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Associated microbiota play crucial roles in health and disease of higher organisms. For macroalgae, some associated bacteria exert beneficial effects on nutrition, morphogenesis and growth. However, current knowledge on macroalgae–microbiota interactions is mostly based on studies on green and red seaweeds. In this study, we report that when cultured under axenic conditions, the filamentous brown algal model Ectocarpus sp. loses its branched morphology and grows with a small ball-like appearance. Nine strains of periphytic bacteria isolated from Ectocarpus sp. unialgal cultures were identified by 16S rRNA sequencing, and assessed for their effect on morphology, reproduction and the metabolites secreted by axenic Ectocarpus sp. Six of these isolates restored morphology and reproduction features of axenic Ectocarpus sp. Bacteria-algae co-culture supernatants, but not the supernatant of the corresponding bacterium growing alone, also recovered morphology and reproduction of the alga. Furthermore, colonization of axenic Ectocarpus sp. with a single bacterial isolate impacted significantly the metabolites released by the alga. These results show that the branched typical morphology and the individuals produced by Ectocarpus sp. are strongly dependent on the presence of bacteria, while the bacterial effect on the algal exometabolome profile reflects the impact of bacteria on the whole physiology of this alga.
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INTRODUCTION

Plants and animals are associated with their microbiota, a complex assortment of microorganisms. As example, in the human gut, bacteria play a major role in stimulating immune system development (Lee and Mazmanian, 2010; Littman and Pamer, 2011). Recently, the communication between gut microbiota and the central nervous system has been established (Mayer, 2011), along with the emerging concept of a microbiota-gut-brain axis (Cryan and Dinan, 2012). Similarly, plant roots are colonized by a large diversity of soil microorganisms which are capable of producing beneficial (although sometimes negative, pathogenic, and presumably mostly neutral) effects on the plant (Newton et al., 2010). Plant growth-promoting bacteria (PGPB) stimulate growth by increasing photosynthetic capacity (Zhang et al., 2008), increasing tolerance to abiotic stress (Yang et al., 2009), by suppressing plant diseases (Choudhary and Johri, 2009; Van der Ent et al., 2009) and herbivory by insects (Van Oosten et al., 2008), among several other relatively poorly understood mechanisms/functions/processes.

On comparative grounds, plant and animal-bacteria interactions have received more attention than other macroorganisms-microorganisms interactions. In aquatic environments, microorganisms are quite abundant. It is estimated that, on average, one milliliter of seawater contains more than 106 bacteria (Harder, 2009). In addition, marine environments favor formation of biofilms on diverse surfaces, including those of macroalgae (Weinberger, 2007), and other marine macroorganisms (Qian et al., 2007).

In this context, it is known that seaweeds interact with marine microorganisms throughout their life cycle (Goecke et al., 2012). The microbial communities inhabiting macroalgae are highly complex, dynamic and are constituted by a variety of microorganisms where bacteria are better described in terms of their diversity and function (Corre and Prieur, 1990; Burke et al., 2011a,b). In this interaction, macroalgae represent an excellent environment for bacterial colonization and reproduction by providing nutrients and a suitable surface for attachment (Armstrong et al., 2000; Singh and Reddy, 2014). The advantages for the algal host have been also described during recent years. Bacteria can mineralize organic substrates giving the algae carbon dioxide, minerals and growth factors (Matsuo et al., 2005). Other studies have shown that marine bacteria produce nitrogen compounds that are a source of nutrients for algae. For example, the nitrogen supply of Caulerpa taxifolia is provided by an endophytic bacteria from the Agrobacterium-Rhizobium group, which lives in the rhizoids of this algae (Chisholm et al., 1996).

In addition to the nutritional benefits, it has been shown that the presence of certain bacteria is needed for normal morphological development and growth of some green (Matsuo et al., 2003; Marshall et al., 2006; Spoerner et al., 2012) and red macroalgae (Singh et al., 2011; Fukui et al., 2014). Moreover, associated bacteria are known to induce settlement of zoospores of Ulva species and release of spores from Acrochaetium sp. (Joint et al., 2007; Weinberger et al., 2007).

The above information has been obtained mainly based on studies using green and red algal species, leaving aside the important group of brown algae. The Phaeophycean taxa is one of the more diverse groups of macroalgae (Andersen, 2004) and possesses significant ecological roles in coastal ecosystems (Cock et al., 2011).

Brown algae are phylogenetically distant not only from terrestrial plants, animals and fungi, but also from red and green algae (Baldauf, 2003). Indeed, they differ in many aspects of their biology with respect to the other algal groups. Some of these differences correspond to: composition and pathways of cell wall synthesis (Nyvall et al., 2003), their ability to synthesize C18 and C20 oxylipins (Ritter et al., 2008), in their ability to accumulate iodine (Kupper et al., 2008), among several others. Bacteria have been described living in association with brown algae (Hengst et al., 2010; Lachnit et al., 2011), and there are some early observations linking bacterial presence with normal development and growth of these organisms (Pedersen, 1968).

In order to elucidate basic aspects of the biology of brown algae, a small species with a filamentous structure, Ectocarpus siliculosus, has been chosen as a model (Peters et al., 2004). Several molecular tools and databases are now available for this algae including its complete genome sequence (Cock et al., 2010), genetic maps (Heesch et al., 2010), transcriptomics (Le Bail et al., 2008a; Dittami et al., 2009) and proteomics (Contreras et al., 2008) approaches. Despite a diverse array of studies addressing its life cycle (Coelho et al., 2011a,b; Arun et al., 2013), acclimation to biotic and abiotic stress (Dittami et al., 2011; Grenville-Briggs et al., 2011), morphological development (Le Bail et al., 2010, 2011) and genetic diversity on the field (Peters et al., 2010), to date there is limited knowledge on the interactions between Ectocarpus and its associated microbiota. Recently, Dittami et al. (2015) described how Ectocarpus associated bacteria are essential for acclimation to salinity gradients, showing the importance of these microorganisms to the alga under stress conditions. More than 40 years ago, Pedersen (1968) also reported a potential role for bacteria in the development of members of this algal genus. She described that axenic cultures of E. fasciculatus showed slow growth and atypical development when kept under sterile, axenic conditions, suggesting an influence of bacteria for the normal growth and development of these algae.

A more detailed evaluation of the role of bacteria on brown algae development and physiology is clearly required in order to establish and understand the influence of these microorganisms and the mechanisms involved in this interaction. The present study describes the isolation of bacteria and the evaluation of their role as regulators of morphology and reproduction of the brown algal model Ectocarpus sp. [strain Ec32 formerly referred as E. siliculosus (Peters et al., 2010)]. The effects of bacterial inoculation and bacterial exudates were determined, and proved to be essential in shaping the development and reproduction of this algal model. The impact of bacterial presence on the metabolites secreted by the alga, as an approach to understand the bacterial influence on the general metabolism of the host (Macel et al., 2010; Goulitquer et al., 2012), was also assessed. The result of this approach revealed that colonization of axenic Ectocarpus sp. with single bacterial species drives a major impact in the algal exometabolome profile, highlighting the effect of bacteria on the whole physiology of this alga.

MATERIALS AND METHODS

Culture of Axenic Ectocarpus sp.

The experiments were carried out using the axenic laboratory cultures of haploid Ectocarpus sp. parthenosporophyte isolate Ec 32 (Culture Collection of Algae and Protozoa accession no. 1310/4; origin, San Juan de Marcona, Perú), which was produced by germination of unfertilized gametes (Le Bail et al., 2008b). Axenization of algal individuals was carried out according to Müller et al. (2008). Briefly, small Ectocarpus fragments were placed around antibiotic disks on Zobell medium. Four weeks later, algal fragments from bacteria-free areas were taken and put into Petri dishes with sterilized natural seawater. After another 4 weeks, some of the fragments were put on Zobell medium to check for bacterial growth while others were checked for bacterial presence by microscopy. Fragments from bacterial-free algal material were then transferred to Petri dishes with SFC culture medium (Correa and McLachlan, 1991) for growth and experimentation. Individuals were grown in 12-mL Petri dishes in sterile-pasteurized SFC medium in a controlled-environment cabinet at 13°C with a 12:12-h light:dark cycle (light intensity of 30 μmol photons m-2 s-1). All growth treatments were performed according to these conditions.

Axenicity Controls

In order to check for axenicity and cross-contamination, the following approaches were used:

(1) Visualization of bacteria on Ectocarpus surface at the beginning and the end of each treatment. Algal individuals were washed twice with sterile seawater and then exposed for 10 min to sterile seawater containing 0.22 μm filter-sterilized SYBR Green II. Observations were performed with an Olympus BX60 (Tokyo, Japan) epifluorescence microscope. See results of this approach (Figures 1C,D and 4D and Supplementary Figure S1).
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FIGURE 1. Morphological differences between Ectocarpus sp. individuals growing under axenic and unialgal culture conditions. (A,B) Examples of 2 month-old Ectocarpus sp. individuals growing in sterilized SFC medium. (A) Ectocarpus sp. individual showing its characteristic regular branched morphology in a unialgal culture. (B) Axenic Ectocarpus sp. individuals showing the atypical “small ball-like” appearance. (C,D) Detection of bacteria on Ectocarpus sp. surface (red, chloroplasts autofluorescence), by epifluorescence microscopy visualization using green-yellow, SYBR green II staining. (C) Bacteria detected on the filament surface of an Ectocarpus sp. individual grown in a unialgal culture. (D) Absence of bacteria on the surface of an axenic Ectocarpus sp. individual. All bars, 30 μm.



(2) DNA extraction from the treatment supernatants, PCR amplification of the 16S rRNA gene and AluIII restriction of the amplicons obtained. With this method it was possible to check bacterial presence (positive amplification) and also if the bacterial treatments were contaminated with other bacteria, by looking at the digestion profiles of the amplicons (see results of this approach in Supplementary Figure S1). 16S rRNA gen amplification and amplicon digestion procedures were also performed with DNAs from the bacterial isolates in order to compare the digestion profiles with those obtained from supernatants at the beginning and at the end of each treatment.

(3) To add supernatant of the treatments or Ectocarpus individuals that were exposed to bacterial isolates, to bacterial culture media (Zobell broth) and observe the growth of microorganisms after 2 weeks. See results of this approach in (Supplementary Figure S2).

Seawater Microorganisms Effect on Axenic Ectocarpus sp.

In order to evaluate the influence of microorganisms on Ectocarpus sp. SFC medium using natural seawater (SW) coming from two different places: Caleta Maitencillo (32° 39′ S, 71° 29′ W) and Las Cruces (33° 30′ S, 71° 37′ W) were prepared. Seawater from Las Cruces was obtained in two different seasons, summer and winter. The SW was filtered using a 3 μm pore size filter (Merck Millipore, Darmstadt, Germany) so bacteria, some unicellular fungi and fungal spores were still present. To check for the presence of bacteria, 10 μL of filtered SW were plated on Zobell agar and after 3 days of incubation at 20°C microbial growth was clearly observed. To assess the effect of microbes containing SFC medium, four axenic Ectocarpus sp. individuals per plate (three plates) were exposed to 12 mL of this medium. Each experiment was performed in triplicate using these three different media. The spores produced that were settled and germinated after 7 days, were counted (30 random observations in a 1 mm2 area each). After 3 weeks, the percentage of individuals with upright filaments was determined (50 individuals per replicate). Observations were made in a Nikon Optiphot-2 microscope. To test the presence of Ectocarpus spores, running controls of filtered SW culture medium without the alga were performed along with each experiment. No Ectocarpus individuals were detected in any of these controls.

Isolation of Bacteria from Ectocarpus Individuals Maintained in Unialgal Cultures

Bacteria were isolated from the surfaces of Ectocarpus unialgal strains Ec 32 (mentioned above) and Ec 524 (Culture Collection of Algae and Protozoa accession 1310/333, origin Caleta Palito, Chile 26°15′S, 70°14′W). Both strains were maintained under laboratory conditions as described above and always displayed a filamentous morphology. To isolate bacteria, small algal pieces were gently washed twice in sterile seawater, then grinded and spread on three different marine agar media: marine broth (Zobell) supplemented with 1.5% agar; sterile natural seawater, obtained by filtration and pasteurization, supplemented with 1.5% agar; and seawater R2A agar (Suzuki et al., 1997). The dishes were incubated at 20°C for 10 days and individual colonies were picked off and streaked onto the agar from which they were isolated in order to obtain single colonies. Bacterial isolates were maintained at 4°C while they were used, stocks were passed to -70°C in glycerol to conserve them.

Identification of Bacterial Isolates by 16S rRNA Genes Sequencing

DNA from bacterial isolates was obtained using the PureLink® Genomic DNA Mini Kit (Life Technologies, Carlsbad, CA, USA) according to the manufacturer’s instructions. PCR amplification of partial 16S rRNA gene sequences were carried out using the forward primer 8f (5′-AGATTTGATCCTGGCTCAG-3′) and the reverse primer 1492r (5′-GGTTACCTTGTTACGACTT-3′) (Weisburg et al., 1991). Sequencing was carried out at Macrogen Inc. (Seoul, Korea). A search for 16S rRNA similarities of sequences from isolated bacteria was made with the BLAST tool available online1. 16S rRNA gene sequences of bacterial isolates have been deposited at GenBank under accession numbers provided in Supplementary Table S1.

Screening the Effects of Bacteria on Axenic Ectocarpus sp. Morphology and Reproduction

Axenic Ectocarpus sp. individuals were exposed to 12 mL of pasteurized SFC medium (four individuals per plate). Pasteurized medium, 95°C for 30 min followed by 90 min at 72°C, was preferred over autoclaved medium to avoid some salt precipitation during the sterilization process. Bacterial isolates were used in a density of approximately 107 cells per milliliter in pasteurized SFC medium. Control (individuals without bacteria) and treatment plates were incubated according to the conditions mentioned above. Growth medium was replaced by sterile fresh material every 7 days. To determine the effect on morphology, individuals grown for 21 days after germination were evaluated according to the presence or absence of upright filaments (50 individuals per analysis, the analysis was repeated three times). To evaluate reproduction, the number of individuals produced 6 weeks after germination was counted in 30 random observations in a 1 mm2 area each (10 observations per plate). Observations were made in a Nikon Optiphot-2 microscope. Experiments were performed in three replicates for each of the nine isolates tested.

When evaluating the presence or absence of upright filaments, 20 random individuals were chosen to analyze filament and elongated cells sizes. Three cells per individual were evaluated. Cell sizes were measured with the ImageJ software2.

Effect of Bacterial Growth Culture Supernatants and Bacteria-Ectocarpus Co-culture Supernatants on Axenic Ectocarpus Morphology and Reproduction

To obtain bacterial growth culture supernatants, each bacterial isolate was cultivated in 50 mL of sterile SFC medium in a 500 mL flask supplemented with 1% (w/v) glucose until they reached a density of approximately 107 cells per milliliter in a shaker at 15°C. Bacterial cultures were centrifuged (30 min, 5000 × g) and the supernatant was filtered twice through 0.22 μm pore size filters (Merck Millipore, Darmstadt, Germany). The supernatants were used immediately. The experimental cultures media were refreshed every week using fresh bacterial supernatant.

To obtain bacteria-Ectocarpus co-culture supernatants, 1-week old media from direct bacterium inoculation treatments were used. Media from bacteria-Ectocarpus co-cultures were centrifuged and filtered the same way as bacterial supernatants. The obtained co-culture supernatants (approximately 12 mL) were directly exposed to axenic Ectocarpus, as previously mentioned. The effect on morphology and reproduction was evaluated as indicated in the corresponding section above. The experimental cultures were refreshed every week using 1-week old co-cultures supernatants. Supernatants from 1-week old axenic Ectocarpus cultures along with bacterial and algal culture media were used as controls. In order to check that bacterial supernatants and 1-week old co-cultures supernatants were not depleted of essential nutrients to sustain Ectocarpus growth, we placed individuals from unialgal and axenic cultures under these conditions and we compared them with their growth under starvation stressing conditions: natural seawater (NSW) without addition of any supplementary nutrient. While individuals from unialgal cultures developed normally, axenic Ectocarpus had an arrested growth and did not develop upright filaments and did not produce any new individuals (Supplementary Figure S3).

Analysis of the Exometabolome

Exudate extracts were obtained by Solid Phase Extraction. Triplicates of 200 mL culture medium from axenic Ectocarpus sp. and bacterial isolate Z3 growing together plus exudate from both but growing alone were slowly passed through C18 cartridges (Sep Pak 6 mL, 1 g, Waters, Saint-Quentin en Yvelines, France) using an automated Dionex AUTO Trace 280 instrument (Thermo Fisher Scientific, Bremen, Germany). After washing with 5 mL of deionized water, the Sep Pak cartridges were dried under a nitrogen flux and then eluted in glass vials with 4 mL dichloromethane, followed with 4 mL methanol.

Ultra-high pressure liquid chromatography analysis of these extracts was performed using an RSLC Ultimate 3000 from Dionex (Thermo Fisher Scientific, Bremen, Germany) equipped with a quaternary pump and autosampler. Separations were achieved using an Acclaim RSLC 120 C18 1.9 μm (2.1 mm × 100 mm) column (Dionex) operated at 20°C, using 5 μL injection volume and a flow-rate of 250 μl min-1. Mobile phase A was composed of 0.1% acetic acid in MiliQ H2O, and mobile phase B was 0.1% acetic acid in acetonitrile. The gradient consisted of an initial hold at 20% mobile phase B for 2 min, followed by a linear gradient to 100% B in 8 min and a hold for 14 min, followed by re-equilibration for 6 min at 20% B, in a total run time of 30 min.

Mass spectrometry was performed using a LTQ-Orbitrap DiscoveryTM mass spectrometer (Thermo Fisher Scientific, Bremen, Germany). Scans were collected in both positive and negative ESI mode over a range of m/z 50–1000. Ionization parameters were set as follows: sheath gas 5 psi, auxiliary gas 5 (arbitrary units), sweep gas 0 (arbitrary units), spray voltage 2.7 kV, capillary temperature 300°C, capillary voltage 60 V, tube lens voltage 127 V and heater temperature 300°C. The Xcalibur 2.1 software (Thermo Fisher Scientific) was used for instrument control and data acquisition. Following their acquisition, metabolomic fingerprints were deconvoluted to allow the conversion of the three-dimensional raw data (m/z, retention time, ion current) to time- and mass-aligned chromatographic peaks with associated peak areas. Massmatrix File Conversion tools were used to transform the original Xcalibur data files (∗.raw) to a more exchangeable format (∗.mzXML). Raw files were converted to the mzXML format using MassMatrix File Conversion Tools (Version 3.9, April 2011). Data were processed by the open-source XCMS software (Smith et al., 2006) running under R or on the online version, and further annotated by CAMERA3.

Statistical Analysis

Data for number of spores produced and percentage of germinated individuals in sterile and non-sterile tests were compared using a two-sample t-test run on Minitab software version 16.1. Asterisk (∗) indicates differences on at least 5% level of significance (p < 0.05). Data for number of spores produced in alga-bacteria co-cultures were compared using a two-sample t-test run on Minitab software version 16.1. Different letters were used to indicate means that differ significantly (p < 0.05). For experiments addressing the effect of bacterial growth culture supernatants and bacteria-Ectocarpus co-culture supernatants on axenic Ectocarpus morphology and reproduction, univariate and multivariate analyses with a Tukey’s post hoc test, run on Minitab software version 16.1, were used for testing differences in individuals produced between treatments. Different letters were used to indicate means that differ significantly (p < 0.05). Multivariate statistical analyses of metabolite data were carried out using SIMCA-P (12.0.1, Umetrics, Umeå, Sweden). Data were log10-transformed and normalized using Pareto scaling. Principal Component Analysis (PCA) was carried to compare the intensity of mass/retention time pairs between the chromatograms.

RESULTS

Differences in Ectocarpus sp. Morphology Growing in Unialgal or Axenic Culture Conditions

Ectocarpus sp. strain Ec32 in unialgal culture conditions displays its typical branched morphology (Figure 1A). When cultured under axenic conditions, Ectocarpus sp. shows a small ball-like appearance (Figure 1B), which differs from its branched natural morphology. The only difference between these two culture conditions is that the individuals in unialgal culture conditions still possess normally associated bacteria (Figure 1C) while under axenic conditions, individuals were previously treated with antibiotics to remove the associated microbiota (Figure 1D). Thus, bacterial absence in Ectocarpus cultures produces abnormal algal development.

Effect of Seawater Microorganisms on Morphology and Reproduction of Ectocarpus sp.

In order to test whether microorganisms affect morphology and reproduction of Ectocarpus sp. a first approach was to expose axenic individuals to the presence or absence of microorganisms. Culture media prepared with surface seawater samples taken from two different coastal places were evaluated. First, these seawater samples were filtered, first, using a 3 μm pore size filter to prepare culture media still containing microorganisms, to perform the non-sterile tests. Then, the same seawater samples were filtered again using a 0.22 μm pore size filter and pasteurized in order to obtain the appropriate culture media to perform the sterile tests. After 1 week, axenic individuals proliferating in culture media containing microorganisms produced more algal spores than those individuals grown on sterile culture media (Figure 2A). The settled spores average counted in non-sterile tests was 23 per cm2 in contrast to an average of four settled spores per cm2 found under sterile conditions. Considering the spores already germinated (more than two cells), differences were also significant as in non-sterile tests the number of germinated spores per cm2 was seven times higher than those found in sterile tests. The percentage of germinated spores relative to the number of observed spores was also significantly higher when seawater microbes were present (Figure 2B). This indicates that bacterial presence notably improves Ectocarpus spore production and germination.
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FIGURE 2. Effect of seawater microorganisms on axenic Ectocarpus sp. spore production and germination. (A) Number of spores settled and germinated after 7 days of axenic Ectocarpus sp. cultivation in sterile SFC (sterile test), and non-sterile SFC (non-sterile test) media. (B) Percentage of spore germinated related to the spores settled observed in (A). These determinations were repeated three times with similar results. The ∗ indicates means statistically different at p < 0.05.



A morphological trait of Ectocarpus sp. (presence of upright filaments, the basis for the branched morphology) was also determined. The percentage of individuals with upright filaments after 3 weeks of growth under non-sterile or sterile conditions was calculated. In this case, 54% of the individuals grown under non-sterile conditions had already developed upright filaments whereas none individuals had developed these structures in sterile conditions (data not shown). This observation stresses the importance of bacteria for proper Ectocarpus development.

Effect of Bacterial Isolates on Ectocarpus sp. Morphology and Reproduction

Bacteria have a remarkable influence on the algal morphogenesis. After 21 days, upright filaments became visible in unialgal cultures (Figure 3A) but not in axenic Ectocarpus sp. (Figure 3B). In order to check for the presence of bacteria, we obtained DNA from unialgal culture supernatants and amplify 16S rRNA gene sequences by PCR. Then, we analyzed the digestion profile of the PCR amplicons. The presence of several electrophoretic bands demonstrated the presence of bacterial species in these Ectocarpus culture samples (Supplementary Figure S1B, right), and prompted us to isolate some of them. Nine different bacterial isolates were obtained from the surfaces of two different Ectocarpus unialgal strains, i.e., Ec 32 and Ec 524, and each of them was screened for its effects on Ectocarpus morphology. Although these cultivable bacteria do not reflect the entire Ectocarpus microbiota, they represent bacteria that are indeed associated to the alga. Thus, testing these isolates allowed description of the effects of at least part of the algal associated bacteria, but it should kept in mind that there might be a lot of missing bacteria that are uncultivable under the conditions used.
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FIGURE 3. Bacterial isolates effect on axenic Ectocarpus sp. upright filaments development. (A) Portion of a representative Ectocarpus sp. individual showing filaments developed in a unialgal culture. (B) Axenic Ectocarpus sp. representative individual showing prostrate body development without any upright filaments. (C) Ectocarpus sp. representative individual grown in the presence of bacterial isolate 869_1 (Kocuria rosea) showing same morphology of axenic culture. (D,E) Ectocarpus sp. representative individuals grown in the presence of bacterial isolates Z3 (Halomonas sp.) and Z8a_1 (Marinobacter sp.), showing same phenotype of individuals in unialgal cultures with upright filaments developed. Images were taken 21 days post germination. All bars, 250 μm. (C–E) Accompanied by an epifluorescence microscopy image showing bacterial presence for each treatment. Bars, 50 μm. (F–H) Representative images of unialgal (F), axenic (G) and bacterial inoculated (H, e.g., Z3) individuals after 6-week cultivation. While bacterial inoculated Ectocarpus recovered most of the typical branched morphology, axenic individuals grew as “small balls” showing no filaments.



Seven of the nine isolates belonged to the Proteobacteria phylum while the other two were cataloged as Actinobacteria according to their 16S rRNA gene sequences (Table 1). Six out of these bacterial isolates triggered the development of upright filaments, being all members of the Proteobacteria phylum. Isolate 869_1 has no effect on such morphological trait (Figure 3C), whereas isolates Z3 and Z8a_1 were examples of the six isolates producing upright filaments (Figures 3D,E). After 6-weeks cultivation, bacterial inoculated Ectocarpus (Figure 3H) resembled the branched morphology of unialgal cultures (Figure 3F). On the other hand, the lack of upright filaments on axenic individuals gave them a “small ball”-like appearance (Figure 3G), which was far different to the other morphologies observed in conditions where bacteria were present. These findings confirm the initial observations that pointed out to the necessity of bacterial presence for Ectocarpus to develop its upright filaments and also show that a single bacterium can be enough to achieve this goal.

TABLE 1. Effect of nine bacterial isolates and their supernatants on morphology and reproduction of Ectocarpus sp. after 6 weeks of co-cultivation.
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Bacterial effects directly influenced the cell types present in Ectocarpus sp. individuals. Under sterile conditions, Ectocarpus was composed of just two types of cells, elongated (E; Figure 4A) and round (R; Figure 4B). Ectocarpus in the presence of bacteria, in addition to contain R and E cells, displayed other types of cells that compose the upright filaments (Figure 4C). The cells in these filaments were very different from the R and E cells since they were larger, with an average of 55 and 17 μm of length and width, respectively; while E cells had an average of 30 and 6 μm for the same dimensions (Figures 4A,C,E). The effect of the presence of bacteria (in this case isolate Z3) in the formation of upright filaments was corroborated by epifluorescence microscopy (Figure 4D). Thus, by affecting Ectocarpus morphology, bacteria are also involved in cell differentiation processes crucial for algal development.
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FIGURE 4. Effect of bacterial isolates on cells types of Ectocarpus sp. (A) Elongated cells (E cells) and (B) round cells (R cells) present in axenic and non-axenic individuals, respectively, as part of the prostrate body of the alga. (C) Typical upright filament cells in non-axenic individuals, in this case inoculated with isolate Z3. (D) Representative epifluorescence microscopy image of Ectocarpus individual inoculated with strain Z3. Arrows indicate bacterial presence on Ectocarpus sp. filaments determined by SYBR Green II staining. All bars correspond to 10 μm. (E) Comparison between length and width of elongated cells and filament cells. Cell lengths and widths of 60 individuals were measured. The ∗ indicates means statistically different at p < 0.05.



The effect of the presence or absence of bacterial isolates on Ectocarpus sp. reproduction was also addressed. In axenic algal cultures the number of individuals produced was around five per square centimeter versus the 25 to 70 counted when filament-producing bacteria (either in unialgal cultures, or as individual isolates) were present (Figure 5, third and last column in Table 1). While some bacterial isolates, -e.g., Z8a_1, Z7, and R1-, generated similar levels of individuals produced in unialgal cultures, Z3 increased significantly the number of individuals produced (Figure 5 and Table 1). A clear correlation was found for the isolates that were capable to recover upright filaments development and their ability to trigger production of new individuals (Table 1). These results emphasize that, besides affecting morphology, bacteria are also relevant for Ectocarpus production of new germlings.
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FIGURE 5. Effect of bacterial isolates on Ectocarpus sp. reproduction. (A) Number of individuals produced by Ectocarpus sp. after 6 weeks cultivation under axenic, unialgal conditions, or in the presence of different bacterial isolates. Data correspond to means ± SD (n = 12). Letters indicate means statistically different at p < 0.05 between all conditions. (B) Representative images showing the effects of bacteria on Ectocarpus sp. reproduction.



Effects of Bacterial and Bacterial-Algal Co-cultures Supernatants on Ectocarpus sp. Morphology and Reproduction

Growth culture supernatants from the nine isolated bacteria were obtained and tested for their ability to induce filaments development. None of the bacterial supernatants was capable of inducing growth of filaments (Table 1, Figures 6B,C), producing an algal morphology as that found for axenic cultures (Figure 6A), although bacterial supernatant from isolate Z3 modified Ectocarpus early development (Supplementary Figure S4). The effect of supernatants obtained from co-cultures of bacterial isolates and Ectocarpus sp. were then tested. Some of these co-culture supernatants did recover upright filament development, but this effect was only achieved for those co-cultures of bacterial isolates that were able to induce filaments presence (Figures 6D,E).
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FIGURE 6. Bacteria, and bacterial-algal co-culture supernatant effects on Ectocarpus sp. upright filaments development and reproduction. (A) Absence of upright filaments development in axenic Ectocarpus sp. individuals grown without supernatant (SN) addition (B,C) Absence of upright filaments after addition of culture SN from bacterial isolates Z8a_1 (Marinobacter sp.) and Z3 (Halomonas sp.). (D,E) Presence of upright filaments after addition of co-culture SN from bacterial isolates Z8a_1 and Z3 plus Ectocarpus sp. All images recorded after 21 days of germination. Bars in (A–C) and (D,E) correspond to 250 and 100 μm, respectively. (F) Individuals per square centimeter produced by axenic Ectocarpus sp. grown in the presence of bacterial isolates (B), supernatant of bacterial isolates (BSN) or supernatant from co-cultures of bacterial isolates and Ectocarpus sp. (BESN), after 6 weeks of cultivation. White bars represent control treatments with Ectocarpus culture medium (ECM), bacterial culture medium (BCM) and 1-week old supernatant from axenic Ectocarpus culture (ESN). All controls resembled axenic Ectocarpus morphology. Data correspond to means ± SD (n = 12). All treatments were compared between them. Letters indicate means statistically different at p < 0.05.



Concerning reproduction of Ectocarpus individuals, bacterial supernatants did not increase the number of individuals, except for isolate Z3 supernatant which slightly increased the individuals produced with respect to the control (Figure 6F). Co-culture supernatants had the same effect of the isolates from which these supernatants were produced, but with a lower impact compared to direct exposure to bacteria (Figure 6F). According to these results, bacterial effects on Ectocarpus morphology and reproduction are accomplished by active interaction with the alga, needing both organisms to be in the same culture. Furthermore, the compound (s) responsible of algal upright filaments emergence and stimulation of reproduction is (are) produced during bacterium-alga co-cultures and is (are) released to the media.

Effect of Bacteria on Ectocarpus sp. Released Metabolites, i.e., Exometabolome

In order to get some insight about the bacterial effect on the metabolism of the alga, the metabolite profiles of exudates from axenic Ectocarpus sp. alone, a bacterial isolate alone, and the combination of both organisms were determined by ultra-high pressure liquid chromatography (UPLC) coupled to mass spectrometry (MS). In this case, bacterial isolate Z3 was chosen to perform the evaluation because it had filament-inducing activity and it was the one with the greatest effect on reproduction (Table 1). The samples were taken after 3 weeks of co-culturing since at this time point filaments were already developed. A global metabolite profiling by LC-MS-MS in positive ion mode provided the more informative set of data, with 320 signals, and was used for further analysis. Multivariate analysis of these exometabolome profiles revealed specific clustering for the three conditions analyzed, with a clear separation of a three distinct groups along the two axis, explaining 76.4 and 14.2% of the variance as it is shown by PCA plot (Figure 7). These data indicate that Ectocarpus sp. plus this bacterium released a set of metabolites that is distinct from those generated by the same bacterium and alga growing alone.
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FIGURE 7. Principal Component Analysis (PCA) plot carried out for metabolite profiles (exometabolome) detected from supernatants from the bacterial isolate Halomonas sp. Z3 culture (BSN), strain Z3 and Ectocarpus sp. co-culture and axenic Ectocarpus sp. culture (ESN). The score plot was obtained using 320 monoisotopic peaks quantified by UPLC-MS in positive ionization mode. All metabolites were considered for PCA (p-value < 0.05) generated by SIMCA-P v12.0.



DISCUSSION

Algae provide an advantageous environment for proliferation of bacteria, some of which have already been shown to have positive effects on their hosts (reviewed in Singh and Reddy, 2014). For brown algae, putative beneficial effects of bacteria on development still remain to be experimentally tested and fully established. Regarding to Ectocarpus, microbiota relevance under abiotic stress was recently investigated (Dittami et al., 2015). In this context, the present study goes deeper on previous observations about the importance of bacteria for these marine organisms. This work demonstrates that bacteria influence morphology and reproduction of the brown algal model Ectocarpus sp. Typical branched morphology of this alga is clearly dependent on the presence of bacteria. This finding is consistent with previous studies on green algae, as members of Ulvaceae lose their typical morphology when cultured under axenic conditions (Provasoli and Pintner, 1980) but recovered it when inoculated with appropriate morphogenesis-inducing bacterial isolates (Matsuo et al., 2003; Marshall et al., 2006). For red algae, the role of bacteria on morphological development had been also demonstrated (Singh et al., 2011; Fukui et al., 2014). The fact that the three major groups of multicellular algae are influenced in their morphology by bacteria, strongly suggest that this type of interaction has been relevant for these organisms during their evolution. The effect of microorganism communities contained in natural seawater on axenic Ectocarpus sp. (Figure 1) resembled the effect of isolated bacteria. This is significant because it validates the use of single bacterial isolates as a proxy of what the alga could found in the field.

In the present study, we evaluated the effect of nine bacterial isolates obtained from unialgal laboratory cultures of Ectocarpus sp. This rather low number of bacterial isolates may be explained by the constraints imposed to this alga under laboratory conditions. The Ectocarpus strains used to isolate bacteria has been kept under laboratory conditions for long time (years) and they have been exposed to conditions (including antibiotic treatments), which decreased bacterial diversity and abundance at an extent difficult to determine.

It might appear that there could be some specificity in the ability of these bacterial isolates to have an effect on Ectocarpus morphology because only proteobacterial isolates showed effects on this alga. Although Proteobacteria has been shown as a dominant phylum in other studies describing bacterial communities associated with algae (Hengst et al., 2010; Burke et al., 2011a; Hollants et al., 2013) we cannot discard a possible bias in the bacterial isolation procedure, which led to preferential selection of these microorganisms. In order to clarify this issue, we did a gross survey on bacterial diversity associated to field and laboratory Ectocarpus. The majority (72 and 56% for field and laboratory samples, respectively) of the sequences analyzed were affiliated to Proteobacteria (Supplementary Figure S5A), which is consistent with the dominance of this phylum between the bacterial isolates reported here. Remarkably, the recent study of Dittami et al. (2015) also reports the dominance of Proteobacteria associated to laboratory strains of Ectocarpus. The similarity in abundances at phylum level between field and laboratory samples supports the idea that what we observed in laboratory specimens could be applied to the field. Interestingly, most of the bacterial strains isolated in this work were detected using this culture-independent approach in both field and laboratory algae (Supplementary Figure S5B). Again, the abundances of these bacteria in field and laboratory Ectocarpus were quite similar. In general, the bacterial isolates correspond to 11% of total microbiota. Most isolates are low-abundance bacteria (less than 1%) except for the Roseobacter representative, which is very abundant when consider all samples together (Supplementary Figure S5B), although its abundance is rather low in several samples (Supplementary Figure S5C).

It should be kept in mind that this report evaluated the role of bacteria using a culture-dependent approach. There are studies that have established that only a small proportion of bacteria can be cultivated using conventional methodologies (Whitman et al., 1998; Fry, 2000; Handelsman, 2004). In this context, the results showed in this work might apply to a small part of bacteria thriving on the surface of Ectocarpus, although they reflect bacteria indeed associated with this alga.

A deeper exploration of the taxonomic affiliation of bacterial isolates capable to induce filaments development showed that, apart of belonging to the Proteobacteria phylum, there is no further taxon specificity in the effects observed. Bacterial isolates producing morphology/reproduction effects are distributed among several families and genera. This observation has been also reported for green algae (Nakanishi et al., 1996; Marshall et al., 2006). These studies reported that several bacterial genera are capable to influence morphology of Ulva pertusa and U. linza, including genus Vibrio, Pseudomonas, Halomonas, Escherichia and some Gram-positive bacterial genera. In our study, we also found a Halomonas isolate (strain Z3) having a strong impact on morphology. In contrast, isolates belonging to the genera Antarctobacter (R6a), Marinobacter (Z8a_1, R8), and Methylophaga (R1), are for the first time described to influence macroalgal development. On the other hand, the two Actinobacteria isolates studied here did not have any effect on Ectocarpus development, although the impact of member of this phylum on green algal morphology has been reported (Nakanishi et al., 1999; Marshall et al., 2006).

Ectocarpus sp. early sporophyte development has been already described. Le Bail et al. (2008b) reported that sporophytes grow as prostrate filaments composed of two cell types, E and R. These cells form the prostrate body of the alga. If the growth conditions are favorable, upright filaments emerge after a few days, contributing to the establishment of an overall filamentous architecture (Ravanko, 1970). In the present study, the upright filaments appearance was found to be a bacterial modulated process. When bacteria were not present in the culture medium, Ectocarpus sp. developed its prostrate body without any upright filaments (Figure 3) producing only E and R cells (Figures 4A–E). In contrast, when axenic Ectocarpus sp. was cultivated in culture medium containing microorganisms, or with bacterial isolates (Figure 3), it developed upright filaments and recovered most of its filamentous morphology (Figure 5). Although the influence of bacteria on algal morphology had been reported, it is relevant to stress that the effect of bacteria on the appearance is not only on the filaments per se, but also in the new cell types required to form these structures. The cells composing the filaments are very different from those of the prostrate body (Figure 4), which means that bacteria are capable of triggering cell differentiation mechanisms in the alga. In this regard, plant hormones represent very good candidates to produce these kinds of effects. These compounds control plant growth by affecting the spatial and temporal expression of genes involved in cell division, elongation, and differentiation. Pedersen (1968), early suggested that E. fasciculatus, a sister species of Ectocarpus sp. needs cytokinins in order to grow normally under culture conditions. In Ectocarpus sp. it had been suggested that auxins could be involved on upright filaments appearance by repressing its emergence (Le Bail et al., 2010). Although phytohormones presence on macroalgae have been reported (Stirk et al., 2003), to date there is no evidence of bacterial phytohormones production having a direct effect on algal development, despite it is already known that marine bacteria can produce these compounds (Maruyama et al., 1986, 1990).

A possible explanation to the results obtained with the supernatant essays is that all the bacterial isolates capable of inducing filament appearance secrete filament-inducing factor(s) (e.g., phytohormones) into the culture supernatant only when Ectocarpus sp. is also present (co-cultures). When bacterial isolates were grown alone their supernatants did not have an effect in morphology or reproduction (Figure 6). In this context, it has been proposed that Ectocarpus could manage to produce phytohormones in association with bacteria (Dittami et al., 2014), and the same has been predicted recently for diatoms and their interaction with bacteria (Amin et al., 2015). The production and exchange of chemicals cues between algae and bacteria seems to be critical for the wellbeing of these organisms in natural conditions. Nevertheless, in other studies bacterial supernatants have been shown to be sufficient in modulating algal development. In the green alga Monostroma oxyspermun, supernatants of bacterial cultures recover the normal morphology of the alga (Matsuo et al., 2003). Matsuo et al. (2005) identified this exogenous growth factor as thallusin, produced by bacteria belonging to Bacteroidetes phylum. Because of their evolutionary distance, it is not surprising that the mechanisms involved in the effect of bacteria on green and brown algae could be different.

It is not clear if contact between bacteria and Ectocarpus sp. is required for morphology and reproduction to be affected. The reported observations do not rule out the possibility that bacteria need not to be in contact with the alga but just closely enough to communicate with each other and produce the compound(s) responsible for the described effects. On this regard, some PGPB have been shown to exert their effect by production of volatile organic compounds (VOCs) without requiring direct contact with the plant (Gutiérrez-Luna et al., 2010; Meldau et al., 2013). These evidences suggest that a similar mechanism could be involved in the described effects of bacteria on Ectocarpus development. What is clear is that the presence of both organisms in the same culture is needed in order to produce filaments development, which implies that some interaction exists between bacteria and alga. The effect accomplished by the co-culture supernatant in morphology and reproduction means that the compound(s) responsible for this phenomenon is (are) secreted and stable in the culture medium, at least for some time. When comparing algal individuals produced by axenic Ectocarpus sp. exposed to direct bacterium inoculation versus the exposure to co-culture supernatants, direct inoculations have an stronger impact than co-culture supernatants. This suggests that the compound(s) responsible for the effects was (were) not stable for a long time in the culture medium, so the permanent presence of bacterium (and concomitant continuous production) seems to be required to produce more pronounced effects.

The influence of bacteria on Ectocarpus physiology was reflected by the results of the metabolomic approach shown in this work. The recorded data demonstrated that Ectocarpus sp. associated with a single bacterium produces a different metabolite profile compared to those of axenic alga. However, which compounds cause the effects described was not assessed. Other reports combined metabolomics with bioassays thus narrowing down the metabolome to one biologically active compound (Matsuo et al., 2005; Schroeder et al., 2006). The untargeted analysis performed here does not yield functional information, unless it is combined with a bioassay as well. For the majority of metabolites that were detected, both the identity and the function in the Ectocarpus-bacterium interaction, is largely unknown. However, it is quite clear that the impact of bacteria on Ectocarpus metabolomic profile shows that bacterial influence is exerted at several levels of algal physiology.

In summary, this article supports the importance of bacteria for reproduction, growth and development of the brown algal model Ectocarpus sp. The range of bacteria that affect development on Ectocarpus sp. could confer ecological flexibility to the alga. This may be important since this alga inhabits worldwide along temperate coastlines, where it can grow on either rocky and/or artificial substrates or epiphytically on other algae thus being challenged by very different bacterial communities. The mechanisms involved in this interaction are presently unknown, but at least some communication is required to display the effects described. Bacterial impacts on physiology were also highlighted since one bacterial isolate could drive major changes in the algal exometabolomic profile. Altogether, the data reported in this study along with the molecular tools already available for Ectocarpus sp. open a new window in the study of algal host–microbes interactions.

AUTHOR CONTRIBUTION

JT performing experiments, conducting the work, design of the work, analysis, interpretation of data for the work, responsible for the integrity of the work as a whole, final approval of the version to be published. BG design of the work, interpretation of data for the work, critically revising the final approval of the version to be published. SG performing experiments, analysis, interpretation of data for the work. PP design of the work, analysis, interpretation of data for the work, ensuring that questions related to the accuracy or integrity of any part of the work are appropriately investigated and resolved, critically revising the final approval of the version to be published, responsible for the integrity of the work as a whole. JC design of the work, analysis, interpretation of data for the work, ensuring that questions related to the accuracy or integrity of any part of the work are appropriately investigated and resolved, critically revising the final approval of the version to be published, responsible for the integrity of the work as a whole.

FUNDING

This work benefited from the support of the French Government via the National Research Agency in investment expenditure program IDEALG (ANR-10-BTBR-04). JT was supported by a CONICYT PhD scholarship (21110796).

ACKNOWLEDGMENTS

We would like to thank Jessica Beltrán, Verónica Flores, and Laurence Dartevelle for their technical support during this work, along with the Algal Team at the Pontificia Universidad Católica de Chile and the Algal Defense Team, UMR 7139 CNRS-UPMC at the Station Biologique de Roscoff, for their assistance and helpful advice on experimental setup and analysis. We also thank Simon Dittami for critical reading of the manuscript.

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online at: http://journal.frontiersin.org/article/10.3389/fmicb.2016.00197

FOOTNOTES

1 http://blast.ncbi.nlm.nih.gov/Blast.cgi

2 http://rsb.info.nih.gov/ij/

3 http://camera.calit2.net/

REFERENCES

Amin, S. A., Hmelo, L. R., van Tol, H. M., Durham, B. P., Carlson, L. T., Heal, K. R., et al. (2015). Interaction and signalling between a cosmopolitan phytoplankton and associated bacteria. Nature 522, 98–101. doi: 10.1038/nature14488

Andersen, R. A. (2004). Biology and systematics of heterokont and haptophyte algae. Am. J. Bot. 91, 1508–1522. doi: 10.3732/ajb.91.10.1508

Armstrong, E., Rogerson, A., and Leftley, J. (2000). Utilisation of seaweed carbon by three surface-associated heterotrophic protists, Stereomyxa ramosa, Nitzschia alba and Labyrinthula sp. Aquat Microbiol. Ecol. 21, 49–57. doi: 10.3354/ame021049

Arun, A., Peters, N. T., Scornet, D., Peters, A. F., Mark Cock, J., and Coelho, S. M. (2013). Non-cell autonomous regulation of life cycle transitions in the model brown alga Ectocarpus. New Phytol. 197, 503–510. doi: 10.1111/nph.12007

Baldauf, S. L. (2003). The deep roots of eukaryotes. Science 300, 1703–1706. doi: 10.1126/science.1085544

Burke, C., Steinberg, P., Rusch, D., Kjelleberg, S., and Thomas, T. (2011b). Bacterial community assembly based on functional genes rather than species. Proc. Natl. Acad. Sci. U.S.A. 108, 14288–14293. doi: 10.1073/pnas.1101591108

Burke, C., Thomas, T., Lewis, M., Steinberg, P., and Kjelleberg, S. (2011a). Composition, uniqueness and variability of the epiphytic bacterial community of the green alga Ulva australis. ISME J. 5, 590–600. doi: 10.1038/ismej.2010.164

Chisholm, J. R. M., Dauga, C., Ageron, E., and Grimont, P. A. D. (1996). Roots in mixotrophic algae. Nature 381, 382.

Choudhary, D. K., and Johri, B. N. (2009). Interactions of Bacillus spp. and plants–with special reference to induced systemic resistance (ISR). Microbiol. Res. 164, 493–513. doi: 10.1016/j.micres.2008.08.007

Cock, J. M., Peters, A. F., and Coelho, S. M. (2011). Brown algae. Curr. Biol. 21, R573–R575. doi: 10.1016/j.cub.2011.05.006

Cock, J. M., Sterck, L., Rouze, P., Scornet, D., Allen, A. E., Amoutzias, G., et al. (2010). The Ectocarpus genome and the independent evolution of multicellularity in brown algae. Nature 465, 617–621. doi: 10.1038/nature09016

Coelho, S. M., Godfroy, O., Arun, A., Le Corguille, G., Peters, A. F., and Cock, J. M. (2011a). Genetic regulation of life cycle transitions in the brown alga Ectocarpus. Plant Signal. Behav. 6, 1858–1860. doi: 10.4161/psb.6.11.17737

Coelho, S. M., Godfroy, O., Arun, A., Le Corguille, G., Peters, A. F., and Cock, J. M. (2011b). OUROBOROS is a master regulator of the gametophyte to sporophyte life cycle transition in the brown alga Ectocarpus. Proc. Natl. Acad. Sci. U.S.A. 108, 11518–11523. doi: 10.1073/pnas.1102274108

Contreras, L., Ritter, A., Dennert, G., Boehmwald, F., Guitton, N., Pineau, C., et al. (2008). Two-dimensional gel electrophoresis analysis of brown algal protein extracts. J. Phycol. 44, 1315–1321. doi: 10.1111/j.1529-8817.2008.00575.x

Corre, S., and Prieur, D. (1990). Density and morphology of epiphytic bacteria on the kelp Laminaria digitata. Bot. Mar. 33, 515–524. doi: 10.1515/botm.1990.33.6.515

Correa, J. A., and McLachlan, J. (1991). Endophytic algae of Chondrus crispus (Rhodophyta). III. Host-specificity. J. Phycol. 27, 448–459.

Cryan, J. F., and Dinan, T. G. (2012). Mind-altering microorganisms: the impact of the gut microbiota on brain and behaviour. Nat. Rev. Neurosci. 13, 701–712. doi: 10.1038/nrn3346

Dittami, S. M., Barbeyron, T., Boyen, C., Cambefort, J., Collet, G., Delage, L., et al. (2014). Genome and metabolic network of “Candidatus Phaeomarinobacter ectocarpi” Ec32, a new candidate genus of Alphaproteobacteria frequently associated with brown algae. Front. Genet. 5:241. doi: 10.3389/fgene.2014.00241

Dittami, S. M., Duboscq-Bidot, L., Perennou, M., Gobet, A., Corre, E., Boyen, C., et al. (2015). Host-microbe interactions as a driver of acclimation to salinity gradients in brown algal cultures. ISME J. 10, 51–63. doi: 10.1038/ismej.2015.104

Dittami, S. M., Gravot, A., Renault, D., Goulitquer, S., Eggert, A., Bouchereau, A., et al. (2011). Integrative analysis of metabolite and transcript abundance during the short-term response to saline and oxidative stress in the brown alga Ectocarpus siliculosus. Plant Cell Environ. 34, 629–642. doi: 10.1111/j.1365-3040.2010.02268.x

Dittami, S. M., Scornet, D., Petit, J. L., Segurens, B., Da Silva, C., Corre, E., et al. (2009). Global expression analysis of the brown alga Ectocarpus siliculosus (Phaeophyceae) reveals large-scale reprogramming of the transcriptome in response to abiotic stress. Genome Biol. 10:R66. doi: 10.1186/gb-2009-10-6-r66

Fry, J. (2000). Bacterial diversity and ‘unculturables’. Microbiol. Today 27, 4151–4160. doi: 10.1111/j.1574-6968.2010.02000.x

Fukui, Y., Abe, M., Kobayashi, M., Yano, Y., and Satomi, M. (2014). Isolation of Hyphomonas strains that induce normal morphogenesis in protoplasts of the marine red alga Pyropia yezoensis. Microbiol. Ecol. 68, 556–566. doi: 10.1007/s00248-014-0423-4

Goecke, F., Labes, A., Wiesse, J., Schmaljohann, R., and Ímhoff, J. (2012). Observation of bacteria over the surface of released oogonia from Fucus vesiculosus L. (Phaeophyceae). Gayana Bot. 69, 376–379. doi: 10.4067/S0717-66432012000200016

Goulitquer, S., Potin, P., and Tonon, T. (2012). Mass spectrometry-based metabolomics to elucidate functions in marine organisms and ecosystems. Mar. Drugs 10, 849–880. doi: 10.3390/md10040849

Grenville-Briggs, L., Gachon, C. M., Strittmatter, M., Sterck, L., Kupper, F. C., and van West, P. (2011). A molecular insight into algal-oomycete warfare: cDNA analysis of Ectocarpus siliculosus infected with the basal oomycete Eurychasma dicksonii. PLoS ONE 6:e24500. doi: 10.1371/journal.pone.0024500

Gutiérrez-Luna, F., López-Bucio, J., Altamirano-Hernández, J., Valencia-Cantero, E., Reyes de la Cruz, H., and Macías-Rodríguez, L. (2010). Plant growth-promoting rhizobacteria modulate root-system architecture in Arabidopsis thaliana through volatile organic compound emission. Symbiosis 51, 75–83. doi: 10.1007/s13199-010-0066-2

Handelsman, J. (2004). Metagenomics: application of genomics to uncultured microorganisms. Microbiol. Mol. Biol. Rev. 68, 669–685. doi: 10.1128/MMBR.68.4.669-685.2004

Harder, T. (2009). Marine Epibiosis: Concepts, Ecological Consequences and Host Defence. Berlin: Springer.

Heesch, S., Cho, G. Y., Peters, A. F., Le Corguille, G., Falentin, C., Boutet, G., et al. (2010). A sequence-tagged genetic map for the brown alga Ectocarpus siliculosus provides large-scale assembly of the genome sequence. New Phytol. 188, 42–51. doi: 10.1111/j.1469-8137.2010.03273.x

Hengst, M. B., Andrade, S., Gonzalez, B., and Correa, J. A. (2010). Changes in epiphytic bacterial communities of intertidal seaweeds modulated by host, temporality, and copper enrichment. Microbiol. Ecol. 60, 282–290. doi: 10.1007/s00248-010-9647-0

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

Joint, I., Tait, K., and Wheeler, G. (2007). Cross-kingdom signalling: exploitation of bacterial quorum sensing molecules by the green seaweed Ulva. Philos. Trans. R. Soc. Lond. B Biol. Sci. 362, 1223–1233. doi: 10.1098/rstb.2007.2047

Kupper, F. C., Carpenter, L. J., McFiggans, G. B., Palmer, C. J., Waite, T. J., Boneberg, E. M., et al. (2008). Iodide accumulation provides kelp with an inorganic antioxidant impacting atmospheric chemistry. Proc. Natl. Acad. Sci. U.S.A. 105, 6954–6958. doi: 10.1073/pnas.0709959105

Lachnit, T., Meske, D., Wahl, M., Harder, T., and Schmitz, R. (2011). Epibacterial community patterns on marine macroalgae are host-specific but temporally variable. Environ. Microbiol. 13, 655–665. doi: 10.1111/j.1462-2920.2010.02371.x

Le Bail, A., Billoud, B., Kowalczyk, N., Kowalczyk, M., Gicquel, M., Le Panse, S., et al. (2010). Auxin metabolism and function in the multicellular brown alga Ectocarpus siliculosus. Plant Physiol. 153, 128–144. doi: 10.1104/pp.109.149708

Le Bail, A., Billoud, B., Le Panse, S., Chenivesse, S., and Charrier, B. (2011). ETOILE regulates developmental patterning in the filamentous brown alga Ectocarpus siliculosus. Plant Cell 23, 1666–1678. doi: 10.1105/tpc.110.081919

Le Bail, A., Billoud, B., Maisonneuve, C., Peters, A. F., Cock, J. M., and Charrier, B. (2008b). Early development of the brown alga Ectocarpus siliculosus (Ectocarpales, Phaeophyceae) sporophyte. J. Phycol. 44, 1269–1281. doi: 10.1111/j.1529-8817.2008.00582.x

Le Bail, A., Dittami, S. M., de Franco, P. O., Rousvoal, S., Cock, M. J., Tonon, T., et al. (2008a). Normalisation genes for expression analyses in the brown alga model Ectocarpus siliculosus. BMC Mol. Biol. 9:75. doi: 10.1186/1471-2199-9-75

Lee, Y. K., and Mazmanian, S. K. (2010). Has the microbiota played a critical role in the evolution of the adaptive immune system? Science 330, 1768–1773. doi: 10.1126/science.1195568

Littman, D. R., and Pamer, E. G. (2011). Role of the commensal microbiota in normal and pathogenic host immune responses. Cell Host Microbe 10, 311–323. doi: 10.1016/j.chom.2011.10.004

Macel, M., Van Dam, N. M., and Keurentjes, J. J. (2010). Metabolomics: the chemistry between ecology and genetics. Mol. Ecol. Resour. 10, 583–593. doi: 10.1111/j.1755-0998.2010.02854.x

Marshall, K., Joint, I., Callow, M. E., and Callow, J. A. (2006). Effect of marine bacterial isolates on the growth and morphology of axenic plantlets of the green alga Ulva linza. Microbiol. Ecol. 52, 302–310. doi: 10.1007/s00248-006-9060-x

Maruyama, A., Maeda, M., and Simidu, U. (1986). Occurrence of plant hormone (cytokinin)-producing bacteria in the sea. J. Appl. Microbiol. 61, 569–574.

Maruyama, A., Maeda, M., and Simidu, U. (1990). Distribution and classification of marine bacteria with the ability of cytokinin and auxin production. Bull. Jpn. Soc. Microbiol. Ecol. 5, 1–8. doi: 10.1264/microbes1986.5.1

Matsuo, Y., Imagawa, H., Nishizawa, M., and Shizuri, Y. (2005). Isolation of an algal morphogenesis inducer from a marine bacterium. Science 307:1598. doi: 10.1126/science.1105486

Matsuo, Y., Suzuki, M., Kasai, H., Shizuri, Y., and Harayama, S. (2003). Isolation and phylogenetic characterization of bacteria capable of inducing differentiation in the green alga Monostroma oxyspermum. Environ. Microbiol. 5, 25–35. doi: 10.1046/j.1462-2920.2003.00382.x

Mayer, E. A. (2011). Gut feelings: the emerging biology of gut-brain communication. Nat. Rev. Neurosci. 12, 453–466. doi: 10.1038/nrn3071

Meldau, D. G., Meldau, S., Hoang, L. H., Underberg, S., Wunsche, H., and Baldwin, I. T. (2013). Dimethyl disulfide produced by the naturally associated bacterium bacillus sp B55 promotes Nicotiana attenuata growth by enhancing sulfur nutrition. Plant Cell 25, 2731–2747. doi: 10.1105/tpc.113.114744

Müller, D. G., Gachon, C. M., and Kupper, F. C. (2008). Axenic clonal cultures of filamentous brown algae: initiation and maintenance. Cah. Biol. Mar. 49, 59–65.

Nakanishi, K., Nishijima, M., Nishimura, M., Kuwano, K., and Saga, N. (1996). Bacteria that induce morphogenesis in Ulva pertusa (Chlorophyta) grown under axenic conditions. J. Phycol. 32, 479–482. doi: 10.1111/j.0022-3646.1996.00479.x

Nakanishi, K., Nishijima, M., Nomoto, A. M., Yamazaki, A., and Saga, N. (1999). Requisite morphologic interaction for attachment between Ulva pertusa (Chlorophyta) and symbiotic bacteria. Mar. Biotechnol. 1, 107–111. doi: 10.1007/PL00011744

Newton, A. C., Fitt, B. D., Atkins, S. D., Walters, D. R., and Daniell, T. J. (2010). Pathogenesis, parasitism and mutualism in the trophic space of microbe-plant interactions. Trends Microbiol. 18, 365–373. doi: 10.1016/j.tim.2010.06.002

Nyvall, P., Corre, E., Boisset, C., Barbeyron, T., Rousvoal, S., Scornet, D., et al. (2003). Characterization of mannuronan C-5-epimerase genes from the brown alga Laminaria digitata. Plant Physiol. 133, 726–735. doi: 10.1104/pp.103.025981

Pedersen, M. (1968). Ectocarpus fasciculatus: marine brown alga requiring kinetin. Nature 218, 776. doi: 10.1038/218776a0

Peters, A., Marie, D., Scornet, D., Kloareg, B., and Cock, J. (2004). Proposal of Ectocarpus siliculosus (Ectocarpales, Phaeophyceae) as a model organism for brown algal genetics and genomics. J. Phycol. 40, 1079–1088. doi: 10.1111/j.1529-8817.2004.04058.x

Peters, A. F., Mann, A. D., Cordova, C. A., Brodie, J., Correa, J. A., Schroeder, D. C., et al. (2010). Genetic diversity of Ectocarpus (Ectocarpales, Phaeophyceae) in Peru and northern Chile, the area of origin of the genome-sequenced strain. New Phytol. 188, 30–41. doi: 10.1111/j.1469-8137.2010.03303.x

Provasoli, L., and Pintner, I. (1980). Bacteria induced polymorphism in an axenic laboratory strain of Ulva lactuca (Chlorophyceae). J. Phycol. 16, 196–200. doi: 10.1111/j.1529-8817.1980.tb03019.x

Qian, P. Y., Lau, S. C., Dahms, H. U., Dobretsov, S., and Harder, T. (2007). Marine biofilms as mediators of colonization by marine macroorganisms: implications for antifouling and aquaculture. Mar. Biotechnol. 9, 399–410. doi: 10.1007/s10126-007-9001-9

Ravanko, O. (1970). Morphological, developmental, and taxonomic studies in the Ectocarpus complex (Phaeophyceae). Nova Hedwigia 20:79.

Ritter, A., Goulitquer, S., Salaun, J. P., Tonon, T., Correa, J. A., and Potin, P. (2008). Copper stress induces biosynthesis of octadecanoid and eicosanoid oxygenated derivatives in the brown algal kelp Laminaria digitata. New Phytol. 180, 809–821. doi: 10.1111/j.1469-8137.2008.02626.x

Schroeder, F. C., del Campo, M. L., Grant, J. B., Weibel, D. B., Smedley, S. R., Bolton, K. L., et al. (2006). Pinoresinol: a lignol of plant origin serving for defense in a caterpillar. Proc. Natl. Acad. Sci. U.S.A. 103, 15497–15501. doi: 10.1073/pnas.0605921103

Singh, R. P., Bijo, A. J., Baghel, R. S., Reddy, C. R., and Jha, B. (2011). Role of bacterial isolates in enhancing the bud induction in the industrially important red alga Gracilaria dura. FEMS Microbiol. Ecol. 76, 381–392. doi: 10.1111/j.1574-6941.2011.01057.x

Singh, R. P., and Reddy, C. R. (2014). Seaweed-microbial interactions: key functions of seaweed-associated bacteria. FEMS Microbiol. Ecol. 88, 213–230. doi: 10.1111/1574-6941.12297

Smith, C. A., Want, E. J., O’Maille, G., Abagyan, R., and Siuzdak, G. (2006). XCMS: processing mass spectrometry data for metabolite profiling using nonlinear peak alignment, matching, and identification. Anal. Chem. 78, 779–787. doi: 10.1021/ac051437y

Spoerner, M., Wichard, T., Bachhuber, T., Stratmann, J., and Oertel, W. (2012). Growth and thallus morphogenesis of Ulva mutabilis (Chlorophyta) depends on a combination of two bacterial species excreting regulatory factors. J. Phycol. 48, 1433–1447. doi: 10.1111/j.1529-8817.2012.01231.x

Stirk, W. A., Novák, O., Strnad, M., and van Staden, J. (2003). Cytokinins in macroalgae. Plant Growth Regul. 41, 13–24. doi: 10.1023/A:1027376507197

Suzuki, M. T., Rappe, M. S., Haimberger, Z. W., Winfield, H., Adair, N., Strobel, J., et al. (1997). Bacterial diversity among small-subunit rRNA gene clones and cellular isolates from the same seawater sample. Appl. Environ. Microbiol. 63, 983–989.

Van der Ent, S., Van Wees, S. C., and Pieterse, C. M. (2009). Jasmonate signaling in plant interactions with resistance-inducing beneficial microbes. Phytochemistry 70, 1581–1588. doi: 10.1016/j.phytochem.2009.06.009

Van Oosten, V. R., Bodenhausen, N., Reymond, P., Van Pelt, J. A., Van Loon, L. C., Dicke, M., et al. (2008). Differential effectiveness of microbially induced resistance against herbivorous insects in Arabidopsis. Mol. Plant Microbe Interact. 21, 919–930. doi: 10.1094/MPMI-21-7-0919

Weinberger, F. (2007). Pathogen-induced defense and innate immunity in macroalgae. Biol. Bull. 213, 290–302. doi: 10.2307/25066646

Weinberger, F., Beltran, J., Correa, J. A., Pohnert, G., Kumar, N., Steinberg, P., et al. (2007). Spore release in Acrochaetium sp. (Rhodophyta) is bacterially controled. J. Phycol. 43, 235–241. doi: 10.1111/j.1529-8817.2007.00329.x

Weisburg, W. G., Barns, S. M., Pelletier, D. A., and Lane, D. J. (1991). 16S ribosomal DNA amplification for phylogenetic study. J. Bacteriol. 173, 697–703.

Whitman, W. B., Coleman, D. C., and Wiebe, W. J. (1998). Prokaryotes: the unseen majority. Proc. Natl. Acad. Sci. U.S.A. 95, 6578–6583. doi: 10.1073/pnas.95.12.6578

Yang, J., Kloepper, J. W., and Ryu, C. M. (2009). Rhizosphere bacteria help plants tolerate abiotic stress. Trends Plant Sci. 14, 1–4. doi: 10.1016/j.tplants.2008.10.004

Zhang, H., Xie, X., Kim, M. S., Kornyeyev, D. A., Holaday, S., and Pare, P. W. (2008). Soil bacteria augment Arabidopsis photosynthesis by decreasing glucose sensing and abscisic acid levels in planta. Plant J. 56, 264–273. doi: 10.1111/j.1365-313X.2008.03593.x

Conflict of Interest Statement: 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 © 2016 Tapia, González, Goulitquer, Potin and Correa. 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) or licensor 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
®

o fark





OPS/images/cover.jpg


OPS/images/fmicb-07-00197-g007.jpg
T
-20

Z
Z W Z
0w
Mmoo W
\\llll
-’ ———
4 1 - A Y
\\ . .~ \\\ 1
/ / g - /
| \\ \\ - \\
fl \\\ 4 \\
—~— H ,
”
M
-
-~ \
7 44
\\ \\
1< d
ANt
T T T | — T T T T
{ © @ ®» o »v o v g
[zh

1]

R2X[2] = 0.142

Hotelling's T2 (95%)

Ellipse:

R2X[1] = 0.746





OPS/images/fmicb-07-00197-t001.jpg
Isolate ID

Z8a_1

869_1

869_2

z1

R1

The number of individuals per cm? is given with the standard deviation (). *For axenic cultures 5.3 + 1.5 and for unialgal cultures 39 = 5.2.

Closest matching strain in NCBI
database

Marinobacter adhaerens HP15
y-Proteobacteria

Roseobacter sp. 14II/A01/004
a-Proteobacteria

Halomonas sp. Pper-Hx-1972
y-Proteobacteria

Marinobacter sp.
LOM-11y-Proteobacteria
Antarctobacter sp.
LCM10-Ba-Proteobacteria

Kocuria rosea strain T1-2
Actinobacteria

Agrococcus citreus strain 1AM 15145
Actinobacteria

Alteromonas genovensis
y-Proteobacteria

Methylophaga sp. y-Proteobacteria

% Sequence
similarity

99

100

100

100

99

100

99

929

929

Filament inducing

Yes

Yes

Yes

Yes

Yes

No

No

No

Yes

Supernatant
effect on
morphology

No

No

Yes

No

Number of
individuals/cm?2*

46.3£8

436+£5.3

743+ 12.3

256+£5

36+5.7

11.3+£2

71+£32

63+2

40+76





OPS/images/fmicb-07-00197-g001.jpg





OPS/images/fmicb-07-00197-g002.jpg
pajpes/pajeulwiab o,

-

7]
1)
o
=
5]
(2]

EH Non-sterile test

zwo/salods N





OPS/images/logo.jpg
, frontiers
in Microbiology





OPS/images/fmicb-07-00197-g005.jpg
100+

80+

60!
404

ZW9/s|enpiApul






OPS/images/fmicb-07-00197-g006.jpg
Individuals/cm?

80+

60+

> o ol
&E % %

Iy

T =.

AN
Q’Q%«?






OPS/images/fmicb-07-00197-g003.jpg





OPS/images/fmicb-07-00197-g004.jpg
Filament cells
Elongated cells

€

=

8

7]

Filament cells Elongated cells
(Prostrate body)

Length 54.96 + 8.6 29.54+7.4
Width 16.68 + 3.2 5.8+2.4






