscores its pivotal role in the global carbon cycle (Giovannoni, 2017).

Among Alphaproteobacteria, another common genus found everywhere was the SAR116 group; it is notable for its involvement in carbon and sulfur cycles, linking microbial activity to broader biogeochemical processes (Roda-Garcia et al., 2021).

Alteromonas and Pseudoalteromonas, the two most frequent Gammaproteobacteria found, stood out for their high abundances in the northwestern Mediterranean Sea and Atlantic Ocean, respectively. These genera are known for their algicidal properties, regulating algal blooms and preventing eutrophication. Their ability to produce bioactive compounds, such as enzymes and toxins, not only helps to limit the growth of other microbial species but also positions them as important contributors to nutrient remineralization and biodegradation. Their biotechnological potential, including applications in bioremediation and antibiotic production, underscores their ecological and practical importance (Cho, 2012; He W. et al., 2023; Offret et al., 2016).

Two other Proteobacteria genera that were consistently detected were AEGEAN-169_marine_group and SAR86, suggesting significant contributions to marine ecosystem functions, although their specific ecological roles remain less explored (Dupont et al., 2012; Getz et al., 2023).

To simplify, the results obtained are discussed for each of the areas, highlighting particular findings.



4.1 Arctic ocean

The bacterial community structure in the Arctic Ocean reflects the adaptations necessary to survive in one of the most extreme marine environments.

Key taxa such as SAR11, Polaribacter, Sulfitobacter, SAR 92, and Amylibacter drive essential biogeochemical processes, including carbon and sulfur cycling and nutrient fluxes, underscoring their significance in polar ecosystems.

Polaribacter, identified as a major degrader of polysaccharides (Avcı et al., 2020; Deming and Eric Collins, 2017), is particularly abundant in northern samples, emphasizing its role in processing organic matter derived from phytoplankton blooms. Similarly, Sulfitobacter, a key player in the sulfur cycle, interacts with marine microalgae to degrade algal-derived organic sulfur compounds (Zeng et al., 2020). SAR 92 bacteria are potential degraders of organosulfur molecules and sources of climate-active gases in the marine environment, especially in polar regions (He X.-Y. et al., 2023).

The consistent detection of Nitrincolaceae and Amylibacter highlights their contributions to nitrogen cycling and organic matter degradation, respectively. The exclusive presence of Amylibacter in Arctic samples, with relative abundances ranging from 1.3% (ARC OC 6-7) to over 14% (ARC OC 1), suggests its adaptation in cold environments (Wietz et al., 2021).

The detection of Fibrobacter, the only one genus comprised in the phylum Fibrobacterota traditionally associated with lignocellulose degradation in herbivore guts (Ransom-Jones et al., 2012), suggests a broader ecological role in Arctic waters, contributing to organic matter breakdown.

Rhodococcus, belonging to Actinobacteriota, previously identified in polar regions, underscores the unique metabolic versatility of Arctic microbial communities (Ferrera-Rodríguez et al., 2013). These bacteria are involved in the removal of hydrocarbons from Arctic seawater and coastal soils, and some authors suggest their potential application in bioaugmentation strategies for the remediation of oil-contaminated polar environments (Semenova et al., 2022).

As expected, the low abundance of Cyanobacteria, reflects their limited success in polar waters due to environmental constraints such as low temperatures, reduced light availability, and grazing pressure (Vincent, 2000; Zakhia et al., 2008). These factors inhibit their growth, making them less competitive compared to other bacterial taxa.




4.2 Northwestern Mediterranean

Among all the samples analysed, this area exhibits the highest presence of the Gram-positive phylum Firmicutes, especially in MED NW 8 (14.3%) and MED NW 12 (7.8%).

Although at low abundance, Campylobacterota phylum was detected only in this geographic area in 25% of the analysed samples. This group play an important role in the cycling of nitrogen and sulphur in the cold seeps of the deep ocean (Sun et al., 2023).

The genus Idiomarina, found only in this area and in the Atlantic Ocean, is associated with the breakdown of amino acids, hydrocarbons and the nitrogen cycle; its detection further highlights the role of these bacteria in maintaining ecosystem function (Hou et al., 2004; Rizzo et al., 2022).

Among the Flavobacteriaceae, Salegentibacter (McCammon and Bowman, 2000) has only been found in these sea waters, at sites not far from the coast. The occasional presence of Vibrio (3/16), known for its role in nutrient cycling and potential pathogenicity (Zhang et al., 2018), further adds to the functional diversity.

The high relative abundance of Acinetobacter in certain samples highlights its importance in bioremediation, particularly in degrading hydrocarbons and organic pollutants (Denaro et al., 2021). Its role in pollution mitigation underlines its ecological and practical relevance in particularly anthropized Mediterranean coastal waters.





4.3 Southwestern Mediterranean sea

Cyanobacteria, although less prevalent overall, showed significant variability, with high abundances in certain samples such as MED SW 4P. The unique microbial composition of MED SW 4P, with a lower contribution of Proteobacteria, a peak in Cyanobacteria and the highest detection of Verrucomicrobiota, suggests localised factors such as nutrient hotspots or water stratification. The role of Verrucomicrobiota in polysaccharide degradation further emphasizes the ecological relevance of this outlier (Martinez-Garcia et al., 2012; Sichert et al., 2020).

Bacteroidota, although less dominant than Proteobacteria and Cyanobacteria, were present in all samples from this area and showed a higher relative abundance when compared to samples from the northwestern Mediterranean.

Firmicutes were found less frequently in samples from the south-western Mediterranean than in the north-western area.

Idiomarina, already described above, had the highest measured abundance values in these samples.

Halomonas, a common genus in the Mediterranean and the Atlantic, was found in 75% of the sampled sites in this area. Members of the Halomonas genus are widespread in the biosphere, colonizing common to extreme environments. These bacteria display broad physiological plasticity and metabolic versatility and have developed specific adaptations that allow them to maintain or grow under extreme physical, chemical, and energetic conditions (Kim et al., 2013).

The observed pattern of Proteobacteria dominance and variable Cyanobacteria contribution is consistent with the findings of Quéméneur et al. (2020), who analysed prokaryotic communities in Tunisian coastal waters in the southwestern Mediterranean region. They identified Alphaproteobacteria (particularly SAR11), Gammaproteobacteria (including Alteromonas) and Cyanobacteria as major components of the microbial assemblage. They also found that spatial variability in community composition was associated with environmental gradients, such as salinity and nutrient availability. These observed community patterns may also be influenced by hydrodynamic processes and the inflow of Atlantic waters through the Strait of Gibraltar, which have been shown to affect microbial diversity and stratification in the Alboran Sea and across Mediterranean basins (Sebastián et al., 2021).




4.4 Atlantic ocean

The bacterial communities in the Atlantic Ocean exhibit distinct spatial patterns driven by environmental gradients and proximity to coastal or open-ocean regions.

The presence of Marinimicrobia (SAR406) in samples closer to the American continent underscores its role in the degradation of complex organic matter and nutrient cycling in coastal or deeper waters (Wright et al., 2012). Its local enrichment may indicate distinct biogeochemical processes influenced by terrestrial runoff or proximity to the continental shelf.

In the open ocean samples (ATL OC 1-3), Pseudoalteromonas emerges as the dominant genus with relative abundances above 50%, but its presence decreases significantly as one moves closer to coastal areas. Conversely, Alteromonas displays a contrasting pattern: this genus becomes increasingly abundant in samples taken closer to the European coast (ATL OC 6–8). The dominance of Pseudoalteromonas in open ocean samples is consistent with its ecological role in nutrient cycling and organic matter remineralisation, while the abundance of Alteromonas in samples near the European coast (ATL OC 6-8) reflects its adaptation to the nutrient-rich conditions often found in coastal regions (Offret et al., 2016).

Synechococcus is notably prevalent in samples from the open ocean (except for ATL OC 2), whereas Prochlorococcus exhibits a higher relative abundance in samples collected near the European coast. While Prochlorococcus is typically associated with oligotrophic open-ocean environments (Flombaum et al., 2013), local environmental conditions—such as stratification or the presence of specific ecotypes—may explain its coastal enrichment in this region.

Finally, the genus Cobetia, which is involved in the marine sulphur cycle (Geng et al., 2024), was detected only in this area.




4.5 Indian ocean

Microbial communities in the Indian Ocean exhibit remarkable diversity, with the highest number of phyla detected among all sampled regions. These include two archaeal phyla, Thermoplasmatota and Nanoarchaeota, albeit in low proportions, which may in part be attributable to methodological limitations previously discussed in this study. Within the Thermoplasmatota phylum, the genus Marine Group II was identified, while the genus Woesearchaeales was associated with the Nanoarchaeota phylum. Members of the order Nanoarchaeota are obligate symbionts, meaning that they require attachment to another archaeal host to grow. The detection of genera such as Marine Group II and Woesearchaeales highlights their potential role in methanogenesis and adaptability to diverse marine habitats, including the photic zone (Amils, 2011; St. John and Reysenbach, 2019).

Notably, SAR324 (Marine Group B), previously classified as Deltaproteobacteria, shows significant enrichment in sample IND OC 4. The metabolic versatility of this group, including genes for RuBisCO-mediated carbon fixation, highlights its ecological importance in carbon cycling in diverse marine habitats (Boeuf et al., 2021; Quero et al., 2020). Interestingly, this sample has the lowest representation of Proteobacteria.

Vibrio was found in 87% of the samples analysed, with the highest proportion in IND OC 6, highlighting its ecological flexibility and potential role in biogeochemical cycles (Zhang et al., 2018).




4.6 Alpha diversity

The differences in alpha diversity observed across oceanic regions reflect the influence of environmental gradients and ecological conditions that limit microbial community composition and richness. The low diversity in the Arctic Ocean is consistent with the harsh polar environment—characterized by low temperatures, limited nutrient availability, and strong seasonal light variation—which restricts microbial growth and ecosystem complexity.

In contrast, the high alpha diversity observed in the Mediterranean Sea may be explained by its dynamic hydrology, semi-enclosed structure, and biogeochemical variability (Sebastián et al., 2021). These features create a wide range of ecological niches that support diverse microbial communities.

The Atlantic and Pacific Oceans showed high spatial variability in alpha diversity, likely driven by large-scale oceanographic features such as currents, depth profiles, and upwelling zones. This variability highlights how local environmental drivers can modulate microbial diversity, sometimes overriding broader latitudinal patterns.

Reduced diversity in the Indian Ocean, particularly in semi-enclosed areas like the Persian Gulf and Red Sea, may result from strong physicochemical stressors and anthropogenic impacts such as high salinity, pollution, and eutrophication (Sheppard et al., 2010; Ismail and Al Shehhi, 2022; Qian et al., 2010). These factors likely favour a few stress-tolerant taxa, leading to lower overall evenness.

Together, these observations underline the importance of both regional conditions and large-scale gradients in shaping marine microbial communities and reinforce the value of geographically extensive surveys to understand global patterns of microbial diversity.




4.7 Correlation analysis

The observed correlations highlight temperature as a key structuring factor of bacterial communities, with clear distinctions between taxa associated with warm oligotrophic environments (the SAR86 clade, SAR116 clade, and SAR92) and those favoring colder conditions as SAR11 clade I, and UBA10353). Salinity-driven patterns were more variable, reflecting ecological differences between clades, including Marine Group II, often reported in high-salinity surface layers. The weak correlations with chlorophyll (Leeuwenhoekiella and Mesonia) suggest that primary production alone does not explain microbial community structure across broad oceanographic gradients, reinforcing the importance of including multiple physicochemical and biological parameters when interpreting bacterioplankton biogeography. Indeed, beyond the measured parameters, other factors may also influence the observed microbial distributions, including nutrient availability (e.g., phosphate, nitrate, silicate), the presence of dissolved organic matter, hydrodynamic processes (such as upwelling or stratification), interactions with viruses and grazers, and anthropogenic inputs, especially in semi-enclosed basins like the Mediterranean. These unmeasured or temporally variable drivers likely contribute to shaping bacterial communities in ways not fully captured by the environmental parameters assessed here.





5 Limitation of the study

While this study provides valuable insights into marine microbial diversity, several limitations should be acknowledged. First, the use of the V3–V4 hypervariable region of the 16S rRNA gene, while widely adopted in marine microbial ecology, has limitations, particularly in its reduced ability to detect archaeal taxa. This underrepresentation has been well documented in comparative studies (Parada et al., 2016; Wear et al., 2018), and stems in part from the primer pair used, which was originally optimized for broad bacterial coverage. However, the widespread use of this primer set also offers the advantage of compatibility with a large number of existing datasets, facilitating comparative analyses and meta-analytical integration across studies and regions. Looking ahead, to overcome current limitations and enhance taxonomic resolution—particularly for Archaea and less abundant clades—we plan to incorporate full-length 16S rRNA gene sequencing using PacBio HiFi technology in future campaigns of the Sea Care project.

Another limitation is the single-time point sampling design, which may not capture the full temporal variability of microbial communities. This limitation arises from the necessity to follow naval routes during the Sea Care project campaigns.

Additionally, the focus on only a few environmental parameters (salinity, temperature, chlorophyll) may not fully account for other key factors, such as nutrients, trace elements or pollutants, that could influence microbial diversity. However, in future campaigns, we plan to expand the range of environmental parameters and anthropogenic contaminants monitored, to better understand their role in shaping microbial diversity.




6 Conclusions

This study provides a comprehensive overview of marine microbial diversity across multiple oceanic regions, emphasizing the importance of global-scale monitoring. The innovative use of several naval vessels, each covering different routes across the oceans, allowed for extensive sampling across diverse marine ecosystems. Significant regional differences were observed, with the Mediterranean exhibiting the highest genus-level diversity and the Arctic the lowest. Microbial communities, primarily dominated by Proteobacteria and Cyanobacteria, are central to biogeochemical cycles and serve as sensitive indicators of environmental changes. These findings underline the critical role of microbial diversity in maintaining ecosystem balance, directly linking marine health to planetary health. The study highlights the need for continuous monitoring to detect shifts in microbial communities driven by climate change and human activities. Future research will expand on these results by incorporating additional environmental parameters and emerging contaminants, using advanced sequencing technologies to deepen our understanding of marine ecosystems and their response to global environmental challenges, ultimately contributing to sustainable strategies for preserving planetary health.
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