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Elucidating the interactions between algal and microbial communities is essential for understanding the dynamic mechanisms regulating algal blooms in the marine environment. Shifts in bacterial communities when a single species dominates algal blooms have been extensively investigated. However, bacterioplankton community dynamics during bloom succession when one algal species shift to another is still poorly understood. In this study, we used metagenomic analysis to investigate the bacterial community composition and function during algal bloom succession from Skeletonema sp. to Phaeocystis sp. The results revealed that bacterial community structure and function shifted with bloom succession. The dominant group in the Skeletonema bloom was Alphaproteobacteria, while Bacteroidia and Gammaproteobacteria dominated the Phaeocystis bloom. The most noticeable feature during the successions was the change from Rhodobacteraceae to Flavobacteriaceae in the bacterial communities. The Shannon diversity indices were significantly higher in the transitional phase of the two blooms. Metabolic reconstruction of the metagenome-assembled genomes (MAGs) showed that dominant bacteria exhibited some environmental adaptability in both blooms, capable of metabolizing the main organic compounds, and possibly providing inorganic sulfur to the host algae. Moreover, we identified specific metabolic capabilities of cofactor biosynthesis (e.g., B vitamins) in MAGs in the two algal blooms. In the Skeletonema bloom, Rhodobacteraceae family members might participate in synthesizing vitamin B1 and B12 to the host, whereas in the Phaeocystis bloom, Flavobacteriaceae was the potential contributor for synthesizing vitamin B7 to the host. In addition, signal communication (quorum sensing and indole-3-acetic acid molecules) might have also participated in the bacterial response to bloom succession. Bloom-associated microorganisms showed a noticeable response in composition and function to algal succession. The changes in bacterial community structure and function might be an internal driving factor for the bloom succession.
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1. Introduction

Marine phytoplankton is a major contributor to primary production, performing more than half of the photosynthetic carbon fixation and playing an important role in regulating global climate (Keller and Riebesell, 1989). However, algal blooms result from the localized and transient rapid growth of phytoplankton species, causing an imbalance of ecological function (Grattan et al., 2016; Morabito et al., 2018). Algal blooms are occurring at increasing frequency and are considered harmful due to the toxins produced by the algae, which directly poison animals or indirectly threaten human health (Grattan et al., 2016; Morabito et al., 2018). Considerable efforts have been made to elucidate and discuss the causes of algal blooms from environmental, food safety, and biological perspectives (Zohdi and Abbaspour, 2019).

Similar to the plant rhizosphere, the phycosphere environment is important for algae-bacteria interactions (Seymour et al., 2017). In this micro-niche, complex interactions occur between phytoplankton and bacteria, including mutualisms, commensalisms, competition, and parasitism (Amin et al., 2012; Fuentes et al., 2016). Researchers have found that microorganisms significantly impact algal bloom formation and are more critical than environmental parameters (Needham and Fuhrman, 2016; Teeling et al., 2016). Recent studies have shown that the shift patterns of bacteria contribute to bloom formation and extinction (Cui et al., 2020; Shao et al., 2020; Zhang et al., 2020). However, the current understanding of the response of bacterial communities to bloom development is inadequate and only addresses the different phases of a single species in the bloom process (Zhou et al., 2020a,b).

In natural marine environments, phytoplankton blooms are usually caused by multiple phytoplankton species. It was previously reported that diatoms were coupled and often co-exist with Noctiluca scintillans, making it a mixed-species ecosystem in bloom area (Dwivedi et al., 2015). The coexistence of diatoms and Phaeocystis pouchetii during bloom process was previously reported (Larsen et al., 2004). It is important to emphasize that the dominant species often show succession during a bloom event (Dwivedi et al., 2015; Xu et al., 2020). In a typical succession of marine algal bloom, diatoms dominate initially, followed by smaller motile phytoplankton (Zhang et al., 2015; Xu et al., 2020). For example, in the eastern English Channel and the Southern Bight of the North Sea, phytoplankton spring blooms were characterized by a typical succession from diatom (i.e., Skeletonema costatum, Brockmaniella brockmanii, and Ditylum brightwelli) to Phaeocystis (i.e., P. globosa) (Schapira et al., 2008; Grattepanche et al., 2010, 2011). These different phytoplankton species have different physiological properties and secreted metabolites, which form contrasting nutritional regimes causing algal species-specific activation of bacterial communities and function (Amin et al., 2012; Sarmento et al., 2013; Livanou et al., 2017). However, limited information is available on the response of microbial communities to the dramatic shift in algal species’ succession during a mixed phytoplankton bloom. Therefore, studying the response of bacterial communities and functions to species succession during a mixed-species bloom event will improve our understanding of phytoplankton-bacterial interactions in the ocean. In the Shenzhen coastal area, annual bloom succession by two microalgae species (such as Skeletonema sp. to Phaeocystis sp.) is frequent and provides an opportunity to study the characteristics of microorganisms associated to algal bloom succession events (Liu et al., 2022). Therefore, the environmental samples here allowed us to study the characteristics of microorganisms in the process of algal bloom succession.

Community-level gene analysis has provided critical functional insights into the bacteria during a bloom event; however, it could not link function with phylogeny or individual populations (Zhou et al., 2020b). High-throughput sequencing-based approaches contribute fundamentally to understand aquatic ecosystems by informing us how ecosystem functions are distributed across time, space, and taxa (Sunagawa et al., 2015). Metagenomics provides extensive inventories of community metabolic and functional capabilities combined with genome binning algorithms, thus linking ecosystem processes to specific microbial taxa (Quince et al., 2017).

Here, we have designed an artificial simulation experiment using plankton samples from the Shenzhen coastal waters and successfully induced an algal bloom in the laboratory, where a discernable succession phenomenon from Skeletonema sp. to Phaeocystis sp. algae was observed. Furthermore, we conducted metagenomic binning to obtain an extensive catalog of microbial genomes sampled across the succession process. We hypothesize that microbial change is a potential driving force for algal bloom species succession, which involves the changes in bacterial community structure and function. Based on this assumption, we aimed to (1) investigate the composition and succession of bacterioplankton communities associated with two different algal blooms; (2) identify potential core bacterial taxa that could be considered biomarkers for different algal bloom processes; (3) reveal the mechanism of algae-bacteria interactions during the bloom process and how the bacteria influence bloom development; and (4) illuminate the regulation mechanisms of algal bloom succession from a microbial perspective (bacterial composition and function) and describe algae-bacteria interactions and roles in the mixed algal bloom process.



2. Materials and methods


2.1. Experimental setup

An artificial algal bloom induction experiment was performed from 28 October 2020 (day 0, sample G0) to 26 November 2020 (day 30, samples G1 to G29). The microcosm photobioreactor (PBR) (100 l) was designed according to previous methods (Wu et al., 2021). A total of six PBRs were used, and each acted as an independent biological replicate. Before the experiment, all the PBRs were filled with natural seawater from Dapeng Bay, South China Sea (22°32’N, 114°22′E). To simulate a natural algal bloom, we induced phytoplankton growth by supplementing external nutrients on the first day. The initially added nutrients in the microcosms were NaNO3 (8.83 × 10−4 M), NaH2PO4·2H2O (3.63 × 10−5 M), Na2SiO3·9H2O (1.07 × 10−4 M), and FeCl3·6H2O (1.16 × 10−5 M). During the experiment, all PBRs were exposed to artificial light at a surface irradiance of approximately 200 μE m−2 s−1 in a 12:12 h light–dark cycle, maintaining water temperature at 24 ± 1°C. For proper liquid circulation to avoid cell accumulation, each photobioreactor had an internal draught tube to achieve the flow pattern of an airlift loop. For gas injection, a ceramic diffuser was placed at the bottom of the photobioreactor to ensure sufficient gas supply. Air was continuously injected into the PBR at 0.1 l min−1 and a flow meter was installed to maintain the flow rate.



2.2. Algal bloom monitoring and samples collection

Algal biomass was monitored daily by sampling. Fifty-milliliter samples were collected daily from the PBRs to determine algal biomass. Part of the samples was fixed with 1% Lugol iodine for algal identification and quantification. The algal cells were observed and counted using a hemocytometer under an optical microscope (magnification × 100) (Axiostar, Zeiss, Germany).

We divided the PBRs into three groups to obtain samples for metagenomic sequencing. Each sample collected from two PBRs was mixed as an independent biological replicate to satisfy the DNA extraction demands for metagenomic analysis. The sampling frequency was performed once every 2 days. The collected samples (2 l) were successively filtered through a 300-mesh plankton net to remove larger particles. Water samples were then filtered through a 3-μm fiber membrane (47 mm in diameter; code: FSLW, Millipore, USA) to collect the first subset of microorganisms (i.e., the attached taxa). The filtrate was then passed through a 0.22-μm fiber membrane (47 mm in diameter; code: GSWP, Millipore, USA) to obtain the second subset (i.e., the free-living taxa). The filters were then flash-frozen in liquid nitrogen and stored at −80°C for subsequent DNA extraction.



2.3. DNA extraction and metagenomic sequencing

Total DNA was extracted from filters using a FastDNA Spin Kit (mBio, USA) according to the manufacturer’s instructions. The concentration and purity of extracted DNA were determined with a TBS-380 Mini-Fluorometer (Turner Biosystems, Sunnyvale, CA, USA) and a NanoDrop2000 Spectrophotometer (Thermo Fisher Scientific, MA, USA), respectively. The DNA extract was fragmented to an average size of about 400 bp using Covaris M220 (Gene Company Limited, China) for paired-end library construction. Paired-end library was constructed using NEXTflex™ Rapid DNA-Seq (Bioo Scientific, Austin, TX, USA). Paired-end sequencing was performed on an Illumina Hiseq instrument (Illumina Inc., San Diego, CA, USA) at Majorbio Bio-Pharm Technology Co. (Shanghai, China) using HiSeq Reagent kits according to the manufacturer’s instructions.1 In total, 18 metagenomes (i.e., three biological replicates from six time points during algal succession) were sequenced.



2.4. Metagenome assembly, binning, and quality screening

The raw reads from metagenome sequencing were cleaned by removing adaptor sequences, trimming, and low-quality reads (reads with N bases, a minimum length threshold of 50 bp, and a minimum quality threshold of 20) using fastp (version 0.20.0) (Chen et al., 2018). The resulting high-quality reads were then assembled into contigs using MEGAHIT (version 1.1.2) (parameters: kmer_min = 47, kmer_max = 97, step = 10) (Li et al., 2015). Contigs with a length of 300 bp or more were selected as the final assembling results. Open reading frames (ORFs) in contigs were identified using MetaGene (Noguchi et al., 2006). A nonredundant gene catalog was constructed using CD-HIT (version 4.6.1) with 90% sequence identity and coverage (Fu et al., 2012). Following quality control, reads were mapped to the nonredundant gene catalog with 95% identity using SOAPaligner, and gene abundance in each sample was evaluated (Li et al., 2008). Representative sequences in the nonredundant gene catalog were annotated based on the KEGG (Kyoto Encyclopaedia of Genes and Genomes) database through blastp with an e-value cutoff of 1e−5 using Diamond (v0.9.19) for metabolic pathway annotations (Buchfink et al., 2015). To avoid bias, the abundance of specific genes was calculated by normalizing the reference sequence length and sequencing depth. The abundance of the genes was calculated using the following equation:
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where Nmapped reads is the number of the reads in the metagenome data that mapped to the reference sequence; Lreference sequence is the sequence length of the corresponding specific reference sequence; n is the number of reads belonging to the same subtype of the gene (e.g., KO); 150 is the sequence length of the Illumina reads; and Nmeta is the number of reads in the metagenome sequence data (10 million).

Clean reads were then used to obtain metagenome-assembled genomes (MAGs) using the metaWRAP Binning module (−maxbin2 –concoct –metabat2 options) (Uritskiy et al., 2018). We consolidated the resulting bins into a final bin set with the metaWRAP Bin_refinement module (−c 70 -x 10 options) and the Reassemble_bins module. We quantified the bins (i.e., results from the Bin_refinement module) with Salmon using the Quant_bins module with default parameters (Patro et al., 2017). The relative abundance of each MAG from the separate sample was calculated with coverM v0.2.0.2 These decontaminated bins were then dereplicated at ANI ≥99% using dRep v2.6.2 (Olm et al., 2017).



2.5. Taxonomic assignment and functional annotation of MAGs

The taxonomy of the high-quality MAGs (bins) was classified using GTDB-Tk v1.3.0 (Chaumeil et al., 2019). MAGs were functionally annotated with Prokka (Seemann, 2014). Functional annotations were assigned with enrichM v0.4.73 using the KEGG Orthology database (Kanehisa et al., 2015). Phylogenetic relationships among the MAGs were inferred by constructing a maximum-likelihood tree using bacterial marker genes identified in GTDB-Tk. The bacterial reference tree was inferred with IQ-Tree v1.6.9 (Nguyen et al., 2014). The tree was visualized and annotated in the interactive Tree of Life (iTol).4



2.6. Statistical analysis

The relative abundance of each MAG from the separate sample was used to estimate community composition. Bacterial community composition was visualized using principal coordinate analysis (PCoA) based on the Bray–Curtis dissimilarity metric. Permutational analysis of variance (PERMANOVA) was performed on community data using the vegan package (Dixon, 2003). The relative abundance of MAGs was z-score standardized for comparative analysis across different MAGs in the heat map. Potential statistically significant bacterial taxa in the various algal bloom processes were identified through the two-tailed t-test using STAMP (v.2.1.3) with adjusted p values (Parks et al., 2014). To detect bacterial KEGG pathways with significantly different abundances between bloom samples, linear discriminant analysis effect size (LEfSe) was used according to the online protocol.5 Alpha diversity of each sample was assessed by the Shannon’s diversity index. Statistical differences in alpha diversity among the different algal bloom stages were calculated using analysis of variance (ANOVA) at the p < 0.05 significance level. Data analyses were performed using the SPSS software package 13.0 (Armonk, NY, United States).




3. Results


3.1. Characteristics of the algal blooms

Figure 1 shows the progression for the artificially induced algal blooms. Sample G0 is the seawater from Dapeng Bay, and G1 to G29 represents the time points (days) in the algal bloom period. As seen in Figure 1, an algal bloom event was successfully induced. Three distinct algal bloom stages were observed, i.e., pre-stage (G1–G3), middle-stage (G3–G25), and post-stage (G25–G29). The bloom experienced one algal succession. The dominant species in the first (G3–G13) and the second half (G15–G25) of the middle-stage were Skeletonema sp. and Phaeocystis sp., respectively. For the former, the cells were 2–12 μm in diameter and formed long chains, each containing up to 60 cells with highly variable intercellular distances. For the latter, the solitary cells, either flagellated or non-flagellated, were generally 2–8 μm in diameter. More commonly, most solitary cells formation colonies, which are composed of embedded mucus-encrusted cells up to 0.8 cm in diameter. The cell density of Skeletonema sp. ranged from 1.0 × 106 to 4.6 × 107 cells/L, with the highest biomass appearing at G7. During the Skeletonema bloom, time points G1, G5, and G9 represented the beginning, developmental, and death stages, respectively. Points G13 and G15 signified the transitional period in which a mixture of various algae coexisted. From the time point G15, Phaeocystis sp. became the dominant species, with a maximum abundance at G21 (5.01 × 107 cells/L). During the Phaeocystis bloom phase, points G15, G21, and G29 were the beginning, developmental, and death stages, respectively.
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FIGURE 1
 The abundance of algal cells counts across the experiment. The gray and green panels represent the Skeletonema sp. and Phaeocystis sp. blooms, respectively. Error bars indicate SD (n = 6). The asterisk denotes the sampling time for metagenomic sequencing analysis.




3.2. Genomic reconstruction and taxonomic identification of MAGs

Metagenomic assembly and binning were used for a genome-resolved analysis of Skeletonema sp. and Phaeocystis sp. blooms. In total, 389 bacterial MAGs were screened (completeness >70%, contamination <10%) for subsequent analysis (see Supplementary Table S1 for further taxonomic classification and relative abundance). The MAGs were further analyzed to identify their potential influence on the bloom processes. A phylogenetic reconstruction using conserved single-copy protein-coding genes provided an overview of the bacterial diversity associated with the blooms (Figure 2). At the phylum level, Proteobacteria dominated in the Skeletonema sp. bloom, while Bacteroidetes dominated in the Phaeocystis sp. bloom (Supplementary Figure S1). These bacterial MAGs belonged to 19 classes, including the Alphaproteobacteria (133 MAGs), Bacteroidia (88), Gammaproteobacteria (73), Planctomycetes (31), Actinomycetia (16), Acidimicrobiia (12), Verrucomicrobiae (6), Phycisphaerae (5), Chlamydiia (4), UBA1135 (4), Saccharimonadia (3), Cyanobacteriia (3), Thermoleophilia (3), Candidatus Babeliae (2), Rhodothermia (2), Bacteriovoracia (1), Bacilli (1), UBA11346 (1), and Blastocatellia (1).

[image: Figure 2]

FIGURE 2
 The maximum-likelihood tree based on conserved genes. Taxonomic classifications were determined using GTDB-tk. The external ring (colored) indicates the bacterial taxonomy (i.e., class information) to which the MAGs belong. Branch labels display the temporary name for the MAGs. Green dots represent branch support values between 60 and 100%.




3.3. Microbial community dynamics and diversity

A heat map was constructed based on the abundance of MAGs to show the relationship and reproducibility among the various samples in the two algal blooms (Supplementary Figure S2). The MAGs exhibited significant differences in their distribution among microbes during the algal bloom process. Furthermore, the species composition among the different bloom stages was significant difference (Supplementary Figure S2; Figure 3A). In the Skeletonema bloom, the pre-, onset- and post-stages of the bloom process were dominated by Thermoleophilia and Alphaproteobacteria, a single Alphaproteobacteria taxon, and Bacteroidia and Gammaproteobacteria, respectively. Unlike the Skeletonema bloom, Gammaproteobacteria and Bacteroidia were dominant during the entire Phaeocystis bloom period, although a few fluctuations were observed. An interesting phenomenon is that throughout the complete bloom succession process, Alphaproteobacteria showed a gradually decreasing trend, while Bacteroidia had a gradually increasing trend.
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FIGURE 3
 (A) The relative abundances of the bacterial MAGs. On the x-axis, the lowercase letter “f” in the sample names indicates the free-living bacteria, and “a” indicates the attached bacteria (n = 3). (B) Bacterial community alpha diversity at different bloom stages as expressed by the Shannon diversity indices. Values are means of triplicates ± SD. Different lowercase letters (a–d) on the bars represent statistical significance between time points at p < 0.05 (Student’s t-test).


The Shannon indices showed significant differences between the various bloom stages (Figure 3B). The maximum values Shannon diversity index (4.5 ± 0.3) occurring at the transition period (G9 and G15), both significantly higher than the other stages of the bloom process (p < 0.05, Figure 3B).

For the beta diversity, the PCoA plot (based on distributions of bacterial MAGs across points) indicated that samples were divided into Skeletonema sp. and Phaeocystis sp. groups. All samples were clustered into two groups in the form of Skeletonema sp. and Phaeocystis sp. bloom stages (Figure 4A). However, no apparent differences were observed between the attached and free-living bacteria. Differentially abundant taxa between the two bloom periods were identified with the STAMP software (Figure 4B). The results showed that the MAGs (mean proportion > 2%) of bin.273, bin.368, bin.15, bin.366, bin.20, bin.317, bin.188, and bin.291 were overrepresented in the Skeletonema bloom phase (p < 0.05). Among these bins, bin.273, bin.15, bin.20, bin.317, and bin.291 belonged to the family of Rhodobacteraceae and constituted 24.58% (relative abundance) of the bacterial community. On the other hand, MAGs (mean proportion > 2%) of bin.202, bin.339, bin.18, bin.249, bin.369, bin.37, and bin.163 were significantly enriched in the Phaeocystis sp. phase (p < 0.05). Among these, bin.339, bin.249, and bin.369 belonged to the family of Flavobacteriaceae and comprised 17.36% (relative abundance) of the bacterial community. The MAG of bin.202 was classified as the genus Phaeodactylibacter in the family of Saprospiraceae and accounted for 10.47% (relative abundance) of the bacterial community.

[image: Figure 4]

FIGURE 4
 Microbial community composition during bloom succession. (A) PCoA plot based on the Bray-Curtis distance for bacterial community composition during the bloom process. (B) Differentially abundant MAGs between the Skeletonema sp. and Phaeocystis sp. blooms using the STAMP software. The p value was tested by Student’s t-test and corrected using the Bonferroni method.




3.4. Patterns of functional genes in microbial metagenomes

LEfSe analysis was used to identify differentially abundant metagenome functions (i.e., “functional biomarkers”) among the six stages of the successional process (Figure 5). Taken together, the functions of the algal-related microorganisms had timing concurrent with the bloom phase and seemed to be host-dependent.
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FIGURE 5
 Predicted genes from metagenome related to KEGG pathways differentially represented between the bloom samples identified by LEfSe (LDA > 2, p < 0.05). Different metagenome sampling timepoints were distinguished by different colors. The horizontal bar on the right side indicates that the corresponding KEGG pathway (left side) was significantly enriched at that sampling timepoint.


According to the LEfSe results, some metabolic pathways were significantly enriched during the bloom succession process (Figure 5). The relative abundances of functional genes were presented as a heat map to more clearly understand the trends of these functional marker pathways in each bloom stage (Figure 6). Overall, ABC transporters, quorum sensing (QS), glyoxylate metabolism, bacterial chemotaxis, tryptophan metabolism, fatty acid degradation, sulfur metabolism, porphyrin metabolism, and bacterial chemotaxis were present in the Skeletonema bloom stage. On the other hand, metabolic pathways, biosynthesis of secondary metabolites, starch and sucrose metabolism, amino sugar and nucleotide sugar metabolism, glycolysis, citrate cycle (TCA cycle), tryptophan biosynthesis, biotin metabolism, thiamine metabolism, vancomycin resistance, streptomycin biosynthesis, flagellar assembly, and bacterial secretion system were increased in the Phaeocystis bloom stage. Essentially, the algal bloom period consisted of time points G5 and G21 that served as stabilization (middle-stages) periods for Skeletonema sp. and Phaeocystis blooms, respectively. The middle-stage of the Skeletonema bloom had the highest abundance of QS, tryptophan metabolism, sulfur metabolism, and porphyrin metabolism. Moreover, tryptophan biosynthesis, biotin metabolism, and thiamine metabolism had the highest abundance in the middle-stage of the Phaeocystis bloom. These results confirm that the functional capabilities of microorganisms were strongly related to algal bloom succession.

[image: Figure 6]

FIGURE 6
 KEGG functional annotation and trends during the algal bloom with z-score values of each KEGG pathway across the rows. The red color indicates high abundance, and blue indicates low abundance.


According to previous studies, signal regulation (QS, IAA) and substance metabolism, especially medium substance between algae and bacteria such as DMSP and VB, are often used as key clues in the study of algae-bacteria interactions (Amin et al., 2015; Zhou et al., 2016; Kessler et al., 2018). In the following sections, we focused on the genes involved in the four substances (DMSP, VB, QS and IAA) commonly studied in algal-bacterial interactions and described their features.



3.5. DMSP metabolism

Based on the LEfSe and heatmap results (Figures 5, 6), we further analyzed the relevant pathways related to the conversion of sulfur. As shown in Supplementary Figure S3, some functional genes involved in the sulfur metabolism were species-specific and distributed in different MAG classes. Most MAGs had sulfur-reducing and DMSP-metabolizing abilities. Some MAGs belonging to Alphaproteobacteria (60 MAGs) and Gammaproteobacteria (13 MAGs) were identified as containing the SOX systems. Regarding the organosulfur DMSP metabolic pathway, most MAGs were identified as containing the cleavage pathway key gene dddP (K01271) or dddL (K16953), such as MAGs of Alphaproteobacteria, and a few had the demethylation pathway key gene dmdA (K17486) (Supplementary Figure S3). The MAGs of Alphaproteobacteria had a well-established sulfur metabolic pathway, the cleavage and demethylation pathways of DMSP, and a more complete SOX system. In the Skeletonema sp. phase, a higher percentage of species participated in DMSP and sulfate reduction, such as bin.58, bin.171, bin.188, and bin.273. In contrast, relatively higher abundances for genes from bin18, bin202, and bin339 were involved in sulfate reduction and the SOX system in the Phaeocystis bloom. These results indicate that microorganisms had active sulfur metabolism in the two algal blooms and were performed by different microorganisms.



3.6. Synthesis of vitamin B

Functional difference analysis revealed that vitamin synthesis was significantly different between the two bloom stages (Figures 5, 6). To determine the potential role of bacterial communities in providing vitamin B to the host algae, genes involved in the biosynthesis of cobalamin (B12), thiamine (B1), and biotin (B7) in the MAGs were investigated (Supplementary Figure S4). The results showed that the potential for the biosynthesis of vitamins B1, B7, and B12 was widely distributed within the MAGs. Most of the MAGs belonging to Bacteroidia (i.e., bin.202, bin.249, bin.339, and bin.369) were capable to synthesize vitamin B7; Gammaproteobacteria were able to synthesize vitamins B1 and B7; and Alphaproteobacteria (i.e., bin.273, bin.20, and bin.317) encoded the essential genes necessary for the biosynthesis of vitamins B1, B7, and B12. In the Skeletonema sp. phase, multiple species were capable in various VB biosynthesis, such as bin.171 for VB12, bin.188 for VB1 and VB7, and bin.20, bin.273, and bin.317 for VB1/VB7/VB12. Bacteria in the Phaeocystis bloom were capable of vitamin B7 production, including bin.202, bin.249, and bin.339. Our results suggest that the two algal blooms had different VB requirements, and the microorganisms might have provided vitamins for their host.



3.7. Signaling process

The indicator functional composition analysis identified QS-related pathways were significantly different during the succession (Figures 5, 6). To obtain the bacterial QS biosynthesis profile during the succession, genomic annotations of the MAGs were performed using sequence homology alignments (Supplementary Figure S5). The abundance of the genes involved in the biosynthesis of different QS molecules varied greatly at the different bloom stages. Overall, most MAGs could synthesize AI-1, DSF, and PQS (Supplementary Figure S5). In addition, few MAGs could synthesize AI-2, such as the MAGs in Acidimicrobiia and Bacteroidia. Some MAGs belonging to Alphaproteobacteria, such as the Roseobacter clade strains of bin.273, bin.15, bin.20, bin.317, and bin.291, had more QS signaling synthesis systems and covered almost all of the mentioned QS signaling molecules. In the Skeletonema sp. phase, AI-1 synthesis was present in bin.171, bin.188, bin.273, bin.366, and bin.368. Conversely, in the Phaeocystis sp. phase, the main taxa (bin.202 and bin.339) were involved in the DSF and PQS signals. Overall, different biosynthetic pathways for the synthesis of QS molecules were present during the different phases of the bloom, with AI-1 pathways mostly represented during the Skeletonema sp. phase and AI-2 and other biosynthetic pathways in the Phaeocystis sp. phase.

In addition to QS, IAA was also an important signal regulator. Differential functional analysis showed that the genes involved in the tryptophan metabolism and biosynthesis were represented by Skeletonema sp. and Phaeocystis blooms, respectively (Figures 5, 6). Tryptophan is an important precursor for the synthesis of IAA. We performed a comparative analysis of the IAA biosynthesis pathways in the MAGs (Supplementary Figure S6). The results revealed that most MAGs were capable responsible for IAA biosynthesis, with taxa in Alphaproteobacteria having a relatively complete IAA synthesis pathway. Some MAGs belonging to Acidimicrobiia (i.e., bin.73, bin.293, bin.191, and bin.306) and Alphaproteobacteria (i.e., bin.20 and bin.278) had the complete pathways to convert tryptophan to indole-3-acetamide (required gene K00466) and then to IAA (required gene K01426). The bin.273 and some MAGs in the class of Bacteroidia were regarded as containing the genes involved in the biosynthesis of IAA, where tryptamine (required gene K01593) was converted to indole-3-acetaldehyde (required gene K00274) and then to IAA (required gene K00128). In the two algal blooms, the genes involved in the biosynthesis of the IAA appeared in the pre-and onset stage and were identified as belonging to different bacteria (bin.188, bin.171, bin.273, and bin.368 in the Skeletonema sp. phase, and bin.202 and bin.339 in the Phaeocystis sp. phase). Based on the fact that IAA appeared in the early stage of algal bloom shows that IAA could play a certain role in promoting the formation of algal blooms.




4. Discussion

Skeletonema sp. and Phaeocystis sp. play important roles in elemental cycles, marine food webs, and potential climate change (Hamm, 2000; Verity et al., 2007; Kooistra et al., 2008). On the other hand, they often cause algal blooms, and the formation of Phaeocystis blooms has been frequently observed to accompany or succeed the diatom blooms (Larsen et al., 2004; Grattepanche et al., 2011). Similar to previous reports, the succession of algal species from Skeletonema sp. to Phaeocystis sp. was observed during this artificial algal bloom study (Grattepanche et al., 2010, 2011; Liu et al., 2022). The highest densities of the two blooms induced in this study were close to or even exceeded the previously reported peak algal densities during natural blooms (Duyl et al., 1998; Zhou et al., 2020a,b; Xu et al., 2022), indicating that we successfully simulated natural blooms. However, the regulation mechanism of the bloom succession at microbial level (bacterial community and metabolic potential) is still unknown. This study explored the microbial composition and metabolic potential at different bloom stages from Skeletonema sp. to Phaeocystis sp. using metagenomic sequencing data. We observed distinct temporal patterns for the microbial communities and function, which extended our understanding of the bloom succession mechanism from a microbial perspective.

It was previously mentioned that host algae and their associated microbes interact and influence each other, jointly shaping the symbiotic composition (Ramanan et al., 2016). Many studies confirmed that algae-associated bacteria tend to be dominated by specific members of Bacteroidetes, Alphaproteobacteria, and Gammaproteobacteria (Buchan et al., 2014). This was hypothesized to be because these bacterial groups’ metabolic properties allow them to readily respond to algal-secreted nutrient fluctuations during the bloom period (Buchan et al., 2014). In addition, the composition and metabolic function of microorganisms, in turn, regulate the growth of host algae (Kim et al., 2014; Amin et al., 2015). This may be an internal driving force for the host succession. Moreover, the bacterial MAGs across samples suggested that algae-associated bacteria exhibited partly host dependencies to some extent like previously reported by Pinto et al. (2021). Therefore, we combined the free-living and attached bacteria to determine a change in composition. We identified the microbial markers in the communities of the two blooms (Figures 4B, 7). The results showed that bin.273, bin.15, bin.20, bin.317, and bin.291 dominated in the Skeletonema bloom phase, belonging to Rhodobacteraceae. In contrast, bin.339, bin.249, and bin.369 belonged to Flavobacteriaceae were significantly enriched in the Phaeocystis sp. phase. These results suggest that microbial communities and function respond distinctly to the succession of host algae.

[image: Figure 7]

FIGURE 7
 Potential metabolic interactions between the algae blooms and the reconstructed genomes of the two bacterial lineages, Flavobacteriaceae and Rhodobacteraceae. Colored triangles indicate metabolites sourced from Flavobacteriaceae (orange) and Rhodobacteraceae (pink), while arrow directions indicate predicted exchanges.


Several studies examining the bacterial communities of diatom cultures or diatom blooms have demonstrated that Rhodobacteraceae are the main associated heterotrophic bacteria (Grossart et al., 2005; Amin et al., 2012), consistent with our results. Zecher et al. (2020) suggested that Rhodobacteraceae can degrade dissolved organic nitrogen (i.e., monomethylamine) to produce ammonium, which then the ammonium serves as a nitrogen source for the diatoms. This process might help regulate organism-specific metabolic interactions to establish and stabilize associations with photoautotrophic diatoms (Rambo et al., 2020). The bacteria belonging to Rhodobacteraceae are prominent and have been recorded as abundant members of planktonic communities during diatom blooms (Morris et al., 2006). Like Rhodobacteraceae, Flavobacteriaceae are also dominant members in phytoplankton bloom events (Buchan et al., 2014). During the bloom period, the abundance of Flavobacteriaceae was usually highest in the decay/death phase. It is important to note that there are many possible hypotheses for the appearance of Flavobacteriaceae. For example, Flavobacteriaceae might be regarded as an opportunist by probably benefiting from the exudates of dead Skeletonema or the extracellular organic matter secreted by Phaeocystis. In some previous studies, it has been proposed that the main role of Flavobacteriaceae is to convert high molecular compounds to low molecular compounds (Riemann et al., 2000; Teeling et al., 2012). Even so, Flavobacteriaceae and Phaeocystis may have a mutually beneficial symbiotic relationship because Flavobacteriaceae maintained a higher abundance in the pre-stage of Phaeocystis bloom (Figures 4B, 7). Recent evidence documented that Flavobacterial exudates can change the morphology of algal cells, which causes algal cells to become larger and secrete more carbohydrates (Bartolek et al., 2022). Current phylogenetic analyses of the marine microbiome by experimental and natural phytoplankton blooms suggest that members of Flavobacteriaceae (i.e., Polaribacter, Robiginitalea) are commonly associated with the bloom development of the Phaeocystis population (Wemheuer et al., 2015; Li et al., 2020). In this work, we also found that the MAGs of bin.339, bin.249, and bin.369, associated with the Phaeocystis bloom, belonged to Flavobacteriaceae. These suggest that Flavobacteriaceae may have functional differences for different algae.

An interesting phenomenon observed during the succession transitional period (G13–G15) was the dominance of the Roseobacter in bacterial communities. The Roseobacter clade have the genetic potential for bacteriochlorophyll-related aerobic anoxygenic phototrophic (AAnP) metabolism, degrading algae-derived compounds (e.g., DMSP) along with the production of the climate-relevant gas, dimethyl sulfide (DMS) (Cunliffe, 2011). DMS can act as a chemical signal that affects the bacterial and phytoplankton community composition (Shemi et al., 2021; Teng et al., 2021). Roseobacter also produces iron chelators, which act as public substances that help algae or bacteria cope with iron limitations and are important mediators in algae-bacteria interactions (Amin et al., 2009; Kazamia et al., 2018).

Accordant with the results mentioned above, we suggest that microbes are ecological regulators for algae that affect the state of the host algae and promote their succession by nutrient exchange and signal communication. However, it is worth noting that many challenges still exist in directly linking bacterial lineages to algal succession (Zhou et al., 2020a). The isolation and purification of bacteria are needed to achieve binary co-cultures of algae and bacteria to elucidate the precise contribution of microorganisms to bloom successions.

To gain more insight into the impact of these bacteria on algal bloom succession, the MAGs were reconstructed and functionally annotated (Figure 5). We observed noticeable changes in microbial metabolic capacities in the two algal bloom successions, such as signal molecules (QS, IAA) and nutrients substance (DMSP, VB). These compounds are often used as key clues in the study of algae-bacteria interactions (Amin et al., 2015; Zhou et al., 2016; Kessler et al., 2018).

Complex inter- or intra- interactions are key factors affecting the dynamics of blooms (Amin et al., 2012). The interactions between algae and bacteria could be developed through informative chemicals by controlling physiological activities and gene expression (Amin et al., 2015). Quorum sensing is a specific language of chemical signals and plays an ecological role in algae-bacteria interactions (Zhou et al., 2016). Our previous studies have shown that the QS systems regulated bacterial community composition and function during the bloom event (Huang et al., 2018; Zhu et al., 2022). This work showed that several MAGs belonging to Alphaproteobacteria had more QS signaling synthesis systems and covered almost all the mentioned QS signaling molecular synthesis systems (Supplementary Figure S5). The main class of quorum-sensing signals produced by Gram-negative bacteria is one of the AI-1, acyl-homoserine lactones (AHLs). Several studies have shown that AHLs directly affect diatom growth and metabolism [reviewed by Qiao et al. (2022)]. In addition, QS signals were involved in nutrient acquisition, recycling, and bacterial community structure (reviewed by Dow, 2021). In this work, we also observed close relevance between the QS genes and algal succession. The high-abundance bacteria (bin.15, bin.20, bin.273, and bin.317) of the Skeletonema bloom period were mainly capable of the AHL, DSF, and PQS signal communication, while the high-abundance bacteria (bin.339, bin.249, and bin.369) of the Phaeocystis bloom period were primarily DSF and PQS. Taken together, these results reconfirm that QS may participate in affecting bloom succession by regulating the microbial behavior and available algal nutrients (Figure 7).

In addition, members of Alphaproteobacteria, such as the Roseobacter clades, can synthesize IAA to promote diatom cell division (Moran et al., 2007; Amin et al., 2015). IAA was previously identified as a key component of the algae-bacteria chemical crosstalk, and bacterially-produced IAA increases algal yields (Segev et al., 2016). Here, the symbiotic bacteria responsible for IAA synthesis were present in both bloom periods, but they differed greatly at the taxonomic level (Supplementary Figure S6). In the Skeletonema bloom, MAGs in Alphaproteobacteria were responsible for IAA synthesis, while MAGs in the Bacteroidia were identified in the Phaeocystis bloom. Thus, the formation and succession of blooms from Skeletonema sp. to Phaeocystis sp. might be controlled by bacterial communication and related behavior.

Along with signal regulation, microorganisms drive metabolite transformations. For example, some phytoplankton produces large amounts of the organic sulfur compound DMSP during bloom events, which can be converted to the gas DMS via the bacterial cleavage pathway (Moran et al., 2012). Both diatoms and Phaeocystis are important in the production of DMS (Jiang et al., 2014). Evidence suggests that bacterial demethylation predominates over cleavage in the ocean, as approximately 90% of DMSP is processed through this pathway (Kiene et al., 1999, 2000). In the present work, we found the key genes dddP (K01271) or dddL (K16953) from Alphaproteobacteria involved in this pathway in bin.15, bin.20, bin.273, and bin.317 in the Skeletonema bloom period. In addition, the demethylation pathway key gene dmdA (K17486) was also identified in bin.317, bin.291, and bin.20 (Supplementary Figure S3). DMSP has dual roles: it serves as a source of carbon and sulfur for bacteria and a chemical signal that attracts motile bacteria to their host algae (Seymour et al., 2010; Curson et al., 2011). Bacteria capable of metabolizing DMSP as a source of carbon and/or sulfur are exceptionally responsive to these informative chemotactic chemicals (Seymour et al., 2010).

Like DMSP, vitamin B is an important biotin for host algae. Most eukaryotic phytoplankton are auxotrophs of VB because they require exogenous B-family vitamins to maintain their growth (Peperzak et al., 2000; Droop, 2007). Many studies have identified algal species that require different combinations of the three B vitamins: B12, B1, and B7 (Croft et al., 2005). During this experiment, the genes involved in the biosynthesis of vitamin B12 were represented in the Skeletonema bloom stage, while the genes involved in the biosynthesis of biotin and thiamine were remarkably present in the Phaeocystis bloom stage (Supplementary Figure S4). This suggests symbiotic bacteria from different algae has different synthetic abilities for vitamin B. Bacteroidia, Gammaproteobacteria, and Alphaproteobacteria were potentially responsible for the metabolism of other B vitamins (Supplementary Figure S4). Our results imply that algae may be provided with different B vitamins from the symbiotic bacteria.



5. Conclusion

This study provides a de novo metagenomic reconstruction of individual genomes from bacterial communities and offers novel insight into how microbial structure–function covariation affects algal bloom succession. The conceptual diagram of the overall process is shown in Figure 7. The diagram indicates that bacterial communities exhibited clear changes in diversity and composition during algal bloom successions. The potential keystone taxa (e.g., “biomarkers”) associated with different bloom hosts were identified, with Rhodobacteraceae and Flavobacteriaceae being associated with of Skeletonema and Phaeocystis, respectively. These taxa were further identified as possibly involved in vitamin synthesis, IAA production, quorum-sensing signals, and DMSP metabolism. Additionally, some bacteria had a broad metabolic spectrum. The results confirm our hypothesis that the changes in bacterial community structure and function are associated with the succession of algae from Skeletonema sp. to Phaeocystis sp., which helps us better understand the algal bloom succession from a micro-ecological viewpoint. However, it should be pointed out that the present findings are limited to inferring from the correlation between the host algae and associated bacteria, and no definite conclusion can be drawn on the causal relationship between them. Future research will seek to unravel the mechanisms affecting interspecies and cross-kingdom interactions of the bacterial communities associated with these bloom successions by isolating and culturing algae associated bacterial strains.
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