

[image: image1]
Long-Term Stability of Bacterial Associations in a Microcosm of Ostreococcus tauri (Chlorophyta, Mamiellophyceae)
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Phytoplankton–bacteria interactions rule over carbon fixation in the sunlit ocean, yet only a handful of phytoplanktonic–bacteria interactions have been experimentally characterized. In this study, we investigated the effect of three bacterial strains isolated from a long-term microcosm experiment with one Ostreococcus strain (Chlorophyta, Mamiellophyceae). We provided evidence that two Roseovarius strains (Alphaproteobacteria) had a beneficial effect on the long-term survival of the microalgae whereas one Winogradskyella strain (Flavobacteriia) led to the collapse of the microalga culture. Co-cultivation of the beneficial and the antagonistic strains also led to the loss of the microalga cells. Metagenomic analysis of the microcosm is consistent with vitamin B12 synthesis by the Roseovarius strains and unveiled two additional species affiliated to Balneola (Balneolia) and Muricauda (Flavobacteriia), which represent less than 4% of the reads, whereas Roseovarius and Winogradskyella recruit 57 and 39% of the reads, respectively. These results suggest that the low-frequency bacterial species may antagonize the algicidal effect of Winogradskyella in the microbiome of Ostreococcus tauri and thus stabilize the microalga persistence in the microcosm. Altogether, these results open novel perspectives into long-term stability of phytoplankton cultures.
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INTRODUCTION

Bacterial–phytoplankton interactions in the sunlit ocean fuel the biological carbon pump (Field et al., 1998) and are fundamental for our understanding of the base of the food web in marine ecosystems (Azam and Malfatti, 2007). The interactions between bacteria and phytoplankton are multifarious and may span the spectrum of relationships from mutualistic (Amin et al., 2015; Choix et al., 2018; Cooper et al., 2019) or opportunistic (Pinto et al., 2021) to antagonistic (Fukami et al., 1997; Mitsutani et al., 2001; Sohn et al., 2004; Wang et al., 2010). Mutualistic interactions are generally driven by reciprocal needs of both taxa specific bacteria and phytoplankton partners (Mönnich et al., 2020). These requirements encompass essential trace elements, nutrients (Amin et al., 2015), and vitamins, such as in the production and acquisition of the B vitamins (Cooper et al., 2019), given that many phytoplanktonic microalgae are confirmed auxotrophs for vitamin B12 (Croft et al., 2005). In turn, phytoplankton cell wall products and other exudates can be utilized as carbon sources to heterotrophic bacteria (Myklestad, 1995; Christie-Oleza et al., 2017). Consequently, the phytoplankton dynamics and biomass production (Suminto, and Hirayama, 1997) in the ocean (Buchan et al., 2014) are altogether affected by these range of interdomain interactions which still remain enigmatic and poorly studied.

Following isolation from environmental sampling, photosynthetic eukaryotes maintained in culture collection are usually sustaining a diverse microcosm of heterotrophic bacteria, which are expected to benefit from the extracellular products of the microalgae (Bell and Mitchell, 1972). The relative frequency of bacteria to microalgae is highly variable from as low to 1:100 (Bacteria:Microalgae) to 4:10 in healthy cultures (Abby et al., 2014a) and is likely to depend on several different factors. Among these factors, there is the identity of the microalga, since the phylogenetic spread of phytoplanktonic microalgae spans the entire eukaryotic tree of life (Not et al., 2012), the composition of the culture media, the physiological state of the microalgae, the physiological state of the bacteria, and the diversity of the bacterial community present. For example, the bacteria-to-microalgae ratio has been reported to vary with the age of the culture in the microalgae Ostreococcus tauri (Mamiellophyceae, Chlorophyta), a photosynthetic picoeukaryote which has been previously isolated from a Mediterranean lagoon (Courties et al., 1994) and the NW Mediterranean Sea (Grimsley et al., 2010). During exponential growth phase, the microalgae outnumber the bacteria, whereas the bacteria may outnumber the microalgae at a 50:1 ratio during the stationary phase and even more significantly so during the decay phase (Lupette et al., 2016). The advances in genome sequencing of phytoplanktonic eukaryotes has unraveled an unexpected genomic diversity of associated bacteria (Abby et al., 2014a; Rosana et al., 2016; Rambo et al., 2020). However, precise knowledge about the mutualistic, opportunistic, or antagonistic nature of the interaction and the estimation of the effect on microalgae growth or long-term stability requires co-cultivation of the microalgae and the bacterial partners (Amin et al., 2015; Behringer et al., 2018; Johansson et al., 2019; Lian et al., 2021; Pinto et al., 2021).

In our study, we took advantage of a microcosm containing O. tauri and a bacterial microbiome without external input, pour ainsi dire “in lockdown,” which had maintained the microalga for more than 1 year, to characterize the pairwise interaction between the microalga and the three bacteria isolated from this microcosm. Like many phytoplanktonic microalgae, O. tauri is auxotrophic for vitamin B12 as it requires vitamin B12 for growth and its genome does not encode the B12-independent form of methionine synthase (METE) (Helliwell et al., 2011). We first performed co-culture experiments to identify the nature of the short-term and long-term dynamics (up to 231 days) between the microalga and each individual bacterial strain as well as the dynamics between the microalga and the three combinations of bacterial strains. Second, we sequenced and analyzed the microcosm to investigate total bacterial diversity and the relative frequency of the different bacterial species present. We also investigated the genetic complementarity of the bacterial metagenome-assembled genomes (MAGs) for genes that may inform about the nature of the interaction with the microalgae: the genes involved for vitamin B12 synthesis and for the presence of bacterial secretion systems.



MATERIALS AND METHODS


Phytoplankton and Bacterial Strain Isolation From the Microcosm

A microcosm experiment was started in triplicate with O. tauri RCC4221 100-ml cultures in L1 media in 200-ml closed flasks (Sarstedt T75 ref 83.3911) opened weekly for sampling. The microcosm, culture, and co-culture experiments were performed at 15 μmol m–2 s–1 with shaking (135 rpm) in 12:12 light–dark conditions at 15°C. After initial discoloration of the culture, as previously observed when O. tauri cultures are not reinoculated with fresh media (Lupette et al., 2016), the culture regained the typical green color of O. tauri cultures after 1 month. Following 1 year of sustained green coloration, the identity of the microalgae was checked with strain-specific primers (Grimsley et al., 2010) and the long-term stability of O. tauri RCC4221 was confirmed. The bacteria were isolated from the microcosm by streaking an aliquot of the culture on marine agar (MA) Petri dishes (Difco 2216) and incubated at 20°C in the dark. Three different single colonies among the most dominant morphotypes were picked and subcultured two times on MA plates until getting pure cultures. Then, each selected strain was transferred onto marine broth (MB) tube at 20°C, 100 rpm in the dark. After 72 h of growth, 3 ml of these cultures was used for cryopreservation in 5% dimethylsulfoxide or 35% glycerol, put into a −80°C freezer, and added to the Banyuls Bacterial Culture Collection (as BBCC2900, BBCC2901, and BBCC2902, hereafter B2900, B2901, and B2902). About 1 ml of this resting liquid culture was pelleted for DNA extraction and 16S rDNA sequencing.

Axenic O. tauri cultures were obtained by adding 1% antibiotics to cultures at 106 cell concentration in L1 ASW media as previously described (Sanchez et al., 2019). To investigate the effect of the co-culture of O. tauri on bacterial growth, we compared the temporal dynamics of bacteria in co-cultures and in a media without O. tauri, hereafter coined exudate media. The media experiments were prepared as follows: exponentially growing cultures of O. tauri in L1 medium were filtrated through 0.02 μm to keep O. tauri exudates neither larger than 20 nm particular organic matter nor microalga or bacterial cells.

The co-culture experiments were performed in 10-ml glass tubes as follows: 0.6 ml of bacterial cultures (at a cell concentration between 108 and 109 cells ml–1) was added to 6 ml of axenic microalga culture (4 × 107 cells ml–1) grown in L1ASW media.



Cytometry Measurements

For flow cytometry counts of microalgae and free-living bacteria, 0.05 ml of culture was sampled, diluted at 1:10–1:10,000 and fixed for 15 min in the dark with a final concentration of electron microscopy–grade glutaraldehyde of 0.25% and Pluronic F-68 of 0.01% (Marie et al., 2014), flash-frozen in liquid nitrogen, and stored at −80°C until the analysis. Cell counts were performed with a BD FacsCanto II Flow Cytometry System [3-laser, 8-color (4-2-2), BD-Biosciences] equipped with a 20-mW 488-nm coherent sapphire solid-state blue laser. Accurate analyzed volumes and subsequent estimations of cell concentrations were calculated using Becton-Dickinson Trucount™ beads. Phytoplankton and bacterial cells were discriminated and enumerated according to their side scatter properties (SSC) for both and red fluorescence (>670 nm) due to chlorophyll pigments or green fluorescence due to SYBR Green I staining of the bacterial DNA [1:10,000 final concentration (Marie et al., 1997)], respectively. Data were acquired using DIVA software provided by BD Biosciences.



Metagenomics of Microcosm and 16S rDNA Sequencing From Bacterial Isolates

DNA extraction and purification for 16S rDNA sequencing of B2900, B2901, and B2902 were carried out with the Wizard® Genomic DNA Purification Kit (Promega) according to the manufacturer’s instructions. PCR and 16S rRNA gene sequencing were done as previously described (Fagervold et al., 2013) using the BIO2MAR platform facilities. Universal bacterial primers 27F and 1492R were used for PCR amplification. PCR products were cleaned up with AmpliClean Magnetic Bead PCR Clean-up Kit (NimaGen). Cleaned amplicons were sequenced with internal 907R primer using the BigDye Terminator v3.1 Cycle Sequencing Kit (Applied Biosystems) and cleaned up with D-Pure Dye Terminator Removal kit (NimaGen). The cycle sequencing products were loaded into an AB3130xl genetic analyzer (Life Technologies). Partial 16S rDNA sequences of these three strains were completed with metagenomic contigs and full-length 16S rDNA sequences were submitted to GenBank under accession numbers: OK396682, OK396683, OK396702, and OK396703.

About 10 ml of the microcosm was sampled in February 2019 (between day 148 and 163 in Figure 1) and used for DNA extraction using a modified CTAB protocol (Winnepenninckx et al., 1993), concentrated to 0.043 ml (final concentration 0.03 mg ml–1), and sequenced with the Miseq Illumina technology (2 × 300 bp PE) on the bioenvironnement sequencing platform of the University of Perpignan (France). The 19.3 106 PE reads were trimmed with TrimGalore with options –length 100 –paired,1 and the resulting 10.6 Gbp of DNA sequence was assembled with metaSPAdes version (Nurk et al., 2017) with parameters −k 55,77,99,127 meta. Scaffolds with 95% nucleotide identity over 1 kb BLASTN alignments with nuclear (Blanc-Mathieu et al., 2014) and chloroplastic or mitochondrial genomes (Blanc-Mathieu et al., 2013) of O. tauri were discarded from further analyses.
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FIGURE 1. Concentrations of Ostreococcus tauri and bacteria during 50 weeks in the initial microcosm. Dots represent observed concentrations. Solid lines represent the temporal dynamics of the concentrations predicted by fitting local regression curves. Shaded areas represent the 95% confidence intervals (CIs). Note that a log10 scale is used in y-axis.


A total of two anchor datasets were built to screen the assembly. First, the reference dataset SILVA_138.1_ SSURef_NR99 (Quast et al., 2013) was used to identify 16S rDNA containing contigs, and the complete 16S rDNA sequence was annotated with RNAmmer (Lagesen et al., 2007). Second, the reference genes and corresponding amino acid sequences involved in the adenosylcobalamin (vitamin B12), and biotin and niacin pathways were compiled from Warren et al. (2002); Helliwell et al. (2016), and Cooper et al. (2019) and the Uniprot Knowledge Database (Boutet et al., 2007) and are listed in Supplementary Table 1. The presence or the absence of a gene was inferred from best BLASTN (16S rDNA) or TBLASTN (protein-coding genes) hit from the reference gene set onto the assembly with an e-value threshold <10–5.

The complete assemblies (available on 01/10/2021) of bacterial genomes that belong to the genera identified from the 16S rDNA were downloaded from GenBank: 86 Roseovarius, 75 Winogradskyella, 30 Balneola, and 68 Muricauda. Each contig from the metagenome was affiliated to the genus of the best blast hit (BBH) against this bacterial assemblies by BLASTN (e-value threshold < 10–5) (Altschul et al., 1990). The coverage of each contig was estimated by aligning the trimmed PE reads onto the assembly with BWA (bwa-mem2-2.0 version) (Li and Durbin, 2010) and SAMtools (Li et al., 2009). MAGs were obtained by binning contigs with BBH against assemblies of the same genus with similar coverage and GC content.

Each MAG was subsequently annotated with Prokka (Seemann, 2014). The predicted protein sequences were searched for secretion system components using the Macromolecular System Finder approach (Abby et al., 2014b) adapted for the detection of flagella and bacterial secretion system components in the TXSScan tool (Abby and Rocha, 2017) implemented on the Pasteur Institute Galaxy browser with default parameters.2



Data Analysis

The dynamics of the microalgae and bacteria in the cultures were summarized by calculating the mean ± standard deviation (SD) of the minimum and maximum concentration of cells and their day of occurrence from the values obtained for each replicate. Moreover, we calculated the reproductive rate and the daily change in the concentration of microalgae (mean ± SD) between the maximum and the minimum concentration of cells and throughout the entire experiment for bacteria. In the case of the subculture of the initial microcosm, we calculated the initial local maximum concentration of microalgae instead of the global maximum. We compared the average values in each co-culture with those in the axenic culture of O. tauri with a t-test. In addition, to better appreciate the temporal dynamics of the microalgae and bacteria and to facilitate the visual comparison among treatments, we fitted local regression curves to the observations of concentration against time. To this end, we used the function geom_smooth of the R library ggplot2 (Wickham, 2011).

To analyze the effect of the bacteria on the temporal dynamics of the microalgae, we fitted segmented regression models within each culture type separately using segmented R library (Muggeo, 2008). We focused on the time interval comprised between the maximum and the minimum O. tauri concentrations. We considered the natural logarithm of the concentration of microalgae as response variable and time as predictor. In this way, (1) we were able to identify different temporal trends within the time interval analyzed and (2) the estimates of the slope had a biological meaning, as they corresponded to the intrinsic growth rate (r):
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where Ni and Nf are cell concentrations at initial (ti) and final (tf) times, respectively. Then, we compared the breakpoint, i.e., the time at which the trend changed, and the slopes estimated for the axenic culture of the microalgae (control treatment) with those obtained for each co-culture of microalgae and bacteria (or combination of bacteria strains) by looking at the overlap of the 95% confidence intervals (CIs). We removed five observations of O. tauri concentrations because they corresponded to either (1) samples with zero flow cytometry counts that were followed by non-zero abundances or (2) samples with less than 10 counts preceded and followed by samples with zero counts. In the former case, concentrations were likely different from zero but no counts were detected, whereas in the latter case, cell counts very likely corresponded to flow cytometry noise. Anyway, the exclusion of these observations does not affect the interpretation of results.

All graphs and statistical analyses have been performed in R version 4.1.0 (R Core Team, 2021).




RESULTS


Ostreococcus tauri Cultures Thrive in the Company of the Microbiome in the Microcosm

The O. tauri cultures inoculated in 200 ml L1 media and left without any external input maintained the typical light green coloration for 1 year. Subsequent sampling of this microcosm during 50 weeks (Figure 1) revealed a stable concentration of microalgae (CM) CM = 10.40 × 106 cells ml–1 and a slightly increasing concentration of bacteria (CB) up to CB = 41.00 × 107 cells ml–1, which corresponded to a 40:1 bacteria-to-microalgae ratio (Figure 1).

To preserve the initial microcosm to proceed to a long-term monitoring, we decided to replicate the microcosm by subculturing 1 ml into tubes containing 3 ml of sterile L1 ASW media. This resulted in a change of the microalgae–bacteria dynamic and equilibrium (Figure 2). The concentration of the microalgae reached CM = 1.04 × 107 cells ml–1 within 2 weeks, whereas the bacteria reached the value observed in flasks after 22 weeks. However, and contrary to what had been observed in the original microcosm, there was a slight increase in the concentration of the microalgae after day 79 (reproductive rate = 1.01 ± 0.00, corresponding to 0.05 ± 0.02 × 106 cells ml–1 day–1) and bacteria during the entire experiment (reproductive rate = 1.02 ± 0.00, corresponding to 1.94 ± 0.24 × 106 cells ml–1 day–1). As a result, the bacteria-to-microalgae ratio ranged from 7:10 to 58:1 along this experiment. In conclusion, while the stability of the microalgae concentration observed in the original microcosm could not be strictly reproduced in the subcultures as the bacterial/microalgae ratio increased from 40:1 to 58:1, both the microalga and the bacteria could be maintained at high concentrations over the complete 231 days of the experiment (Figure 2).
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FIGURE 2. Concentrations of O. tauri and bacteria during 33 weeks in a subculture of the initial microcosm. Dots represent observed concentrations. Solid lines represent the temporal dynamics of the concentrations predicted by fitting local regression curves. Shaded areas represent the 95% CIs. Note that a log10 scale is used in y-axis.




Some Bacteria Have Beneficial Effects Whereas Other Have Deleterious Effects on the Persistence of the Microalgae

To assess the role of individual bacterial strains of the bacterial community of the microcosm, we isolated three strains and proceeded to co-culture experiments with O. tauri cultures treated with antibiotics. Long-term removal of 100% of the bacteria in an Ostreococcus culture below 104 cells ml–1 is delicate to achieve, and this is likely to be due to bacterial persistence and the evolution of resistance to the antibiotics used. We therefore considered the O. tauri culture to be axenic as long as the bacterial signal detected from the cytometer was smaller than 1% of the signal of the microalgae throughout the first week after starting the culture. The axenic culture of the microalga collapsed after 39 ± 4 days (Figure 3A and Table 1), whereas the co-culture of the microalgae with either of the two Roseovarius strains did not collapse and followed similar dynamics (Figures 3B,C and Table 1): an initial 2–3 days stable concentration of the microalgae, followed by a decrease to a minimum CM = 0.05 ± 0.03 × 106 cells ml–1 (B2900, day 59 ± 4) and CM = 0.05 ± 0.01 × 106 cells ml–1 (B2902, day 62 ± 4), and a subsequent increase to reach concentrations that oscillated between 0.64 ± 0.61 × 106 cells ml–1 (B2902, day 103 ± 4) and 14.86 ± 5.18 × 106 cells ml–1 (B2900, day 78 ± 7). The concentration of bacteria increased at a mean reproductive rate = 1.02 ± 0.00 (B2900, 5.87 ± 0.47 × 106 cells ml–1 day–1) and 1.01 ± 0.00 (B2902, 2.86 ± 0.34 × 106 cells ml–1 day–1) and reached maximum CB = 1393.33 ± 90.74 × 106 cells ml–1 (B2900, day 183 ± 12) and 660 ± 36.37 × 106 cells ml–1 (B2902, day 190 ± 12) (Table 2).
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FIGURE 3. Concentration of O. tauri and different strains of bacteria in co-culture. (A) Axenic culture of O. tauri. (B) Co-culture of O. tauri and Roseovarius strain B2900. (C) Co-culture of O. tauri and Roseovarius strain B2902. (D) Co-culture of O. tauri and Winogradskyella strain B2901. Dots represent observed concentrations. Solid lines represent the temporal dynamics of the concentrations predicted by fitting local regression models. Shaded areas represent the 95% CIs of model fittings. Vertical dashed lines indicate the time of minimum and maximum average concentrations of O. tauri. Vertical dotted lines indicate the breakpoints of the segmental regression analyses detailed in Supplementary Figure 1. Note that a log10 scale is used in y-axis.



TABLE 1. Summary statistics (mean ± SD) of the dynamics of Ostreococcus tauri in the different culture treatments.
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TABLE 2. Summary statistics (mean ± SD) of the bacterial dynamics in the different culture conditions.
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In sharp contrast to the co-culture with Roseovarius, the co-culture of O. tauri and Winogradskyella strain B2901 leads to the loss of the microalgae population after 36 days (Figure 3D and Table 1). The decrease of O. tauri in the co-culture with Winogradskyella was even faster than the decrease observed in O. tauri axenic cultures before day 29, as the slope coefficient for the relationship between cell concentration and time is 24% lower and the 95% CIs of the slopes do not overlap (Table 3 and Supplementary Figure 1).


TABLE 3. Comparisons of the relationship between cell concentration and time for the axenic culture of O. tauri and co-cultures of O. tauri with different strains of bacteria from segmented regression analysis.
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Effect of the Microalga on the Bacteria

We further investigated the effect of the microalga on the bacteria by comparing the dynamics of the bacteria with and without (exudate media) the microalgae. For the two Roseovarius strains, co-culture and culture in exudate media led to initial growth (Figures 4A,B). For Winogradskyella, as opposed to culture in exudate media, co-culture led to a decay in bacterial concentrations until day 20 (Figure 4C), at which point the microalga decayed below 106 cells ml–1 (Figure 4C). After day 20, the concentration of Winogradskyella increased to reach a plateau once the microalgae have died. As a conclusion, the microalgae and its exudate promoted the growth of Roseovarius, whereas the microalgae had a negative effect on the growth of Winogradskyella. Altogether, these observations suggest that the Roseovarius–O. tauri interactions are mutualistic and that the Winogradskyella–O. tauri interactions are antagonistic.
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FIGURE 4. Concentration of different strains of heterotrophic bacteria growing alone in exudate media and co-cultured with O. tauri. (A) Roseovarius strain B2900. (B) Roseovarius strain B2902. (C) Winogradskyella strain B2901. Concentrations of O. tauri in co-cultures are also represented. Dots represent observed concentrations. Solid lines represent the temporal dynamics of the concentrations predicted by fitting local regression models. Shaded areas show the 95% CIs of model fittings. Note that a log10 scale is used in y-axis.




Combining Antagonistic and Mutualistic Bacteria Does Not Reestablish Long-Term Survival of Microalga

We further investigated whether the antagonistic effect of the Winogradskyella strain could be compensated by the addition of the beneficial Roseovarius strains. This was not the case as, whenever the Winogradskyella strain was added into a co-culture experiment, the concentration of the microalgae would reach null values within 36 days (Table 1 and Figure 5). As a conclusion, the long-term stability of the microalgae in the microcosm experiment cannot be reproduced with the three isolated strains but with either one or the combination of the two Roseovarius B2900 or 2902 strains. Therefore, it is likely that additional bacteria are tempering with the antagonistic effect of Winogradskyella present in the microcosm.
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FIGURE 5. Dynamics of O. tauri concentration with different combinations of the bacterial strains in co-cultures. (A) Co-culture of O. tauri and the two Roseovarius strains. (B) Co-culture of O. tauri, the B2900 Roseovarius, and the B2901 Winogradskyella strain. (C) Co-culture of O. tauri, the B2902 Roseovarius strain, and the B2901 Winogradskyella strain. (D) Co-culture of O. tauri, with all three bacterial strains. Dots represent observed concentrations. Solid lines represent the temporal dynamics of the concentrations predicted by fitting local regression models. Shaded areas represent the 95% CIs of model fittings. Note that a log10 scale is used in y-axis.




Metagenomic Insights Into the Total Bacterial Diversity Within the Microcosm

The assembly of the microcosm led to 1324 contigs (total 58.8 Mbp). Following the removal of the contigs aligning to O. tauri nuclear or organellar genomes (refer to section “Materials and Methods”), the bacterial diversity of the microbiome was inferred from 678 contigs (total 16.5 Mbp, average contigs length: 24.3 kbp, 240 contigs with length >1 kbp adding up to 16.3 Mbp). Screening this assembly for 16S rDNA confirmed the presence of Roseovarius and Winogradskyella sequences, which were 100% identical to the partial 16S rDNA Sanger sequencing performed on the bacterial isolates B2900, B2901, and B2902. The complete 16S rDNA of Roseovarius and Winogradskyella was extracted from the metagenome assembly and also the 16S rDNA sequence of two additional lineages: Muricauda and Balneola. Interestingly, and without surprise, the BBH of these 16S rDNA sequences against GenBank has all been sampled from the marine environment, which includes a strain isolated from the culture of a diatom microalgae (Table 4).


TABLE 4. Description of the four complete 16S rDNA sequences extracted from the metagenome.

[image: Table 4]
Taxonomic affiliation of the metagenome onto available assemblies assigned to these four bacterial genera led to 3.1 (Winogradskyella) to 4.8 Mb (Muricauda) MAG assemblies (Table 5). The MAG coverage and GC content statistics clearly separated Roseovarius (60% GC) and Winogradskyella (35% GC) affiliated contigs to the Muricauda + Balneola cluster (Figure 6). The Roseovarius MAG assembly shared a very high sequence identity (>99.9% nucleotide identity over >500 kbp) with a genome assembly affiliated to R. mucosus strain 85A, which has been isolated from the culture of a diatom microalgae, whereas the MAGs affiliated to Winogradskyella, Balneola, and Muricauda shared up to 86% nucleotide identity with sequences available from GenBank (Table 5). The percent of reads affiliated to each genera is thus 57% to Roseovarius, 39% to Winogradskyella, 1% to Balneola, and 2% to Muricauda (Table 5). The relative coverage of each MAG can, in turn, be used to estimate the relative frequency of each strain, that is, 49% of Winogradskyella, 47% of Rosevarius, 2% of Muricauda, and 1% of Balenola.


TABLE 5. Description of the four MAGs assembled from the microcosm.
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FIGURE 6. Distribution of the 240 sequences assembled from O. tauri’s associated bacterial community as a function of the contig length, GC content, contig coverage, and taxonomic affiliation inferred from taxonomic affiliation of best blast hit by BLASTN.




Metagenomic Insights Into the Identity of the Vitamin B12 Producer and the Presence of Secretion Systems

The search for genes encoding for the niacin, biotin, and adenosylcobalamin pathways suggests the presence of a complete adenosylcobalamin (vitamin B12) pathway in the Roseovarius MAG with 18 genes detected (cobA, cobI, cobJ, cobM, cobF, cobK, cobL, cobH, cobB, cobO, cobQ, cobU, cobP, cobD, cobS, cobV, CobC, and cobT, Supplementary Table 2). As for the niacin and biotin pathways, which have been demonstrated to be incomplete from a Dinoroseobacter strain depending on O. tauri for niacin and biotin synthesis (Cooper et al., 2019), none of the MAGs seem to contain the complete gene complement for both pathways. The complete gene pathway for biotin has been identified in the Muricauda MAG, whereas it is incomplete in the Roseovarius, Balenola, and Winogradskyella MAGs (Supplementary Table 2). However, MAGs may not correspond to complete genome assemblies, so that the absence of a gene is not as informative as its absence from a complete genome assembly. Interestingly, available genome data from other strains suggest that the biotin pathway is complete in some Roseovarius and Balneola strains, that the niacin pathway is complete for some Muricauda strains, and that the vitamin B12 pathway is complete in some Roseovarius strains (Supplementary Table 1). As a conclusion, gene content analysis of the MAGs suggested that the Roseovarius strains present in the microcosm provide the microalgae O. tauri with vitamin B12.

Protein secretion systems are complex molecular machineries that translocate proteins through the outer bacterial membrane and sometimes through the membrane of an eukaryotic cell (Denise et al., 2020). The screening of the four MAGs for secretion systems (Abby and Rocha, 2017) did not allow the identification of the T4SS candidate gene complement within the MAGs. However, we identified the candidate genes for T1SS in all four MAGs, for T9SS in the Winogradskyella and Muricauda MAGs, and the candidate genes involved in the flagella within the Roseovarius MAG (Supplementary Table 3). We thus conclude that the Roseovarius strain may be motile, as observed in many Rhodobacteraceae (Bartling et al., 2018), though additional gene expression analyses would be required to check whether these genes are indeed expressed within the microcosm.




DISCUSSION


Of the Importance of Long-Term Co-culture Experiments

We have isolated novel bacterial strains from a stable microcosm experiment started with a non-axenic O. tauri culture and provided evidence of the individual effects of these isolates on the microalgal growth and on long-term stability. The two Roseovarius isolates can be considered to be from the same species, as they share an identical 16S rDNA sequence, and the co-culture experiments demonstrated that they have a beneficial effect on the microalgal long-term survival. Analysis of the gene content of the Roseovarius MAG from the microcosm suggests that the Roseovarius strains are the unique producers of vitamin B12 in the microcosm, whereas O. tauri may provide niacin. However, there is no evidence of a type four secretion system (T4SS), whereas T4SS have been recently demonstrated as required for establishing a beneficial effect of another Rhodobacterales, Dinoroseobacter, on the growth rate of a dinoflagellate (Mansky et al., 2022). Unlike Roseovarius, Winogradskyella has a deleterious effect on the microalgal growth and long-term survival, which accelerates the decrease in the concentration of microalgae by 24% during the first 29 days of the co-culture (R = 0.65 vs. 0.86, for co-culture vs. axenic conditions, respectively; Table 3 and Supplementary Figure 1). The analyses of the gene content of the Winogradskyella MAG suggested that it encodes a T9SS, which provides either a means of movement called gliding motility or a weapon for pathogenic bacteria (Lasica et al., 2017). This complex has so far only been identified within the Bacteroidetes phylum (Abby and Rocha, 2017) to which Balnoela, Muricauda, and Winogradskyella belong to.

To our knowledge, phytoplankton–bacteria co-culture experiments are only exceptionally monitored for more than 30 consecutive days, with the notable exception of a 200 days Synechococcus–Roseobacter co-culture experiment (Christie-Oleza et al., 2017). Our study demonstrates the importance of long-term experiments as the first 15 days of co-culture may wrongly suggest stable concentrations of microalgae. Indeed, the evidence of the collapse of the microalgae populations in co-culture with both Roseovarius and Winogradskyella could only be observed after 15 days (Figure 5).

Obviously, the microalgal and bacterial cells will accumulate mutations and evolve over the course of long-term experiment (Krasovec et al., 2017). Interestingly, we observed that the number of bacterial cells tended to increase (slightly) over the course of the experiment (Figures 1, 2), whereas the number of microalgae only increased in the subcultured microcosm (Figure 2). Given that there is no external nutrient input into the system, this tendency suggests ongoing adaptation to the available resources in the microcosm.

The ratio of heterotrophic bacteria to microalgae at the end of both the initial microcosm (40:1) and the subculture of the microcosm (58:1) may be compared with the fraction of the photosynthetic pico-eukaryotic vs. heterotrophic bacteria fraction in the natural environment. This ratio can be estimated by cytometry and has been estimated to vary between 9:1 and 216:1 at the Station d’Observation Laboratoire Arago (SOLA, 42°29′N, 03°08′E) throughout the sampling performed during 2019 every 2 weeks (David Pecqueur, personal communication). Nevertheless, absolute concentrations in our experiments were markedly higher than in SOLA (bacteria range = 0.08 × 106–0.22 × 106 cells ml–1; picoeukaryotes range = 0.49–13.90 × 103 cells ml–1), and this is likely the consequence of the initial higher availability of nutrients in the L1 culture media when the microcosm experiment was started. Alonso-Sáez et al. (2007) also reported concentrations of heterotrophic bacteria 1–2 orders of magnitude higher than those of picocyanobacteria and autotrophic picoeukaryotes during a monthly sampling carried out in 2003–2004 in the North-Western Mediterranean Sea. In terms of carbon biomass, heterotrophic bacteria are usually less abundant than phytoplankton in coastal waters, although the proportion of bacteria increases with the oligotrophy of the system and its biomass is frequently higher than that of phytoplankton in open oceans (Gasol et al., 1997).



From the Laboratory to the Environment: Is the Ostreococcus–Roseovarius Coexistence Prevalent in the Environment?

Roseovarius strains have been previously reported to be present in algal cultures, which include O. tauri cultures (Abby et al., 2014a). Roseovarius sp. MS2 strain commonly grows in cultures of the macroalgae Ulva mutabilis, where it takes advantage of the dimethylsulfoniopropionate (DMSP) released by the macroalgae and in turn releases compounds that promote the proper development of the macroalgae (Kessler et al., 2018). A previous 4 day co-culture of Roseovarius mucosus strain SMR3 and Skeletonema marinoi, a centric diatom, demonstrated that this bacterial strain stimulated the growth rate of the microalga (Johansson et al., 2019).

Roseobacter, a group belonging to the same order as Roseovarius (i.e., Rhodobacterales), is common in coastal waters and their abundances are correlated with Chla concentrations at a global scale, which could suggest an association with phytoplankton communities (Alonso-Sáez et al., 2007; Wietz et al., 2010; D’Ambrosio et al., 2014). In this regard, it was recently reported that Rhodobacterales usually represented 5–10% of total prokaryotic abundance in surface waters in the Western Mediterranean Sea during mid spring, when phytoplankton bloom occurs (Sebastián et al., 2021).

The global analysis of 313 TARA Ocean metagenomes from 68 stations for taxon co-occurrence based on barcodes from the 18S rDNA and 16S rDNA sequences identified 36 robust associations involving Ostreococcus (Lima-Mendez et al., 2015). Ostreococcus concentration was positively associated with another eukaryotic taxa 35 times, whereas the only robust co-occurrence with a bacterial taxa was with the genus Rhodopirellula. It is important to note that the TARA Ocean sampling sites included mostly open ocean waters and that the corresponding communities sequenced did not contain sequence data affiliated to O. tauri but to two divergent sister lineages O. lucimarinus and O. spp RCC809 (Leconte et al., 2020). So, while the Roseovarius–Ostreococcus association has not been detected from the metagenomes analyzed in the Lima-Mendez et al. (2015) study, this association may be revealed in future metagenomic studies that include coastal sites, where Mamiellophyceae, which include Ostreococcus, have been found to be more prevalent (Tragin and Vaulot, 2018). Alternatively, there may be no need for a taxonomic constraint on mutualistic Ostreococcus–Bacteria associations, but rather a metabolic constraint. Indeed, a recent closed microbial community experiment (de Jesús Astacioa et al., 2021) provided evidence of metabolic but not taxonomic constraints on long-term persistence of different heterotrophic bacterial communities with the freshwater green algae Chlamydomonas reinhardtii. This metabolic redundancy between taxonomically diverse bacterial lineages may be invoked more generally to explain previous reports of a lack of overlap between bacteria–diatom associations observed in culture collections as opposed to bacteria–diatom associations observed in the natural environment (Crenn et al., 2018).



Possible Applications of Bacteria for Long-Term Stability of Microalgae Culture

Co-cultivation of microalgae and bacteria may have application for biomass production of microalgae. Indeed, specific bacterial strains may be used to (1) increase algal biomass or (2) limit productivity loss due to contamination by an antagonistic bacterial or (3) lyse the microalgae as part of the harvesting process with the addition of an antagonistic bacteria at the end of the growth phase (Lian et al., 2018). Obviously, these developments require precise knowledge of the interactions between specific microalgae–bacteria pairs (Lian et al., 2018).

As Ostreococcus cultures left without subculturing are lost upon 4–5 weeks, the Ostreococcus cultures are maintained by subculturing 200 μl in 10 ml fresh sterile L1 culture media in transparent tubes for every 3 weeks. The experimental evidence of the beneficial effect of Roseovarius on O. tauri RCC4221 is opening promising venues in microalga husbandry as it could decrease the frequency of subculturing and, thus, the risk of contamination by antagonistic bacteria or cross-contamination between strains during the subculturing process.
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16S rDNA accession

OK396682

OK396703

OK396683

OK396702

Length (bp)

1456

1612

1514

1623

BBH* (accession)

Roseovarius mucosus
strain SMR3
(CP020474.1)
Muricauda marina
(NR_157633)
Winogradskyella exilis
(NR_116736)
Balneola vulgaris
(NR_042991)

Identities

1455/1456

1481/1482

1448/1514

1371/1474

Origin of BBH

Isolated from a culture of the Diatom
Skeletonema marinoi

Isolated from marine snow of Yellow Sea
(Suetal., 2017)

Isolated from a starfish (lvanova et al., 2010)

Isolated from the North-Western Mediterranean
Sea (Agogué et al., 2005)

BBH, best blast hit against GenBank.

*BBH from uncultured isolates has been excluded.

Relative concentration of these four bacteria exists in the microbiome here.
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Roseovarius Winogradskyella Balneola Muricauda
MAG MAG MAG MAG
Total length (Mb) 4.7 3.1 3.2 4.8
Nb of contigs 79 43 32 71
GC (%) 60.3 35.2 41.6 41.6
Coverage 845.1 884.8 29.7 37.8
BBH accession JAHXRP010000002.1 CP019388.1 LXYG01000014.1 JAFLNEO10000001 .1
BBH length (Mb) 0.58 3.3 0.32 1.1
Total length of BBH assembly (Mb) 4.8 (215 contigs) 3.3 (1 complete genome) 3.6 (20 contigs) 4.3 (20 contigs)
BBH name Roseovarius mucosus Winogradskyella sp. Balneola sp. Muricauda sp.

BBH origin

Maximum alignment/contig length (kb)
Identity over maximum aln (%)

Culture of Seminavis robusta

strain 85A (unpublished)

528/677
99.98

Seawater (unpublished)

698/695
86.2

Isolated from a culture of
Emiliania huxleyi
(Rosana et al., 2016)

11/272
85.2

Seawater (unpublished)

168/208
85.5

BBH, best blast hit by BLASTN.
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Culture

Subcultures of initial microcosm
O. tauri + B2900

O. tauri + B2902

O. tauri + B2901

O. tauri + B2900 + B2902
O. tauri + B2900 + B2901

O. tauri + B2901 + B2902

O. tauri + B2900 + B2901 + B2902
Exudate media + 2900

Exudate media + 2902

Exudate media + 2901

Min CB

9.02 +3.93
28.64 +2.27
34.11 £1.55

0.32 +0.08
34.26 +£1.04
14.90 + 2.82
90.84 + 3.99
55.29 + 3.41

4.44
7.10
0.06

Max CB

511.00 £ 60.75
1393.33 &+ 90.74
660.00 + 36.37
533.24 £ 111.69
582.33 + 52.05
356.94 + 41.87
1222.58 + 51.38
1149.38 £ 29.83
39.68
70.26
85.49

Day min Cg

2.334+0.58
2.00 £+ 0.00
1.00 + 0.00
21.00 4+ 0.00
1.00 + 0.00
7.00 £ 0.00
3.67 +0.58
3.67 4+ 0.58

2.0

1.0

1.0

Day max Cg

226.00 £ 0.00
183.00 £ 12.12
190.00 £ 12.12
59.338 &+ 14.57
194.67 £ 16.17
57.00 + 12.12
43.00 + 0.00
36.33 & 6.51
30
38
35

Rp

1.02 £0.00
1.02 £ 0.00
1.01 £0.00
1.00 £0.02
1.01 £0.00
1.01 £0.00
1.01 £0.00
1.02 £0.00
1.04
1.04
1.14

A Cp

1.94 £0.24
5.88 &+ 0.47
2.86+0.34
0.94 +1.90
2.58 £+ 0.33
0.91+£0.58
2.62 +£0.11
2,93 +0.18
0.50
1.01
1.37

Min Cg: minimum concentration of bacteria (10° cells mi~"). Max Cg: maximum concentration of bacteria (106 cells mi~"). Day min Cg: day of the minimum concentration
of bacteria. Day max Cg: day of the maximum concentration of bacteria. Rg: reproductive rate of bacteria throughout the entire experiment. A Cg: Average daily change
in the concentration of bacteria throughout the entire experiment (108 cells mi~" day~). SD is not provided as there was only one replicate.
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Co-culture

O. tauri

O. tauri — B2900
O. tauri — B2902
O. tauri — B2901

Time breakpoint

29.28 [27.17, 31.40]

17.56 [12.26, 22.85]*

18.02 [14.86, 21.18]*
No breakpoint

slopeq

—0.15 [-0.28, —0.07]
—0.03[-0.11, 0.08]
—0.04 [-0.08, —0.01]

—0.44 [-0.52, —0.35]

slope,

—1.30[~1.74, —0.86]

—0.15 [-0.16, —0.13]"

—0.15 [-0.16, —0.14]"
NA

R4

0.86[0.80, 0.93]
0.97[0.90, 1.08]
0.96[0.92, 0.99]
0.65 [0.60, 0.70]"

Ry

0.27 [0.18, 0.42]

0.86[0.85, 0.87]*

0.86[0.85, 0.87]*
NA

The subindex (1 or 2) indicates whether the estimate corresponds to the time interval before (1) or after (2) the breakpoint. Intrinsic reproductive rates (R and R») were
estimated by the antilogarithm of the slopes. Confidence intervals of 95% are shown within brackets. Asterisk indicates that the 95% confidence interval does not overlap

with the confidence interval estimated for axenic O. tauri.
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Culture Min Cyy Max Cy Day min Cy; Day max Cy, Rpimax —min A Cpimax —min

Subcultures of initial microcosm 3.68 £ 0.17 14.50 £ 1.21 26.00 + 0.00 3.66 £ 1.15 0.94 + 0.00 —0.48 £ 0.05
O. tauri axenic 0.00 & 0.00 50.24 + 1.81 38.80 + 3.83 3.20 +£0.45 0.61 +£0.08 —1.42 £0.13
O. tauri + B2900 0.05 +£0.03 51.51 £ 5.04 59.33 £ 4.04** 6.67 £2.52 0.88 &+ 0.01** —0.98 £ 0.08**
O. tauri + B2902 0.05 £ 0.01* 46.61 + 1.03* 61.67 &+ 4.04* 4.33 + 231 0.89 £ 0.02** —0.82 £ 0.08**
O. tauri + B2901 0.00 & 0.00 47.33 +4.00 36.00 + 0.00 3.67 + 3.06 0.58 +£0.08 —-1.48 £0.27
O. tauri + B2900 + B2902 0.04 £0.03 49.06 + 1.53 68.70 + 10.70* 6.00 £1.73 0.89 + 0.03** -0.80 £ 0.18*
O. tauri + B2900 + B2901 0.00 & 0.00 46.08 + 6.00 36.00 + 0.00 5.00 + 3.46 0.56 +£0.04 —-1.51+£0.32
O. tauri + B2901 + B2902 0.00 &+ 0.00 4510 & 2.44* 36.00 & 0.00 4.67 +£2.08 0.57 £0.02 —1.45+0.17
O. tauri + B2900 + B2901 + B2902 0.00 £ 0.00 44,99 + 2.45* 36.00 + 0.00 3.67 £ 3.06 0.58 + 0.03 —1.40 £ 0.22

Min Cyy: minimum concentration of microalgae (108 cells mi~). Max Cy;: maximum concentration of microalgae (10° cells mi~"). Day min Cy: day of the minimum
concentration of microalgae. Day max Cy: day of the maximum concentration of microalgae. Ryimax—min: reproductive rate between the initial maximum and the minimum
concentration of microalgae. A Cymax—min: average daily change in the concentration of microalgae between its maximum and minimum concentration ( 100 cells
mi~" day~"). Significant differences with the axenic microalgal culture are indicated with one (p-value < 0.05) or two (p-value < 0.01) asterisks.
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