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A Multi-Omics Analysis Suggests Links Between the Differentiated Surface Metabolome and Epiphytic Microbiota Along the Thallus of a Mediterranean Seaweed Holobiont
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Marine macroalgae constitute an important living resource in marine ecosystems and complex ecological interactions occur at their surfaces with microbial communities. In this context, the present study aimed to investigate how the surface metabolome of the algal holobiont Taonia atomaria could drive epiphytic microbiota variations at the thallus scale. First, a clear discrimination was observed between algal surface, planktonic and rocky prokaryotic communities. These data strengthened the hypothesis of an active role of the algal host in the selection of epiphytic communities. Moreover, significant higher epibacterial density and α-diversity were found at the basal algal parts compared to the apical ones, suggesting a maturation gradient of the community along the thallus. In parallel, a multiplatform mass spectrometry-based metabolomics study, using molecular networking to annotate relevant metabolites, highlighted a clear chemical differentiation at the algal surface along the thallus with similar clustering as for microbial communities. In that respect, higher amounts of sesquiterpenes, phosphatidylcholines (PCs), and diacylglycerylhydroxymethyl-N,N,N-trimethyl-β-alanines (DGTAs) were observed at the apical regions while dimethylsulfoniopropionate (DMSP) and carotenoids were predominantly found at the basal parts of the thalli. A weighted UniFrac distance-based redundancy analysis linking the metabolomics and metabarcoding datasets indicated that these surface compounds, presumably of algal origin, may drive the zonal variability of the epibacterial communities. As only few studies were focused on microbiota and metabolome variation along a single algal thallus, these results improved our understanding about seaweed holobionts. Through this multi-omics approach at the thallus scale, we suggested a plausible scenario where the chemical production at the surface of T. atomaria, mainly induced by the algal physiology, could explain the specificity and the variations of the surface microbiota along the thallus.
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INTRODUCTION

Marine macroalgae are major contributors of marine coastal biodiversity and considered as engineers in such ecosystems. They form natural habitats acting as ecological niches for surrounding organisms, in particular for many epiphytic life-forms found at their surfaces (Wahl et al., 2012). With surface densities recorded from 102 to 107 cells.cm–2 across different seaweeds, epiphytic bacteria are the main contributors to the microbial communities associated with algal surfaces (Bengtsson and Øvreås, 2010; Hollants et al., 2013).

Several studies have already highlighted the importance of inter-kingdom interactions, which can be essential for the physiology of all partners (Wichard et al., 2015). In that respect, some bacterial strains have been shown to be involved in the morphogenesis of the green alga Ulva mutabilis. This seaweed releases dimethylsulfoniopropionate (DMSP) into the surrounding waters which acts as a chemoattractant food source signal for the Roseovarius sp. MS2 strain. Once the signal is detected, the bacterial cells use the glycerol boundary layer as carbon source and promote the morphogenesis of two Ulva spp. (Wichard and Beemelmanns, 2018; Kessler et al., 2018). Conversely, several other studies have demonstrated the detrimental effect of some epiphytic bacteria which can negatively affect the host fitness. In the case of the red seaweed Delisea pulchra, the occurrence of pathogenic bacteria causing thallus bleaching was linked with a decrease of the algal chemical defenses (halogenated furanones acting as quorum sensing inhibitors) observed during the summer period (Wright et al., 2000; Campbell et al., 2011; Case et al., 2011). Epiphytes associated to macroalgae can even show evolutionary adaptation to macroalgal niches through, for example, their ability to degrade algal cell walls (Gobet et al., 2018). The close interactions between seaweeds and their surface-associated microbiota lead to consider these biological systems as holobionts (Egan et al., 2013).

With the increasing number of studies and models showing such interactions, it has been shown that the chemical production at the surface of algae may represent one of the main parameter driving the dynamic of epiphytic microbial communities (Nylund et al., 2010; Lachnit et al., 2013; Saha et al., 2014). In addition, environmental parameters also seem to be involved in the shaping of surface microbiota of seaweed holobionts such as Fucus vesiculosus, Ecklonia radiata, Caulerpa prolifera, Caulerpa cylindracea, Macrocystis pyrifera, Delisea pulchra, and Sargassum muticum (Stratil et al., 2013, 2014; Marzinelli et al., 2015, 2018; Zozaya-Valdés et al., 2016; Aires et al., 2018; Minich et al., 2018; Morrissey et al., 2019; Qiu et al., 2019). Nevertheless, while the microbial communities associated with the surface of algae are increasingly studied, the chemical composition of the surface of the algal hosts and the variations of the metabolic production at the thallus scale have been only rarely investigated to date.

In this context, the aim of this study was to evaluate to what extent metabolites produced by an algal holobiont at its own surface could lead to changes in the epiphytic microbiota community at the thallus scale. To our knowledge, this study was the first to couple intra-thallus variations of the surface metabolome of an algal host, thus taking into account physiological differentiations such as algal growth, and those of its epiphytic communities. The seaweed holobiont model selected for this study, Taonia atomaria (Woodward) J. Agardh, is an annual photophilic marine Phaeophyceae widely reported along the Mediterranean and Northwestern Atlantic coasts. This intertidal seaweed is commonly found from February to July on infralittoral rocky habitats of the French Mediterranean coasts (Sala and Boudouresque, 1997). Several compounds isolated from extracts of T. atomaria, and more specifically expressed at its surface, have been previously shown to display anti-adhesion properties and thus could be involved in the selection of specific epibacterial communities (Othmani et al., 2016a, b). More recently, a clear temporal co-variation of the structure of the epibacterial communities and surface metabolites has been highlighted for T. atomaria collected on the French Mediterranean coasts (Paix et al., 2019).

In the present study, metabarcoding and flow cytometry were performed to determine whether prokaryotic communities found at the surface of T. atomaria were specific and whether they varied at the thallus scale. Thus, the specificity of surface prokaryotic communities was evaluated using, in addition to algal samples, surrounding water and biofilms formed on nearby small rocks. Intra-thallus variability was assessed dividing each thallus into three parts from the base to the apex. Then, at the same thallus scale, we studied in parallel the variations of the endometabolome and surface metabolome of the alga using a multi-platform mass spectrometry-based metabolomics approach [LC-ESI-(+)-MS, LC-ESI-(−)-MS and GC-MS], with the aim of increasing the annotation of relevant metabolites through the use of molecular networking. The use of a specific analytical methodology previously validated on this algal model allowing the extraction and the annotation of a wide range of surface molecules (Othmani et al., 2016a; Paix et al., 2019), as well as the ability to compare the endometabolome and surface metabolome of T. atomaria, was of crucial interest to gain insight the biological origin of the compounds implied in the intra-thallus differentiation of the surface extracts. In light of these results, a UniFrac distance-based redundancy analysis coupling the resulting multi-omics datasets was conducted to understand to what extent the intra-thallus variations of algal surface metabolites could shape the epiphytic microbiota of T. atomaria. To test whether the potential variations along the thalli were not restricted to a specific geographical area, this study was conducted on two sampling sites on the South-Eastern French Mediterranean coasts.



MATERIALS AND METHODS


Sampling Strategy

The sampling was performed on June 2017 by scuba diving at two sites located along the French Mediterranean coasts: Tamaris (La Seyne-sur-Mer; 43°5′35.56′′N, 5°54′31.81′′E) and Carqueiranne (43°5′12.41′′N, 6°5′3.26′′E). Thalli of T. atomaria (Woodward) J. Agardh (Class: Phaeophyceae, order: Dictyotales, family: Dictyotaceae) were collected by carefully detaching holdfasts from rocky substrates (1 m depth). Algal samples were stored in sterile bags filled with surrounding seawater. For both sampling sites, different individuals harvested on the same rocky substrate were considered as biological replicates. In addition to seaweed samples, triplicates of rocks (type of substrates chosen haphazardly) and surrounding seawater (5 L) were also collected. From the point of collection, samples were transported in a cool box maintaining the seawater temperature and treated at lab within 1 h as previously described (Paix et al., 2019).

The global analytical workflow used in this study was described in Supplementary Figure S1. More precisely, once at lab, only thalli measuring 9 ± 0.5 cm length were considered. To ensure multi-omics cross-comparison, metabarcoding and metabolomics analyses were performed for each replicate on different fronds from the same thallus. Distinct thalli were used for cytometry and confocal microscopy. For each thallus, fronds were divided into three parts of equal length (3 ± 0.2 cm), defined as basal, median and apical parts (Supplementary Figures S2A,B). These parts were separated with a sterile scalpel and photographed to estimate their surface with the Mesurim pro software (v. 3.4). Before flow cytometry and molecular approaches, microbiota of T. atomaria were sampled by scraping the surface of the three parts of each replicate of thalli (n = 3) with a sterile scalpel as previously described (Paix et al., 2019). Biofilms on rocks were sampled using the same methodology and seawater samples (5 L) were filtered on 0.2 μm filters (Millipore-Merck, Darmstadt, Germany).



Confocal Laser Scanning Microscopy (CLSM)

Triplicates of thalli of T. atomaria were fixed during 30 min in a 3.7% formaldehyde solution, then washed three times with artificial seawater (ASW). Squares of basal, median, and apical parts were dissected in each pre-fixed thallus and stained individually in a 24-well plate. Staining was performed in the dark, with DAPI (4 μg.mL–1; Sigma-Aldrich-Merck, Darmstadt, Germany) for 20 min at room temperature. After three washes in ASW, squares were mounted on microscope slices with one drop of ProLong Diamond Antifade (ThermoFisher Scientific, Waltham, MA, United States) and incubated for 24 h at room temperature in the dark. Confocal images were acquired with a 20×/0.75NA objective on a Zeiss Confocal LSM 510 Meta. Individual tracks were set as follow: laser 405 nm – BP 405-480 IR; laser 488 nm – LP 650, to respectively acquire DAPI and chlorophyll signals.



Quantitative Flow Cytometry Analyses

Flow cytometry analyses were used to assess the epiphytic heterotroph densities at the surface of the algal samples. Analyses were conducted only for samples of T. atomaria collected in Tamaris, since not enough algal replicates were available at Carqueiranne. Replicates of samples (n = 3) were fixed in 4 mL of 1% glutaraldehyde-sterile filtered seawater solution and directly conserved at −80°C until analysis. Aggregated cells were dissociated according to Pollet et al. (2018) with an optimized sonication time of 2 min. Heterotrophic prokaryotes were stained using SYBR green I (Invitrogen, Carlsbad, CA, United States) and enumerated using a BD Accuri C6 flow cytometer (BD Biosciences, San Jose, CA, United States) as previously described (Pollet et al., 2018) (Supplementary Figure S3). Results were expressed as densities of cells per cm2 using the measured surface of each thallus part.



DNA Extraction, 16S rRNA Gene Amplification and Sequencing

DNA extraction of biofilm samples was performed using the DNeasy PowerBiofilm kit (MoBio, Qiagen, Germantown, MD, United States) and samples were conserved at −80°C. DNA extraction of filtered seawater samples was performed using the SA-Gen method described in Vasselon et al. (2017). After DNA extraction, the V4-V5 region of 16S rRNA gene was amplified using 515F-Y and 926R primers (Parada et al., 2016), following the PCR protocol from Pollet et al. (2018). Amplicons were sent to GeT Platform (Toulouse, France) for MiSeq Illumina sequencing (2 × 250 bp).



16S rRNA Gene Metabarcoding Data Processing and Analysis

16S rRNA gene reads were processed using the FROGS workflow under Galaxy environment (Escudié et al., 2018). Sequences were quality filtered by removing those for which primers sequences were not present. The primer search accepts 10% of differences. Primers sequences were then removed in the remaining sequence using “cutadapt.” Then, merged sequences with length below 300 pb and above 500 pb were removed. Clustering step was performed using SWARM with a clustering aggregation distance set to 3 (Mahé et al., 2014). Chimeric sequences were removed de novo using VSEARCH (Rognes et al., 2016). Rare OTUs representing less than 0.005% of all sequences were removed. OTUs were affiliated with the silva132 16S rRNA gene database. The final matrix was obtained by removing all sequences affiliated to 16S rRNA gene from chloroplasts and mitochondria, and by performing a rarefaction to the minimum library size using the “phyloseq” R package (McMurdie and Holmes, 2013). Mean percentages of sequences affiliated to chloroplasts and mitochondria were 36.3 and 1.2%, respectively. α-Diversity was estimated using the number of OTUs, Chao1 and Shannon indexes. β-Diversity was analyzed with a non-metric multidimensional scaling (NMDS), using weighted UniFrac distances, allowing to consider phylogenetic distances between OTUs. These analyses were performed using the “phyloseq” R package and graphical outputs were generated using the “ggplot2” R package. Discriminant analyses were performed to determine specific taxa of each group of samples for both sampling sites, using the LEfSe algorithm in the Galaxy environment with a LDA threshold set to 4. SIMPER analyses were performed with the “vegan” R package to identify the relative contribution of the most relevant prokaryotic genera involved in the dissimilarities between: (i) seawater and algal samples, (ii) rocky biofilms and algal samples, and (iii) basal and apical zones of the thalli. Co-occurrence networks (OTUs–OTUs) were built using the Cytoscape App CoNet (Faust and Raes, 2016). Data were processed using Pearson and Spearman correlation, with Bray–Curtis and Kullback–Leiber dissimilarity distances, and using a threshold of 200 edges. Venn diagrams were used to identify the relative percentage of sequences shared between the different groups of samples and were generated using the Venn webtool1. An OTU was considered as common to different groups of samples when it was found at least in one triplicate of each group of samples.



Extraction and Samples Preparation for Metabolomics Approaches

Extraction of surface metabolomes (surface extracts) was performed by dipping each algal part in 5 mL of liquid chromatography-mass spectrometry (LC-MS) grade methanol (MeOH; VWR, Fontenay-sous-Bois, France) during 5 s, according to Othmani et al. (2016a) and Paix et al. (2019). This protocol has been previously developed in order to preserve the integrity of the outer membrane cell of T. atomaria. Three algal replicates were used for Carqueiranne (n = 3) and five for Tamaris (n = 5). For this extraction step, particular care was taken to prevent any contact between the solvent and cut ends of thalli to prevent any release of intracellular metabolites (Supplementary Figure S2A). The algal endometabolomes (total extracts) were then obtained by dipping the thallus parts previously used for the extraction of surface metabolomes in 5 mL of MeOH during 24 h in the dark (see Supplementary Figure S2A). Six experimental blanks for each type of extracts were also prepared during this procedure. The resulting surface and total extracts were dried under N2 flow and stored in 8 mL vials at −20°C under inert atmosphere (Argon) until analysis.

Samples were prepared by solubilizing the resulting extracts in 1 mL of MeOH for LC-MS analyses and 1 mL of dichloromethane (CH2Cl2) for GC-MS analyses. Ten quality control samples (QCs) were prepared by mixing all the samples at equimolar concentrations. Additionally, two experimental blanks (only MeOH or CH2Cl2) were also prepared. Samples and experimental blanks were randomly injected and a QC was injected every five samples. Analytical blanks were injected at the beginning and at the end of the injection sequence.

The LC-ESI-MS analyses were performed on a UHPLC-HRMS system (Dionex Ultimate 3000 Rapid Separation; Thermo Fisher Scientific) coupled with a QToF Impact II mass spectrometer (Bruker Daltonics, Bremen, Germany) in positive and negative ionization modes. The separations were carried out with an analytical core-shell reversed-phase column (150 × 2.1 mm, 1.7 μm, Kinetex Phenyl-Hexyl; Phenomenex, Le Pecq, France). More details are given in Supplementary Information.

The GC-MS analyses were performed on a 7890B GC system equipped with a 7693 autosampler and coupled to a 5977A MSD mass selective detector (Agilent Technologies, Palo Alto, CA, United States) using to the same methodology described in Gaubert et al. (2019), as detailed in Supplementary Information.



Metabolomics Data Processing and Analysis

LC-MS raw data obtained in positive and in negative modes were respectively converted into netCDF files using DataAnalysis (v. 4.3; Bruker, Germany) and processed with XCMS using Workflow4Metabolomics (W4M) under the Galaxy environment2 (Giacomoni et al., 2015). GC-MS raw data were converted into netCDF files using MSD ChemStation (v. F.01.00.1903) and were processed with the R package “eRah” (Domingo-Almenara et al., 2016). Parameters used for peak picking, alignment of peaks and gap filling are listed in Supplementary Table S1. Following each workflow, the three data matrices were submitted to three filtering steps using an in-house script on R. Each step of the script consisted in removing successively experimental and analytical bias according to signal/noise ratio (using blanks), coefficient of variation (using QCs), and coefficient of correlation (using samples). After filtration of the three data matrices, a chemodiversity estimation was calculated using the Shannon index. For multivariate analyses, the three resulting data matrices were analyzed using the Metaboanalyst 3.5 online webtool3 (Chong et al., 2018). These data were log10-transformed, mean-centered and normalized using the sum of the chromatographic peak areas. This method of normalization was found to be identical to that based on the algal surface areas, since a proportional relationship was observed between the sum of the chromatographic peak areas and the algal surfaces (linear regression: R2 > 0.9, see Supplementary Table S2). The same results, in terms of significance for ANOVA, post hoc tests and VIP ranks, were observed using both normalization methods. Data were then analyzed using principal component analysis (PCA), followed by partial least-square discriminant analysis (PLS-DA) allowing to reveal features discriminating samples between each part of the thalli for both sites. These VIP (Variable Importance in Projection) features were selected according to their VIP score (>2) and their significance, and particular attention was paid to their annotation.



Annotation Strategy for Metabolomics Analysis

For LC-ESI-MS data, the methodology of annotation described in Paix et al. (2019) was applied and is detailed in Supplementary Information. In brief, isolated compounds and commercial standards were used, together with public databases, for the annotation of selected MS/MS spectra. Moreover, molecular networks were used through the GNPS platform4 to facilitate the dereplication procedure by comparing MS/MS spectra obtained in both positive and negative modes. For GC-MS, purified standards, Wiley 2008 and NIST 2011 databases together with the calculation of the van Den Dool and Kratz retention indices were used to annotate the dataset (van Den Dool and Kratz, 1963).



Integration of Surface Metabolome and Surface Microbiota Datasets

Metabolites were used as explaining factors to investigate whether they could explain the variations of the structure of microbiota communities along thalli. A distance-based redundancy analysis (db-RDA) was conducted with the weighted UniFrac distance matrix from the 16S rRNA gene dataset and normalized concentrations of significant, discriminant and annotated surface compounds. This analysis was performed using the “phyloseq” and “vegan” R packages with the capscale() function using the methodology described by Shankar et al. (2017). Since for each replicate the same thallus was used for both metabarcoding and metabolomics analyses, the correspondence between each replicate and between both analyses was considered in the correlation between both datasets.



Statistical Tests and Cross Validations

One-way ANOVA followed by HSD Tukey’s tests were used to evaluate the significance of density, diversity and specific metabolites across the different groups of samples (geographical sites and thallus parts). One-way ANOVA followed by HSD Tukey’s tests were performed using respectively the aov() and HSD.test() functions from the “ade4” and “agricolae” R packages (Dray and Dufour, 2007; de Mendiburu, 2019). Following NMDS and PCA, discriminations between the different groups of samples were statistically tested with a PERMANOVA and a multivariate pairwise test using the adonis() and pairwise.perm.manova() functions with the “vegan” and “RVAideMemoire” packages, respectively. Multivariate pairwise tests were conducted with weighted UniFrac and Euclidean distances for metabolomics and metabarcoding datasets, respectively. PLS-DA were subjected to cross-validations using the MetaboAnalyst tool. db-RDA model for datasets integration was statistically tested using the anova.cca() function.



RESULTS


Confocal Laser Scanning Microscopy

Confocal laser scanning microscopy images only allowed to have a global visualization of the seaweed surface coverage without any ambition to identify or quantify organisms. These images were analyzed regarding individuals and merged channels (red: chlorophyll auto-fluorescence, gray: DAPI staining) (Supplementary Figure S4). Chlorophyll emission showed several diatom-like structures. With DAPI staining, a relatively high density of filamentous structures, assigned to filamentous bacterial cells according to their size (50–100 μm of length and 2 μm of diameter), was observed. Those filaments did not reveal any overlapping signal with chlorophyll auto-fluorescence, supporting the fact that they could be whether heterotrophic filamentous bacteria or fungi hyphae. Interestingly, these structures were mainly attached at the interface between algal cells. Finally, when comparing the different thallus parts, no clear pattern of surface colonization could be determined, as both diatom-like and filamentous bacteria-like structures were mainly observed indiscriminately on all algal samples.



Quantification of Epiphytic Cells Densities by Flow Cytometry

Flow cytometry analyses were only performed on thalli collected in Tamaris and showed significant higher densities of heterotrophic prokaryotes at the basal algal parts (Figure 1A, p = 0.02). Density of epiphytic heterotrophic prokaryotes increased by an average of 189% from the apical/median parts (0.39 × 106 cells.cm–2) to the basal ones (1.12 × 106 cells.cm–2). No significant difference was observed between the median and the apical parts (post hoc test).
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FIGURE 1. Variations of cells densities along the surface of Taonia atomaria and differences in α-diversity between algal parts, rocky biofilms and seawater collected in two Mediterranean sites (Carqueiranne and Tamaris). (A) Heterotrophic prokaryotes cell densities (cells.cm–2) variations of the different parts [basal (B), median (M), and apical (A)] of the thallus surface of T. atomaria in Tamaris. (B) Variations of several α-diversity indexes of prokaryotic communities at the surface of thallus parts [basal (B), median (M), and apical (A)] of T. atomaria, in rocky biofilms (R) and in surrounding water (W). Boxplots correspond to whisker plots (n = 3) showing the lowest, median and highest values. P-values and “a,” “b,” “c” indexes correspond to the results of one-way ANOVA analyses and post hoc tests (HSD Tukey’s test), respectively.




Diversity and Structure of Bacterial Communities

Rarefaction curves reached a plateau indicating a good coverage of the global diversity for all samples (Supplementary Figure S5). Normalization was performed at the smallest sequenced samples, i.e., 6939 sequences.

α-Diversity was measured using the number of OTUs, Chao1, and Shannon indexes (Figure 1B). When considering the different parts of T. atomaria collected in Tamaris, all indexes showed significant higher values for the basal parts in comparison with the apical ones (p < 0.05). No significant difference could be observed between the median parts and the two other algal parts. For samples collected in Carqueiranne, the same significant trend was only observed for the richness indexes (number of OTUs and Chao1). Water samples showed a lower α-diversity than that of basal parts for the Shannon index at both sites and the richness indexes only at Carqueiranne (p < 0.05). Biofilm samples collected on rocky substrates showed significant lower richness indexes compared to those of the basal and median parts of algal thalli collected in Carqueiranne (p < 0.05).

β-Diversity was analyzed using weighted UniFrac distance. The resulting NMDS plot (Figure 2A) showed a distinct clustering pattern between prokaryotic communities from surrounding seawater, biofilms on rocky substrates and biofilms on T. atomaria surface (Supplementary Tables S3, S4). Despite the rationale was not to compare both sites, the corresponding samples appeared as two separate groups (Supplementary Tables S3, S4). When focusing on algal samples (Figure 2B), the basal and apical zones were significantly discriminated but both did not appear significantly different from the median parts (Supplementary Tables S3, S4). Thalli from Tamaris showed a higher dissimilarity between parts comparing to those collected in Carqueiranne. A lower dissimilarity was observed between the basal parts and the other algal parts at both sites. For both sites, weighted UniFrac distances between biofilms formed on rocky substrates and basal parts were significantly lower than those between biofilms on rocky substrates and apical parts (Supplementary Figure S6).
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FIGURE 2. Structure and β-diversity of epibacterial communities at the surface of T. atomaria, in rocky biofilms and in seawater collected in two Mediterranean sites (Carqueiranne and Tamaris). NMDS plots based on weighted UniFrac distance for all samples (A) and algal samples only (B). Dashed lines grouped the different parts of a same individual thallus. (C) Relative percentages of each bacterial family across each group of samples (n = 3). Labels A, M, B, W, and R corresponded to apical, median and basal algal parts, water samples and rocky biofilms, respectively. (∗) “Others” correspond to unaffiliated families and/or families with a relative percentage below 1%.


Bacterial community structure in water samples was clearly distinct from that of other samples with several discriminant orders, such as Synechococcales, Myxococcales, and Cellvibrionales for Tamaris, and Pirellulales for Carqueiranne (Supplementary Figures S7, S8). More particularly for the Synechococcales, the dominance of Cyanobiaceae clearly appeared at both sites (Figure 2C). The main representing genus, Synechococcus, contributed to 11 and 9% of the overall dissimilarities with algal samples from Carqueiranne and Tamaris, respectively (Supplementary Tables S5, S6). At Carqueiranne, Polaribacter (Flavobacteriaceae) showed significant higher percentages in water samples and contributed to 4% of the dissimilarity between water and algal samples at this site (Supplementary Table S5). At Tamaris, the SAR11 Clade Ia was significantly present in water samples and contributed to 4% of the dissimilarity with algal samples (Supplementary Table S6). With a dominance of Saprospiraceae (8 to 19% of sequences), Rhodobacteraceae (10 to 24% of sequences), and Flavobacteriaceae (from 8 to 26% of sequences), Proteobacteria (mainly α-Proteobacteria) and Bacteroidetes were the two main phyla observed in epiphytic algal and rocky communities (Figure 2C). In particular, an unidentified genus from the Saprospiraceae was predominantly found on algal samples and contributed significantly (3%) to the dissimilarity with water samples at both sites (Supplementary Tables S5, S6).

The genera Algitalea (Flavobacteriaceae) at Carqueiranne and Granulosicoccus (Thiohalorhabdaceae) at Tamaris were observed in significant higher abundance on algal samples compared with rocky samples. These genera contributed to 3 and 5% of the dissimilarity between both sample groups, respectively (Supplementary Tables S7, S8). The Nostocales, and more precisely the Xenococcaceae family with the genus Pleurocapsa, were found as biomarkers of rocky biofilms at Tamaris (Supplementary Figure S7). Pleurocapsa notably contributed to 2% of the dissimilarity between rocky and algal samples from Tamaris (Supplementary Table S8).

Differences between algal parts were mainly due to genera among Rhodobacteraceae (Loktanella), Rubritaleaceae (Rubritalea) and especially Flavobacteriaceae (Algitalea and Croceitalea) which were found with higher percentages in the apical parts at Carqueiranne (Supplementary Table S9 and Figure 2C). The families Kiloniellaceae, Alteromonadaceae, and Rubritaleaceae were identified as biomarkers of the apical parts (Supplementary Figure S8). More precisely, the genus Rubritalea represented 2% of the dissimilarity with the basal parts as mentioned above. Differences among the algal parts were mainly based on taxa belonging to the α-Proteobacteria for Tamaris samples. Higher percentages of Rhizobiaceae and Hyphomonadaceae families were observed in apical parts (Figure 2C and Supplementary Figure S7). In particular, Nitratireductor (Rhizobiaceae) and Litorimonas (Hyphomonadaceae) were key genera which contributed to 5% of the dissimilarity between the apical and basal parts (Supplementary Table S10). In contrast, the basal parts showed higher relative percentages of several families such as Saprospiraceae (Figure 2C), notably several discriminant genera such as Lewinella and Portibacter (Supplementary Figure S7 and Supplementary Table S10). Moreover, Algitalea was also observed as the main discriminant genus of the basal parts of Tamaris samples (Supplementary Figure S7) contributing to 4 and 2% of the dissimilarity with apical parts for Carqueiranne and Tamaris, respectively (Supplementary Table S10). Finally, it can be noticed that no sequences affiliated to Archaea were observed for algal samples in contrast with water and rocky samples for which the only detected OTU was below 0.06% of sequences and was affiliated to Nitrosopumilaceae (Thaumarchaeota).

A co-occurrence network was built at the OTU level for each site using water, rocky and T. atomaria samples. For both networks, a high number of OTUs co-occurred in basal and median algal parts, and rocky biofilms. At Carqueiranne, a first cluster (cluster A, Figure 3) showed not only OTUs mainly present in rocky biofilms but also OTUs co-occurring in rocky biofilms and basal or median algal parts. These OTUs were mainly affiliated to the genera Octadecabacter, Ruegeria, Loktanella, and Granulosicoccus. Cluster A showed several links with cluster B which exhibited OTUs, mainly affiliated to Erythrobacter, Granulosicoccus, and Algimonas, with a high specificity for basal and median algal parts. Cluster C was composed by OTUs highly specific of median and apical parts: they were mainly affiliated to the genera Loktanella, Ruegeria, Algitalea, Croceitalea, and Aquamarina. Cluster D included OTUs mostly occurring in water samples, with the predominance of several genera such as Synechococcus, Polaribacter, and Planktomarina. For Tamaris samples, a similar clustering pattern was also observed (Supplementary Figure S9). In this network, no OTUs co-occurring mainly in apical algal parts and rocky biofilms were found. Cluster A was composed by OTUs mainly found in rocky biofilms or which co-occurred in rocky biofilms, and in water samples and/or on basal algal parts. Similarly, this cluster was connected to cluster B which showed OTUs mainly found on basal and median parts of the thalli. Cluster B was also connected to the cluster C which was composed of OTUs dominant in apical algal parts. Finally, cluster D displayed OTUs mainly found in water samples, with the predominance of the genera Polaribacter and Planktomarina.
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FIGURE 3. Co-occurrence network of OTUs from the 16S rDNA dataset of epibacterial communities at the surface of T. atomaria, in rocky biofilms and in seawater at Carqueiranne. Pie-chart inside each node revealed the distribution of each OTU across the different sample groups (Red: basal part, yellow: median part, green: apical part, gray: rocky biofilm, blue: seawater). Thickness of edges between each node was proportional to correlation or dissimilarity distances. The size of each node was proportional to the relative percentage of sequences of each OTU in all samples.


Venn diagrams (Supplementary Figure S10) showed also a higher percentage of common OTUs between algal samples and rocky biofilms rather than between algal and water samples (Carqueiranne: 58.4% vs. 50.8%, respectively; Tamaris: 47.1% vs. 41.0%, respectively). The algal parts sharing the highest percentages of sequences with only rocky biofilms were the basal ones (Carqueiranne: 3.5%, Tamaris: 2.7%).



Comparative Metabolomics Fingerprinting Analysis

After extraction and filtering of the raw chromatographic data obtained from all algal samples (total and surface extracts), three data matrices were obtained with 433, 135 and 261 m/z features for the LC-(+)-ESI-MS, LC-(−)-ESI-MS and GC-MS analyses, respectively. Chemodiversity estimation of surface extracts calculated with the Shannon index showed in some instances higher values at the apical parts (Supplementary Figure S11). More precisely, for LC-(+)-ESI-MS analyses of samples collected at Carqueiranne and for LC-(−)-ESI-MS and GC-MS analyses of samples from Tamaris, the resulting surface metabolomes from apical parts showed the highest chemodiversity. Furthermore, LC-(+)-ESI-MS was the analytical approach which revealed the larger chemodiversity in all sample groups.

For total extracts, the resulting PCA plots, but also to a higher extent PLS-DA plots, showed a significant discrimination according to the sampling sites on the first component, while samples were discriminated according to the thallus parts on the second component (Figures 4A–C, Supplementary Figures S12A–C, and Supplementary Table S11). The zonal discrimination was observed linearly from the basal to the median and then to the apical algal parts with all analyses (Figure 4 and Supplementary Figure S12), excepted for the PCA plot built with the LC-(−)-ESI-MS data (Figure 4B). This observation indicated a continuous global shift of the total metabolome composition along the thalli. For GC-MS and LC-(+)-ESI-MS analyses, pairwise tests revealed that the basal parts were significantly different from the apical and median ones (Supplementary Table S12).
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FIGURE 4. PCA plots of GC-MS (A,D), LC-(−)-ESI-MS (B,E), and LC-(+)-ESI-MS (C,F) metabolomics analyses of surface and total extracts of T. atomaria (two sites: Carqueiranne and Tamaris; three algal parts: basal, median, and apical).


For surface extracts, LC-(+)-ESI-MS analysis also showed a clear discrimination according to both sampling sites and zonal distribution, with a high proximity between the chemical composition of the basal parts from both sites (Figure 4F and Supplementary Figure S12F). In this case, pairwise tests also revealed that the basal parts were significantly different from the apical and median ones (Supplementary Tables S11, S12). In the case of LC-(−)-ESI-MS data, the discrimination between the samples appeared less evident but can still be observed between sites on the first component and, only in the case of algal samples from Tamaris, between thallus parts on the second component (Figure 4E and Supplementary Figure S12E). Significant differences were still observed with the pairwise analysis between both sites and between the algal parts (Supplementary Tables S11, S12). GC-MS analysis showed a higher variability between replicates and no discrimination can be clearly observed from multivariate plots (Figure 4D and Supplementary Figure S12D). In this case, only the apical parts were significantly different from the other parts (Supplementary Tables S11, S12).

Finally, it can be noted that for all PLS-DA analysis (except for surface extracts analyzed by GC-MS), cross validations strengthened these results showing differences between algal parts (R2 > 0.8 for all, Supplementary Table S13).



Global Annotation of Metabolomes

The 25 major metabolites from the GC-MS dataset were attributed to sesquiterpenes. Among them, 17 were annotated by comparing their MS spectra and retention indexes with those found in databases (Supplementary Table S14). More specifically, gleenol was identified through the comparison of the experimental data with those obtained with a purified standard (Othmani et al., 2016b).

For the LC-MS datasets, a MS/MS molecular network was built for each mode (positive and negative) using the GNPS platform with both extract types. For the LC-(+)-ESI-MS/MS network (Supplementary Figure S13), clusters A and E gathered lipids including mainly diacylglycerylhydroxymethyl-N,N,N-trimethyl-β-alanines (DGTAs) and phosphatidylcholines (PCs), but also sulfoquinovosyldiacylglycerols (SQDGs), diacylglycerols (DGs), and monogalactosyl-diacylglycerols (MGDGs). For some of them, these lipid families were characterized through specific fragment ions, such as m/z 236.1494 [C10H22NO5]+ for DGTAs and m/z 184.0722 [C5H15NO4P]+ for PCs. DGTAs were distinguished from their structural isomers diacylgycerol-N-trimethylhomoserines (DGTSs) based on the absence of a characteristic loss of m/z 87 (Roche and Leblond, 2010), even if it is matter of controversy (Li et al., 2017). Clusters B and F consisted of terpenoids, including several sesquiterpenes and geranylgeranylglycerol (GGG) previously purified from T. atomaria (Othmani et al., 2016a, b). In cluster B, several compounds were putatively annotated as GGG derivatives on the basis of their MS/MS fragmentation pattern. Cluster C was constituted by lyso-DGTAs identified, as in the case of DGTAs, through the characteristic fragment ion at m/z 236.1494. Finally, Cluster D was found to contain pheophytin A and derivatives.

The LC-(−)-ESI-MS/MS-based molecular network (Supplementary Figure S14) mainly showed the occurrence of phospholipids and sulfolipids. Cluster A gathered phosphatidylethanolamines (PEs) annotated on the basis of their characteristic fragment ion at m/z 140.0119 [C2H7NO4P]–. A second cluster (cluster B) gathered sulfoquinovosyldiacylglycerols (SQDGs) and sulfoquinovosylmonoacylglycerols (SQMGs) elucidated with the help of the typical fragment ion at m/z 225.0070 [C6H9O7S]–.

Finally, by using molecular networking for both LC-ESI-MS/MS methods, a total of 82 lipids were putatively annotated including 32 DGTAs/lyso-DGTAs, 25 SQDG/SQMGs, 9 lyso-PEs, 7 DGs, 5 PCs/lyso-PC, 2 GGG derivatives, 2 MGDGs.



Variations of Surface Metabolites Involved in the Differentiation Between Thallus Parts

Among the major compounds detected by GC-MS, sesquiterpenes were mainly found at the surface of the apical parts (Supplementary Figure S15). As example, γ-muurolene for both sites, cis-cadina-1,4-diene for Carqueiranne samples and β-cubebene for Tamaris samples, were predominantly found on the apical parts (Figure 5).
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FIGURE 5. Normalized concentrations of selected surface metabolites (significant VIP features) detected by LC-(+)-ESI-MS and GC-MS across the different parts of the thalli of T. atomaria. Boxplots in red, yellow and green (labeled “B,” “M,” and “A”) represented basal, median, and apical algal parts, respectively. Boxplots corresponding to samples collected at Carqueiranne or Tamaris were labeled “C.” and “T.”, respectively. P-values and “a,” “b,” and “c” indexes correspond to the results of one-way ANOVA analyses and post hoc tests (HSD Tukey’s test), respectively.


For the LC-(+)-ESI-MS analysis, attention was focused on several surface metabolites determined from the PLS-DA according to their statistical significance and VIP score. Among the 31 VIPs characterized in the resulting dataset, 6 were annotated as DGTAs (or lyso-DGTAs, Supplementary Tables S15, S16). In comparison to the basal parts, these lipids were found in higher amounts on the apical ones at both sites [e.g., lyso-DGTA (C20:3), lyso-DGTA (C16:0) and DGTA (C30:1) for Tamaris samples; p < 0.05] (Figure 5 and Supplementary Figure S16). No significant differences were observed with the post hoc test between the median parts and the two other algal parts. For Carqueiranne samples, among the 15 VIP features characterized, 5 were annotated as PCs through the analysis of their MS and MS/MS data (Supplementary Table S13). PCs were mainly produced on the apical parts [e.g., PC (C31:1) and PC (C39:5) for Carqueiranne and Tamaris samples, respectively; p < 0.05] (Figure 5 and Supplementary Figure S16). Unfortunately, several VIPs remained unidentified even if a chemical formula was proposed (Supplementary Tables S15, S16). Among them, two compounds (C29H40 and C17H22O5) were found in significant lower amounts on the basal parts in comparison to the median ones at Carqueiranne, and to the apical parts at Tamaris (Figure 5 and Supplementary Figure S16). In contrast, only few metabolites were found in lower quantities at the apical parts, including for Tamaris, a diacylglycerol [DG (C34:1)], DMSP, and a putative apo-carotenoid (C30H40O2) (p < 0.05, Figure 5). For the LC-(−)-ESI-MS method, neither PEs, SQMGs, nor SQDGs identified in the dataset (Supplementary Figure S17) were found among the most discriminant (VIP scores < 2) and significant features.

Finally, while the majority of PCs, DGTAs and sesquiterpenes were found in significant higher amounts at the apical parts of surface extracts, the same trends were not significantly observed, for their majority, in the case of total extracts (Supplementary Figures S15, S16).



Integration of Surface Metabolome and Surface Microbiota Datasets

A distance-based redundancy analysis (db-RDA) was performed using weighted UniFrac distance matrix from 16S rRNA gene sequencing dataset and normalized concentrations of surface metabolites of interest as explaining variables. Surface compounds were selected according to their statistical significance and VIP score (>2). Nevertheless, in some cases, redundancy was observed between metabolites of the same chemical family (e.g., DGTAs, PCs or sesquiterpenes). Thus, only a limited number of compounds were selected and considered as representative of their respective chemical class (Figure 6, permutation test: p = 0.042).
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FIGURE 6. Weighted UniFrac distance-based redundancy analysis (db-RDA) plot constructed with the 16S rDNA dataset of epibacterial communities at the surface of T. atomaria and significant surface metabolites (VIPs) as explaining variables.


Several groups of metabolites, discriminated on the second RDA axis, could be viewed as factors directly or indirectly correlated with specific microbiota from the apical parts whatever the site. Among these metabolites, some (lyso-)DGTAs and (lyso-)PCs but also several sesquiterpenes, such as β-cubebene, γ-muurolene, cis-cadina-1,4-diene, and germacratrien-9-ol, appeared as potential specific drivers of the apical microbiota. Only an unidentified compound (C26H33NO) seemed to be more specifically linked with basal communities of Tamaris samples. While DMSP, putative apo-carotenoids (C30H40O2 and C30H44) and a putative mannitol derivative, appeared discriminant along thalli from Tamaris (Figure 5), these metabolites were also involved in the chemical differentiation between both sites.



DISCUSSION

Seaweed surface microbiota is increasingly studied in the holobiont context but thalli are generally considered as a whole. However, we assumed that a physiological differentiation occurred along the thallus of T. atomaria since meristematic cells are located in the apical part which is consequently the zone where growth happens (Robinson, 1932). Thus, one specific aim of this study was to investigate if the growth of the alga could influence the surface-associated microbiota at the thallus scale.


Specific Microbiota Selected at the Algal Surface

The algal epibacterial community structure was compared to communities from seawater and rocky biofilms to assess the host-specificity. Similarly to Canadian kelps and Mastocarpus spp. (Lemay et al., 2018a, b), a clear discrimination was observed between overall algal, planktonic, and rocky communities. Dissimilarities between seawater and biofilms underlined the specificity of the ecological niche that represents the life at a surface (Flemming et al., 2016), including algal surface (Lemay et al., 2018a; Sneed et al., 2015). The specificity of algal surface microbiota with respect to that found on rocky biofilms in similar environmental conditions strengthens the hypothesis of an active role of the algal host in the selection of epiphytic communities. Moreover, the main bacterial taxon involved in the dissimilarity with rocky biofilms, Algitalea, has been previously described from the surface of the Chlorophyta Ulva pertusa, as a new genus (Yoon et al., 2015). It can be noticed that the specificity is all the higher as rocks sampled were collected at both sites and corresponded to diversified mineral substrates with various physico-chemical properties (e.g., roughness) and probably various times of immersion. Interestingly, no Archaea were identified for algal samples when rocky biofilms exhibited low relative abundances (<0.1%), in the same range as for biofilms formed on artificial surfaces (Pollet et al., 2018; Catão et al., 2019).



Epibacterial Communities Differed From the Basal to the Apical Algal Parts

Epibacterial cells were found in significant higher densities at the basal parts of T. atomaria collected at Tamaris. A similar tendency has been previously observed at the surface of Ulva australis and Delisea pulchra with densities from 106 cell.cm–1 at the distal parts to more than 107 cells.cm–1 at the basal parts (Tujula, 2006; Maximilien et al., 1998). In the case of T. atomaria, a lower order of magnitude was observed, ranging from 105 to 106 cell.cm–1. Such inter-species differences could be explained by the host-specificity or local environmental conditions.

We tried to visualize surface microbiota of algal parts through a CLSM approach. Images revealed the presence of diatoms, but also probably of fungi hyphae or heterotrophic filamentous bacteria. When comparing this information with the 16S rRNA gene metabarcoding dataset, the major taxa of heterotrophic filamentous bacteria found were Thiothricaceae, and more particularly Leucothrix spp., which have been already reported as seaweed epiphytes (Bland and Brock, 1973).

α-Diversity metrics decreased from the basal to the apical parts of T. atomaria at both sites. Similar results have been previously reported for the Phaeophyceae Sargassum muticum for which the α-diversity of the bacterial communities is significantly higher at the holdfast in comparison to the tips (Serebryakova et al., 2018). By contrast, no significant differences have been determined for Fucus vesiculosus when comparing tips, thallus and the whole seaweed (Parrot et al., 2019).

β-Diversity analyses revealed both site and “thallus-part” specificities of the community structure, which suggested that microbiota structure differed significantly depending on the geographical area but also, at a smaller scale, along the thallus. Even if no environmental characterization was performed for this study, Tamaris is located within the Toulon bay, and exhibited a higher level of anthropization compared to Carqueiranne (e.g., trace metals, Coclet et al., 2019). A more thorough study should be carried out to test if environmental parameters could explain the differences observed between both sites, whatever the thallus part.

Along thalli from both sites, two Bacteroidetes families constituted key taxa of surface associated communities with global constant proportions. However, some unknown Saprospiraceae genera were mainly associated to the basal parts at both sites whereas Flavobacteriaceae genera (Algitalea, Croceitalea, and Winogradskyella) belonged to the pioneer communities found on the apical parts of Taonia. At the apical parts of samples from Tamaris, a higher percentage of Hyphomonadaceae, and more particularly the genus Litorimonas, was observed in comparison to other algal parts. In the case of Fucus vesiculosus, the family Hyphomonadaceae has been also observed with a higher relative abundance on the tips (Parrot et al., 2019). Hyphomonadaceae have been also reported to produce a polar holdfast structure which facilitates surface colonization (Dang and Lovell, 2016). Therefore, Hyphomonadaceae could represent a pioneer family able to colonize the youngest parts of the thalli. This result was strengthened by observations we have made in a previous temporal study when Hyphomonadaceae have been observed as one of the main family in February and March, the early period of occurrence of T. atomaria in the French Mediterranean coasts (Paix et al., 2019).

The similarity of structure with rocky biofilms, which were not the substrates where algal thalli were settled, decreased from the basal to the apical parts. However, rocky biofilms probably included communities with dissimilar ages and surface natures which prevent to go further on if the relative specificity of the different parts of the thalli differs. The higher abundance and α-diversity at basal compared to apical zones could be explained by the maturation of the biofilm (potentially including EPS production). In addition, maturation was reputed to improve the ability of biofilms to limit the influence of environmental pressures (Flemming et al., 2016) which could explain the higher similarity of the basal communities at both sites.



Cross Metabolomics and Molecular Networking Allowed to Attribute to Algal Metabolites the Intra-thallus Variations of the Surface Metabolome

A multiple platform metabolomics approach combining LC-(+)-ESI-MS, LC-(−)-ESI-MS and GC-MS analyses offered a comprehensive coverage of the total and surface metabolomes of T. atomaria. While both LC-ESI-MS methods gave a good coverage of the lipidome, the complementary GC-MS approach allowed a better view of the surface “volatilome” of the seaweed since a higher range of sesquiterpenes were identified. Moreover, the ability of the dipping method used here to extract a large part of the surface metabolome of T. atomaria was validated by the fact that during this study, but also in a previous work (Paix et al., 2019), polar compounds (e.g., DMSP, mannitol or dipeptides) have been also detected in addition to lipophilic compounds more logically expected (e.g., fatty acid derivatives and terpenes). To date, only few studies have been used to decipher the chemical production of macroalgae by metabolomics. Unfortunately, in most of them, only a few number of metabolites were identified.

The annotation of large metabolomics datasets is often considered as the most challenging step in metabolomics studies. The recent development of molecular networking as an annotation tool allowed a more powerful identification of metabolites for non-model organisms (Wang et al., 2016). In the specific case of macroalgae which are known to produce a wide range of lipids, such an analytical tool seems particularly adapted as these compounds show similar MS/MS fragmentation pattern and could be thus gathered in clusters facilitating their annotation (Parrot et al., 2019; Paix et al., 2019).

In the context of this study, the main families of surface compounds implied in the intra-thallus variations were DGTAs, terpenes and PCs (Supplementary Tables S14, S15). Among these compounds, DGTAs are known to be mainly produced by eukaryotic organisms, and more particularly by Ochrophyta, while the occurrence of DGTAs in bacteria has been only scarcely reported in the literature (Dembitsky, 1996; López-Lara et al., 2003). Concerning terpenes found at the algal surface, the main part of them have been already isolated in relatively high amounts from the total extracts of T. atomaria (Othmani et al., 2016b) and are typical of the family Dictyotaceae (e.g., cyclic sesquiterpenes and GGG). Conversely, few of these compounds have been described to date from prokaryotes. The case of PCs was more controversial because, even if such compounds are considered as one of the main membrane phospholipids in eukaryotes, it has been shown recently that some bacteria can also biosynthesize PCs (Sohlenkamp and Geiger, 2016). Moreover, typical bacterial membrane lipids such as PEs, phosphatidylglycerols (PGs) or the more specific ornithine lipids (OLs) were not detected and/or not implied in the intra-thallus chemical discrimination of the surface extracts. All these reasons led us to believe that the chemical production of the algal host was predominant in the surface metabolome and that, in the case of T. atomaria, it was heavily involved in the differences observed at the thallus scale. Nevertheless, we are also aware of the limitation of our method because it did not allow us to characterize all the components of the phycosphere, in particular higher-molecular-weight molecules such as polysaccharides, proteins or nucleic acids.



Algal Growth Could Explain Zonal Variations of Metabolome and Microbiota

With a clear discrimination between sites and thallus parts, the surface metabolomes [more particularly those analyzed by LC-(+)-ESI-MS] showed a similar clustering pattern than that observed for the microbial β-diversity. As it has been already reported in the case of temporal variations of the same holobiont model (Paix et al., 2019), this similar trend suggested that a high number of co-variations occurred between surface metabolites and epibacterial OTUs.

Nevertheless, while the α-diversity of prokaryotic communities decreased from the basal to the apical parts, the opposite tendency was observed for the chemodiversity of surface compounds. It appeared that surface of the apical parts is composed by a more diverse range of chemical families than the older algal parts (base and median parts).

Annotation allowed to confirm that trend since higher amounts of PCs, DGTAs and sesquiterpenes were specifically found on apical parts. Similarly, DGTAs (and/or DGTS) have been also identified as the main components of the surface lipidome of F. vesiculosus, one of these betaine lipids being also found in higher concentrations in the upper part of the thallus (Parrot et al., 2019). DGTAs have been previously found to be mainly expressed during the early period of occurrence of T. atomaria (February and March; Paix et al., 2019). These results could indicate that these betaine lipids are produced in higher relative concentrations at the membrane of cells during their early stage. Therefore, among factors which could explain the difference of metabolome at the thallus scale, growth of the seaweed must be taken into account. In a recent study, the total content of DGTAs of the Ochrophyta Sargassum honeri has been found to first increase during the early growth phase of the sporophytes, and then to decrease later when the alga reaches its mature stage (Zhang et al., 2018). Moreover, the lipid content of the Rhodophyta Porphyra dioica has been investigated and specific profiles of betaine lipids and phospholipids have been reported depending of the life stages (gametophytes or sporophytes), indicating the importance of the variations of the membrane lipidome during the whole life cycle of the seaweed (da Costa et al., 2018).

In the case of T. atomaria, it has been shown that growth takes place at the level of meristems which are located at the apex (Robinson, 1932). Thus, cell membranes from the apical part of the seaweed could be characterized by a chemical composition specific to the early stages of growth, including potentially PCs and DGTAs. This specificity of apical membranes could induce the selection of specific epibacterial communities and could be a realistic assumption to explain why the epibacterial community differed significantly by its abundance and/or structure along the thallus.

The presence of reproductive structures could also play a key role in the zonal profiling of the surface metabolome. The development of T. atomaria from British coasts has been previously studied and characterized by the production of “hairs bands” and tetrasporangia at the apical parts of the thallus (Robinson, 1932). These reproductive structures were also reported in this study at the surface of the apical parts and, in less cases, on the median parts (data no shown). This observation could also explain the metabolome differences reported along the thallus, with specific families of compounds produced in higher concentrations at the apical parts. The presence of “hairs bands” and tetrasporangia at apical parts could also modify the size and the morphology of the surface at a micro-scale and thus could directly impact the adhesion efficiency of specific microbial communities. Thus, differentiated textures at the algal surface, as reported for aquatic plants (Yang et al., 2013), could be involved in such a dissimilar colonization.

In the case of the seaweed Mastocarpus spp., a recent study has also highlighted the importance of the host life-cycle on microbial associated communities (Lemay et al., 2018a). In connection with our study, the sexual and even the growth state of the algal host could be considered as key factors when studying seaweed microbial communities.

Moreover, the meristematic growth of the alga implies that the apical parts are younger than the rest of the thallus. Conversely, the basal zones constitute the first parts of the young sporophytes and then would be subjected to a longer period of exposure to planktonic microbial communities. The basal zones consequently experienced microbial communities’ succession together with biofilm maturation including EPS secretion, which could explain a higher microbial density and diversity. Moreover, especially for mature thalli, the apical parts suffer from higher amplitudes of movement in the seawater and consequently shear stress could perhaps also impact the colonization process at their surface.



Specific Role of Algal Secondary Metabolites on Epibacterial Communities

Dimethylsulfoniopropionate has been already studied in the case of several other seaweed-holobiont models and showed interesting key ecological roles involved in the bacterial-seaweed interactions such as anti-adhesion properties for Fucus vesiculosus (Saha et al., 2011, 2012) or microbial gardening for the morphogenesis of Ulva mutabilis (Wichard and Beemelmanns, 2018). Additionally, DMSP has also showed other functions such as cryoprotection, defense against herbivory, and antioxidant properties (Karsten et al., 1992; Sunda et al., 2002; Lyons et al., 2010). In this study, DMSP was found in lower concentrations at the apical parts in comparison of basal ones for samples collected at Tamaris. Previously, DMSP has been reported in significant lower amounts at the surface of T. atomaria during the winter period (early period of occurrence on the sampling site) compared to the spring and summer periods (Paix et al., 2019). Considering that the apical parts are younger than the basal ones, DMSP could be viewed as a metabolite expressed by the alga after the early period of occurrence of the sporophytes or produced by some microorganisms (e.g., diatoms) found in mature biofilms. However, clear causalities links remain difficult to assume, and the role of this metabolite needs to be more specifically investigated in T. atomaria. Besides, several bacterial taxa from the Roseobacter clade (Rhodobacteraceae) are well known for their catabolism associated to DMSP with several enzymes, such as DddD and DddP, involved in the cleavage of DMSP into dimethyl sufide (DMS) (Curson et al., 2011). A focus on these enzymatic pathways, together with a precise quantification of DMSP at the algal surface would constitute a complementary perspective to allow further hypothesis on the role of this compound on the zonal specificity of the epibiota of T. atomaria.

In Othmani et al. (2016a), two sesquiterpenes (gleenol and trans-calamenene) have been described for their anti-adhesion activities against several bacterial strains at relevant natural concentrations. In the present work, all sesquiterpenes detected, including gleenol and trans-calamenene, were detected with increasing concentrations from the basal to the apical algal parts. Sesquiterpenes are well-known, in the case of terrestrial plants, as volatile organic compounds particularly present in reproductive organs and playing a role in the plant growth, but also in their chemical defense against microbial pathogens (Junker and Tholl, 2013; Boachon et al., 2019). More broadly, the optimal defense theory assumes that the level of defenses varies among organism parts as the resources are allocated in order to have the best benefit/cost ratio in terms of fitness (McKey, 1979). In that way, higher concentrations of defense sesquiterpenes could be specifically produced at the surface of the apical parts which are the more valuable for the algal fitness, and thus these compounds could be involved in the selection of specific epibacterial communities. Since the apical parts are constituted by meristematic cells, together with reproductive structures (tetrasporangia and “hair bands”), sesquiterpenes could be exuded at the surface as defense compounds to protect these specific types of differentiated cells.



CONCLUSION

Only few studies were focused on microbiota variations at the scale of a single algal individual. Thus, factors explaining the variations of epiphytic microbiota still need to be more investigated to better understand the ecology and physiology of seaweed holobionts. This study is the first one which confirmed that surface microbiota of a seaweed displayed host-specificity and differed significantly and gradually from the basal to the apical parts in abundance, α-diversity and structure in relation with a similarly differentiated surface metabolome. Based on these main results, this study suggested a plausible scenario where the algal physiology along the thallus surface could explain such variations. In addition, with a complementary metabolomics approach, the meristematic growth was proposed to involve several lipids, such as DGTAs and PCs, but also chemical defenses with several sesquiterpenes acting in the selection of microbial communities.



DATA AVAILABILITY STATEMENT

Sequences data were deposited and are publicly available in the NCBI Sequences Read Archive (SRA) under the BioProject ID PRJNA553652, accession number. Raw data for LC-ESI-(+)-MS/MS and LC-ESI-(−)-MS/MS experiments were deposited and are publicly available in the MassIVE platform under the IDs MSV00008337 and MSV000083084, respectively. GC-MS and cytometry raw data are available on request from the authors.



AUTHOR CONTRIBUTIONS

BP, J-FB, and GC designed the study and wrote the manuscript. BP, RB-M, SG, BM, J-FB, and GC performed the experiments and data acquisition. BP, NC, RB-M, and SG contributed to the treatment of the raw data. BP, NC, J-FB, and GC contributed to the data analysis.



FUNDING

This work was supported by the “Sud Provence-Alpes-Côte d’Azur” regional council (BP Ph.D. grant).


ACKNOWLEDGMENTS

We are indebted to the National Park of Port-Cros (M. Peirache) for the overall support of this Ph.D. thesis project. We are grateful to B. Viguier and E. Catão (University of Toulon, MAPIEM) for their help during the acquisition of GC-MS profiles and the data processing of 16S rRNA gene reads, respectively. We are also grateful to J.-C. Martin (Aix-Marseille University, C2VN) for in-house scripts allowing metabolomics data filtering. LC-MS experiments were conducted on the regional platform MALLABAR funded by the Institute of Ecology and Environment (INEE) of the French National Center for Scientific Research (CNRS) and the Sud-PACA regional council. GC-MS experiments were conducted at the IMBE Support Service on Chemical Ecology and Metabolomics funded by the CNRS, the “Sud Provence-Alpes-Côte d’Azur” regional council, the TOTAL Foundation and the French National Research Agency (ANR).



SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fmicb.2020.00494/full#supplementary-material


FOOTNOTES

1
http://bioinformatics.psb.ugent.be/webtools/Venn/

2
https://workflow4metabolomics.org/

3
https://www.metaboanalyst.ca/

4
https://gnps.ucsd.edu/

REFERENCES

Aires, T., Serebryakova, A., Viard, F., Serrão, E. A., and Engelen, A. H. (2018). Acidification increases abundances of Vibrionales and Planctomycetia associated to a seaweed-grazer system: potential consequences for disease and prey digestion efficiency. PeerJ 6:e4377. doi: 10.7717/peerj.4377

Bengtsson, M. M., and Øvreås, L. (2010). Planctomycetes dominate biofilms on surfaces of the kelp Laminaria hyperborea. BMC Microbiol. 10:261. doi: 10.1186/1471-2180-10-261

Bland, J. A., and Brock, T. D. (1973). The marine bacterium Leucothrix mucor as an algal epiphyte. Mar. Biol. 23, 283–292. doi: 10.1007/BF00389335

Boachon, B., Lynch, J. H., Ray, S., Yuan, J., Caldo, K. M. P., Junker, R. R., et al. (2019). Natural fumigation as a mechanism for volatile transport between flower organs. Nat. Chem. Biol. 15, 583–588. doi: 10.1038/s41589-019-0287-5

Campbell, A. H., Harder, T., Nielsen, S., Kjelleberg, S., and Steinberg, P. D. (2011). Climate change and disease: bleaching of a chemically defended seaweed. Glob. Chang. Biol. 17, 2958–2970. doi: 10.1111/j.1365-2486.2011.02456.x

Case, R. J., Longford, S. R., Campbell, A. H., Low, A., Tujula, N., Steinberg, P. D., et al. (2011). Temperature induced bacterial virulence and bleaching disease in a chemically defended marine macroalga. Environ. Microbiol. 13, 529–537. doi: 10.1111/j.1462-2920.2010.02356.x

Catão, E., Pollet, T., Misson, B., Garnier, C., Ghiglione, J.-F., Barry-Martinet, R., et al. (2019). Shear stress as a major driver of marine biofilm communities. Front. Microbiol. 10:1768. doi: 10.3389/fmicb.2019.01768

Chong, J., Soufan, O., Li, C., Caraus, I., Li, S., Bourque, G., et al. (2018). MetaboAnalyst 4.0: towards more transparent and integrative metabolomics analysis. Nucleic Acids Res. 46, W486–W494. doi: 10.1093/nar/gky310

Coclet, C., Garnier, C., Durrieu, G., Omanović, D., D’Onofrio, S., Le Poupon, C., et al. (2019). Changes in bacterioplankton communities resulting from direct and indirect interactions with trace metal gradients in an urbanized marine coastal area. Front. Microbiol. 10:257. doi: 10.3389/fmicb.2019.00257

Curson, A. R. J., Todd, J. D., Sullivan, M. J., and Johnston, A. W. B. (2011). Catabolism of dimethylsulphoniopropionate: microorganisms, enzymes and genes. Nat. Rev. Microbiol. 9, 849–859. doi: 10.1038/nrmicro2653

da Costa, E., Azevedo, V., Melo, T., Rego, A. M., V Evtuguin, D., Domingues, P., et al. (2018). High-resolution lipidomics of the early life stages of the red seaweed Porphyra dioica. Molecules 23:E187. doi: 10.3390/molecules23010187

Dang, H., and Lovell, C. R. (2016). Microbial surface colonization and biofilm development in marine environments. Microbiol. Mol. Biol. Rev. 80, 91–138. doi: 10.1128/MMBR.00037-15

de Mendiburu, F. (2019). agricolae: Statistical Procedures for Agricultural Research (Version 1.3-1).

Dembitsky, V. M. (1996). Betaine ether-linked glycerolipids: chemistry and biology. Prog. Lipid Res. 35, 1–51. doi: 10.1016/0163-7827(95)00009-7

Domingo-Almenara, X., Brezmes, J., Vinaixa, M., Samino, S., Ramirez, N., Ramon-Krauel, M., et al. (2016). eRah: a computational tool integrating spectral deconvolution and alignment with quantification and identification of metabolites in GC/MS-based metabolomics. Anal. Chem. 88, 9821–9829. doi: 10.1021/acs.analchem.6b02927

Dray, S., and Dufour, A.-B. (2007). The ade4 package: implementing the duality diagram for ecologists. J. Statist. Softw. 22, 1–20. doi: 10.18637/jss.v022.i04

Egan, S., Harder, T., Burke, C., Steinberg, P., Kjelleberg, S., and Thomas, T. (2013). The seaweed holobiont: understanding seaweed–bacteria interactions. FEMS Microbiol. Rev. 37, 462–476. doi: 10.1111/1574-6976.12011

Escudié, F., Auer, L., Bernard, M., Mariadassou, M., Cauquil, L., Vidal, K., et al. (2018). FROGS: find, rapidly, OTUs with galaxy solution. Bioinformatics 34, 1287–1294. doi: 10.1093/bioinformatics/btx791

Faust, K., and Raes, J. (2016). CoNet app: inference of biological association networks using Cytoscape. F1000Research 5:1519. doi: 10.12688/f1000research.9050.2

Flemming, H.-C., Wingender, J., Szewzyk, U., Steinberg, P., Rice, S. A., and Kjelleberg, S. (2016). Biofilms: an emergent form of bacterial life. Nat. Rev. Microbiol. 14, 563–575. doi: 10.1038/nrmicro.2016.94

Gaubert, J., Payri, C. E., Vieira, C., Solanki, H., and Thomas, O. P. (2019). High metabolic variation for seaweeds in response to environmental changes: a case study of the brown algae Lobophora in coral reefs. Sci. Rep. 9:993. doi: 10.1038/s41598-018-38177-z

Giacomoni, F., Le Corguillé, G., Monsoor, M., Landi, M., Pericard, P., Pétéra, M., et al. (2015). Workflow4Metabolomics: a collaborative research infrastructure for computational metabolomics. Bioinformatics 31, 1493–1495. doi: 10.1093/bioinformatics/btu813

Gobet, A., Barbeyron, T., Matard-Mann, M., Magdelenat, G., Vallenet, D., Duchaud, E., et al. (2018). Evolutionary evidence of algal polysaccharide degradation acquisition by Pseudoalteromonas carrageenovora 9T to adapt to macroalgal niches. Front. Microbiol. 9:2740. doi: 10.3389/fmicb.2018.02740

Hollants, J., Leliaert, F., De Clerck, O., and Willems, A. (2013). What we can learn from sushi: a review on seaweed-bacterial associations. FEMS Microbiol. Ecol. 83, 1–16. doi: 10.1111/j.1574-6941.2012.01446.x

Junker, R. R., and Tholl, D. (2013). Volatile organic compound mediated interactions at the plant-microbe interface. J. Chem. Ecol. 39, 810–825. doi: 10.1007/s10886-013-0325-9

Karsten, U., Kirst, G. O., and Wiencke, C. (1992). Dimethylsulphoniopropionate (DMSP) accumulation in green macioalgae from polar to temperate regions: interactive effects of light versus salinity and light versus temperature. Polar Biol. 12, 603–607. doi: 10.1007/BF00236983

Kessler, R. W., Weiss, A., Kuegler, S., Hermes, C., and Wichard, T. (2018). Macroalgal-bacterial interactions: Role of dimethylsulfoniopropionate in microbial gardening by Ulva (Chlorophyta). Mol. Ecol. 27, 1808–1819. doi: 10.1111/mec.14472

Lachnit, T., Fischer, M., Künzel, S., Baines, J. F., and Harder, T. (2013). Compounds associated with algal surfaces mediate epiphytic colonization of the marine macroalga Fucus vesiculosus. FEMS Microbiol. Ecol. 84, 411–420. doi: 10.1111/1574-6941.12071

Lemay, M. A., Martone, P. T., Hind, K. R., Lindstrom, S. C., and Parfrey, L. W. (2018a). Alternate life history phases of a common seaweed have distinct microbial surface communities. Mol. Ecol. 27, 3555–3568. doi: 10.1111/mec.14815

Lemay, M. A., Martone, P. T., Keeling, P. J., Burt, J. M., Krumhansl, K. A., Sanders, R. D., et al. (2018b). Sympatric kelp species share a large portion of their surface bacterial communities. Environ. Microbiol. 20, 658–670. doi: 10.1111/1462-2920.13993

Li, Y., Lou, Y., Mu, T., Xu, J., Zhou, C., and Yan, X. (2017). Simultaneous structural identification of diacylglyceryl-N-trimethylhomoserine (DGTS) and diacylglycerylhydroxymethyl-N,N,N-trimethyl-β-alanine (DGTA) in microalgae using dual Li+/H+ adduct ion mode by ultra-performance liquid chromatography/quadrupole time-of-flight mass spectrometry. Rapid Commun. Mass Spectrom. 31, 457–468. doi: 10.1002/rcm.7818

López-Lara, I. M., Sohlenkamp, C., and Geiger, O. (2003). Membrane lipids in plant-associated bacteria: their biosyntheses and possible functions. Mol. Plant Microbe Interact. 16, 567–579. doi: 10.1094/MPMI.2003.16.7.567

Lyons, D. A., Scheibling, R. E., and Alstyne, K. L. V. (2010). Spatial and temporal variation in DMSP content in the invasive seaweed Codium fragile ssp. fragile: effects of temperature, light and grazing. Mar. Ecol. Prog. Ser. 417, 51–61. doi: 10.3354/meps08818

Mahé, F., Rognes, T., Quince, C., Vargas, C., and de, Dunthorn, M. (2014). Swarm: robust and fast clustering method for amplicon-based studies. PeerJ 2:e593. doi: 10.7717/peerj.593

Marzinelli, E. M., Campbell, A. H., Zozaya Valdes, E., Vergés, A., Nielsen, S., Wernberg, T., et al. (2015). Continental-scale variation in seaweed host-associated bacterial communities is a function of host condition, not geography. Environ. Microbiol. 17, 4078–4088. doi: 10.1111/1462-2920.12972

Marzinelli, E. M., Qiu, Z., Dafforn, K. A., Johnston, E. L., Steinberg, P. D., and Mayer-Pinto, M. (2018). Coastal urbanisation affects microbial communities on a dominant marine holobiont. NPJ Biofilms Microb. 4:1. doi: 10.1038/s41522-017-0044-z

Maximilien, R., Nys, R., de Holmstrm, C., Gram, L., Givskov, M., and Crass, K. D. (1998). Chemical mediation of bacterial surface colonisation by secondary metabolites from the red alga Delisea pulchra. Aquat. Microb. Ecol. 15, 233–246. doi: 10.3354/ame015233

McKey, D. (1979). “The distribution of secondary compounds within plants,” in Herbivores, their Interaction with Secondary Plant Metabolites, eds G. A. Rosenthal, D. H. Janzen, and S. W. Applebaum (New York, NY: Academic Press), 55–134.

McMurdie, P. J., and Holmes, S. (2013). phyloseq: an R package for reproducible interactive analysis and graphics of microbiome census data. PLoS One 8:e61217. doi: 10.1371/journal.pone.0061217

Minich, J. J., Morris, M. M., Brown, M., Doane, M., Edwards, M. S., Michael, T. P., et al. (2018). Elevated temperature drives kelp microbiome dysbiosis, while elevated carbon dioxide induces water microbiome disruption. PLoS One 13:e0192772. doi: 10.1371/journal.pone.0192772

Morrissey, K. L., Çavaş, L., Willems, A., and De Clerck, O. (2019). Disentangling the influence of environment, host specificity and thallus differentiation on bacterial communities in siphonous green seaweeds. Front. Microbiol. 10:717. doi: 10.3389/fmicb.2019.00717

Nylund, G. M., Persson, F., Lindegarth, M., Cervin, G., Hermansson, M., and Pavia, H. (2010). The red alga Bonnemaisonia asparagoides regulates epiphytic bacterial abundance and community composition by chemical defence. FEMS Microbiol. Ecol. 71, 84–93. doi: 10.1111/j.1574-6941.2009.00791.x

Othmani, A., Briand, J.-F., Ayé, M., Molmeret, M., and Culioli, G. (2016a). Surface metabolites of the brown alga Taonia atomaria have the ability to regulate epibiosis. Biofouling 32, 801–813. doi: 10.1080/08927014.2016.1198954

Othmani, A., Bunet, R., Bonnefont, J.-L., Briand, J.-F., and Culioli, G. (2016b). Settlement inhibition of marine biofilm bacteria and barnacle larvae by compounds isolated from the Mediterranean brown alga Taonia atomaria. J. Appl. Phycol. 28, 1975–1986. doi: 10.1007/s10811-015-0668-4

Paix, B., Othmani, A., Debroas, D., Culioli, G., and Briand, J.-F. (2019). Temporal covariation of epibacterial community and surface metabolome in the Mediterranean seaweed holobiont Taonia atomaria. Environ. Microbiol. 21, 3346–3363. doi: 10.1111/1462-2920.14617

Parada, A. E., Needham, D. M., and Fuhrman, J. A. (2016). Every base matters: assessing small subunit rRNA primers for marine microbiomes with mock communities, time series and global field samples. Environ. Microbiol. 18, 1403–1414. doi: 10.1111/1462-2920.13023

Parrot, D., Blümel, M., Utermann, C., Chianese, G., Krause, S., Kovalev, A., et al. (2019). Mapping the surface microbiome and metabolome of brown seaweed Fucus vesiculosus by amplicon sequencing, integrated metabolomics and imaging techniques. Sci. Rep. 9:1061. doi: 10.1038/s41598-018-37914-8

Pollet, T., Berdjeb, L., Garnier, C., Durrieu, G., Le Poupon, C., Misson, B., et al. (2018). Prokaryotic community successions and interactions in marine biofilms: the key role of Flavobacteriia. FEMS Microbiol. Ecol. 94:fiy083. doi: 10.1093/femsec/fiy083

Qiu, Z., Coleman, M. A., Provost, E., Campbell, A. H., Kelaher, B. P., Dalton, S. J., et al. (2019). Future climate change is predicted to affect the microbiome and condition of habitat-forming kelp. Proc. R. Soc. B Biol. Sci. 286:20181887. doi: 10.1098/rspb.2018.1887

Robinson, W. (1932). Observations on the development of Taonia atomaria, Ag. Ann. Bot. 46, 113–120. doi: 10.1093/oxfordjournals.aob.a090311

Roche, S. A., and Leblond, J. D. (2010). Betaine lipids in chlorarachniophytes. Phycol. Res. 58, 298–305. doi: 10.1111/j.1440-1835.2010.00590.x

Rognes, T., Flouri, T., Nichols, B., Quince, C., and Mahé, F. (2016). VSEARCH: a versatile open source tool for metagenomics. PeerJ 4:e2584. doi: 10.7717/peerj.2584

Saha, M., Rempt, M., Gebser, B., Grueneberg, J., Pohnert, G., and Weinberger, F. (2012). Dimethylsulphopropionate (DMSP) and proline from the surface of the brown alga Fucus vesiculosus inhibit bacterial attachment. Biofouling 28, 593–604. doi: 10.1080/08927014.2012.698615

Saha, M., Rempt, M., Grosser, K., Pohnert, G., and Weinberger, F. (2011). Surface-associated fucoxanthin mediates settlement of bacterial epiphytes on the rockweed Fucus vesiculosus. Biofouling 27, 423–433. doi: 10.1080/08927014.2011.580841

Saha, M., Rempt, M., Stratil, S. B., Wahl, M., Pohnert, G., and Weinberger, F. (2014). Defence chemistry modulation by light and temperature shifts and the resulting effects on associated epibacteria of Fucus vesiculosus. PLoS One 9:e105333. doi: 10.1371/journal.pone.0105333

Sala, E., and Boudouresque, C. F. (1997). The role of fishes in the organization of a Mediterranean sublittoral community: I: Algal communities. J. Exp. Mar. Biol. Ecol. 212, 25–44. doi: 10.1016/S0022-0981(96)02745-1

Serebryakova, A., Aires, T., Viard, F., Serrão, E. A., and Engelen, A. H. (2018). Summer shifts of bacterial communities associated with the invasive brown seaweed Sargassum muticum are location and tissue dependent. PLoS One 13:e0206734. doi: 10.1371/journal.pone.0206734

Shankar, V., Agans, R., and Paliy, O. (2017). Advantages of phylogenetic distance based constrained ordination analyses for the examination of microbial communities. Sci. Rep. 7:6481. doi: 10.1038/s41598-017-06693-z

Sneed, J. M., Ritson-Williams, R., and Paul, V. J. (2015). Crustose coralline algal species host distinct bacterial assemblages on their surfaces. ISME J. 9, 2527–2536. doi: 10.1038/ismej.2015.67

Sohlenkamp, C., and Geiger, O. (2016). Bacterial membrane lipids: diversity in structures and pathways. FEMS Microbiol. Rev. 40, 133–159. doi: 10.1093/femsre/fuv008

Stratil, S. B., Neulinger, S. C., Knecht, H., Friedrichs, A. K., and Wahl, M. (2013). Temperature-driven shifts in the epibiotic bacterial community composition of the brown macroalga Fucus vesiculosus. MicrobiologyOpen 2, 338–349. doi: 10.1002/mbo3.79

Stratil, S. B., Neulinger, S. C., Knecht, H., Friedrichs, A. K., and Wahl, M. (2014). Salinity affects compositional traits of epibacterial communities on the brown macroalga Fucus vesiculosus. FEMS Microbiol. Ecol. 88, 272–279. doi: 10.1111/1574-6941.12292

Sunda, W., Kieber, D. J., Kiene, R. P., and Huntsman, S. (2002). An antioxidant function for DMSP and DMS in marine algae. Nature 418, 317–320. doi: 10.1038/nature00851

Tujula, N. A. (2006). Analysis of the Epiphytic Bacterial Community Associated with the Green Alga Ulva Australis. Ph.D. thesis, The University of New South Wales, Sydney.

van Den Dool, H., and Kratz, P. (1963). A generalization of the retention index system including linear temperature programmed gas—liquid partition chromatography. J. Chromatogr. A 11, 463–471. doi: 10.1016/S0021-9673(01)80947-X

Vasselon, V., Domaizon, I., Rimet, F., Kahlert, M., and Bouchez, A. (2017). Application of high-throughput sequencing (HTS) metabarcoding to diatom biomonitoring: Do DNA extraction methods matter? Freshw. Sci. 36, 162–177. doi: 10.1086/690649

Wahl, M., Goecke, F., Labes, A., Dobretsov, S., and Weinberger, F. (2012). The second skin: ecological role of epibiotic biofilms on marine organisms. Front. Microbiol. 3:292. doi: 10.3389/fmicb.2012.00292

Wang, M., Carver, J. J., Phelan, V. V., Sanchez, L. M., Garg, N., Peng, Y., et al. (2016). Sharing and community curation of mass spectrometry data with global natural products social molecular networking. Nat. Biotechnol. 34, 828–837. doi: 10.1038/nbt.3597

Wichard, T., and Beemelmanns, C. (2018). Role of chemical mediators in aquatic interactions across the prokaryote-eukaryote boundary. J. Chem. Ecol. 44, 1008–1021. doi: 10.1007/s10886-018-1004-7

Wichard, T., Charrier, B., Mineur, F., Bothwell, J. H., Clerck, O. D., and Coates, J. C. (2015). The green seaweed Ulva: a model system to study morphogenesis. Front. Plant Sci. 6:72. doi: 10.3389/fpls.2015.00072

Wright, J. T., Nys, R., and de, Steinberg, P. D. (2000). Geographic variation in halogenated furanones from the red alga Delisea pulchra and associated herbivores and epiphytes. Mar. Ecol. Prog. Ser. 207, 227–241. doi: 10.3354/meps207227

Yang, C.-Y., Yang, C.-Y., and Sung, C.-K. (2013). Enhancing air retention by biomimicking Salvinia molesta structures. Jpn. J. Appl. Phys. 52:06GF08. doi: 10.7567/JJAP.52.06GF08

Yoon, J., Adachi, K., and Kasai, H. (2015). Isolation and characterization of a novel marine Bacteroidetes as Algitalea ulvae gen. nov., sp. nov., isolated from the green alga Ulva pertusa. Antonie van Leeuwenhoek 108, 505–513. doi: 10.1007/s10482-015-0504-5

Zhang, P., Wang, X., Wang, T., Zhu, P., and Yang, L. (2018). The major changes in lipid composition of Sargassum horneri during different growth phases. J. Appl. Phycol. 30, 517–523. doi: 10.1007/s10811-017-1219-y

Zozaya-Valdés, E., Roth-Schulze, A. J., and Thomas, T. (2016). Effects of temperature stress and aquarium conditions on the red macroalga Delisea pulchra and its associated microbial community. Front. Microbiol. 7:161. doi: 10.3389/fmicb.2016.00161

Conflict of Interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

Copyright © 2020 Paix, Carriot, Barry-Martinet, Greff, Misson, Briand and Culioli. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.


OPS/images/cross.jpg
3,

i





OPS/xhtml/Nav.xhtml




Contents





		Cover



		A Multi-Omics Analysis Suggests Links Between the Differentiated Surface Metabolome and Epiphytic Microbiota Along the Thallus of a Mediterranean Seaweed Holobiont



		INTRODUCTION



		MATERIALS AND METHODS



		Sampling Strategy



		Confocal Laser Scanning Microscopy (CLSM)



		Quantitative Flow Cytometry Analyses



		DNA Extraction, 16S rRNA Gene Amplification and Sequencing



		16S rRNA Gene Metabarcoding Data Processing and Analysis



		Extraction and Samples Preparation for Metabolomics Approaches



		Metabolomics Data Processing and Analysis



		Annotation Strategy for Metabolomics Analysis



		Integration of Surface Metabolome and Surface Microbiota Datasets



		Statistical Tests and Cross Validations







		RESULTS



		Confocal Laser Scanning Microscopy



		Quantification of Epiphytic Cells Densities by Flow Cytometry



		Diversity and Structure of Bacterial Communities



		Comparative Metabolomics Fingerprinting Analysis



		Global Annotation of Metabolomes



		Variations of Surface Metabolites Involved in the Differentiation Between Thallus Parts



		Integration of Surface Metabolome and Surface Microbiota Datasets







		DISCUSSION



		Specific Microbiota Selected at the Algal Surface



		Epibacterial Communities Differed From the Basal to the Apical Algal Parts



		Cross Metabolomics and Molecular Networking Allowed to Attribute to Algal Metabolites the Intra-thallus Variations of the Surface Metabolome



		Algal Growth Could Explain Zonal Variations of Metabolome and Microbiota



		Specific Role of Algal Secondary Metabolites on Epibacterial Communities







		CONCLUSION



		DATA AVAILABILITY STATEMENT



		AUTHOR CONTRIBUTIONS



		FUNDING



		ACKNOWLEDGMENTS



		SUPPLEMENTARY MATERIAL



		FOOTNOTES



		REFERENCES

















OPS/images/cover.jpg
’ frontiers
in Microbiology

A Multi-Omics Analysis
Suggests Links Between
the Differentiated Surface
Metabolome and Epiphytic
Microbiota Along the Thallus of a
Mediterranean Seaweed
Holobiont





OPS/images/fmicb-11-00494-g001.jpg
A
a p =0.020
1.5 x 10°4
ﬁ b b
1.0 x 10°4
5.0 x 10° *
B M A
i — Basal part i
i E Rocky biofilm i
i .Median part i
d ESeawater i

__________________________________

Carqueiranne Tamaris
* 1 p =0.005 9|
600 a = c
= ==113b ap S
4001 ¢ bc ﬁ $ * @
* B
a =0.012
800 * ab p
600 ¢ ¢ bc 2 ab ®)
1= e=||ab ap W 5
400 | b =
p =0.001 =
a =0.001
6 ab aPf
Sq== ==| == bc L¢3
- &’
p=0.017
B M






OPS/images/fmicb-11-00494-g002.jpg
A C
2D stress : 0.135 \ 4
A+ I I O
2
M- [ . BE
=
B I I
=
w+ I | BE
>
=)
R A ®
- =]
e N e 00 | 5
B IV s G
—=h
w4 I L IEE
T T T T T
Taxonomic affiliation
N
(3 . Actinobacteria ; Microtrichaceae - Cyanobacteria ; Phormidesmiaceae
0.0+ - -4
; '&h’ v\\ v SN2 . a-Proteobacteria ; Clade | . Cyanobacteria ; Synechococcales Incertae Sedis
! * B . a-Proteobacteria ; Hyphomonadaceae . Cyanobacteria ; Xenococcaceae
W “aosd
-0.1 1 ‘\\" NS . a-Proteobacteria ; Kiloniellaceae y-Proteobacteria ; Alteromonadaceae
’ . . a-Proteobacteria ; Rhizobiaceae . y-Proteobacteria ; Thiohalorhabdaceae
T T T T . a-Proteobacteria ; Rhodobacteraceae . y-Proteobacteria ; Thiotrichaceae
_0'2 0'0 NMDS(1).2 0'4 . a-Proteobacteria ; Sphingomonadaceae . Others *
s let s I it . Bacteroidetes ; Cyclobacteriaceae . Planctomycetes ; Pirellulaceae
ample type ampling site
Bacteroidetes ; Flavobacteriaceae - Verrucomicrobia ; DEV007
Basal part
. P v Tamaris . Bacteroidetes ; Saprospiraceae . Verrucomicrobia ; Rubritaleaceae

- Cyanobacteria ; Cyanobiaceae

Water sample

Rocky biofilm






OPS/images/fmicb-11-00494-g003.jpg
Erythrobacter

. Cluster A
<

Granulosicoccus © oktaneII@ P/rellu/a

Cluster C

Loktanella
&
Loktanella

/Erythrobacter \

O
‘«5%. 2 'Y
Pirellula Croceitale r, @
NI

Octadecabacter

‘ @ Loktanella

® /o o ® @D o
j o ety %@ .,,%
| Granulosicoccus vPG (J ’\ /

\y @ Q ipand )
O - : ‘6 Oi@ﬂ Ruegeria
@ v @ ,/lx

@ - Erythrobacter italeh
A / @\’ Algital

G nulos:coccu
— '
@© : o

Ruegeria

Algimonas
Granulosicoccus

@Cluster B °

Erythrobacter (%) ‘
.
Cluster D e

Granulosicoccus ﬁ Ruegeria
® ®
/ /

Rubritalea

@® \
‘  Polaribacter 4’ //
olarlbacter 4‘/ |
0 ® ® 1 j
Granulosicoccys Percentage of sequences in all samples'

\@ Planktotalea @ |
N

¢

0"

0.15%
° 0.1% 0.05% >0.01%

OTU distribution among samples

Seawater —1._ Basal part

Rocky biofilm -' Median part ‘
NSB~— Apical part







OPS/images/fmicb-11-00494-g004.jpg
A Total extracts GC-MS
& \V4 \ 4
10 A
oV
2 %V
S 0- ‘ 7 v
o . \% \V 4
%10 - o
4
—20 i 1 1 ’ 1
-20 0 20
PC1:42.5%
D Surface extracts GC-MS
50 - OOV
< v Q v
2 %
5 9 !
O {
0 ¢ Vv — g
=50 \V4
1 v I 1
-100 0 100
PC 1:28.8%

PC2:13.9%

PC 2:20.1%

Total extracts LC-(-)-ESI-MS
\V4
10
- V
5 -
v \V4
01 *0 =
O : v v
. v va
|| I v ||
-10 0 10
PC1:54.4%
Surface extracts LC-(-)-ESI-MS
10 v
\V4
5 - 7 A %
ol VYV oov V
v Q
v V >
-5 - o © v
®*O
-10 -5 0 5 10
PC1:37.8%

C Total extracts LC-(+)-ESI-MS
v
A4
\ 4
- 20 - PS v v
X ¢ o
5 O
o 7 v v
= 4
< v
vV VvV
502 \VAv,
0l 1 1 vl
=40 -20 0 20
PC1:26.3%
F Surface extracts LC-(+)-ESI-MS
V
204 V¥ \%
(e v v
~ | Y® v v
SV V¥V y
o~ vV
O
0. ¢ & O
_20-
g &
I 1 0 I
=20 0 20 40

PC1:12.8%

Thallus part

. Basal part
. Median part
. Apical part

Sampling site

V Tamaris
<> Carqueiranne






OPS/images/fmicb-11-00494-g005.jpg
DGTA (C30:1)

()
a.- . L TA o _ L TA a.ﬁ . FTA S
o . —~ o [3) : o
2, — FTM o 2 L T.M ) b..| L T.M /.__.

g e 3 o} L8 Q 24 s TB -
(@) - 18} I

o) L = L I L
G — groa S| o gror B 80 g0 g
o) o o O o -
= 2teM A o S rcm Sl = A
Q0. L | : n | &
2 R a..-.. L rcB CI- L rce T

TR ETIT TSI T T2 T

] I ]

lyso-DGTA (C16:0)

<. ra [ of] o} |
o] L — to] L o] L (0]
a.— 3 ™ 5 o - ™ § o ™ =
ol 8 o Qo e g
Sk ~FkCs = St wtCcA I of —tCcA 2
S CM g Qo S CM S 8 cm ¢
of oreM a © o[> o} gr-" &
1l Fo) 1l o I
b...l afCB - a[CB a.|l|. arCB
FINELTeRe EEER TR EEEEE TR
I I |

lyso-DGTA (C20:3)

© |. LTA m. L TA o g : LTA

- Basal part -Median part 'Apical part

o) o — o (0]
a FT™ o}k LT.M N off LM 2
— —
b.— « | TB % O - A FTB &5 a.—w L T.B S
2, SroA S o[- s FCA = of gfCA 3
a Stem & 2 Srcem o Stem _m
>
o] I o 1 . 1
© 2 ol 3 of o[ CB







OPS/images/fmicb-11-00494-g006.jpg
N % DGTA (C30:1)
** lyso-DGTA (C20:3)
o y-muurolene sxk PC (C31:1)
cis-cadina-1,4-diene GGG derivative
0.5~ ~B-cubebene
PC (C33:1) if™* P \Y
* ~,germacratrien-9-ol
lyso-PC (C20:5)\*** ; CaHsO \ 4
‘DGTA (C32:3) \V4
C30H44
AN 0.0-
3
o Caollode DMSP mannitol derivative \ 4
-05{ @
C26H33NO
-1.0- I v| I 1
-0.5 0.0 0.5 1.0
RDA1
Thallus part Sampling site Metabolomics Compound class
. Basal part DGTA/Lyso-DGTA
VTamarls ———— LC-(+)-ESI-MS — PC/Lyso-PC
. Median part Sesquiterpenes and diterpenes derivatives
) C ............ GC_MS C t d ?
- Apical part <> argueiranne Oi:]c;re;nm s (?)






OPS/images/logo.jpg
, frontiers
in Microbiology





