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The sugar kelp Saccharina latissima dominates many temperate coastal ecosystems, plays key ecological roles and presents important economic potential. However, its microbiota remains poorly investigated, although it could play an important role in algal fitness. In this study, we combined high throughput Illumina-based DNA sequencing and Fluorescence In Situ Hybridization to perform a culture-independent investigation of the S. latissima bacterial and fungal microbiota. Up to 600 bacterial and 100 fungal Amplicon Sequence Variants were identified per algal individual, revealing diverse bacterial and fungal communities associated to S. latissima. Overall, bacterial communities were dominated by Proteobacteria, Actinobacteria, and Bacteroidetes, in particular Hyphomonadaceae and Cyclobacteriaceae. Fungal communities were dominated by Ascomycota and Basidiomycota, in particular Mycosphaerellaceae, Psathyrellaceae, and Bulleribasidiaceae. Our results also revealed a variable distribution of S. latissima microbiota, as two adjacent tissue samples typically contained distinct fungal and bacterial assemblages, and CARD-FISH analysis detected microbial endosymbionts (with a few epibionts). Complementary analyses showed that despite achieving a good sequencing coverage for each tissue sample, the unexpected diversity and variability of ASVs made the definition of a core fungal and bacterial microbiota difficult, and highlights novel avenues to overcome the limitations of current surface-sterilization and metabarcoding protocols.
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INTRODUCTION

The sugar kelp Saccharina latissima (formerly Laminaria saccharina) is distributed in cold to temperate waters of the Northern hemisphere. This large brown alga colonizes sheltered to medium wave-exposed coastal areas, where it can form kelp forests (Moy and Christie, 2012). Along with other Laminariales, this species plays key ecological roles in coastal environments, especially by providing shelter and nutrients for a wide diversity of marine organisms (Bartsch et al., 2008). Large scale declines of the population of S. latissima have been recently observed, e.g., along the Norwegian coast, raising concerns about the fate of such coastal ecosystems and their associated biodiversity in the current context of global change (Moy and Christie, 2012). S. latissima is also one of the fastest-growing European kelp species, with a high carbohydrate content and significant economic potential for moving toward a seaweed-based economy (Skjermo et al., 2014). Traditionally, this species was used as biosourced fertilizer and animal feed in agriculture, and other applications are currently evaluated, such as potential source of biofuel (Adams et al., 2009; Vivekanand et al., 2012) and of highly antioxidative compounds for cosmetics (Mesnildrey et al., 2012; Skjermo et al., 2014; Hermund et al., 2018). S. latissima may also be an efficient bioremediation agent limiting eutrophication from fish-farming (Handå et al., 2013).

As other multicellular eukaryotes, marine macroalgae grow and develop in close interactions with microbial communities. Some of these microorganisms, the so-called “epiphytes” colonize the algal surfaces and various studies also unveiled the presence of bacterial and fungal “endophytes” (Hollants et al., 2013; Flewelling et al., 2015). These closely associated microbial communities form the algal microbiota, and their association with the host forms a meta-organism also named “holobiont” (Egan et al., 2013). A growing number of studies have emphasized the key role of microbial symbionts on the development and defense of their macroalgal host (Egan et al., 2013; Tapia et al., 2016; Saha and Weinberger, 2019). For instance, bacterial morphogens are required to support the normal development of Ulva intestinalis and Ulva mutabilis (Ghaderiardakani et al., 2017). Also, dysbiosis, an emerging concept in the field of marine (micro)biology, highlights the link between shifting microbiota composition and the host health status (Egan and Gardiner, 2016). As a result, the characterization of the microbial communities associated with healthy algae appears as an essential step toward a better understanding of the importance of such interactions and thus a better control of the algal life cycle in the context of seaweed farming.

Several studies have suggested the existence of host-specific bacterial communities in some algal species (Goecke et al., 2010; Barott et al., 2011; Hollants et al., 2011; Lachnit et al., 2011). In S. latissima, our recent studies of the cultivable microbial communities highlighted the capacity of fungal strains to produce compounds active against algal pathogens (Vallet et al., 2018), and the ability of bacterial strains to communicate by quorum sensing signaling (Tourneroche et al., 2019). Similarly, some authors reported the expression of specific metabolites (Flewelling et al., 2015) or enzymes (Martin et al., 2015) by culturable seaweed-associated bacteria. Nevertheless, a comprehensive work on Ectocarpus highlighted a notable discrepancy between the composition of the bacterial microbiota retrieved by metabarcoding and the taxonomic identification of isolated strains, suggesting that many abundant bacteria are uncultivable and conversely, that some cultivable bacteria may have a very low abundance in algal tissues (KleinJan et al., 2017).

In S. latissima, an early study described a large bacterial diversity using DNA fingerprinting methods (Denaturing Gradient Gel Electrophoresis, DGGE) coupled with 16S rRNA gene based clone libraries (Staufenberger et al., 2008). This study detected 45 different phylotypes, affiliated to Alphaproteobacteria, Betaproteobacteria, Gammaproteobacteria, Bacteroidetes, Firmicutes, and Actinobacteria. Consistently with most of the literature on other algae, this study highlighted that the alga-associated bacterial communities were distinct from those in seawater (Bengtsson et al., 2010; Michelou et al., 2013). Regarding fungi, however, from a combination of various datasets, Panzer et al. (2015) pointed out no significant difference between the composition of fungal communities associated with marine plant/algae and the ones found in seawater.

Interestingly, it has also been highlighted that the bacterial communities associated with the youngest parts of the algae were the most specific ones (Staufenberger et al., 2008). Using the DGGE approach, Lachnit et al. showed that the epibacterial communities of S. latissima varied between different individuals, but this variability was lower than the differences between S. latissima and other algal species, suggesting some specificity in the bacterial associations (Lachnit et al., 2011).

Endosymbiotic associations between bacteria and marine macroalgae have been reported for over 40 years. Intracellular endophytic bacteria have been microscopically observed in the vacuolar and cytoplasmic regions of various green algae and characterized molecularly within the green algae Bryopsis and Caulerpa (Hollants et al., 2011; Aires et al., 2015). Intracellular Rickettsiales have also been described in Mesostigma viride and eustigmatophytes (Yang et al., 2016; Yurchenko et al., 2018). These studies used Fluorescence In Situ Hybridization (FISH) to visualize endophytic bacteria in alga structures with a culture -and PCR- independent approach. In Bryopsis as well as eustigmatophytes, previous studies suggest a close metabolic cooperation between the host and its intracellular bacteria (Yurchenko et al., 2018; Zan et al., 2019).

In this study, we aimed at better characterizing the S. latissima microbiota through a DNA-based metabarcoding approach combined with CARD-FISH. We used amplicon sequencing of 16S rRNA genes and ITS (Internal Transcribed Spacer) genomic fragments to unveil the diversity and spatial structure of bacterial and fungal communities associated with S. latissima, while the presence of bacterial symbionts was visualized by CARD-FISH experiments.



MATERIALS AND METHODS


Sampling and DNA Extraction

Algal sampling were performed in July 2017 along the west coast of Scotland between the mainland and Seil island (56° 30′ N; −5° 58′ W) at low tide. Five visually healthy S. latissima growing a few meters away from each other were collected, along with five samples of 200 mL of surrounding sea water. For each algal individual, a large piece of the youngest part of the blade was cut with a sterile scalpel (11.5 cm2) and rinsed three times with sterile seawater. Samples were kept on ice during transportation (<3 h). Back to the lab, under sterile conditions, two contiguous pieces of tissue (1 × 2.5 × 0.4 cm; i.e., 1 cm3) were cut from each algal blade and stored at −80°C for later DNA extraction. Also we decided to test the effect of a commonly used surface sterilization method on microbial communities. The remaining blade fragments were subjected to a surface sterilization protocol (successive baths of 70% EtOH for 30 s, 0.1% NaClO for 30 s and three times sterile seawater for 30 s (Vallet et al., 2018). Then, two contiguous pieces of tissue (1 × 2.5 × 0.4 cm each; i.e., 1 cm3) were cut from each surface-sterilized sample and stored at −80°C for later DNA extraction, whereas one other piece (5 mm wide) was cut in order to obtain both transverse and longitudinal tissue sections that were immediately placed in aldehyde fixative for later CARD-FISH analyses (fixation protocol described below). The five collected seawater samples were pooled (1 L total) to average the community composition of the seawater and filtered through a 0.22 μm filter which was stored at −80°C for later DNA extraction. Total DNA extraction of algal tissues and filter was performed using a CTAB protocol modified from Doyle and Doyle (Doyle and Doyle, 1987).



PCR Amplification, Illumina Based-Amplification of 16S rRNA Genes, and ITS2 Intergenic Sequences

The primer pair 799F (5′-AACMGGATTAGATACCCKG-3′) and 1,193R (5′-ACGTCATCCCCACCTTCC-3′) (Vieira et al., 2016) was selected for this experimentation, as it avoids amplification of bacteria-like 16S rRNA genes chloroplastic sequences (Beckers et al., 2016). PCR amplifications were carried out in 20 μL reaction mixtures containing 2 μL of DNA template (with a concentration of 5 ng/μL), 0.2 mM dNTPmix, 0.5 μM of each primer, 4 μL of Phusion HF Buffer, and 0.2 μL of high-fidelity polymerase Phusion (Thermo Fisher Scientific, MA, USA). The PCR cycling conditions were 98°C for 2 min followed by 30 cycles of 98°C for 20 s; 53°C for the first set of primers, 54°C for the second set of primers and for 30 s; 72°C for 30 sec, and a final extension step of 72°C for 10 min. The quality of PCR amplifications was verified by gel electrophoresis (2% agarose). PCR products were then sent to Mr DNA for MiSeq analysis (http://www.mrdnalab.com, Shallowater, TX, USA) where they were sequenced twice along independent runs (technical replicates).

As preliminary experiments revealed that a classic ITS2-based PCR approach did not yield significant amplifications, a nested PCR approach was set up to amplify the fungal microbiota. The first PCR was performed using the primer pair ITS1F (5′-CTTGGTCATTTAGAGGAAGTAA-3′) and ITS4 (5′-TCCTCCGCTTATTGATATGC-3′) (Rämä et al., 2016) and for the second PCR the primer pair 5.8S-FUN (5′-AACTTTYRRCAAYGGATCWCT-3′) and ITS4-FUN (5′-AGCCTCCCGCTTATTGATATGCTTAART-3′) (Taylor et al., 2016) was used. First PCR amplifications were carried out in 10 μL reaction mixtures containing 2 μL of DNA template (at 5 ng/μL), 0.2 mM dNTP mix, 0.5 μM of each primer, 2 μL of Phusion HF Buffer and 0.1 μL of high-fidelity polymerase Phusion (Thermo Fisher Scientific, MA, USA). The first PCR cycling conditions were 98°C for 30 s followed by 35 cycles of 98°C for 10 s, 57°C for 30 s and 72°C for 30 s, and a final extension step of 72°C for 5 min. The second PCR amplifications were carried out in 20 μL reaction mixtures containing 2 μL of first PCR product diluted 1:100, 0.2 mM dNTPmix, 0.5 μM of each primer, 4 μL of Phusion HF Buffer, and 0.2 μL of high-fidelity polymerase Phusion (Thermo Fisher Scientific, Waltham, MA, USA). The second PCR cycling conditions were 98°C for 30 s followed by 30 cycles of 98°C for 10 s, 58°C for 30 s, and 72°C for 30 s, and a final extension step of 72°C for 5 min. The quality of the PCR amplifications was verified by gel electrophoresis. PCR products were then sent to Mr DNA for MiSeq analysis (http://www.mrdnalab.com, Shallowater, TX, USA) and sequenced twice (technical replicates, Supplementary Data Sheet 1).

All the following steps were conducted using routine Mr DNA based MiSeq-based pipelines. Briefly, PCR products were barcoded, pooled together in equal proportions and purified. Paired-end sequencing (2 × 250 pb) of bacterial 16S rRNA genes fragments and fungal ITS genomic fragments were performed on the Illumina MiSeq sequencing platform (Illumina, San Diego, USA). The raw paired-end reads from 16S rRNA and ITS2 genes fragments were separately assembled and reoriented using the MrDNA pipeline, and then, further steps were conducted at the lab using our bioinformatic pipelines. Reads abundance for 16S rRNA genes was in the 9,035–105,596 range, while reads abundance for ITS genomic fragments was in the 16,669–70,629 range.



Sequence Dataset Analysis

Briefly, for 16SrRNA based sequences, adapter sequences were trimmed in the raw FastQ files with Cutadapt v1.2.1 (Martin, 2011). The DADA2 (Callahan et al., 2016) protocol (https://benjjneb.github.io/dada2/tutorial.html) was then followed up to the production of a non-chimeric ASVs table (<4% of chimeras per sample were detected). Taxonomic assignment (min boot 80) was based on the GreenGenes reference database (v.13.8) (DeSantis et al., 2006). This taxonomic assignation also permitted to remove from the dataset all sequences that were affiliated with chloroplastic 16S rRNA. For ITS sequences, the same pipeline was used, excepted that taxonomic assignments were conducted using the latest available version of the UNITE database (v. 8.0) (Abarenkov et al., 2010). The computation of distance matrices based on ASV abundances was performed using the Gower distance metric (Kuczynski et al., 2010). Both Alpha- et Beta-diversity analysis were conducted using the R software package phyloseq, as well as the preparation of all graphical representations (McMurdie and Holmes, 2013). Sequences were submitted in the NCBI Sequences Read Archive (PRJNA602593).



Catalyzed Reporter Deposition Fluorescence In Situ Hybridization (CARD-FISH)

The pieces of algal thalli (3 mm × 3 mm each) were fixed in 4% paraformaldehyde in 50 mM HEPES (2-[4-(2-hydroxyethyl)piperazin-1-yl]ethanesulfonic acid) buffer, pH 7.4 for 12 h at 4°C. After dehydration through a graded (30–70%) ethanol series, the algal tissue was infiltrated by London Resin White embedding medium (London Resin, UK). Samples were oriented in molds for cuts perpendicular to the algal surface, and allowed to polymerize at 45°C for 4 days. Semi-thin sections (1 μm) were then cut using a diamond knive on an Ultracut microtome (Reichert-Jung, Germany) and collected on Superfrost Plus™ slides (Thermo Fisher Scientific, MA, USA) at the MNHN Electron Microscopy platform. Alternately, completely ethanol-dehydrated tissue samples were embedded in Paraplast paraffin, cut to 5 μm sections with a Leica microtome equipped with a disposable razor blade, collected on Superfrost Plus™ slides, and used after deparaffinization with xylene.

After rehydration in phosphate buffer (PBS pH 7.4), the sections (either 1 μm resin-embedded or 5 μm deparaffinized) were first incubated in a solution of hydrogen peroxide (0.09%) for 10 min to inactivate endogenous peroxidases then rinsed three times in Tris-HCl 20 mM (pH 8). To allow DNA oligonucleotidic probes to access the bacterial 16S rRNA, the sections were then successively incubated in HCl (10 min, 10 mM), in lysozyme (15 min, 37°C, 10 mg/mL) and in proteinase K (15 min, 37°C, 1 μg/ml), including three rinses in Tris-HCl 20 mM (pH 8) after each step. Hybridization was performed with an equimolar mixture of the eubacterial probes EUB338 I (5′-GCT GCC TCC CGT AGG AGT-3′) (Amann et al., 1990), EUB338 II (5′-GCA GCC ACC CGT AGG TGT-3′) (Daims et al., 1999), and EUB338 III (5′-GCT GCC ACC CGT AGG TGT-3′) (Daims et al., 1999) with 1 μL probe mix (50 ng/μL) in 149 μL hybridization buffer (0.9 M NaCl, 20 mM TrisHCl pH 8.0, 0.01% SDS, 1% blocking reagent, 10% dextran sulfate, 35% (v/v) formamide). Negative controls were performed using a non-EUB probe (5′-CTC CTA CGG GAG GCA GC-3′) (Amann et al., 1990). All probes were purchased conjugated with horseradish peroxidase from http://www.biomers.net/ (Germany). Sections were incubated at 42°C for 3 h, then washed in pre-warmed washing buffer (5 mM EDTA, 42 mM NaCl, 20 mM TrisHCl pH 8.0, and 0.05% SDS) at 43°C for 15 min then rinsed three times in PBS 10 mM (pH 7.4). Sections were incubated in the dark for 15 min at 37°C in amplification buffer (1 mL) containing 2 μL of Alexa488-labeled tyramides (Invitrogen) and 10 μL 3% hydrogen peroxide. After incubation, the sections were rinsed three times with PBS for 2 min and counterstained for 10 min with DAPI, 10 μg/mL. Then the sections were rinsed twicewith PBS for 2 min, once with H2O for 2 min, air-dried in the dark then mounted in Fluoroshield (Sigma-Aldrich, St. Louis, MO, USA). The semi-thin resin sections were observed with a Nikon eclipse TE300 (Nikon, Tokyo, Japan) wide-field epifluorescence microscope fitted with a mercury lamp and dichroic filter sets to collect DAPI and Alexa488 signals, at the CeMIM photonic microscopy platform of the French Museum National d'Histoire Naturelle. The 5 μm deparaffinized sections were observed with a Zeiss AxioObserver LSM880 Airyscan confocal microscope with a Plan Apochromatic x40 NA 1.3 oil DIC objective, with images acquired simultaneously for Dapi (Diode laser 0, 2% Ex 405 nm, Em 405–495 nm) and Alexa488 (Argon laser 0,5% Ex 488 nm, Em 505–550 nm) fluorochromes. Exposure and gain settings per each channel were kept constant for probe EUBmix and control non-EUB treatments, that were placed on serial sections on the same slide. Images acquired in Zstack series (0.2 μm step) were denoised with Airyscan SR processing algorithm and Maximum intensity projections were obtained to visualize the bacterial morphotypes across the section 5 μm depth. Five independent Card-FISH experiments were performed on 1 or 5 μm sections from adjacent tissue blocks sampled from three different algae (Alga 2, 3, and 5). Serial (5 μm) sections from Alga 2, cut at 2 tissue depths separated by ~200 μm, were tested independently in separate CardFISH experiments, to increase the explored tissue volume.




RESULTS


Effect of a Common Sterilization Protocol on Microbial Diversity

We compared the bacterial and fungal diversity before and after surface sterilization (Figures 1A,B), based on a commonly used methodology to assess cultivable endophytic microbial communities [successive baths of 70% EtOH for 30 s, 0.1% NaClO for 30 s, and three times sterile seawater for 30 s (Vallet et al., 2018)].


[image: Figure 1]
FIGURE 1. Analysis of the composition of bacterial (A) and fungal (B) communities in “sterilized” (ST) and “non-sterilized” (NS) algal samples.


When considering the 16SrRNA dataset, sterilized samples presented a Chao-1 index of 137–377, compared to 129–205.4 for non-sterilized samples. The Simpson index was 0.71–0.982 for sterilized samples similar to 0.73–0.982 in non-sterilized samples. The Shannon index was 2.08–4.63 in sterilized samples, similar to 2.24–4.57 in non-sterilized samples. Overall, Shannon, Simpson and Chao-1 indexes were not significantly different between surface sterilized and non-sterilized samples (p-value > 0.05; ANOVA, Tukey post-hoc test).

When considering the ITS genomic fragment datasets, sterilized samples presented a Chao-1 index which was between 9 and 28 for sterilized samples, compared to 8–32 for non-sterilized samples. The Shannon index was between 0.75 and 2.09 for sterilized samples, and 0.15–2.10 in non-sterilized samples. The Simpson index was 0.02–0.81 in sterilized samples, and 0.47–0.64 in non-sterilized samples. Overall, Shannon, Simpson, and Chao-1 indexes were not significantly different between surface sterilized and non-sterilized samples (p-value > 0.05; ANOVA, Tukey post-hoc test).

Community analysis revealed similar fungal and bacterial colonization of sterilized and non-sterilized samples, with two exceptions (Figures 1A,B). In bacterial communities, Moraxellaceae appeared sensitive to the sterilization treatment, as no related 16S rRNA sequences were detected in “sterile” samples. A similar pattern was observed in fungal communities for Aspergillaceae (Figures 1A,B). Despite these small differences, statistical analysis confirmed the absence of significant differences in the diversity of bacterial and fungal communities between the surface-sterilized and the non-sterilized samples (p-value > 0.05; ANOVA, Tukey post-hoc test).



Patterns of Bacterial and Fungal Diversity in S. latissima Algae

Alpha-diversity analysis revealed the presence of diverse bacterial communities associated with algal tissues (Figure 2A). We observed between 130 and 270 bacterial ASVs in each piece of tissue (all five algal individuals considered). Chao-1 and rarefaction curves analysis confirmed a wide diversity of bacteria associated to S. latissima (Supplementary Data Sheet 2). Similar observations were made with the Shannon (between 2.1 and 4.6 for algal samples) and Simpson indexes (between 0.708 and 0.982 for algal samples) (Figure 3A). Statistical analysis confirmed that seawater samples (300–428 ASVs, Shannon index of 5.1–5.4, and Simpson index of 0.987–0.988) were significantly more diverse than each piece of algal tissue sampled (p-value < 0.05; ANOVA, Tukey post-hoc test).


[image: Figure 2]
FIGURE 2. Relative abundance of the most abundant ASVs in our dataset, clustered according to their taxonomic assignation within each S. latissima individual and seawater sample (SW) based on 16S rRNA genes relative abundance (A) and ITS genomic fragments relative abundance (B). Top panel: Assignation at the phyla level. Middle panel: Assignation at the family level. Bottom panel: Assignation at the genus level.



[image: Figure 3]
FIGURE 3. Alpha-diversity analysis of bacterial (A) and fungal (B) communities of the Saccharina latissima microbiota.


Alpha-diversity analysis also highlighted the presence of diverse fungal communities associated with algal tissues (5–32 ASV) (Figure 2B). Chao-1 and rarefaction curves analysis confirmed a wide diversity of fungi associated to S. latissima (Supplementary Data Sheet 2). The Shannon index was in between 0.2–2.25 and Simpson index in between 0.02–0.83 (Figure 3B). Statistical analysis confirmed that seawater sample (18–31 ASVs, Shannon index of 2.1–2.2, and Simpson index of 0.79–0.82) was equally diverse than most of pieces of algal tissue sampled (p-value > 0.05; ANOVA, Tukey post-hoc test).



Composition of Bacterial Communities in Each Alga and in the Nearby Seawater

In the light of the above results, community composition was assessed after aggregation and rarefaction of the samples originating from the same alga (Figure 2A). Regarding environmental seawater, when considering the most abundant ASVs (>5% abundance), the seawater bacterial community appeared dominated by Proteobacteria (58.4% of total sequences), Bacteroidetes (20.1%), and Actinobacteria (19.6%). At the family level, the seawater samples were dominated by Rhodobacteraceae (27.1%), Flavobacteriaceae (17.1%), and Thiohalorhabdaceae (7.0%) (Figure 2A).

The bacterial communities associated with algal tissues appeared quantitatively very variable among individual algae. Actinobacteria represented between 6.4 and 20.3% of total sequences, Bacteroidetes between 8.1 and 53.1%, and Proteobacteria between 39.7 and 70.5% (Figure 2A). The ASVs representing <5% of total sequences abundance contained bacterial taxa affiliated to Armatimonadetes, Chlamydiae, Chloroflexi, Cyanobacteria, Deinococcus-Thermus, Dependentiae, FBP, Fibrobacteres, Firmicutes, Fusobacteria, Gemmatimonadetes, Marinimicrobia (SAR406_clade), Nitrospirae, Patescibacteria, Planctomycetes, Spirochaetes, Verrucomicrobia, and WPS-2 phyla.

The most abundant ASVs were assigned to only a few types of bacterial families. Indeed, ASVs related to Hyphomonadaceae were abundant in all sampled individuals, ranging from 10.6 to 24.8% of sequences depending on the alga. Cyclobacteriaceae represented between 0 and 8.7%, except in Alga 4 and 5 where this family reached 29.7 and 48.0% of sequences, respectively. Also, a few other bacterial families were frequently found in S. latissma: Moraxellaceae (up to 15.4%), Propionibacteraceae (up to 13.0%), Rhodobacteraceae (11.3–14.3%), Thiohalorhabdaceae (up to 12.1%), Burkholderiaceae (up to 10.7%), Colwelliaceae (up to 6.1%), and Flavobacteriaceae (up to 5.4%) (Figure 2A).



Composition of Fungal Communities in Each Alga

When considering the most abundant ASVs in the seawater (>5% in total abundance), the fungal community appeared dominated by Ascomycota (54.6%) and Basidiomycota (45.3%) (Figure 2B). At the family level, seawater samples were dominated by diverse groups of fungi, including Mycosphaerellaceae (39.2%), Pleosporaceae (26.2%), Malasseziaceae (15.2%), Tricholomataceae (10.9%), and Psathyrellaceae (4.3%). Ceratobasidiaceae, Bulleribasidiaceae, Leptosphaeriaceae, Verrucariaceae, Tremellaceae, and Didymellaceae were also detected, but at much lower abundance (below 1.4%) (Figure 2B).

The fungal communities associated with algal tissues appeared different although as diverse as in seawater. Algal communities were dominated by Psathyrellaceae (39–44.9% depending on the sampled algae). Also, we found in lower abundances Pleosporaceae (6.7–13.7% depending on the sampled algae), Cladosporiaceae (0.07–8.9%), Mycosphaerellaceae (2.6–25.9%), Malasseziaceae (3.7–10.8%), Aspergillaceae (0.3–12.6%), Bulleribasidiaceae (0.2–12.7%), Didymellaceae (0.2–6.3%), Leptosphaeriaceae (0.2–7.35%), Mrakiaceae (0.12–6.75%), Russulaceae (0.05–6.4%), Tremellaceae (0.1–6.9%), Tricholomataceae (0.15–10.9%) and Verrucariaceae (0.2–6.2%) (Figure 2B).



A Global Beta-Diversity Analysis and an Attempt to Define a Core Microbiota

We then examined the degree of similarity between each algal sample (in terms of total ASVs composition) using a NMDS representation (Figure 4). Interestingly, when considering either the 16SrRNA based dataset or the ITS genomic fragments-based dataset, the samples originating from the same alga did not cluster together, and are frequently more closely related to samples from a different alga, revealing a high patchiness of bacterial and fungal communities (Figure 4).
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FIGURE 4. Beta-diversity analysis of bacterial (A) and fungal (B) communities of the Saccharina latissima microbiota.


To further investigate a potential core microbiota, we hypothesized that a small fragment of algal tissue might only collect a limited representation of the microbiota diversity. To test this hypothesis, we virtually pooled and rarefied, one by one and for each alga, the four tissue samples (4 × 1 cm3 = 4 cm3 in total) (Supplementary Tables 1, 2). Following this methodology, we found that the overall bacterial and fungal diversity observed in each alga was much higher compared to the one found in seawater, and inter-individual differences were also observable. Between 1,024 and 1,034 bacterial ASVs were observed in each alga, compared with the 428 ASVs detected in the seawater (1 L); and between 67 and 93 fungal ASVs were observed in each alga, against 31 in the seawater. Interestingly, the number of observed ASVs as well as Chao-1 values continuously increased while virtually adding new pieces of tissues in our analysis, showing that we did not collect the whole bacterial and fungal diversity of the S. latissima microbiota. However, these results demonstrate that the whole bacterial and fungal community in the total sampled 4 cm3 volume of algal tissue appeared much more diverse compared to the one of the 1 L sampled seawater. This result reveals that surfaces commonly sampled on kelps [i.e., up to 1 cm2 (Staufenberger et al., 2008; Weigel and Pfister, 2019)] may reveal some interesting biological patterns, but are insufficient to retrieve the complete composition of the Saccharina latissima microbiota.

Therefore, there are great challenges to correctly define a core bacterial and fungal community for S. latissima macroalgae. Indeed, using a threshold level at 0.001 in terms of relative sequence abundance and a prevalence of 80%, the bacterial core microbiota of each alga (i.e., using the ASV lists generated for all tissue samples originating from the same alga) appeared composed of Cutibacterium sp., Robignitomaculum sp., Hellea sp., Reichenbachiella sp., Litorimonas sp., and the fungal core microbiota contained Coprinellus sp. and Dioszegia sp. However, each of these core taxa represents <1% of all sequences in each tissue sample taken individually.



Visualization of Bacteria Within the Tissues of S. latissima

CARD-FISH with a universal bacterial probe mix (EUB338 I + EUB338 II + EUB338 III), highlighted the presence of endophytic bacteria within S. latissima tissues (Figure 5). Bacterial morphotypes positive to the bacterial probe mix were observed consistently but at low abundance in all 5 μm (paraffin) or 1 μm (LR White) thick tissue sections from Alga 2 (sampled at two depths separated by ~200 μm) and from Alga 3 (Figure 5 in paraffin sections). Fewer signals were observed in tissue sections of Alga 5 (in LR White 1 μm sections, data not shown). Note that the EUB probe-mix also bound to plastid 16S RNA inside chloroplasts, which were preferentially distributed in the algal cortex, and had however distinct size and shapes compared to the bacterial cocci or rod-shaped morphotypes. Controls with non-EUB non-sense probe were negative (Figure 5D). Positively-labeled bacteria were detected preferentially in the cortical tissue of the algae, with less abundant signal in the medulla. The bacteria were located between algal cells or in the cytoplasm away from the chloroplasts, with a spatially heterogeneous distribution, either as isolated morphotypes or as small aggregates of 2–6 bacterial cells (circled in white in Figures 5C,E). Some positively-labeled epiphytic bacteria were also observed at the surface of the epidermis (Figure 5B) however at much lower abundance than the endophytic bacteria.


[image: Figure 5]
FIGURE 5. CARD-FISH visualization of bacteria in Saccharina latissima tissue. Ellipses mark the position of bacteria. (A) Overview of bacteria in S. latissima alga 3S1 (histological section 5 μm), with overlayed Transmission, Dapi-stained nuclei (blue) and Alexa488 (green) EUBmix probe positive bacteria in wide-field epifluorescence microscopy (Nikon Eclipse TE300, x40 oil objective). (B) A few bacteria at the surface of S. latissima alga 2S2 (histological section slide L2), imaged with Zeiss LSM880 in conventional mode (Maximum Intensity Projection of 1.5 μm Zstack series with 0.5 μm step increments). Chloroplasts in the cortex (with distinctive larger shape) are also labeled with the EUBmix probe. (C) Diverse bacterial morphotypes (green) in S. latissima alga 2S2 (histological section slide L5), visualized in superresolution mode in confocal microscopy (Zeiss LSM880 Airyscan processing, maximum Intensity Projection of 3.2 μm Zstack series with 0.2 μm step increments, x40 oil NA1.3 DIC objective). Clusters of long thin morphotypes are preferentially distributed in the cortex, along with a few isolated or clustered cocci and short and thick bacilli. (D) Negative control with Alexa488-HRP non-sense probe non-EUB in S. latissima alga 2S2 (histological section slide L2) visualized in superresolution mode (Zeiss LSM880 Airyscan processing, Maximum Intensity Projection of 4.4 μm Zstack series with 0.2 μm step increments). (E) Irregular distribution of bacterial morphotypes from the surface (upper left) to the cortex (lower right) of S. latissima alga 2S2 (histological section slide L2) (Zeiss LSM880 Airyscan processing, Maximum Intensity Projection of 5.6 μm Zstack series with 0.2 μm step increments). (F) Very few bacterial morphotypes deeper in the medulla of S. latissima alga 2S2 (histological section slide L2) (Zeiss LSM880 Airyscan processing, Maximum Intensity Projection of 1.4 μm Zstack series with 0.2 μm step increments).





DISCUSSION

It is now well-established that the seaweed microbiota is of major importance for their host, impacting their development, nutrition and capacity to fight pathogens (Salaün et al., 2012; Singh and Reddy, 2014), with active exploration of its composition in diverse macroalgal models [i.e., among others: (KleinJan et al., 2017; Serebryakova et al., 2018)]. Here, to the best of our knowledge, we report the first culture-independent snapshot of Saccharina latissima fungal and bacterial communities, combining data from high-throughput amplicon sequencing of bacterial and fungal ribosomal markers and CARD-FISH visualization of bacterial morphotypes.

CARD-FISH analyses revealed an unexpectedly spatially highly heterogeneous distribution of bacterial endosymbionts within the algal tissue. Bacteria were mainly observed within the inner tissues (cortex and medulla), although some rare FISH signals were also observed at the surface of the epidermis, suggesting a relatively good efficiency of our surface-sterilization protocol. However, as shown by the similar bacterial diversity retrieved from surface-sterilized or intact algal thalli, this classic sterilization protocol, based on rinses in ethanol 70% then sodium hypochloride at the concentration of 0.1%, seems unable to efficiently degrade DNA (Kemp and Smith, 2005; Vallet et al., 2018). Thus, our results highly suggest avoiding the use of this widespread approach to sterilize the surface of macroalgae, when the goal is to specifically target the endophytic communities using DNA sequencing.

To further explore the composition of the whole S. latissima microbiota (both its endophytic and epiphytic compartments), we performed a metabarcoding approach targeting both fungal and bacterial communities. In order to avoid excessive amplification of chloroplastic 16S rRNA gene reads we used the primer pair 799F/1193R (Beckers et al., 2016). Primer pair selection to target the broadest possible bacterial diversity remains an open discussion (Thijs et al., 2017). However, a detailed comparison between all available primer sets remains difficult as most studies do not use an ASVs-based diversity analysis but instead rely on OTU-based approaches, known to generate spurious taxonomic units (Callahan et al., 2016). Here, our results point out that the selected primer pair 799F/1193R is suitable to examine the bacterial microbiota associated to (S. latissima) algal tissues, as we detected less that 5% of 16S rDNA chloroplastic sequences using this methodology.

Importantly, our results unveiled that both the bacterial and fungal communities were spatially organized as highly diverse patches within the sampled algal tissues. In fact, our data revealed that whilst good sequencing coverage allowed to detect the diversity present in our samples, we did not retrieve all the bacterial and fungal community present within each alga. Therefore, the high variability observed between tissue sample replicates, and between individuals, may obscure meaningful trends, and the incomplete sampling hinders the definition of a core microbiota (Hernandez-Agreda et al., 2017) for this large-sized macroalga. Moving forward, it will be important to incorporate this within-tissue spatial variability into experimental designs, especially as existing studies have typically focused on the variability between organs, seasons, and populations (Staufenberger et al., 2008; Bengtsson et al., 2012). Taking into account this dimension—typically using a hierarchical sampling design—will allow to define at which scale the microbiota might be constant and potentially resilient to change (see examples in Rahel, 1990; Kendall and Widdicombe, 1999). It will also allow to tackle more complex questions, such as the possibility that macroalgal microbiota may be structured in dynamic patches, as opposed to an equilibrium (Wu and Loucks, 1995).

Despite these caveats, our results do highlight the very high diversity of fungal and bacterial communities able to colonize S. latissima. Few studies previously attempted to address this question. In his culture-based inventory of S. latissima, Staufenberger et al. (2008) for example depicted the presence of bacteria on one individual alga that were not found on other algae. Considering only one individual, large variations of bacterial diversity were also recorded between different tissues of Sargassum muticum (Serebryakova et al., 2018) Some authors suggested that such pattern is typical of holobiont's communities structuration (Burke et al., 2011a,b). Our observation highlights the necessity to ascertain more precisely the spatial and temporal scales at which core microbiota should be best defined.

We recorded important differences between the seaweed-associated microbiota and the surrounding seawater microbiota. This observation could be indicative of a selection process whereby the seaweed would have the capacity to specifically recruit, at least part of, its microbiota. Such result appears consistent with the recent “microbial gardening” hypothesis, suggesting the selection of beneficial epibacterial strains by the seaweed holobiont, which might be also involved in the molecular dialog between both the alga and its bacterial microbiota (Kessler et al., 2018). Seaweeds use chemical compounds to communicate with microbes and manipulate bacterial community composition and abundance (Nylund et al., 2011; da Gama et al., 2014; Saha and Weinberger, 2017), also to deter pathogens (Saha and Weinberger, 2019). Similarly, the richness of bacterial assemblages associated to Cystoseira was measured significantly higher compared to the surrounding seawater (Mancuso et al., 2016). The stochastic recruitment of functionally redundant species, as well as the influence of abiotic and biotic factors (especially the existence of interactions within the algal host and interactions within the microbiota) have been proposed to explain those patterns (Burke et al., 2011a,b; Egan et al., 2013; Kessler et al., 2018). These observations with ours suggest that the degree of colonization is, at least partially, linked with the type of metabolites released by the algae, which may favor the accumulation or the elimination or reduction of specific bacterial species (Salaün et al., 2012; Paix et al., 2019, 2020).

The bacterial communities of S. latissima were dominated by the Proteobacteria, Bacteroidetes and Actinobacteria phyla. Although their proportions varied according to the samples, this observation is consistent with previous published reports focusing either on epibiotic or endophytic communities (Wang et al., 2007; Hollants et al., 2013; Martin et al., 2015; KleinJan et al., 2017). The most important difference was observed for Planktomycetes which were not abundant in our samples but found in large proportion in many other studies using culture dependent or culture-independent studies on other types of algae (Serebryakova et al., 2018). Planctomycetes are indeed frequently associated to macroalgae, and thus were found growing on Laminaria hyperborea, Macrocystis pyrifera, Ulva australis, and many others (Longford et al., 2007; Bengtsson and Øvreås, 2010; Bengtsson et al., 2012; Michelou et al., 2013). Nevertheless, this bacterial group is probably subjected to important seasonal variations, as mostly found in summer in Sargassum muticum (Serebryakova et al., 2018). Such seasonal variability could explain the low abundance of this phyla in our samples.

At the family level, Rhodobacteraceae and the closely related phylogenetic group of Hyphomonadaceae were well-represented in S. latissima microbiota in coherence with previous culture-based inventories of the S. latissima microbiota (Staufenberger et al., 2008) and other algae (Lupette et al., 2016; Serebryakova et al., 2018; Parrot et al., 2019; Paix et al., 2020). Rhodobacteraceae are frequently detected on diverse types of marine surfaces. These pioneer biofilm-forming colonizers were sometimes depicted as pathogens, but other members of this family are known to be involved in key physiological activities, like nitrogen fixation (Dang et al., 2008). In addition, we found some Flavobacteriaceae in the endophytic community of two of the sampled algae. This presence was not surprising, as previously detected within the endophytic community of Bryopsis (Hollants et al., 2011) and also because Flavobacteria are known to be abundant marine algal-associated sugar consumers (Kirchman, 2002). Nevertheless, the presence of Rhodobacteraceae and Flavobacteriaceae in the S. latissima holobiont appears to be of the rare common patterns with other algae's microbiota. Indeed Pseudoalteromonadaceae, Pseudomonadaceae, Alteromonadaceae, Sphingomonadaceae, Vibrionaceae, Granulosicoccaceae, Saprospiraceae, Sphingobacteriaceae are frequently found in the epibiotic community of Gracilaria sp. (Rhodophyta), Laminaria sp.(Heterokontophyta), and Ulva sp. (Chlorophyta)(Florez et al., 2017) but are among the rare members of the community in the present S. latissima. We could hypothesize based on these observations that the S. latissima microbiota described here presents specific features compared to other types of (brown) algae.

Most of the studies reviewed in Hollants et al. (2013) -and on which our comparisons are based- relied on culture-dependent studies, and thus probably not representative of the “real” bacterial diversity. Indeed, it is known that a large fraction of marine communities are not currently cultivable (Amann et al., 1995). Few inventories of algal microbiota based on high-throughput sequencing are available in the literature and thus, our study paves the way for the future research focusing on the core microbiota of brown algae and reinforce the need to pursue these investigations based on DNA-based sequencing of algal holobionts. However, considering the importance and the diversity of S. latissima holobiont, this study paradoxically also reinforces the need to pursue continuous and important effort to isolate new bacterial models using innovative cultured based approaches, pertinent to address the role of the holobiont in algal physiology, like those conducted on the brown algae Ectocarpus using extinction-dilution approaches (KleinJan et al., 2017).

Regarding fungal communities, a dominance of both Ascomycota (54.6%) and Basidiomycota (45.3%) was reported. Previous studies relying on high-throughput sequencing approaches to describe the fungal communities associated with macroalgae also reported a predominance of Ascomycota, followed by Basidiomycota (Agusman and Danqing, 2017; Wainwright et al., 2017). Moreover, data from culture-dependent approaches of fungal communities associated with macroalgae also reported a majority of Ascomycota (reviewed in Flewelling et al., 2015). Interestingly, as in our dataset, the genus Cladosporium has been frequently reported from diverse macroalgae, using culture-dependent and -independent approaches (Flewelling et al., 2015; Wainwright et al., 2017) which seems to confirm their ubiquitous nature. Also, using DNA Stable Isotope Probing, Cladosporium was determined as part of the mycoplankton with capabilities to assimilate algal-derived particulate organic matter, highlighting their non-trivial roles in the marine environment (Cunliffe et al., 2017).

All these results highlighted that the variation of bacterial richness associated with S. latissima tissues is also due to rare ASVs, which appears consistent with previous studies on brown algae (Bengtsson et al., 2012; Stratil et al., 2013). Especially, Stratil et al. (2013) suggested that the proportions of a few OTUs (including three from the “rare biosphere”) may vary according to the environmental conditions, and that those OTUs may also highly contribute to dynamic interactions between the host and its microbiota and thus might govern and regulate key physiological features of both the microbiota and its host. Collectively, all this information reinforces the need to collect more data about the potential physiological and functional roles of the “rare biosphere” (e.g., chemical defenses).

Although additional studies with more replicates are needed to confirm our results, they question the concept of core microbiota, or at least the methodology to be used to define it in macroalgae. Indeed, studies using DGGE and cultivable approaches suggested that a core community which is specifically adapted to an algal host–associated lifestyle could be defined, at least at higher taxonomic level (Staufenberger et al., 2008; Tujula et al., 2010; Hollants et al., 2013). As in the present study, the work of Burke et al. led a contradictory hypothesis by showing that there was no consistent core community of bacterial species colonizing the surface of U. australis and suggested that many different bacterial and fungal species are able to colonize algal tissues (Burke et al., 2011b). Overall those results confirmed the need to combine functional approaches (Burke et al., 2011a; Florez et al., 2017) and underscore the issue of the total extent of tissue to sample to draw conclusions on such large macroalgae.
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