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Marine microorganisms are involved in a variety of biogeochemical cycles and live in diverse ecological communities where they interact with each other and with other organisms to guarantee ecosystem functions. The present study focused on a shallow marine environment located in Ría de Vigo (NW, Spain), where sediment and size-fractionated plankton samples were collected from 2016 to 2018. DNA metabarcoding was used to describe the eukaryote and prokaryote composition and diversity in sediments and plankton and to depict possible associations among the most frequent and abundant organisms by co-occurrence network analysis. High eukaryote and prokaryote diversity indices were obtained in all compartments. Significant differences among eukaryote and prokaryote communities were found between sediment and plankton samples, with a high percentage of exclusive operational taxonomic units (OTUs) associated with each compartment, especially from sediment. Despite these differences, shared taxa between water and sediment were also obtained, suggesting a relatively meaningful exchange of organisms between both environmental compartments. Significant co-occurrences were mainly obtained between prokaryotes (41%), followed by eukaryotes–prokaryotes (32%) and between eukaryotes (27%). The abundant and strong positive correlations between organisms, including representatives from the sediment and the water column, suggested an essential role of biotic interactions as community-structuring factors in shallow waters where beneficial associations likely prevail. This study provides a novel approach for the detailed description of the eukaryote and prokaryote diversity and co-occurrence patterns in a shallow marine area, including both the sediment and different water-size fractions. The high diversity obtained and the detection of predominantly coexisting interactions among organisms from sediment and the overlying water column suggest a movement of species between both habitats and therefore confirm the importance of integratively studying shallow marine ecosystems.
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1 Introduction

Aquatic microorganisms, including prokaryotes and eukaryotes, comprise the majority of ocean biomass and mediate a variety of fundamental biogeochemical cycles (Field et al., 1998; Fuhrman, 2009; Massana, 2011; Caron et al., 2012). Marine microorganisms, including autotrophs and heterotrophs, live in diverse ecological communities where they interact with each other and with viruses and multicellular organisms (Rodríguez-Martínez and Pascual, 2006; Middelboe and Brussaard, 2017; Farnelid et al., 2021; Turner et al., 2021).

Interactions between microbial species and other organisms guarantee ecosystem functions by contributing to community structure, activity, and resistance to environmental changes (Amin et al., 2012; Bjorbækmo et al., 2020; Durham, 2021; Farnelid et al., 2021);. The most common interactions include competition, mutualism, and parasitism (Amin et al., 2012; Faust and Raes, 2012; Bjorbækmo et al., 2020; Durham, 2021). Co-occurrence network analyses can assess the importance of biotic interactions (Milici et al., 2016; Brisson et al., 2019; Anderson and Harvey, 2020; Hoshino et al., 2020), which have been recognized as powerful tools to study how microorganisms are involved in the functioning of the ecosystem in sediments (Hoshino et al., 2020) and marine water (Cui et al., 2019; Hou et al., 2020). One of the most studied associations in microbial communities are those between heterotrophic bacteria and phytoplankton during microalgal bloom events (Buchan et al., 2014; Needham and Fuhrman, 2016; Zhou et al., 2018; Hou et al., 2020). These interactions have been considered essential drivers affecting key ecological processes, such as primary production or dissolved and particular organic matter (DOM and POM, respectively) remineralization by heterotrophic bacteria (Farnelid et al., 2021).

Abiotic factors such as nutrients, solar irradiation temperature, day length, and wind-driven upwelling and downwelling events influence the dynamics of the aquatic microbial community structure and induce seasonal succession of microorganisms in productive surface waters off NW Spain (e.g., Hernández-Ruiz et al., 2018; Joglar et al., 2021). These have suggested that biotic relationships may be as important as environmental variables as factors controlling the community structure in this coastal ecosystem.

Our understanding of microbial interactions in the ocean remains scarcely studied because of the reduced availability of culture strains and the high abundance of small organisms (<3 µm) in aquatic ecosystems that are not well described and play important ecological roles (Martinez-Garcia et al., 2012; Simon et al., 2015; Leray and Knowlton, 2016; Solden et al., 2016; Salazar and Sunagawa, 2017; Bjorbækmo et al., 2020). The study of the taxonomic and functional diversity of small eukaryotic and prokaryotic organisms in marine ecosystems has been growing since the application of next-generation sequencing (NGS) tools (Pavan-Kumar et al., 2015; Leray and Knowlton, 2016), circumventing the difficulties of isolating and culturing (Whittaker, 1969; Massana, 2011) and thus improving our knowledge on their ecological role in the environment (Bakker et al., 2019). Some examples of sequencing-based studies include circumnavigation initiatives, such as Malaspina or Tara Oceans, aimed at characterizing marine plankton diversity over broad geographic scales (e.g., de Vargas et al., 2015; Salazar et al., 2016), or studies more focused on smaller scales, analysing water column or sediment depth gradients or different plankton size fractions (Grattepanche et al., 2014; Gong et al., 2015; Hernández-Ruiz et al., 2018; Holman et al., 2019). Sequencing has also been widely used for describing co-occurrence patterns between microbial planktonic organisms during microalgal bloom events (Buchan et al., 2014; Needham and Fuhrman, 2016; Zhou et al., 2018; Hou et al., 2020).

The coastal ocean comprises several distinct but highly connected ecosystems that include estuaries, continental shelves, and rivers, where communities play important roles in regulating biogeochemical cycles (Bauer et al., 2013). Shallow coastal seas include some of the most dynamic marine habitats, where organisms respond quickly to human influences in the terrestrial ecosystem and interact within and between contrasting environments such as the water column and sediment (Ray, 2005; Peters and Lodge, 2009). Transport to and from the sediment and water column of microorganisms through, for example, infiltration, wind-driven mixing, tides, or bioturbation is likely to influence the diversity and function of both compartments (Garstecki et al., 2002; Forehead et al., 2013; Guizien et al., 2014; Aleklett et al., 2018, Ul-Hasan et al., 2019). While many microbial biodiversity studies have focused on the bacterial community in either sedimentary or pelagic environments, few studies have simultaneously analysed the diversity of microbial communities in shallow waters and sediments (Ul-Hasan et al., 2019).

Ría de Vigo is a highly productive system that sustains important areas of shellfish production (Fernández et al., 2016). Previous studies on microbial planktonic diversity in Ría de Vigo have mostly focused on the seasonal dynamics of a prokaryote or small (<20 μm cell size) eukaryote community in surface shelf waters (>30-m depth) (Hernando-Morales et al., 2018; Hernández-Ruiz et al., 2018) and on the description of co-occurrence networks of eukaryotic and prokaryotic associations in the epipelagic zone (Joglar et al., 2021). However, the eukaryotic and prokaryotic diversity in shallow environments (<5-m depth) within Ría de Vigo, including sediment and water samples, has not been explored thus far except for a eukaryote study by Ríos-Castro et al. (2021).

The main objectives of this study were to explore the diversity and taxonomic composition of eukaryotes and prokaryotes in sediments and plankton of a shallow area within Ría de Vigo to describe the temporal variability and the connection between the two environments and biological groups and to construct the co-occurrence network between the most abundant and frequent taxa. We hypothesize that both environments (water column and sediment) and biological groups (eukaryotes and prokaryotes) are highly connected, including a significant fraction of common and interrelated taxa.



2 Materials and methods


2.1 Sampling and DNA isolation

Eukaryotic and prokaryotic diversity was evaluated in sediment and water samples from Meira, a bivalve production area in Ría de Vigo, NW Spain (42°17′6.72″N/8°43′18.80″W) (Figure 1A). Sampling was performed approximately every 3 months from July 2016 to June 2018 (Supplementary Table 1). Superficial sediment was collected from three different areas of the intertidal zone, mixed and kept at -20°C until DNA isolation. Seawater was collected at approximately 10 m from the seashore, and it was successively filtered by different pore sizes. A volume of 75 m3 of seawater was filtered with a 200-µm plankton net to obtain the mesoplankton fraction. Subsequently, a volume of 40 l was filtered again through a 65-µm-pore-size polycarbonate filter to obtain the microplankton, and finally, 2 l of seawater was filtered using a 0.22-µm-pore-size polycarbonate filter to obtain the nanoplankton–picoplankton fraction. Filters were also kept at -20°C until DNA isolation. The nomenclature of the water fractions was adapted from Sieburth et al. (1978) (Figure 1B).




Figure 1 | (A) Location of the bivalve production area in Ría of Vigo (Meira, NW Spain) and location of Station V2 where environmental parameters were obtained. (B) The sampling period extended from 2016 to 2018, and environmental samples collected for analysis were included.



A total of 28 samples of sediment and water fractions were processed. DNA from sediment and water was isolated using the PowerSoil DNA Isolation Kit (Qiagen, Düsseldorf, Germany) following the manufacturer’s protocol, and then the quality and concentration of DNA were estimated using the NanoDrop™ 1000 spectrophotometer (NanoDrop Technologies, Inc., DE, USA).



2.2 Environmental parameters

Environmental factors from the V2 station (Moaña), near our sampling site, were downloaded from Instituto Tecnolóxico para o Control do Medio Mariño de Galicia (Instituto Tecnológico para el Control del Medio Marino de Galicia (INTECMAR) and Unidad de Proceso de Datos y Sistemas de Informacion, 2010) and Meteogalicia (MeteoGalicia and Xunta de Galicia, 2022). Abiotic factors included water temperature (°C), salinity (ppm), oxygen (ml L-1), chlorophyll estimated from fluorescence (mg m-3), air temperature (°C), and precipitation (L m-2). Dissolved nutrients (µmol L-1), including NO3−, NO2−, NH4+, SiO4, HPO4-2, dissolved organic carbon (DOC), and dissolved organic nitrogen (DON), were also included in this study. The average of all surface values (0–5 m) from each of our sampling months was calculated, and values were normalized (z score) to be used in correlation Mantel test analysis (Mantel, 1967).



2.3 Amplicon sequencing and bioinformatic pipeline

The V4 region of the 16S rRNA gene (287 bp long) was amplified from 28 genomic DNA samples using the universal prokaryotic-specific primers 16S rDNA described in Lasa et al. (2019). A first target enrichment PCR assay was performed with the 16S conserved primers, followed by a second PCR assay, with customized primers including adapter complementary regions (Lasa et al., 2019). Libraries obtained from 28 environmental samples (sediment, mesoplankton, microplankton, and nanoplankton) were sequenced using an Ion Torrent (PGM) Platform (Thermo Fisher Scientific, MA). The raw read sequences obtained were deposited in the Sequence Read Archive (SRA) (http://www.ncbi.nlm.nih.gov/sra) under the BioProject accession number PRJNA828388. The bioinformatic pipeline was performed using the Microbial Genomics module (Version 1.3) of the CLC Genomics workbench (Version 9.5.1) following the protocol described in Lasa et al. (2019). Briefly, reads were quality trimmed based on quality scores and then length trimmed. Then, reads were clustered at a 97% level of similarity into operational taxonomic units (OTUs), and chimaera detection and removal were performed. Ribosomal RNA gene reads were classified against the non-redundant version of the SILVA SSU reference database (Release 123; http://www.arb-silva.de). Only reads occurring at least five times in the trimmed dataset were assigned to bacterial taxa and included in the results.

The raw eukaryote OTU table obtained after the sequencing of the V9 region of the 18S rRNA gene, performed by Ríos-Castro et al. (2021), was considered to construct co-occurrence networks of prokaryotes and eukaryotes. OTUs with a combined abundance ≤ 5 reads were considered in the present study to increase the number of nonrepresentative taxa and to be able to identify biotic and abiotic correlations of eukaryote and prokaryote communities, including not such representative taxa.



2.4 Diversity and community composition

As one of the objectives of this study was to determine the number of common OTUs between environmental compartments, the raw OTU tables of prokaryotes and eukaryotes were subsampled (Vegan R package) to the lowest number of reads per sample, which were 46,012 and 5,391 reads for eukaryotes and prokaryotes, respectively. In this way, we avoid the overrepresentation of a given compartment.

The Vegan R package was used to estimate alpha-diversity indices (Shannon–Wiener, Pielou, and OTU richness) on each sample using the subsampled eukaryote and prokaryote OTU tables. Differences in diversity indices among environmental compartments and seasons were statistically tested with the Kruskal–Wallis test and Dunn’s multiple-comparison test. The UpsetR tool (Lex et al., 2014) was used with each subsampled OTU table to estimate the number of common and exclusive eukaryote and prokaryote OTUs from each environmental compartment.

The community compositions of eukaryotes and prokaryotes were represented as relative abundances calculated from subsampled abundance OTU tables. Taxonomy was represented according to the following criteria. Overall, all orders representing >1% of the total reads were represented. When the sum of the relative abundance of all OTUs within an order was between 0.5% and 1%, these OTUs were classified at the class or phylum level. Finally, orders with abundances lower than 0.5% were grouped as “other” because of their low representativeness in the eukaryote and prokaryote composition.



2.5 Statistical analysis

To account for the inherent limitations of working with compositional data, the abundances of the subsampled OTU tables were transformed using the centred log ratio (CLR), where zero values were replaced by the minimum abundance value larger than 0 divided by 2 (Gloor et al., 2017). The CLR transformation was performed in RStudio using the Vegan R package.

Non-metric multidimensional scaling (NMDS) analysis based on Euclidean distance matrices was performed from CLR-transformed data and using the R Vegan package to study differences in eukaryote and prokaryote composition among each environmental compartment. Analysis of similarity test (ANOSIM) was used to test for differences between environmental compartments and sampling seasons. Redundancy analyses (RDA) were performed for eukaryotes and prokaryotes to analyse the association among the abiotic factors and the community composition in each environmental fraction. Permutation multiple analyses of variance (PERMANOVA) were performed to statistically explore whether the environmental parameters could influence eukaryotic or prokaryotic composition in sediment, mesoplankton, microplankton, and nanoplankton.

To statistically explore whether environmental factors could influence eukaryotic or prokaryotic composition in sediment, mesoplankton, microplankton, and nanoplankton, a correlation test was also performed (function Relate Primer3) from Euclidean distance matrices of eukaryote and prokaryote communities and the Euclidean distance matrix of environmental data (Ta water, oxygen, fluorescence, salinity, phosphate, dissolved organic carbon (DOC), and dissolved organic nitrogen (DON)). The Mantel correlation test (Mantel, 1967) was performed to calculate the correlation between eukaryotic and prokaryotic Euclidean distance matrices obtained from the CLR-transformed OTU abundance tables.

Network analyses were conducted to detect potential keystone interactions within prokaryote–prokaryote, eukaryote–eukaryote, and eukaryote–prokaryote communities. The 100 most abundant and frequent OTUs (50 eukaryotes and 50 prokaryotes) among all samples were selected to perform network analyses. To maximize the sample size, we built a single network including all sediment and water column samples together where both eukaryote and prokaryote data were available (n = 24). To avoid biases related to habitat, the CLR abundances of eukaryotes and prokaryotes were corrected by the habitat filtering (HF) algorithm (Brisson et al., 2019). Spearman correlations with the Benjamini–Hochberg p value-adjusted procedure (Benjamini and Hochberg, 1995) at a false discovery rate of 5% were conducted from HF-corrected abundances of eukaryote and prokaryote OTU tables to minimize false-positive associations. A network was built, including those significant correlations with a Spearman r > ± 0.7. The Igraph R package was used to obtain the network topology of correlations from 75 nodes and 243 significant edges (r ≥ 0.7, p < 0.05). The network obtained was compared against 100 randomized networks generated using the Erdos–Rényi model. Finally, the significance of the network was estimated by the two-sample z-test means comparing the random and real values of characteristic path length (CPL) and clustering coefficient (CL). All positive and negative significant correlations (p values ≤ 0.01) were also represented in individual networks to better visualize the connections. The environmental compartment (sediment, plankton, or both of them) on which each node was more representative was indicated in all co-occurrence networks. The following criteria were established. When the difference in relative abundance of each OTU in sediment and plankton was ≤0.5, the OTU was associated with both environmental fractions, whereas if the difference was higher than 0.5, the OTU was associated with the most representative fraction, sediment, or plankton.




3 Results


3.1 Sequencing data

A total of 28 samples for 16S rRNA sequencing were successfully amplified. A detailed description of the number of sequences obtained in each step of the analysis is specified in Table 1 and Supplementary Table 2. After sequencing, trimming, and merging prokaryote reads, a total of 906,364 reads were obtained. The prokaryote OTU-clustering process generated 9,933 OTUs obtained from 502,439 filtered reads. After the subsampling procedure performed in this study, 6,731 prokaryote OTUs were obtained and therefore considered in the following analyses (Table 1). The eukaryote sequencing results were detailed in Ríos-Castro et al. (2021). After the eukaryote OTU table subsampling procedure performed in the present study, 6,819 eukaryote OTUs were obtained and considered in the following analyses.


Table 1 | Number of reads and OTUs obtained through the analysis of data obtained by eukaryote and prokaryote sequencing.





3.2 Environmental parameters

Abiotic parameters are represented in Figure 2. The highest rain values were recorded in February 2018, followed by June 2018 (Figure 2A). Seawater temperature followed the same patterns as air temperature, with the exception of July 2016, when the air temperature was 7°C higher than the water temperature. Compared to the other summer samplings, the low water temperature recorded in July 2016 coincided with a high upwelling index (Figure 2B).




Figure 2 | Environmental parameters: (A) precipitation (L m-2), water temperature (°C), and air temperature (°C). Data source: Meteogalicia (B) upwelling index. Data source: IEO. (C) DOC (µmol-L-1), DON (µmol-L-1), and fluorescence (mg m-3) from the nearest station (V2 Moaña) to our samplings. Data source: Instituto Tecnolóxico para o Control do Medio Mariño de Galicia (INTECMAR).



The lowest fluorescence values were observed in winter, especially in February 2018, which coincided with the lowest DOC value. The lowest DON was obtained in summer, and maximum values occurred in winter, mainly in February 2018. In September 2017, the highest level of DOC was observed (Figure 2C).



3.3 Overview of the eukaryote and prokaryote diversity and composition

Although eukaryotic diversity was studied previously in Ríos-Castro et al. (2021), we reanalysed the eukaryote diversity since a different and larger OTU table was considered in the present study. We also provide here a detailed description of temporal changes in the community composition, in order to link changes in the eukaryote community with those in the prokaryote community. In addition, we used here the CLR transformation of the abundance of reads to account for specific statistical constraints associated with correlation analysis.

Alpha diversity indices are specified in Supplementary Table 3. No significant differences in eukaryote richness and diversity (Shannon index) were observed among compartments (Figures 3A, B). Significant differences among sampling seasons were not observed within any of the compartments (Supplementary Figure 1). The analysis of the exclusive and common eukaryote OTUs from each environmental compartment showed that the highest number of exclusive OTUs occurred in sediment (16.3%), followed by nanoplankton (11%), microplankton (10.9%), and mesoplankton (5.7%). However, there were also a high number of OTUs common to all compartments (15.8%) (Figure 3C). The NMDS analysis of eukaryote communities showed that all sediment samples were grouped, and they were mostly separated from the other environmental compartments. The three different plankton fractions showed a minor level of separation. Mesoplankton and microplankton were mostly grouped among them, and the nanoplankton appeared more isolated from these fractions (Figure 3D). In general, significant differences were observed between environmental fractions (ANOSIM, R = 0.69, p = 0.0001). After pairwise statistical comparisons, significant differences were observed between sediment and each fraction of water (sediment-meso: ANOSIM, R = 0.95, p = 0.006; sediment-micro: ANOSIM, R = 0.83, p = 0.003; and sediment-nano: ANOSIM, R = 0.96, p = 0.006) and between mesoplankton and nanoplankton (ANOSIM, R = 0.72, p = 0.0264)




Figure 3 | Alpha and beta diversity obtained from eukaryote sequencing. (A) Richness and (B) Shannon index obtained from each environmental compartment. (C) Exclusive and common OTUs of eukaryotes obtained from each environment. (D) NMDS based on Euclidean distances. The stress value indicated a reliable level of ordination.



Significant differences in prokaryote richness (Kruskal–Wallis test, p = 0.0008 < 0.001) and diversity (Shannon index) (Kruskal–Wallis test p = 0.0006 < 0.001) were observed among the environmental compartments. Significant differences were observed between sediment and nanoplankton (Dunn’s multiple-comparison test, p < 0.05) and between microplankton and nanoplankton (Dunn’s multiple-comparison test, p < 0.001) (Figures 4A, B). There were no significant differences in prokaryote richness and diversity among the sampling seasons (Supplementary Figure 1). The analysis of the exclusive and common prokaryotic OTUs showed that the highest number of exclusive OTUs was detected in sediment (17.5%), followed by microplankton (16.8%), mesoplankton (11.4%), and nanoplankton (5.6%). Compared with the high number of exclusive OTUs observed in the compartments, only 10.3% of OTUs were shared among all of them (Figure 4C). The NMDS analysis showed that samples from the same environmental compartment were clustered. The most separated clusters were sediment and nanoplankton samples (Figure 4D). Significant differences were observed between environmental fractions (ANOSIM, R = 0.75, p = 0.0001). After pairwise statistical comparisons, significant differences were observed between sediment and each water fraction (sediment-meso: ANOSIM, R = 0.77, p = 0.0054; sediment-micro: ANOSIM, R = 0.90, p = 0.002; and sediment-nano: ANOSIM, R = 1, p = 0.003), between mesoplankton and nanoplankton (ANOSIM, R = 0.518, p = 0.0048), and between microplankton and nanoplankton (ANOSIM, R = 0.897, p = 0.0042).




Figure 4 | Alpha and beta diversity obtained from prokaryote sequencing. (A) Richness and (B) Shannon index obtained from each environmental compartment. (C) Exclusive and common OTUs of eukaryotes obtained from each environment. (D) NMDS based on Euclidean distances from each environmental compartment. The stress value indicated a reliable level of ordination. P-value < 0.05 (*); P-value < 0.01 (**); P-value < 0.001 (***).



Overall, there were no significant correlations among the environmental distance matrices and the corresponding eukaryote or prokaryote community distance matrices, except for the eukaryote community in sediments (Rho = 0.41, p = 0.048) and the prokaryote community in the nanoplankton fraction (Rho = 0.517, p = 0.009).


3.3.1 Eukaryote composition

The composition of the main eukaryote groups (Archaeplastida, Fungi, Metazoa, and Protist) present in sediment and the water column was previously described in Ríos-Castro et al. (2021), although no temporal variations were considered in each ecological fraction. In the present study, eukaryotic community composition was more deeply described.

Although the OTU tables were different, our results agree with those reported by Ríos-Castro et al. (2021), with an overall of 70%–95% of eukaryotic OTUs taxonomically classified (Figure 5). The eukaryote community greatly varied among all compartments and among the different samplings from each environmental compartment (Figure 5).




Figure 5 | Eukaryote composition in terms of relative abundance obtained from (A) sediment, (B) mesoplankton, (C) microplankton, and (D) nanoplankton. Legend: A, Arthropoda; An, Annelida; B, Bacillariophyta; C, Cnidaria; Ch, Chordata; Chl, Chlorophyta; Chr, Chrysophyceae; D, Dinophyceae; L, Labyrinthulomycetes; M, Mollusca; N, Nematoda; P, Polychaeta; Pha, Phaeophyceae; R, Rhodophyta; T, Thecofilosea; and X, Xenacoelomorpha.



The Bacillariophyta phylum, Arthropoda phylum, and Polychaeta class represented the majority of eukaryote composition in sediment, with the dominance of organisms from the following orders: Naviculales (10% total reads), Harpacticoida (8.9% total reads), and Phyllodocia (7.7% total reads) (Figure 5). Massive proliferation of specific groups was eventually detected in the sediment. For example, the Polychaeta orders Phyllodocia and Spionida represented 45% of total reads in February 2018 and 30% of total reads in June 2018, respectively. Sphaerosyllis pirifera and Parapionosyllis elegans were the dominant species from the Phyllodocia bloom, whereas Pygospio elegans was the causative species of the Spionida bloom (Figure 5A).

The majority of the eukaryotic groups observed in mesoplankton corresponded with metazoans, with the phyla Arthropoda and Mollusca being the most abundant. The Harpacticoida order (Arthropoda) was the main group (13% total reads), and it accounted for 40% of the total reads in January 2017 (Figure 5B). The Mollusca phylum (18% of total reads) was mainly detected in June 2017 (32% of total reads) and February 2018 (46% of total reads), with Neogastropoda, Veneroida, and Planorbidae as the main orders (Figure 5B).

The microplankton were mainly composed of the phyla Rhodophyta (Archaeplastida) and Arthropoda (Metazoa). The order Ceramiales (Rhodophyta) contributed 18% of the total reads, and it was the dominant group in June 2017 (54% of the total reads). The order Harpacticoida was the most abundant within the Arthropoda phylum, and it was the main eukaryote taxon in September 2017 (30% of the total reads). The orders Ectocarpales and Rotaliida were particularly dominant in June 2018 (16% of total reads) and October 2016 (21% of total reads), respectively. The Bacillariophyta phylum was also detected, particularly in February and June 2018 (Figure 5C).

The majority of the eukaryotic group observed in nanoplankton corresponded with protists, with organisms from the phyla Bacillariophyta and Rhodophyta and the Dinophyceae class being the most abundant. Diatoms from the order Thalassiosirales (Bacillariophyta) were especially abundant in October 2016 (26% of total reads), while the orders Oxyrhiniales (Dinophyceae) and Ceramiales (Rhodophyta) represented 50% of total reads in September 2017 and 44% of the total reads in June 2017, respectively. Some Chlorophyta taxa were occasionally important within the nanoplankton, such as Chlorodendrophyceae and Mamiellales, which represented 16.30% and 8.07% of the total reads, respectively, in July 2016. The order Chromunilales (Chrysophyceae) was only dominant in February 2018 (Figure 5D).



3.3.2 Prokaryote composition

Almost 95% of prokaryote OTUs were taxonomically classified (Figure 6). Prokaryote composition differed among compartments, while variability among different samplings was relatively limited.




Figure 6 | Prokaryote composition in terms of relative abundance obtained from (A) sediment, (B) mesoplankton, (C) microplankton, and (D) nanoplankton. A, Alphaproteobacteria; B, Bacteroidetes; D, Deltaproteobacteria; and G, Gammaproteobacteria.



Flavobacteriales, Cyanobacteria, and Gammaproteobacteria were the most abundant (21%–23% of total reads each) prokaryotes detected in sediment (Figure 6A). The Gammaproteobacteria class was composed of Alteromonadales, Cellvibrionales, Gammaproteobacteria-BD78, Gammaproteobacteria-KI8A, Steroidobacterales, and a variety of orders contributing <1% to total reads. Rhizobiales and Rhodobacterales were minor groups detected in all samplings. The prokaryote composition in sediment was relatively stable among samplings, with the exception of February 2018. In this sampling, the orders Campylobacterales and Alteromonadales represented 22% and 8% of the total reads, respectively (Figure 6A).

In the mesoplankton fraction, the order Flavobacteriales (30% total reads) and the classes Gammaproteobacteria (25% abundance) and Cyanobacteria (15% abundance) were the most representative groups (Figure 6B). In this compartment, the prokaryote composition was variable among samplings. The order Alteromonadales (Gammaproteobacteria) was mainly representative in June 2017 and February 2018 (35% and 21% total reads, respectively). The Cyanobacteria phylum represented 60% of the total reads in September 2017; however, it was not as prevalent in the other samplings. The highest contribution of the order Rhodobacterales was detected in October 2016 (22% abundance). Other groups, such as Campylobacterales, Patescibacteria, Deltaproteobacteria, and Planctomycetes, were also found in the mesoplankton (Figure 6B).

The orders Flavobacteriales and Rhodobacterales and the Gammaproteobacteria class dominated the microplankton (Figure 6C). Flavobacteriales represented 40% of the total reads and was abundant in all samplings. The Gammaproteobacteria represented 17% of the total reads, with Alteromonadales, Cellvibrionales, Thiohalorhabdales, and Vibrionales as the main orders. Cyanobacteria was also observed in all samplings but contributed less to total reads than sediment and mesoplankton compartments. In microplankton, the order Rhodobacterales represented 15% of the total reads and was detected in all samplings. Other groups contributing each <2% to total reads, such as Firmicutes, Campylobacterales, Actinobacteria, Desulfobacterales, and Verrucomicrobia, were also detected in microplankton.

The prokaryote composition of nanoplankton was similar to that of microplankton. The orders Flavobacteriales and Rhodobacterales and the Gammaproteobacteria class were also the dominant taxa; however, Cyanobacteria were not found in this compartment. The Gammaproteobacteria class was dominated by Alteromonadales, but Cellvibrionales, Vibrionales, and Oceanospirillales were also found. The prokaryote composition was more variable among samplings compared with the microplankton. Flavobacteriales represented 64% of the total reads in July 2016, whereas Alteromonadales represented 46% of the total reads in October 2016. Moreover, Campylobacterales and Oceanospirillales were more representative in February 2018, and Vibrionales was mainly detected in June 2018 (Figure 6D).




3.4 Co-occurrence networks

A strong and significant correlation was obtained between the eukaryote and prokaryote communities (Mantel test, r = 0.6324, p = 0.000999 <0.001). Significant differences were observed when the characteristic path length (CPL) and the clustering coefficient (CL) of the network, including all significant edges with rho >0.7 (Figure 7), were compared with those obtained in random networks of the same number of nodes and edges (Z-test, p < 0.001); thus, no random correlations occurred in the co-occurrence network. The topology of the co-occurrence network (Spearman r > 0.7) has been detailed in the (Table 2).




Figure 7 | Undirected network that represents all the links among organisms (prokaryote–prokaryote, eukaryote–eukaryote, and eukaryote–prokaryote). Significant co-occurrences or co-exclusions (p value <0.01) were represented with a Spearman r > 0.7. Red edges represent positive correlation (co-occurrences), whereas blue edges represent negatives (co-exclusions). The size and colour of the nodes represent the degree and taxonomic group, respectively. The shape of nodes represents whether the organism is a eukaryote (square) or prokaryote (circle). The type of node lines represents the environmental compartment (sediment, plankton, or both of them) on which each OTU is more representative in terms of percentage of total prokaryotic reads.




Table 2 | Topology of the co-occurrence network. Spearman r > 0.7.



When considering all significant edges, the majority of significant co-occurrences were between prokaryotes (41%) or between eukaryotes and prokaryotes (32%). Only 27% of the correlations occurred between eukaryotes (Figure 8). Most correlations were positive (78%). The strongest (r >0.7) positive correlations were mainly observed between eukaryotes from the Bacillariophyta phylum, whereas the strongest negative correlations involved prokaryotes (Figure 7, Supplementary Tables 4, 5). Although all the significant nodes (88 nodes) were found in sediment and plankton, 48.86% of the nodes involved in co-occurrences were mainly found in plankton, followed by 42.04% of nodes which showed a similar relative abundance in both sediment and plankton fractions. Despite that only 9.09% of total OTUs were mainly associated with sediment samples (mainly diatoms), they were highly correlated with eukaryotes and prokaryotes from both environments.




Figure 8 | Undirected network that represents all links among organisms (prokaryote–prokaryote, eukaryote–eukaryote, and eukaryote–prokaryote). All significant correlations (p value <0.01) were represented. (A) Positive correlations and (B) negative correlations. The size and colour of the nodes represent the degree and taxonomic group, respectively. The shape of nodes represents whether the organism is a eukaryote (square) or prokaryote (circle). The type of node lines represents the environmental compartment (sediment, plankton, or both of them) on which each OTU is more representative in terms of percentage of total prokaryotic reads.




3.4.1 Prokaryote–prokaryote correlations (rho >0.7)

Only 10.29% of correlations were negative among prokaryotes. Most correlations among prokaryotes included OTUs from the Flavobacteriales order (31%), followed by correlations involving the Flavobacteriales and Rhodobacterales orders (26%) and those including members of the Flavobacteriales order and the Gammaproteobacteria class (14%) (Figure 7, Supplementary Table 4, Supplementary Figure 2). However, the strongest positive and negative correlations were observed between the pairs Gammaproteobacteria-BD7-8 and Cyanobacteria and Gammaproteobacteria-BD7-8 and Formosa sp., respectively. Furthermore, correlations between Flavobacteriales genera, such as Eudoraea sp.-Lacinutrix sp. and Eudoraea sp.- Aquibacter sp., were among the strongest positive bacterial relations, and they were also included among the strongest negative correlations with Gammaproteobacteria-BD7-8 (Figure 7, Supplementary Table 4).

Myxococcales were involved in weaker correlations with Rhodobacterales, Cyanobacteria, and Gammaproteobacteria, each one contributing less than 1% of bacterial co-occurrences (Supplementary Figure 2).



3.4.2 Eukaryote–eukaryote correlations (rho >0.7)

All eukaryote correlations with a Spearman rho >0.7 were positive (Figure 7). Positive correlations mainly occurred between benthic diatoms (80%) from the following orders: Naviculales (including the genera Hippodonta and Navicula), Thalassiophysales (genus Amphora), Triceratiales (genus Talaroneis), and Bacillariales (genus Nitzschia) (Figure 7, Supplementary Table 4, Supplementary Figure 2).

Weaker correlations were also found between pairs of OTUs from the order Ceramiales (Polysiphonia elongata with Melanothamnus harveyi and Ceramium diaphanum), between Dinophyceae and Rhizaria species (Amphidinium carterae-Ammonia beccarii), and between Dinophyceae and Bacillariophyta (Symbiodinium sp.- Amphora sp.) (Figure 7, Supplementary Table 4).



3.4.3 Eukaryote–prokaryote correlations (rho >0.7)

Eukaryote–prokaryote correlations mainly involved eukaryotes from the Bacillariophyta phylum and the following prokaryotes: Flavobacteriales (31%), Gammaproteobacteria (23%), Rhodobacterales (14%), and Cyanobacteria (12%) (Figure 7, Supplementary Table 4, Supplementary Figure 2).

Positive and negative correlations between Bacillariophyta and Flavobacteriales were observed. For example, positive relations were observed among the Eudoraea and Lacinutrix genera with the diatoms Hippodonta capitata, Naviculales and Amphora sp. Most negative correlations occurred between Formosa sp. (Flavobacteriales) and the diatoms Navicula sp., Hippodonta capitata, and Amphora sp. The correlations among the diatoms Hippodonta sp. and Naviculales with Gammaproteobacteria and Cyanobacteria were also positive, whereas a negative relation was detected among the diatom Nitzschia sp. and a Gammaproteobacteria from the Thiotrichaceae family. All correlations among Bacillariophyta and Rhodobacterales (including the genera Pseudoruegeria, Dinoroseobacter, or Sulfitobater) were negative. The strongest negative association was detected between Sulfitobacter sp. and Nitzschia cf. fonticola. Other positive correlations involved Flavobacteriales with Dinophyceae (Symbiodinium sp.), Xanthophyceae (Tribonema sp.), or Apicomplexa (Selenidium pendula). A negative correlation involving Flavobacteriales and Arthropoda (Harpacticus sp.) was also observed. The association between Harpacticus sp. and Tenacibaculum sp. (Flavobacteriales) was negative (Figure 7, Supplementary Table 4).





4 Discussion

A major novelty of this study is that it provides the first detailed description of the eukaryote and prokaryote co-occurrence network in a shallow (<5-m depth) marine area near the intertidal zone in Ría de Vigo, including both the sediment and water column (meso- to picoplankton). The eukaryotic composition was previously studied in the same area by Ríos-Castro et al. (2021). A wide variety of organisms move across different ecosystems throughout their life cycles, using these habitats as spawning sites, refuges, nurseries, or feeding grounds (Levin et al., 2001). The movement of organisms between the benthic and pelagic realms makes shallow seas highly diverse ecosystems with increasing richness toward the shoreline (O'Donnell et al., 2017; Sánchez-Soto Jiménez et al., 2018). Previous metabarcoding studies conducted in Ría de Vigo focused on the study of eukaryote and/or prokaryote communities in deeper areas (>30 m depth) and involved mostly the micro- to picoplankton size fractions (Hernando-Morales et al., 2018; Hernández-Ruiz et al., 2018; Joglar et al., 2021; Gutiérrez-Barral et al., 2021). Although not directly comparable due to the inclusion of different sample sizes and the use of different primer sets, the number of unique OTUs was overall higher in the present study than in these previous studies in deeper areas within Ría de Vigo or the adjacent shelf (Hernández-Ruiz et al., 2018; Joglar et al., 2021; Gutiérrez-Barral et al., 2021), which highlights the importance of studying eukaryote and prokaryote communities in shallow waters, where the high diversity can be related to the proximity of sediment communities. The percentage of water-sediment shared taxa (39.91% for eukaryotes and 34.84% for prokaryotes) suggests a relevant exchange of taxa between both habitats. A similar percentage of shared taxa among sediment and the overlying water column was reported for another shallow marine environment (e.g., Chen et al., 2017). Several studies have suggested that sediments should be considered as seed banks of planktonic diversity (Itakura et al., 1997; Massana et al., 2015; Likumahua et al., 2021), while propagules and larvae from benthic organisms can swim in the overlying water column. Our dataset is consistent with this picture, as abundant organisms in planktonic fractions, such as Dinophyceae or Ceramiales, were observed in low abundance in sediments. A co-occurrence network showed a high percentage of OTUs with a similar abundance in both sediment and plankton, some of which were involved in associations with both benthonic and planktonic organisms, like for example, the positive association of the bacteria Eudoraea sp. (found in both compartments) with benthic Cyanobacteria and diatoms (e.g., Naviculales), or the positive association of the apicomplexan Selenidium pendula with several planktonic Flavobacteriales. Furthermore, strong correlations among mostly planktonic and mostly benthonic organisms were also found in co-occurrence networks, like for example the co-exclusions found between Formosa sp. (plankton) and Gammaproteobacteria BD7-8 (sediment) and benthic diatoms. These associations reinforce the idea of a relevant connection between sediment and plankton taxa and the importance of including both compartments in the study.

Previous studies performed in the open ocean suggested that the highest eukaryote diversity occurs in the smallest size fraction (de Vargas et al., 2015; Leray and Knowlton, 2016). The same pattern was observed in our study for eukaryote richness as well as in Ríos-Castro et al. (2021). In contrast, lower richness and diversity of prokaryotes was found in the smaller plankton size fractions, as previously reported (e.g., Mestre et al., 2017). On average, a higher diversity of both eukaryotes and prokaryotes was found in sediments than in water samples, as previously observed in other marine ecosystems (Probandt et al., 2017; Ul-Hasan et al., 2019; Zhao et al., 2020). Such patterns are likely related to distinct benthic environments associated with sharp gradients in physicochemical factors. The significant differences found between taxonomic composition between sediment and plankton samples and the high percentage of exclusive OTUs found in sediment may be related to the unique conditions within sediments compared with the water column realm (Zinger et al., 2011).

Independent of the differences observed among compartments, eukaryote composition showed higher temporal variability than prokaryote composition. Moreover, the higher distances found between eukaryotes than between prokaryote samples in the NMDS reinforce the idea of a higher dynamism of eukaryotes compared to prokaryotes. In general, prokaryote composition was homogeneous between samplings from the same compartment. The punctual presence of the pathogen Campylobacter sp. February 2018 in sediment could be explained by faecal contamination (Perkins et al., 2014) produced in the zone near a wastewater treatment plant.

The highest proportion of unknown organisms was obtained from eukaryotes in sediment and microplankton samples, while almost 98% of prokaryotes were taxonomically classified. Previous studies suggested that the wide number of unknown organisms present in sediment belongs to the protist group (Forster et al., 2016), as the majority of small eukaryotes (<20 µm cell size) (24% to 98%) remain to be described (Leray and Knowlton, 2016). The larger fraction of undescribed eukaryotes compared to prokaryotes could be related to the fact that the first metabarcoding studies mainly focused on bacteria. Consequently, prokaryote reference databases might be more complete. Although DNA metabarcoding has allowed the characterization of new eukaryote taxa in recent years, there are still many unknown protists not available in public reference datasets.

Interactions between organisms contribute to the structure and function of the community and ecosystem. Although previous studies reported that abiotic factors strongly influence the dynamics of the community (Liu et al., 2021; Yu et al., 2022), others indicate that biotic interactions also play an important role (Steele et al., 2011; Gilbert et al., 2012; Chow et al., 2013). The strong correlation between organisms and the low explanatory capacity of abiotic factors for community composition suggest an essential role of biotic interactions as community-structuring factors in shallow waters, as previously proposed for planktonic communities in surface waters of Ría de Vigo (Hernández-Ruiz et al., 2018; Joglar et al., 2021). Nevertheless, the role of environmental factors in the present study may be underestimated, particularly for ambient sediment.

Overall, positive correlations, reflecting significant co-occurrences among OTUs, clearly prevailed in these shallow waters, suggesting that mutualistic and cooperative interactions are important in the study area. The percentage of co-occurrences was higher than in surface waters of Ría de Vigo (Hernández-Ruiz et al., 2018; Joglar et al., 2021). Several studies have suggested that facilitation interactions might favour coexistence (Brooker et al., 2008; Cavieres and Badano, 2009), which is also consistent with the higher diversity found in shallow sampling sites (this study) compared to previous deeper sampling sites in Ría de Vigo. The interactions between diatoms and bacteria have been extensively studied in recent years (Amin et al., 2012; Zhou et al., 2018; Hou et al., 2020) and were frequent in our study, clearly dominating the eukaryote–prokaryote co-occurrences.

Positive correlations could be explained by cross-feeding, co-colonization, niche overlap, or co-aggregation in biofilms (Faust and Raes, 2012). Therefore, the strong positive correlation among heterotrophic bacteria from the Flavobacteriales order, mainly found in planktonic fraction, might reflect mutualist or cooperative interactions. The strongest positive correlation between the heterotrophic benthic Gammaproteobacteria-BD7-8 (Li et al., 1999) and the autotrophic Cyanobacteria, also representative in sediments, could be explained by a mutualist interaction produced in this environmental compartment, involving the remineralization of DOC (produced by Cyanobacteria during photosynthesis) by the bacteria (Gammaproteobacteria), which would subsequently supply inorganic nutrients to cyanobacteria. Although few negative correlations were observed among bacteria, they were probably caused by a competition for limiting resources (Faust and Raes, 2012).

Protist representatives from the TSAR (Telonemida, Stramenopiles, Alveolata, and Rhizaria) supergroup were dominant in the networks (86% of the significant eukaryote nodes), which agrees with their great abundance and the variety of crucial roles they play in the marine environment (Burki et al., 2021).

Correlations among eukaryotes were mainly positive (only four among 105 eukaryote–eukaryote correlations were negative), suggesting that the competition among eukaryotes is minimal in comparison with that within bacteria. Interestingly, the most robust positive correlations occurred among benthic diatoms (TSAR). The strong association between benthic diatoms could be related to a cooperative strategy to optimize resource exploitation through cross-feeding and facilitation events. Several studies confirmed that benthic diatoms from different species, such as Amphora sp. or Navicula sp. (Molino and Wetherbee, 2008), establish cooperative relations within benthic biofilms, which might increase biomass production (Loreau and Hector, 2001; Koedooder et al., 2019) and counteract harsh limiting conditions that occur in estuarine and intertidal zones, such as desiccation, salinity, and temperature variations (Vanelslander et al., 2009).

Diatoms were also involved in the majority of eukaryote–prokaryote co-occurrences. They take up inorganic CO2 in benthic and pelagic areas and release dissolved and particular organic matter (DOM and POM, respectively), which promotes the growth and remineralization activity of heterotrophic bacteria that in turn supply inorganic nutrients necessary for diatom growth (Cole, 1982; Serôdio and Lavaud, 2020; Zheng et al., 2020; Farnelid et al., 2021). A wide number of studies have demonstrated that the main heterotrophic phyla associated with diatoms are Bacteroidetes (Flavobacterium sp.) and Proteobacteria (Sulfitobacter sp., Alteromonas sp., and Roseobacter sp.) (Grossart et al., 2005; Sapp et al., 2007; Amin et al., 2012). In the present study, associations between eukaryotes and prokaryotes involved different benthic diatoms and heterotrophic bacteria from the Flavobacteriales order, which were mainly found in the planktonic fraction. Co-occurrence patterns among diatoms and bacteria are typically explained by the mutualist interaction encompassing organic matter, including growth factors, and inorganic nutrient exchange (Amin et al., 2012). Therefore, our data suggest that the metabolite trading between diatoms and bacteria may also occur between the water column and the sediment in shallow areas. Positive correlations between diatoms and Rhodobacterales could also be explained by the bacteria supplying limiting growth factors such as vitamin B12 and B1 (Croft et al., 2005; Luria et al., 2016; Joglar et al., 2021). On the other hand, antagonistic associations were mainly found between Flavobacteriales (mainly Formosa sp.) and Rhodobacterales with diatoms. Such negative associations could be mediated by the production of antibacterial compounds by the diatoms, such as fatty acids, that affect bacterial growth (Wichard et al., 2007; Amin et al., 2012), by the production of algaecides by bacteria, or by a pH increase as the result of bacteria NH+4 or H2S oxidation, which inhibit algal growth (Cole, 1982; Stock et al., 2019). Tenacibaculum sp. was detected in all planktonic compartments, especially in nanoplankton, and was negatively associated with arthropods from the order Harpacticoida also detected in planktonic fraction, suggesting a possible pathogenic interaction. In Spain, Tenacibaculum maritimum has caused tenacibaculosis disease with important economic losses in the culture of commercial fishes such as Scophthalmus maximus, Salmo salar, Solea senegalensis, and Sparus aurata (Fernández-Álvarez and Santos, 2018). This organism is a pathogen of commercial fishes; however, it was also isolated from shrimp (Arthropoda), causing cotton shrimp-like disease (Sheu et al., 2007; Zhou et al., 2019).



5 Conclusion

In conclusion, the use of the metabarcoding methodology based on the sequencing of the V9 and V3–V4 regions of the 18S rRNA and 16S rRNA genes, respectively, has provided valuable information on the eukaryotic and prokaryotic composition of sediment and planktonic fractions. Despite the recent interest in including sediment in metabarcoding studies (Forster et al., 2016; Holman et al., 2019), few studies have been conducted in shallow-water communities in sediment and the water column. In the present study, it was possible to highlight the higher diversity obtained in the shallow area (<5-m depth) compared to previous studies in deeper zones of Ría de Vigo. This could be strongly related to the exchange of organisms between the benthic and pelagic zones, the large diversity associated with sediments, and the existence of a wide number of co-occurrences between organisms that could favour their coexistence. All these facts suggest the importance of following integrative approaches to study shallow marine ecosystems, which are also highly influenced by anthropogenic factors, such as the introduction of foreign species by ballast water or the release of pollutants to the marine ecosystem (Pecl et al., 2017; Veilleux et al., 2021). In particular, Ría de Vigo is characterized by its high productivity in the aquaculture sector and its exposure to several anthropogenic factors derived from industrial and domestic wastes (Guerra et al., 2002). Our study also shows that metabarcoding approaches could be useful tools for the integrative and systematic monitoring of diversity as well as for detecting potential biotic interactions among organisms in shallow marine environments, which are some of the most endangered areas in the context of global change.
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