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Abstract

:

Coastal aquaculture systems are complex environments with multiple microbial interactions that affect fish health and productivity. High-throughput amplicon sequencing is a valuable tool for identifying such bacterial communities and investigating the relationship between bacterial diversity and sustainability in these systems. In the present study, the seasonal dynamics of marine bacterial communities were assessed, in terms of diversity and composition, in three marine aquaculture farms in the northern Ionian Sea (western Greece) and a distant control site unaffected by aquaculture activities, using 16S rRNA amplicon metabarcoding. Results revealed that Proteobacteria, Bacteroidota, Cyanobacteria, and Verrucomicrobiota were the dominant phyla in the bacterial communities. Alpha diversity was significantly lower in the aquaculture farms compared to the control site. Season was the major factor driving bacterial community fluctuations. Comparative analysis between seasons revealed the presence of differentially abundant amplicon sequence variants (ASVs) in all pairwise comparisons, with the majority of them belonging to the phyla Bacteroidota (families Flavobacteriaceae, Cryomorphaceae) and Proteobacteria (family Rhodobacteraceae). Our study provides the first detailed description of bacterial communities present in Greek coastal aquaculture farms using amplicon metabarcoding analysis and expands our understanding of the impact of seasonality and environmental variables on marine bacterial community diversity and composition.
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1. Introduction


Marine bacteria play essential roles in global biogeochemical systems, including nutrient cycling, photosynthesis, and the biological pump [1]. Marine environmental factors cause alterations in microbial communities that can herald changes in energy transfer pathways through the food web, biogeochemical cycles, and ecosystem biodiversity in general [2,3,4]. Thus, it is important to explore how changes in the marine environment may affect bacterial composition and functionality, taking also into consideration the fact that the majority of marine bacteria belong to uncultured taxa, posing major restrictions to traditional microbiological methodologies [5,6].



Aquaculture is one of the fastest-growing sectors worldwide and is expected to play a notable role in the global food system. Over the past decades, marine aquaculture farming systems have progressed in response to growing global demand [7,8] and the increasing pressure of overfishing on natural stocks [9,10], but at the same time, they are exposed to changing environmental factors. The recent exponential evolution of aquaculture farming is critical for achieving the targets set in the 2030 Agenda for the Sustainable Development Goals, such as stock management sustainability and biodiversity conservation [11].



Coastal aquaculture systems provide crucial habitats for microorganisms, which are essential for biogeochemical processes and nutrient cycling [12]. Yet, aquafarms also represent hot spots for fish disease outbreaks, mostly of bacterial, but also of viral and parasitic natures, which can result in a significant decrease in production and economic losses. Since the dynamics of microbial communities’ structure in seawater have a significant impact on fish health and productivity [13], it has been proposed that monitoring the prokaryotes’ composition in aquatic habitats can aid in identifying microorganisms associated with fish health [14]. At the same time, marine microbiomes are strongly affected by environmental fluctuations in seawater, such as temperature and nutrient levels, which alter their biogeochemistry and potentially create pools of pathogens and toxic metabolites affecting, in turn, fish and human health [15,16,17]. Hence, understanding the structure and temporal alterations of marine aquaculture microbial communities will allow for improved aquaculture productivity and enhancement of fish welfare.



To this end, mass amplicon-based sequencing has revolutionized the field of microbial ecology and provided valuable information on the phylogenetic diversity in aquatic ecosystems [18,19,20]. The assessment of bacterial diversity and the respective interactions in aquaculture systems can be achieved by next-generation sequencing (NGS) technologies, particularly with the use of 16S rRNA gene amplicon sequencing [21,22]. This technology has been effectively used to study the temporal dynamics of marine microbial communities in aquaculture farms [23], identify the presence of potential pathogens [24,25], and assess the impact of environmental stressors, such as climate change, mainly in ecosystems like the Mediterranean Sea where large variations in future temperature levels are expected [26].



According to the European Commission, the Mediterranean Sea will be one of Europe’s primary sites for marine aquaculture development in the following years. Concerning finfish aquaculture, during the last few decades, there has been a steady growth and diversification of their production in the Mediterranean Sea [27]. Greece is one of the main finfish-producer countries in the Mediterranean basin, with a substantial and well-organized marine aquaculture industry, primarily in coastal waters [28]. Annual fish production in Greece ranges from 131,250 to 151,372 tons, with an estimated value of aquaculture production output of 0.59 to 0.64 billion euros during the period 2019–2021 [29]. In Greece, 98% of the farmed fish volume comes from marine aquaculture systems, with the European seabass (Dicentrarchus labrax) and gilthead seabream (Sparus aurata) dominating the sector’s production [29]. In terms of economic value, these two species rank second and third in the EU, respectively [30]. In particular, the Thesprotia regional unit, located in northwestern Greece, is an area where many fish farming units are operating. Sagiada, which is the area under investigation in this study, is a narrow strip of land along the Greek–Albanian border region (~10 km in length). This region is of high economic importance, since in its coastal area, a total of 22 aquaculture units are active, producing about 12% of the national aquaculture production (approximately 14,000 tons) [31]. Hence, the aim of this study was the assessment of bacterial communities in coastal aquaculture farms located in Greece, using amplicon metabarcoding analysis. Composition of prokaryotes in seawater was monitored throughout a one-year period, to surveil fluctuations in bacterial populations. Results reported here are, to our knowledge, the first investigation of seasonal bacterial microbiome profiling using genomic tools in Greek coastal finfish farms, aiming to broaden the current knowledge on the impact of seasonality and aquaculture practices on bacterial populations.




2. Materials and Methods


2.1. Experimental Design and Sample Collection


Seawater samples were collected from three marine aquaculture farms (namely Lorida, Skaloma, and Bastia), located in the northwestern area of the Sagiada strip (Thesprotia, Ionian Sea, Western Greece). All farms grew both gilthead seabream (S. aurata) and European seabass (D. labrax) during the sampling period. Sampling was conducted once a month from June 2020 to May 2021. Within each farm, seawater samples were collected from two different locations among the fish cages (approximately 60 m apart) to capture the spatial variation of the bacterial communities. A control sampling site was included in the study, to compare the aquaculture bacterial communities with those derived from an unexploited region (Supplementary Materials, Figure S1). The control site was located at a distance of more than 6 km from the aquaculture farms and close to the northern end of the Sagiada strip. In each sampling site, seawater samples were collected at different depths of the water column (middle and bottom depths) using a standard Niskin water sampler (sample volume 5 L; Hydro-Bios Apparatebau GmbH, Kiel, Germany). Water samples in the middle depth were collected close to the cage bottom at the aquaculture farming sites. Depending on the bathymetry of each aquaculture farm, the middle and bottom depths were 10 m and 30 m from the surface, respectively, for both Lorida and Skaloma, 10 m and 20 m for Bastia, and 20 m and 40 m for the control site. The samples from the different depths were mixed together, and 1 L of the composite water samples was filtered through 0.22 µm pore Sterivex-GV Pressure Filter Units (Merck KGaA, Darmstadt, Germany). Filters were immediately frozen in liquid nitrogen, kept on dry ice during transportation to the laboratory, and stored at −80 °C until further processing. In total, 100 samples were collected from the aquaculture farms and the control site and were further processed. Samples were named using the pattern of “one letter (L, S, B, or C) + the serial number of the sample (1 to 15) + one letter (B or E)”, with the first letter representing the sampling site (L: Lorida aquaculture farm, S: Skaloma aquaculture farm, B: Bastia aquaculture farm, or C: Control site) and the last letter representing the two different locations within each farm (B: Beginning, E: End). Numbers 1 to 5 correspond to the samples collected in summer and numbers 6 to 8 to those collected in autumn, while numbers 9 to 11 and 12 to 15 denote samples collected in winter and spring, respectively (Table S1).



Temperature and salinity data were acquired from the entire water column at the center of each aquaculture farming system, using a Seabird 19plus CTD (Sea-Bird Scientific, Bellevue, WA, USA). Nutrient (nitrate—NO3−, nitrite—NO2−, and ammonium—NH4+) and chlorophyll-a levels were measured at the surface and bottom depths. For nutrient analyses, 0.5 L of water samples were vacuum-filtered through 0.45 μm preweighted nitrocellulose filters and frozen at −20 °C. The methods provided by Parsons et al. [32] were used to determine nutrient levels. An amount of 1 L of each water sample was filtered through 47 mm diameter GF/F glass fiber filters for chlorophyll-a analysis. Filters were diluted in 10 mL of 90% acetone, stored overnight at 4 °C in the dark, and then examined according to [33]. A HITACHI U-2001 spectrophotometer was used for all analyses.




2.2. Microbial DNA Extraction


Microbial DNA was extracted from Sterivex™ filters, as described in Cruaud et al. (2017) [34]. In brief, the whole filter was removed from its casing and dissected into smaller pieces using aseptic techniques. To achieve high DNA yields, all the dissected pieces were placed into lysis solution and DNA was immediately extracted following the protocol of the ZymoBIOMICS™ DNA Miniprep Kit (Zymo Research, Irvine, CA, USA). Sample concentration was measured on a Qubit™ 4 Fluorometer, using the Qubit™ dsDNA BR Assay Kit (Invitrogen, Carlsbad, CA, USA), and its integrity was evaluated using 1% agarose gel electrophoresis. DNA samples were stored at −20 °C until library construction.




2.3. Library Construction and Sequencing


Total bacterial composition in seawater samples was assessed through 16S ribosomal RNA amplicon sequencing, following the instructions of Illumina’s “16S Metagenomic Sequencing Library Preparation” (15044223 B) protocol, with some modifications. Briefly, the V3–V4 hypervariable regions of the 16S rRNA gene were amplified (≈460 bp) using primers D-Bact-0341-b- S-17 and D-Bact-0008-a-S-16 [35] with Illumina overhang adapter nucleotide sequences added at their 5′ end. The forward primer sequence was 5′-TCG TCG GCA GCG TCA GAT GTG TAT AAG AGA CAG CCT ACG GGN GGC WGC AG-3′, and the reverse primer sequence was 5′-GTC TCG TGG GCT CGG AGA TGT GTA TAA GAG ACA GGA CTA CHV GGG TAT CTA ATC C-3′. Amplicon PCR reactions were performed on an Applied Biosystems StepOnePlus™ Real-Time PCR System (Thermo Fisher Scientific, Waltham, MA, USA), using KAPA HiFi Hot Start Ready Mix (Kapa Biosystems, Woburn, MA, USA), 0.8 μM forward and reverse primer mix, 0.625 μM SYTO9 (Thermo Fisher Scientific, Waltham, MA, USA), and 12.5 ng/μL template DNA, in a final volume of 20 μL. PCR conditions included a 3 min hold at 95 °C, followed by 30 cycles of 30 s at 95 °C, 30 s at 55 °C, and 30 s at 72 °C, and a 5 min hold at 72 °C. Dual index barcodes were added to the amplified products for multiplexing, through an 8-cycle PCR reaction, with the same PCR conditions as above. PCR products were purified, using AMPure XP magnetic beads (Beckman Coulter, Brea, CA, USA), to remove unincorporated primers, primer dimers, and salts. Library concentration was measured using fluorometric quantification with the Qubit™ dsDNA BR assay kit, and the quality and average size were determined using capillary electrophoresis on a Fragment Analyzer 5200 system with the DNF-474-0500 High Sensitivity NGS Fragment Analysis Kit (Agilent Technologies, Santa Clara, CA, USA). The final molarity was calculated based on a quantitative PCR using the KAPA Library Quantification kit for Illumina sequencing platforms (Kapa Biosystems, Woburn, MA, USA). Paired-end sequencing was performed on a MiSeq platform using the MiSeq® reagent kit v3 (2 × 300 cycles) (Illumina, San Diego, CA, USA).




2.4. Bioinformatics Analysis


Raw, demultiplexed paired-end reads were processed using the QIIME2 microbiome bioinformatics platform (v2021.11) [36]. The ‘denoised-paired’ method of the DADA2 (Divisive Amplicon Denoising Algorithm 2) plugin was applied for sequence quality control, including denoising and dereplicating the sequences and removing chimeras [37]. The inferred amplicon sequence variants (ASVs) were aligned to the SILVA database version 138, at 99% identity, using the ‘classify-consensus-blast’ function of the q2-feature-classifier plugin [38] for taxonomic classification. Nonbacterial ASVs, including those assigned to mitochondria and chloroplasts, or unassigned sequences were removed from the dataset. A FastTree-based rooted tree was constructed using a MAFFT sequence alignment [39], through the ‘align-to-tree-mafft-fasttree’ function of the q2-phylogeny plugin [40].




2.5. Diversity and Composition Analysis


The final ASV abundance table along with the taxonomic classification (.biom file) and the phylogenetic tree (.nwk file) for the samples were exported and further processed in R (v4.1.1) [41]. The phyloseq package (v1.40.0) [42] was used for barplot visualizations and alpha diversity analysis. Bacterial community composition was depicted as the relative abundance percentage of bacterial species in each sample. Species richness and diversity across different groups were evaluated by calculating the observed ASVs, Shannon, Simpson, and Inverse Simpson diversity indices with the ‘estimate_richness’ function, after rarefying to the smallest library size. Statistical significance was tested with the Wilcoxon rank-sum test, and p-values were adjusted with the Bonferroni method, using the package ggpubr (v0.6.0) [43]. Rarefaction curves were created with the metagMisc (v0.5.0) [44] and iNEXT (v3.0.0) [45,46] packages. To assess changes in bacterial relative abundance in the aquaculture farms across seasons, nonmetric multidimensional scaling (NMDS) based on the Hellinger-transformed Bray–Curtis dissimilarity matrix was performed, using the ampvis2 package (v2.7.31) [47]. Beta diversity analysis was also conducted based on the phylogenetic distance between ASVs, through Principal Coordinates Analysis (PCoA) on the weighted UniFrac metric [48] with the ampvis2 package. Permutational multivariate analysis of variance (PERMANOVA) with 1000 permutations was conducted for comparison of multiple groups, using the function ‘adonis2’ of the vegan package (v2.6.4) [49], and for pairwise comparisons, using the ‘pairwise.adonis2’ function of the pairwiseAdonis package (v0.4.1) [50].




2.6. Differential Abundance Analysis


Differential abundance analysis was performed on the data from the three aquaculture farms combined, to identify differentially abundant ASVs (DA ASVs) between seasons, using the R package DESeq2 (v1.36.1) [51]. The ‘poscounts’ method was used for size factors’ calculation to account for ASVs with zero counts. The ‘apeglm’ shrinkage estimator was used to adjust for low counts and highly dispersed features [52]. p-values were calculated with the Wald significance test and corrected for multiple testing, using the Benjamini–Hochberg method. In total, six pairwise comparisons between summer, autumn, winter, and spring were conducted, and ASVs with an absolute log2 fold-change ≥ 2 and an adjusted p-value < 0.01 were deemed differentially abundant.





3. Results


3.1. Environmental Variables Characteristics


The average seasonal measurements of environmental parameters in the water column including temperature, salinity, nitrogen compounds (nitrate—NO3−, nitrite—NO2−, and ammonium—NH4+), and chlorophyll-a (Chl-a) are presented for the three aquaculture farms on average (±SD) and the control site in Table 1 and Table 2, respectively. The water temperature ranged from 16.59 °C (±0.09 °C) in spring to 22.18 °C (±0.10 °C) in autumn in the aquaculture farms. Salinity levels ranged from 38.04 psu (±0.08 psu) to 38.82 psu (±0.01 psu), with winter presenting the lowest levels and summer and autumn the highest. Similar variations in temperature and salinity were observed in the control site (Table 2). Nitrate levels were higher during summer (5.41 μM ± 2.91 μM), gradually decreasing as the seasons progressed, and reaching the lowest in spring (1.14 μM ± 0.78 μM) in the aquaculture farms. Ammonium appeared higher during autumn and winter, 2.89 μM (±1.11 μM) and 3.05 μM (±0.49 μM), respectively, and lower in spring (1.24 μM ± 0.55 μM), whereas nitrite levels were slightly higher in autumn and winter compared to the other seasons, ranging from 0.10 μM (±0.01 μM) in spring to 0.15 μM (±0.03 μM) in autumn. The chlorophyll-a levels were highest in autumn, 1.53 μg/L (±0.46 μg/L), and lowest in winter, 0.38 μg/L (±0.07 μg/L). On the other hand, nitrogen compounds were higher in summer and winter in the control site, and chlorophyll-a was higher in winter and spring compared to the other seasons, but these concentrations were lower than those in the aquaculture farms. ANOVA analysis revealed statistically significant differences across seasons for all environmental parameters, except for nitrite and ammonium in aquacultures and all nitrogen compounds and chlorophyll-a in the control site.




3.2. Sequencing Overview and Alpha Diversity Analysis of Bacterial Communities


The seasonal bacterial composition in three aquaculture farms and one control site was examined. Sequencing of the 16S rRNA V3–V4 hypervariable regions in 100 samples yielded 5,923,000 high-quality sequences. After the DADA2 quality filtering, denoising, merging, chimera removal, and taxonomy-based filtering of nontarget sequences, 3,511,516 sequences remained, corresponding to 2739 ASVs. An average of 35,115 sequences per sample were obtained after filtering, ranging from 14,512 to 133,544 (Table S1). Rarefaction curves reached a plateau for all samples, displaying that the sequencing depth was sufficient to capture most of the bacterial communities’ diversity (Figure S2).



Analysis of alpha diversity indices (observed ASVs, Shannon, Simpson, and Inverse Simpson) revealed statistically significant differences between the control site and aquaculture farms (Figure 1A). The Simpson and Inverse Simpson indices also revealed significant differences between the Skaloma and Bastia farms. On average, the lowest within-group species diversity was observed in the Skaloma fish farm (Shannon = 4.35 ± 0.36), while the highest was in the control site (Shannon = 5.03 ± 0.22). Seasonal variation was observed in the total bacterial diversity of the three farms, with higher diversity, on average, in winter (Shannon = 4.77 ± 0.50), and gradual reduction during the following seasons (spring Shannon = 4.63 ± 0.34, summer Shannon = 4.42 ± 0.26, autumn Shannon = 4.15 ± 0.16) (Figure 1B). Alpha diversity indices values per sample are presented in Table S2.




3.3. Beta Diversity Analysis and Bacterial Community Composition


To evaluate the clustering of samples based on bacterial communities, NMDS (Bray-Curtis) and PCoA (weighted UniFrac) plots were created. Both analyses revealed a seasonal successive transition of samples in a circular pattern (Figure 2). In both plots, samples collected during the same season were placed closer to each other, and in particular, those collected during the same month formed small, although loose, clusters, indicating a more similar bacterial composition compared to samples collected at different time points. More specifically, in NMDS, season was the variable with the strongest effect on the bacterial community composition (PERMANOVA: F = 24.24, R2 = 0.38, p < 0.001), while at the same time, samples collected from the control site were differentiated from those collected from the three fish farms (PERMANOVA: F = 8.36, R2 = 0.13, p < 0.001) (Figure 2A). Statistically significant differences were observed in all pairwise comparisons between seasons (Table S3). A similar pattern was observed in the PCoA plot of the weighted UniFrac metric. In particular, the season strongly affected the microbiome (PERMANOVA: F = 25.12, R2 = 0.38, p < 0.001), while the samples collected in the different months formed more discrete clusters. The exception to this was the cluster formed by the samples collected during May (samples with the number “15” in their name), June (numbers “1” and “2”), and July (number “3”), as well as the cluster formed by samples collected during late August (number “5”) and September (number “6”). PCo1 (23.3%) and PCo2 (12.5%) accounted for 35.8% of the total genetic variation in the samples (Figure 2B).



Overall, the ASVs identified in all samples were classified into 32 phyla, 64 classes, 261 families, and 482 genera. Bacterial communities were dominated by Proteobacteria (50.8%), Bacteroidota (28.5%), Cyanobacteria (9.3%), and Verrucomicrobiota (4.3%) (Figure S3). Proteobacteria comprised almost exclusively Alphaproteobacteria (29.5%) and Gammaproteobacteria (21.4%), while Bacteroidota, Cyanobacteria, and Verrucomicrobiota were dominated by the classes Bacteroidia (28.0%), Cyanobacteriia (9.3%), and Verrucomicrobiae (4.1%), respectively (Figure S4). Bacterial abundances in the control site presented notable differences compared to the aquaculture farms. Flavobacteriaceae (19.5%), Rhodobacteraceae (12.2%), Alteromonadaceae (8.9%), Cyanobiaceae (8.4%), and Cryomorphaceae (5.0%) were the dominant bacterial families in the aquaculture samples. In the control samples, Cyanobiaceae (15.0%) was the most abundant family, followed by the Gammaproteobacteria SAR86 clade (9.2%), Flavobacteriaceae (7.8%), and the Alphaproteobacteria groups of the SAR116 clade (7.7%), AEGEAN-169 marine group (7.4%), and Clade I (7.0%) (Figure 3).



Among the most abundant families, Flavobacteriaceae dominated across seasons in the three aquaculture farms, with decreased abundance mostly in winter and early spring. This trend was reflected in most of the identified genera in the Flavobacteriaceae (NS3a and NS5 marine groups and uncultured bacteria). Bacterioplankton of the NS3a group was the most abundant group in the aquaculture sites, which showed higher abundance levels in autumn (7.3%) and spring (5.2%). The NS4 and NS5 groups were also present in high abundance in all sampling sites. The genus Formosa was detected in overall low abundances (2.1% on average for all seasons), presenting temperature-related variation, with an increase in summer, autumn, and spring (2.3% ± 1.5%, on average), except in June and March, and a significantly lower percentage from November to March (0.4% ± 0.4%, on average). On the other hand, Aurantivirga showed a sharp increase in abundance in December (7.8%) which gradually decreased in late winter and spring, while it dropped below 1.0% in August and remained at that abundance level throughout autumn. These two genera, along with the NS3a group, were almost absent from the control site (Figure 4).



Among the most prevalent in the aquaculture farms were also uncultured bacteria of the Rhodobacteraceae family, which showed higher relative abundances during summer and autumn (6.8% and 12.5%, respectively) compared to winter and spring (1.7% and 1.1%, respectively). Uncultured Cryomorphaceae, on the contrary, exhibited consistent relative abundance levels during winter, spring, and summer (4.3%, 4.6%, and 4.8%, respectively), with an increase in autumn (6.8%). These uncultured bacteria were observed at consistently lower abundances in the control site (1.5% ± 1.1% and 0.8% ± 0.5% on average, respectively) (Figure 4).



Alteromonadaceae, which was the third most abundant family in the aquaculture farms, comprised almost exclusively of members of the Glaciecola genus. Glaciecola dominated the aquaculture farms, with higher abundance in summer till mid-winter (10.0% ± 4.3%, on average), and lower in late winter and spring (6.4% ± 3.7%, on average). However, it was only detected in traces in the control sampling site and only during winter and spring (0.2% ± 0.1% and 0.2% ± 0.3%, on average, respectively). The most abundant bacteria in the control site were those belonging to the Cyanobiaceae family. Specifically, the genus Synechococcus CC9902 ranged from 6.3% in summer (C1–5) to 14.2% in autumn (C6–8), and was the second most abundant taxon in the aquaculture farms, reaching its maximum and minimum abundance levels in spring (8.6%) and winter (4.1%), respectively. The Gammaproteobacteria SAR86 clade ranged from 6.8% in winter (C10–11) to 10.6% in summer in the control site, while its relative abundance was constant during winter (4.9%), spring (5.6%), and summer (5.3%) but decreased in autumn (3.0%) in the aquacultures. The Alphaproteobacteria SAR116 and AEGEAN-169 groups showed higher relative abundances during spring and summer with peaks in April and August and lower abundances in late autumn and winter in all sampling sites (Figure 4).



Furthermore, at the genus level, Sulfitobacter was detected in the aquaculture farms at low abundances in autumn and winter (1.1% ± 0.6%, on average), with a sharp increase in April (4.6%), whereas in the control site, its abundance remained stable throughout the one-year study period at 2.4% ± 0.9% on average, except for a peak at 3.9% in August. In the aquaculture farms, the genus Roseibacillus was found in higher abundance in summer (3.2%), which gradually decreased in autumn (1.6%) and reached undetectable levels in winter and spring (<0.4%), but showed an abrupt peak again in May (8.1%). In the control site, Roseibacillus was found in trace abundance levels (0.3–0.7%) in all seasons. The same was observed for uncultured bacteria of the Saprospiraceae family, whose relative abundance dropped to zero levels from winter to April. While Prochlorococcus was detected in low abundance in the aquacultures’ samples (ranging from 0.1% in autumn to 1.6% in spring), it was one of the dominant genera in the control site, with higher abundance in summer (5.8%) and spring (4.4%), and lower in autumn (2.2%) and winter (1.7%). Moreover, since the majority of the ASVs found were classified as uncultured bacteria of their respective genera, the taxonomic classification at the species level could not be clarified; consequently, these results are not discussed further.




3.4. Seasonal Patterns of Differentially Abundant Taxa in the Marine Aquaculture Systems


Differential abundance analysis revealed the effect of seasonal changes on bacterial communities’ composition in the three aquaculture systems. Most of the DA ASVs were those belonging to the phyla Proteobacteria, Bacteroidota, Verrucomicrobiota, Planctomycetota, Actinobacteriota, and Marinimicrobia. DA Chloroflexi ASVs were found only in summer and winter, while Cyanobacteria and Desulfobacterota were found only in summer and spring (Figure 5 and Table S4). The number of enriched ASVs in winter in all pairwise comparisons was higher than that of the depleted ASVs for this season, while the opposite was true for autumn. Furthermore, when summer was compared to spring, there were more enriched than depleted ASVs in summer (Table S4 and Figure S5).



The comparison of spring against autumn revealed 118 and 31 DA ASVs in the two seasons, respectively. The family Flavobacteriaceae, along with the SAR86 clade (Proteobacteria) and Rhodobacteraceae, had the highest number of DA ASVs between the two seasons. Those families, as well as Cryomorphaceae, Vibrionaceae, and Actinomarinaceae, contained DA ASVs in both seasons, with most of them being enriched during spring, except for Actinomarinaceae, in which most ASVs were depleted in spring. In addition, DA ASVs belonging to families such as Cyanobiaceae, the SAR116 clade (Proteobacteria), Clade I (Alphaproteobacteria), the NS9 marine group (Bacteroidota), the AEGEAN-169 marine group (Proteobacteria), and Halieaceae were enriched only in spring (Figure 5A).



When winter was compared to autumn, the enriched ASVs in each season amounted to 95 and 33, respectively. The families with the greatest number of DA ASVs were Flavobacteriaceae and Rhodobacteraceae, which included ASVs enriched in both seasons. Families Microtrichaceae, Vibrionaceae, the SAR116 clade, and the NS9 marine group also included ASVs enriched in both seasons, while the Marinimicrobia family (SAR406 clade), the AEGEAN-169 marine group, and the Clade I group comprised only ASVs depleted in autumn, to name a few (Figure 5B).



When winter was compared to summer, the number of DA ASVs was the highest among all pairwise comparisons, 160 in total, of which 48 and 112 were enriched in summer and winter, respectively. Flavobacteriaceae, Rhodobacteraceae, the SAR116 clade, the AEGEAN-169 marine group, Cryomorphaceae, the SAR86 clade, the NS9 marine group, and Puniceicoccaceae were among the families with enriched ASVs in both seasons, with Flavobacteriaceae having the highest number of enriched ASVs in both summer and winter, as well as the highest number of DA ASVs in total between the two seasons compared to other families. Moreover, members of the Marinimicrobia family (SAR406 clade) and the SAR202 clade were found enriched only in winter, while members of the NS11–12 marine group (Bacteroidota) were enriched only in summer (Figure 5C).



In the winter versus spring comparison, 69 ASVs were found to be differentially abundant in either of the seasons, with 15 of them being enriched during spring and 54 during winter. These 69 ASVs corresponded to 40 families, 6 of which contained only one ASV enriched during spring (e.g., Cyanobiaceae), while another 29 contained only ASVs enriched during winter (e.g., Magnetospiraceae, Marinimicrobia—SAR406 clade, Chloroflexi—SAR202 clade, the SAR116 clade, and Clade I). Finally, families Flavobacteriaceae, Halieaceae, and Rhodobacteraceae, which were those with the highest number of enriched ASVs, along with Puniceicoccaceae, included enriched ASVs in both seasons (Figure 5D).



In the summer versus autumn comparison, 59 and 14 ASVs were found to be enriched, respectively. Of those, members of Flavobacteriaceae, Rhodobacteraceae, and the SAR116 clade were enriched in both seasons, while members of the SAR86 clade, AEGEAN-169 marine group, Cryomorphaceae, and Puniceicoccaceae were enriched only in summer (Figure 5E).



The summer versus spring comparison resulted in the fewest DA ASVs, 47 in total, with seven enriched during spring and forty depleted. ASVs from Flavobacteriaceae and the NS9 marine group were enriched in both seasons, but more so in summer than in spring. Furthermore, DA ASVs belonging to families such as Rhodobacteraceae, Puniceicoccaceae, the SAR116 clade, and the SAR86 clade, were exclusively enriched during summer, whereas ASVs enriched during spring belonged to families such as Cryomorphaceae and Methylophilaceae (Figure 5F).





4. Discussion


Aquaculture is a crucial food sector that has the potential to grow into a sustainable and secure global food supply system. Microorganisms are the most numerous components of marine ecosystems and have been shown to respond to environmental changes and anthropogenic activities. In aquaculture systems, bacteria in the water column interact constantly with farmed fish and are critical drivers of fish health and wellbeing. Thus, understanding marine bacterial communities’ dynamics is critical in addressing challenges such as the increased transmission of pathogens inside the farms causing outbreaks and significant production losses [53], the introduction of antimicrobial resistance in marine environments due to excessive use of antibiotics [54], and the release of excessive amounts of nutrients into the marine environment, leading to seawater and sediment disturbances [55,56]. The seasonal dynamics of bacterial communities in Greek coastal aquaculture farming systems have yet to be thoroughly investigated. Here, as a first step in our effort to connect the effect of biotic and abiotic environmental factors on the bacterial community structure, as well as disease appearance in marine pisciculture, we performed 16S rRNA metabarcoding analysis on seawater samples collected monthly from three aquaculture farms in the Sagiada strip (Ionian Sea, northwestern Greece), over the course of one year.



Marine aquaculture farming systems, which are characterized by high fish biomass concentrations and strong nutrient fluxes, provide an ideal environment for studying bacterial community interactions. Our results revealed significant differences concerning the structure of bacterial communities between the aquaculture farms and the control site. The control site was located further from the coast, representing an undisturbed environment in terms of industrial and agriculture water discharge or aquaculture activities, and had statistically significantly higher species richness, on average, than the aquaculture farms. Several studies have reported increased nutrient loading, especially for nitrogen and phosphorus, in aquaculture farming systems due to the release of organic waste, uneaten feed, and fish excrement [57,58,59]. In terms of nutrient concentrations, we have observed increased nitrogen compounds such as nitrate, nitrite, and ammonium in summer and autumn and decreases in spring, which could be attributed to the increased feeding that takes place in the farming systems during these periods. Furthermore, nutrient and chlorophyll-a concentrations were lower in the control site than in the aquaculture systems. Thus, differences in terms of species richness in the aquaculture systems compared to a distant unexploited region could be attributed to selective nutrient enrichment in these systems, which favors the growth of certain bacterial groups, leading to a less diverse bacterial community. Fodelianakis et al. (2014) found that alpha diversity was reduced in a near-shore aquaculture farm in Crete compared to the control site in their study [60]. They also reported a decrease in the abundance of the SAR86 clade and an increase in the abundance of Alteromonadaceae, Rhodobacteraceae, and Cryomorphaceae in the aquaculture site, which is in agreement with our findings. Our results indicate that the impact of aquaculture activities is reflected in the diversity of the bacterial community; thus, microbiome diversity in the water column can be a powerful tool in monitoring environmental disturbances in aquaculture farming.



The Sagiada strip is a zone of intensive aquaculture farming in the Ionian Sea, and it is an oligotrophic environment with seasonal variability [61]. Indeed, our findings indicate a strong relationship between the presence of bacterial communities and the season of the year, suggesting that seasonality, in addition to several environmental factors, is the major driver shaping bacterial community composition and diversity, rather than the locations of aquaculture farms. Similar dynamics were observed in the Mediterranean Sea in either coastal areas [59,62] or coastal aquaculture farms [63,64]. Furthermore, there appear to be no significant differences in the bacterial communities between or within farms, based on our findings. It is worth mentioning that, although the aquaculture farming systems have their own different environments and hence different bacterial community structures compared to the control site, the influence of seasonality is apparent in both areas, though it may involve different genera in certain cases. As a result, seasonality, and specifically temperature, is the most important factor influencing communities’ abundance, at least at the genus taxonomic level.



The microbial community in aquaculture systems is vital for several key functions, including nutrient cycling, water quality maintenance, and disease appearance. Many of the identified bacterial groups in our study have been linked to such processes; the most prevalent bacterial phyla in the ocean, Proteobacteria and Cyanobacteria, participate in the carbon and nitrogen cycles [65,66,67], followed by Bacteroidota, which have a role in breaking down complex organic matter [68], and Verrucomicrobiota, which are suggested to be polysaccharide degraders [69]. The presence of these groups has also been reported in aquaculture areas in the Mediterranean Sea [70,71], while the increased abundance of Proteobacteria and Bacteroidota has been linked to fish excrement or the introduction of feed components [72].



Several Proteobacteria taxa perform significant functions in the seawater associated with marine aquaculture systems, with Alpha- and Gamma-proteobacteria often found in high abundances [70]. In our study, Glaciecola (Gammaproteobacteria), a genus of diverse marine bacteria with unique properties that allow them to thrive in marine environments, predominated in the three aquaculture farms. These bacteria have been isolated from a variety of maritime environments and exhibit a cold adaptation strategy [73]. This genus was found to be the most prevalent in autumn and early winter in coastal seawater samples in Korea [74], and in autumn in aquaculture waters in the Adriatic Sea [64]. In our study, its relative abundance was high from summer until mid-winter, confirming the results of previous studies. Moreover, the Cyanobacteria and Bacteroidota phyla comprise multiple families that perform important roles in seawater ecosystems in marine aquaculture systems [75,76]. Kolda et al. (2020) also found Synechococcus CC9902 and the NS4 and NS5 marine groups of the Flavobacteriales to be among the most abundant taxa during spring and autumn in coastal areas of the southern Adriatic Sea [64], which is in accordance with our findings for the adjacent north Ionian Sea.



Due to the observed strong impact of seasonality on the bacterial communities’ structure in the three aquaculture farming systems, we further investigated the existence of statistically significant differences across seasons. The water column bacterial composition varied significantly between seasons, with ASVs from the most prevalent families, such as Flavobacteriaceae and Cryomorphaceae, being constantly enriched across all seasons. Flavobacteriaceae, which had the highest number of DA ASVs in all comparisons, represents a major family of the Bacteroidota phylum, with its marine clade (e.g., NS4 and NS5 groups) being among the most common bacterioplankton on the ocean’s surface [76], justifying their enrichment in all seasons. They are known to become dominant in response to the input of organic matter [77], which is a typical outcome of aquaculture activity, as mentioned above. Moreover, they comprise species that cause infectious diseases in fish, which is a primary concern in the aquaculture industry [78], rendering their study crucial for disease monitoring and prevention in such systems. Cryomorphaceae, another Bacteroidota family with DA ASVs throughout the year, has also been demonstrated to be prevalent in surface waters of coastal sites [60,79].



Furthermore, several Alphaproteobacteria ASVs were differentially abundant among seasons. In all comparisons, uncultured bacteria of the Rhodobacteraceae family, which was among the dominant families in our samples, were the group with the second-highest number of DA ASVs. Rhodobacteraceae also thrive in marine environments and are key players in sulfur and carbon biogeochemical cycling [80]. Moreover, members of the Alphaproteobacteria SAR11 clade (e.g., Clade I and IV) and the AEGEAN-169 group were depleted in all pairwise comparisons regarding autumn, contrary to the findings of Kolda et al. (2020), who showed the SAR11 clade to be one of the most abundant taxa in autumn. Uncultured bacteria of the SAR116 clade were also enriched in all seasons, with the exception of spring, in which they were only enriched when compared to autumn. This group consists largely of bacteria that have been implicated in the metabolism of inorganic and organic sulfur compounds [81]. Another group of bacteria associated with sulfur cycling was the Desulfobacterota PB 19, which was enriched exclusively in spring versus autumn and winter. Previous research has found an increase in sulfur cycling in sediments beneath aquaculture farms [82], and another study has pointed out sediment-associated bacterial taxa linked to the sulfur cycle as useful indicators for assessing aquaculture practices’ impact on marine sediment [59]. The changes in sulfur-cycle-associated bacteria in seawater observed in this study suggest that the influence of organic waste from aquaculture farming can be monitored in the water column as well.



ASVs within the family Rubritaleaceae, specifically the genus Roseibacillus, and uncultured Saprospiraceae ASVs were enriched in summer and autumn and depleted in the other seasons. These two taxa have been rarely mentioned in studies of the coastal seawater bacterial communities in the Mediterranean [83]. However, our results indicate that the relative abundance of Roseibacillus and uncultured Saprospiraceae is positively associated with late spring, summer, and early autumn, indicating a preference for warmer temperatures. Another major bacterial group identified as significantly enriched in warmer temperatures (spring and summer), Cyanobacteria, plays a vital role as oxygenic photosynthetic bacteria and as nitrogen-fixing agents in aquatic environments [84]. These bacteria are generally more prevalent in oligotrophic environments and exhibit optimal growth rates in warmer seasons (25–35 °C) [85,86]. Indeed, in our results, ASVs belonging to the picophytoplankton genera Synechococcus CC9902 and Prochlorococcus MIT9313 were enriched in summer and autumn, which showed the highest temperatures throughout the year, compared to the other seasons, which is in accordance with previous findings in adjacent coastal areas [64,87]. Autumn had the highest chlorophyll-a levels, followed by spring and summer, which appears to be related to the relative abundance levels of these Cyanobacteria genera.



Pairwise comparison of winter versus summer showed the greatest number of DA ASVs, as expected due to the significant differences in environmental conditions, in our case temperature, salinity, and nitrate levels, that are usually observed in the area under study [88]. Likewise, the comparison of spring against autumn demonstrated the second highest number of DA ASVs. These two seasons also presented quite different environmental conditions regarding temperature, salinity, nitrate, and ammonium compounds; the differences, however, are less extreme than those observed between summer and winter, partly justifying the slightly lower number of DA ASVs.



Undoubtedly, aquacultures establish unique ecosystems in coastal regions and promote considerable changes in marine environments. Incorporation of genomics into farm management practices can not only assist in monitoring bacterial populations, but also contribute towards the identification of species tolerant to increasing temperatures and changing water conditions or towards the detection and prevention of disease outbreaks.




5. Conclusions


This study presents a bacterial community profiling and seasonal pattern investigation of the water column of marine coastal aquaculture farming systems. Bacterial community diversity and composition differed significantly between the aquaculture systems and an unexploited region. Furthermore, season appeared to be the major factor shaping the bacterial communities in the three aquaculture systems. Capturing the temporal dynamics of bacterial communities will enable the application of more targeted and informed management practices, ultimately supporting the sustainable and responsible operation of coastal aquaculture. At the same time, bacterial community profiling can be used as a monitoring tool, which will provide feedback on the impact of aquaculture practices on the environment and the effectiveness of the farming strategies applied.
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Figure 1. Alpha diversity indices for (A) bacterial communities in the three different aquaculture farms and the control site and (Β) bacterial communities present in the three aquaculture farms (excluding the control site) by season. Minimum and maximum values are represented by the whiskers in the boxplots, the median by the midline, and outliers by dots. Asterisks indicate statistically significant differences in pairwise comparisons (*: p-adjusted < 0.05; **: p-adjusted < 0.01; ***: p-adjusted < 0.001; ****: p-adjusted < 0.0001). 
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Figure 2. Beta diversity ordinations for the 100 seawater samples. (A) NMDS plot based on a Hellinger-transformed Bray–Curtis dissimilarity matrix. (B) PCoA plot based on the weighted UniFrac distances. Shapes depict the different sampling sites. Colors indicate the sampling seasons. 
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Figure 3. Barplot of relative abundance per sample at the family taxonomic level. The 20 most abundant families in the seawater samples from the aquaculture farms and the control site are presented. The remaining families are included under the “Other” category. 
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Figure 4. Time-series plots showing the changes in bacterial relative abundance (%) from June 2020 to May 2021. The major genera are presented in descending order of relative abundance, with colored lines indicating the sampling sites (Lorida—red, Skaloma—green, Bastia—purple, Control site—light blue). 






Figure 4. Time-series plots showing the changes in bacterial relative abundance (%) from June 2020 to May 2021. The major genera are presented in descending order of relative abundance, with colored lines indicating the sampling sites (Lorida—red, Skaloma—green, Bastia—purple, Control site—light blue).



[image: Jmse 11 01332 g004]







[image: Jmse 11 01332 g005 550] 





Figure 5. Dotplots for the DA ASVs identified in pairwise comparisons between the four seasons in the aquaculture farms. Positive values correspond to the first season in each comparison; (A) spring versus autumn, (B) winter versus autumn, (C) winter versus summer, (D) winter versus spring, (E) summer versus autumn, and (F) summer versus spring. Each dot represents a DA ASV with adjusted p-value < 0.01 and absolute log2(fold-change) ≥ 2, and ASVs are presented at the family (y-axis) and phylum (color) taxonomic levels. Dot size reflects adjusted p-values and color denotes taxonomy at the phylum level. 
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Table 1. Seasonal average variations in physicochemical parameters (temperature and salinity), nitrogen compounds (nitrate—NO3−, nitrite—NO2−, and ammonium—NH4+), and chlorophyll-a (Chl-a) in the seawater of aquaculture farming systems. Values represent the average (±SD) of all seasonal measurements from the three aquaculture systems.
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	Season
	Temperature (°C)
	Salinity (psu)
	NO3− (μM)
	NO2− (μM)
	NH4+ (μM)
	Chl-a (μg/L)





	Summer
	20.77 ± 0.32
	38.80 ± 0.01
	5.41 ± 2.91
	0.12 ± 0.03
	2.66 ± 0.56
	0.66 ± 0.03



	Autumn
	22.18 ± 0.10
	38.82 ± 0.01
	2.22 ± 0.89
	0.15 ± 0.03
	2.89 ± 1.11
	1.53 ± 0.46



	Winter
	16.62 ± 0.07
	38.04 ± 0.08
	1.28 ± 0.52
	0.14 ± 0.02
	3.05 ± 0.49
	0.38 ± 0.07



	Spring
	16.59 ± 0.09
	38.49 ± 0.04
	1.14 ± 0.78
	0.10 ± 0.01
	1.24 ± 0.55
	0.88 ± 0.11



	ANOVA
	p < 0.05
	p < 0.05
	p < 0.05
	p > 0.05
	p > 0.05
	p < 0.05
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Table 2. Seasonal average variations in physicochemical parameters (temperature and salinity), nitrogen compounds (nitrate—NO3−, nitrite—NO2−, and ammonium—NH4+), and chlorophyll-a (Chl-a) in the seawater of the control site.
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	Season
	Temperature (°C)
	Salinity (psu)
	NO3− (μM)
	NO2− (μM)
	NH4+ (μM)
	Chl-a (μg/L)





	Summer
	19.87
	38.86
	3.45
	0.13
	1.08
	0.09



	Autumn
	21.71
	38.91
	0.87
	0.06
	1.22
	0.15



	Winter
	16.77
	38.52
	2.12
	0.09
	2.63
	0.25



	Spring
	16.44
	38.65
	1.25
	0.06
	0.42
	0.39



	ANOVA
	p < 0.05
	p < 0.05
	p > 0.05
	p > 0.05
	p > 0.05
	p > 0.05
















	
	
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/).






media/file4.png
NMDS2

Stress value =0.114 B
¥
B7!

L8

0.6
SQE. Lgi

0.2 L QB

B9
9B
ix o AR B
S10 013 69E
88 S1OB
0.3 B10 L1{)E
B O%
C7
0.1 S1 e 10E ¢
S11SE:1 C1‘ B I 11E
B12 B12B L11 9 'S

L |
X 1 c8
i 1 12E fQ L12eg0 1 B@
0.0 5E %SB 31:5ﬁ é13E ct o Q.S,QE
L4Ei4B b6 s ‘38 ~ 0.0 c1? 2% 9123
s4 B4 C8 [e)
i sS4 B13E (i)
1
S1PB3E ﬁ14B c1? ?
-0.3 L14E C1 C3
158 SI4E o ¢ o
M., ApE ¢’ '
(:1?
s1§ @8
C7.
-0.6 “Cﬁ
c4 =02
-1.0 -0.5 0.0 0.5 1.0 -0.4
NMDS1 PCo1 [23.3%]

Season @ Summer @ Autumn @ Winter € Spring

Farm B Lorida @ Skaloma A Bastia ¢ Control





nav.xhtml


  jmse-11-01332


  
    		
      jmse-11-01332
    


  




  





media/file2.png
b2 2T 1
—

50-Q$BT
1 .:a‘
$§P<3§pc,
=l
& ot
@@@5‘%

1 [
nu o
o)

100-
90-

9
=
c
o
7]
a
£
w
@
7]
L
[
>
=
o
c
c
o
7
o
£6
w
@
0
L
[ }]
>
=

*
*hkx !
L ]
e
%@R\

X
Fdkh
—l

1
9
N
&

dﬁib
¢ &
S
N

&V
—_1_| N L1l %
" 0 1 1 1 1 0
o © © _ ? o o @ N ¢
3 5 % 3 S & & &
- o o - o o o
mu:_:omac=w xapu| uosdwig

e e
dkra
T
1
g
S
O
e e e
h
R
1
"y
%)
&

.AU
b & b S T - %
Lo To} =r L ol =t =t
X8pu| uouueys X8pu| uouueys
e L= — 1L -
** & mu i ¢
\_ _ _| " D 1 I_ _ _‘ "%,
% 2,
s g 8 8§ 8§ 3 3 3 ®
w Lo =r © o L ) —
< SASY paAIesqQ 1) SASY PaAIssqO





media/file5.jpg





media/file3.jpg





media/file1.jpg
T

PAES ff@’f PAIS  PPIS

M AR -

T pAOs fﬁ*‘f SR





media/file7.jpg
PSS IS
Farm 555 Lok 55 s 555 ot 555 o





media/file10.png
A Spring vs Autumn B

Winter vs Autumn C Winter vs Summer
Saprospiraceas|{ ® Clade IIH . S?IDS iraceae L]
Nifrosomonadaceae L N511-12 marine group L4 E“dg'mf .
Arcobacteraceas » 5 piraceas; L] P51 clade .
icrotrichace iaceas L] acteriaceae; '.
Rubritaleaceae] . Rubritaleaceae] . @ _yy Vhronaceae
i N511-12 marine group{ @ L L)
Myx ae L] Gimesiaceae & i3ceas .
Crocinitomicaceae L Woeseiaceas L NB1-j ’
llumatobacteraceas; Hitrosococcaceae L ] SAR324 nlaliﬂgmne !mug Bil
riaceae . @ 1 ] -
Balneolaceas; . UBA10353 marine group KIB3A clade; -
roboapRiaceae) * Isasaceas L8118 clade * 1%
Mi riaceas lisaceae A H
ylncukured) @ 2 Dadabacteriales, . Mysamesiaceas .
e Clade - italeacea . [
MWH-UniP1 aﬁqﬂ.ﬂli 5‘0 L Pirellulaceas L EVD0 -
Hmnlmcmtui & L AN Pseudohongiellaceae . - Nisasacea a8
manm!- gro . - Thiomicrospiracea -
- i L) Nitrincolacea L ]
T'I'Iohwhm [ Pla3 lineage ] UBA10333 marine gro : :
PeM1 Crocinitomicaceae L .8 “mom s
Mariniflace . T . Bacieriovprapacea .
arin - .
525°5 E Microtrichaceas| B niceicoocacest]l o @ | e
Clade II; L 3 525-39 . B adales; [
Puniceicoccace * » SARSE clade & e i 2 .
B[ﬁ![m: aceas . o : Marinifilaceae . : SAR116 clid: ] - e :
maring 21
i “W: I-IOI_':JB- 1 Cryomorphaceas] o8 o =
Halieaceae e Bdellovibrionacea .o e b e ae o Vo
NB1-j; - Marinimicrobia (SAR406 ul:deir - e oM -
Cyanobiace - BD2-11 terrestrial groupq e NS59 marine gro e a8 s &
HOC * - uniceicoccaceas L dabacteriales: L
IIEﬂ'lgphuhu ] OC5116 clade] L] N5T marine gro L]
o 11%@! L AEGEAN-169 marhectodlﬂ L ] R 'n's;ﬁa . . :
L ] L L
Pirellulace . . jaceae| o8 - G » parrpreliulacea ot~
Porticoccace . Gal077536] L Crocimtomicasen e
AEGEAN-1639 marine gro LR Porticoccaceas L Microtrichacea
Kiritimatiellace LR ] SAR202 cladef s = Gall7Tad o
[ N59 marine L -l OM182 cl .
'l]lmmspm L - unmm% L AL R ] s s = = e
CI::IE I - - OM13 > a @ Magnetospiracea -
. - Thiomicrospiraceas] . * AEGEAN-1 mmn!- E‘o - .0 -
Nss SARBE nlade ] _: Rﬂagnetnrs iraceae [ -.r phmru . '-' *-.
marine gro el & & 8!®
At e Vibriomaceas) . 4 Marinimicrobia (SAR4DE clade oo
Flavobacteriaceas - o Pesus Thmlnbmae L] ﬂ% -
Rhodobacteraceas| @8 ® & - e SAR116 cladef L] e - Flavobacteriacea - 25 slm»
Cryomorphaceas{ @ & & ae Cryomorphaceae] feiaceen) Pseudohongiellacea (1] L]
-1 -0 C 10 Fi -0 -10 C 10 0 -5 - H 1
D Winter vs Spring E Summer vs Autumn E Summer vs Spring
yanobiace L Actinomarinaceae Methylophilacea L
PB ™ - HOC36 [ ]
PS1 clade ° Dadabacteriales; [ ) i
Balneolaceas 4 DEVOOT. ™ UBA10353 marine group .
Baceas ® ° Crocinitomicaceae; L Cryomorphaceae .
AeTaceas llumatobacteraceas P
imesiaceae] * Bdellovibrionaceae; § Cyanobiacese ot
Actinomarinaceae c - o - Litoricolaceas L
“"’",,u'i,,‘"’“"lm ! NS11-12 marine group, . DEVOOT .
SAR324 cl:de{"mm roup H)] . Clade IV L Crocinitomicaceas; -
Egemﬁ! L M MWH-UniP1 agquatic groupi ® P51 clade Py
Bdelluvi)nnn:_meae L lisaceas ™
Puniceicoccaceas e i@ Thi m"l .'-' Halieaceae *®
llumatobacteraceas Bdellovibrionacea ™
Pirellulaceae - Litoricolaceas] . .
Marinimicrobia (SAR406 ul:d?] ' X Thiotrichaceae . Flavobacteriaceae * o Do
e et Microbacteriaceae; Clade | .
ae] . Vibrionaceae; . : KIS3A clade; .
Hitrincolaceae . Batea .
Ni 2] . KIB9A clade] . Saprospiraceael I
Hali ae L L SAR116 cladef . |® - SAR116 clade . .
SARTIE clade oo .. : P51 clade] L] Pseudohongiellaceas L
Clade | . Fimomhm: .' - : Puniceicoccaceas] s =
Phycisphaeraceae - lcoccacea -
icrotrichaceas; AEGEAN-169 marine group e = N53 marine group - i b
Clade IH . SARBE clade L - uncultured; a =
Parvibaculaceae; - HSB marine groupi - Rhodobacteraceas - ee
SARSE cl ]
Ga00775 . iaceas) @ o0 @mem o SARS6 clade] . e
Magnetospirace ?. [ uncultured . . .
ace L) L) Rhodobacteraceae L] - " Rubritaleaceas ™
-0 -in C 10 0 -i= = H 15 -0 -ig0 C 10 0
iChange log2FoldChange log2FoldChange
P-adjusted @ 0.001 & 0.002 @ 0.003
Actinobacteriota ) Bactercidota @) Bdellovibrionota @) Campilobacterota () Chioroflexi ~ Cyanobacteria |~ Dadabacteria @) Desulfobacterota
Phylum .

@ Gemmatimonadota () Marinimicrobia @ Myxococcota @ Planctomycetota @ NB1-j @ Proteobacteria @ SAR324 clade @ Verrucomicrobiota





media/file9.jpg
il

1

"

i

Lesnese

m

I

o |

A

W

L

B

%ﬁ_

.

i %%%_m






media/file0.png





media/file8.png
Relative Abundance (%)

7.5-

o
?

2.5-
0.0-
6-
4-
2.

f»
5°°

Glaciecola

———o—e
uncultured Cryomorphaceae

Clade la

L7

Candidatus Actinomarina

AP

N
v
N
oc}q' N

oe,_

B
o R

Synechococcus CC9902

NS3a marine group

Sulfitobacter

Formosa

SARS86 clade

HIMB11

Roseibacillus

uncultured Rhodobacteraceae

NS5 marine group

Aurantivirga

7.5-
5.0-
2.5-
0.0-

uncultured Saprospiraceae

Farm - Lorida == Skaloma =-@- Bastia =@ Control

AEGEAN-169 marine group

NS4 marine group

6l uncultured Flavobacteriaceae

Prochlorococcus MIT9313

6- 6-
4- 4-
2- 2-
0 - 1 1 L} 1 1 1 1 1 1 1 1 1 0 - 1 1 1 1 1 L} 1 1 1 1 1 1
Q Q N N Q Q N N
&£ L © L S S
SN & ¥ @& & @





media/file6.png
Relative Abundance (%)

100

Summer

Autumn

Spring

Family

f _Actinomarinaceae

f AEGEAN-169_marine_group
f Alteromonadaceae

f Clade |

f_Clade_ll

f _Crocinitomicaceae

f _Cryomorphaceae
~__Cyanobiaceae

f _Flavobacteriaceae

f Halieaceae

f _Marinimicrobia_(SAR406 clade)
f NS9 marine_group
f_Punlcelcoccaceae

f _Rhodobacteraceae

f _Rubritaleaceae

CNONNONONNT- MM mmm

f ~_Saprospiraceae [_] f_Other
SAR116_clade

f SARS6_clade

f _Thioglobaceae

f _uncultured






