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Changes in the structure of the microbial community within the phycospheric microenvironment and potential biogeochemical effects induced in the demise stage of green tides caused by Ulva prolifera
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Green tides caused by Ulva prolifera occur annually in the Yellow Sea of China, and the massive amount of biomass decomposing during the demise stage of this green tide has deleterious ecological effects. Although microorganisms are considered key factors influencing algal bloom demise, an understanding of the microbial-algae interactions within the phycospheric microenvironment during this process is still lacking. Here, we focused on the variations in phycospheric microbial communities during the late stage of the green tide in three typically affected areas of the Yellow Sea via metagenomic sequencing analysis. In total, 16.9 million reads obtained from 18 metagenome samples were incorporated into the assembled contigs (13.4 Gbp). The phycosphere microbial community composition and diversity changed visibly during the demise of U. prolifera. The abundances of algae-lysing bacteria, Flavobacteriaceae at the family level and Alteromonas, Maribacter, and Vibrio at the genus level increased significantly in the phycosphere. In addition, the levels of glycoside hydrolases (GHs) and polysaccharide lyases (PLs) enzymes, which decompose U. prolifera polysaccharides in the phycosphere, were greater. Therefore, the degradation of algal polysaccharides can increase the efficiency of carbon metabolism pathways in the phycospheric microenvironment. Most of the genes detected in the phycosphere, especially norC, nrfA, and nasA, were associated with nitrogen metabolism pathways and showed dynamics related to the demise of the large amount of organic matter released by a green tide. Therefore, the demise of green tide algae may affect the potential carbon and nitrogen cycles of the phycospheric microenvironment by driving changes in the structure and diversity of microbial communities. Our research provides a novel perspective to better understand the ecological impact of U. prolifera during the green tide demise stage.
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1 Introduction

Green tides refer to harmful algal bloom (HAB) phenomena caused by the explosive proliferation or high accumulation of some green algae species under specific environmental conditions, resulting in substantial global marine environmental problems (Rybak, 2018). Since 2007, the green tide in the Yellow Sea of China caused by Ulva prolifera has occurred annually (Xiao et al., 2020; Yuan et al., 2022) and is considered the largest green tide outbreak event in the world (Zhao et al., 2019). The green tide typically forms in the South Yellow Sea around mid-April every year and subsequently drifts northward, propelled by ocean currents and monsoons, finally reaching its peak distribution and coverage area in the sea of Shandong Province by June (Xiao et al., 2013). As the seawater temperature increases and the nutrient salt content decreases by late July, the buoyancy, activity, and photosynthetic rates of the alga plummet, indicating that the floating green algae are demising. Only a fraction of U. prolifera are collected before they settle to the bottom of the ocean and demise in Shandong Province, off the shore of the cities of Qingdao, Rizhao, Weihai, etc. The demise of U. prolifera results in the release of large amounts of nitrogen and phosphorus nutrients that are absorbed during its migration across the Yellow Sea (Wang Z. et al., 2023). This process not only has a substantial effect on the socioeconomic development of coastal regions but also has irreversible ecological repercussions on marine ecosystems (Bastos et al., 2019; Li et al., 2019; Wang et al., 2021).

In algal ecosystems, the concept of the “phycosphere” is similar to that of the plant “rhizosphere” and refers to the microenvironment immediately surrounding an algae cell that is enriched in organic molecules exuded by the cell into the surrounding water (Seymour et al., 2017). Studies have demonstrated that phycospheric microorganisms interact with algae in multiple ways during the different stages of algae growth, forming symbiotic, competitive, and harmful relationships with them (Daly et al., 2022; Zhao et al., 2023). As hosts, algae provide habitats, vitamins, inorganic salts and carbohydrates for phycospheric microorganisms (Krug et al., 2020). In contrast, phycospheric microorganisms provide amino acids, polypeptides, nucleotides, fatty acids and dimethylsulfoniopropionate for algae to promote their growth (Caruana and Malin, 2014; Variem and Kizhakkedath, 2021). Therefore, the phycospheric microenvironment provides a key medium for the interaction between algae and microorganisms (Noreen et al., 2023), and can facilitate the colonization of specific microorganisms within it (Han et al., 2021). This microenvironment also includes many algae-lysing bacteria, which can cleave algal bloom-causing species through physical contact or secrete algae-lysing substances (including proteases, alkaloids, benzoic acid, amino acids, etc.) and compete for nitrogen and phosphorus, promoting the reduction of HABs (Nair et al., 2022; Thoré et al., 2023). For example, Saprospira can directly destroy the diatom cell wall, leading to algal cell dissolution and death (Wang M. et al., 2020).

Although interactions between algae and bacteria occur in the microscale environment, they influence the entire process of HABs and can also drive and affect the cycle of marine elements in the outbreak area. The large amount of dissolved organic carbon (DOC) secreted by algae provides support for the rapid growth and reproduction of phycospheric microorganisms during the early stage of HABs (Piontek et al., 2011). The DOC released by algae is composed mainly of polysaccharides, and phycospheric microorganisms also use polysaccharides in a variety of ways. For example, Flavobacterium mainly ingests and degrades complex polysaccharides and other high-molecular-weight organic carbon, while Alteromonadaceae can extract organic carbon by degrading polysaccharides or monosaccharide types with low complexity (Qu et al., 2021). Furthermore, dissolved organic nitrogen (DON) and dissolved organic phosphorus (DOP) are remineralized by phycospheric microorganisms, providing substantial nutrients for algae (Krug et al., 2020; Zhao et al., 2023). When the HABs enter the late stage, the number of algae begin to decrease, and the change in algae source material not only affects the composition of the phycospheric microbial community but also changes the content of biogenic elements in the ocean. For example, heterotrophic bacteria in the phycosphere have a great effect on the degradation and remineralization of organic matter during the late stage of diatom blooms, thus significantly affect the marine carbon cycle (Buchan et al., 2014; Wu et al., 2023). Thus, the relationship between algae and microorganisms plays a crucial role in regulating biogeochemical element cycles in the phycospheric microenvironment.

The microbial community can exhibit obvious specificity during HABs, and the different development stages of HABs affect the structural variation and element cycles of the microbial community (Ma et al., 2024). For example, Bacteroidetes and Proteobacteria dominate the microbial communities in red tide areas, whereas Proteobacteria dominate in non-red tide areas (Delmont et al., 2014). After a dinoflagellate bloom (Gymnodinium catenatum) enters the outbreak stage, the microbial abundance involved in the reduction of the citrate cycle, carbon degradation and nitrification transport increases significantly (Zhou et al., 2020). During the extinction period of algal blooms, the majority of bacteria are Pseudomonas and Bacillus, which may have denitrification functions (Zheng et al., 2008). Because of the complex relationship between microorganisms and algae, it is widely believed that the beginning, persistence and disappearance of HABs involve interactions with microbial communities (Qu et al., 2021). Therefore, we focused on a primary site associated with the demise of green tides caused by U. prolifera in the Yellow Sea, and the composition structure, functional changes and related gene functional groups of microbial communities in seawater were analyzed via metagenomic technology coupled with environmental physicochemical factors. Our primary objectives were to explore (1) the changes in microbial community structure composition during the demise stage of U. prolifera green tides and (2) the element cycles that microorganisms participated in the phycospheric microenvironment. This research is crucial for a comprehensive understanding of the ecological effects exerted by phycospheric microorganisms during the green tide demise period.



2 Materials and methods


2.1 Samples collection

In early June 2023, U. prolifera green tide began to cross 35 degrees north latitude and entered the coastal of Shandong Province. The green tide covered a maximum area of 998 square kilometers on June 25. Since then, the green tide entered the demise stage. Therefore, according to satellite remote sensing data of U. prolifera green tide, we chose three cities most seriously affected by the late-stage green tide on the coast of the Shandong Province, Qingdao (36.05°E, 120.43°N), Rizhao (35.56°E, 119.66°N), and Haiyang (36.71°E, 121.31°N) to set sampling stations from July 15 to 25, 2023.

The methods of seawater samples collection according to previous study (Qu et al., 2023). The phycospheric seawater samples (QDP1-3, RZP1-3, and HYP1-3) were collected from the center of the green algal mats (the average distance from the thalli was less than 5 mm) in the three sampling stations. And the control area samples were collected from nonalgae-covered seawater (QDN1-3, RZN1-3, and HYN1-3) in the three sampling stations. All of the seawater samples were collected from a 0–20 cm depth using a sterilized hydrophore. A total of 1.5 L of seawater was prefiltered through a 3-μm pore size polycarbonate filter, and then the seawater microorganisms were filtered through a 0.22-mm pore size polycarbonate filter. All of the filters were stored at −80°C until DNA extraction.



2.2 Measurement of environmental factors

The basic physical and chemical characteristics of the phycospheric seawater and nonalgae-covered seawater, including temperature, dissolved oxygen (DO), pH, and salinity, were measured using a YSI ProQuatro handheld multiparameter meter (Xylem, Inc., Yellow Springs, OH, United States). The concentration of DOC was analyzed via a Multi N/C 3100 Analyser (Analytik Jena AG, Jena, Germany). The concentrations of NO3− and NO2− were determined via the cadmium-copper reduction method and the standard pink azo dye method, respectively. The concentration of NH4+ was determined via the indophenol blue method, and PO43− was determined via the molybdate blue method. Dissolved inorganic nitrogen (DIN) was calculated as the sum of the concentrations of NO3−, NO2−, and NH4+, and dissolved inorganic phosphorus (DIP) was calculated as the concentration of PO43−. The total dissolved nitrogen (TDN) and phosphorus (TDP) contents were determined through persulfate oxidation via AAIII. DON and DOP concentrations were calculated as the differences between TDN and DIN and between TDP and DIP, respectively (Zhang et al., 2020).



2.3 DNA extraction and metagenomic sequencing

Total DNA was extracted from the filtered samples using a FastDNA spin kit following the manufacturer’s instructions. The concentration and purity of the extracted DNA were assessed using a TBS-380 Mini-Fluorometer (Turner Biosystems, Sunnyvale, United States) and a NanoDrop 2000 Spectrophotometer (Thermo Fisher Scientific, MA, United States), respectively. The quality of the extracted DNA was evaluated via a 1% agarose gel, ensuring that the OD260/OD230 ratio was greater than 1.8. Covaris M220 (Gene Company Limited, China) was used to fragment the extracted DNA to an average size of ~400 bp, after which a paired-end library was constructed via NEXTflex™ Rapid DNA-Seq (Bioo Scientific, Austin, TX, United States). Adapters containing the full complement of sequencing primer hybridization sites were ligated to the blunt ends of the fragments. Paired-end sequencing was performed via Illumina NovaSeq Reagent Kits at Majorbio Bio-Pharm Technology Co. (Shanghai, China).



2.4 Sequence quality control and assembly

The raw reads from metagenomic sequencing were processed to generate clean reads, adaptor sequences were removed, and low-quality reads (defined as reads containing N bases, with a minimum length threshold of 50 bp and a minimum quality threshold of 20) were trimmed using fastp (version 0.20.0)1 (Chen et al., 2018). The host chloroplast genome was subsequently eliminated via BWA (version 0.7.17). The resulting high-quality reads were then assembled into contigs with MEGAHIT (version 1.1.2) (Li et al., 2015), with contigs measuring 300 bp or longer selected as the final assembly results.



2.5 Gene prediction and annotation

Open reading frames (ORFs) within contigs were identified using MetaGene. A nonredundant gene catalog was constructed via CD-HIT (version 4.6.1) with a sequence identity and coverage threshold of 90% (Fu et al., 2012). After quality control, the reads were mapped to the nonredundant gene catalog with 95% identity using SOAPaligner, and the gene abundance in each sample was determined. Gene annotation was performed using BLASTP (Buchfink et al., 2015) and the Kyoto Encyclopedia of Genes and Genomes (KEGG) database (release 84.1) (Kanehisa and Goto, 2000) for functional and taxonomic analysis, and only the best hits were retained.



2.6 Bioinformatics and statistical analysis

Alpha diversity was assessed by computing the Shannon and Chao indices via Mothur (version 1.30.2). The bacterial community composition and functional differences were visualized using principal coordinate analysis (PCoA) on the basis of the Bray-Curtis distance (Dixon, 2003). The top 15 taxa at the genus level were compared using the Wilcoxon rank-sum test. Network modular analysis was conducted using Gephi 0.10.1 (Bastian et al., 2009), and Spearman’s rank correlation coefficient with a threshold of 0.5 was used. Biogeochemical element cycle enrichment analysis was performed via the DESeq2 package in R (log2count function) for the gene annotation data, and the abundance of genes across different samples during the demise of green tide was compared. One-way ANOVA was performed using the multcomp tool of the R package. Combined with the KEGG database and published literature information (Zhou et al., 2020), marker gene sets related to the carbon cycle, nitrogen cycle, sulfur cycle and phosphorus cycle were constructed. The Mantel test (Legendre and Fortin, 2010) was used to assess the correlation between the community distance matrix and the environmental variable distance matrix, which was conducted via QIIME on the basis of Bray-Curtis distance. Pearson’s coefficient was used to calculate the correlation between functional enzymes or genes and environmental factors, and a numerical matrix heatmap was drawn in R (pheatmap package).




3 Results


3.1 Variations in environmental factors in the phycosphere

We analyzed the variation in environmental factors at different stations during the late stage of the green tide separately for phycospheric seawater and nonalgae-covered seawater (Figure 1). The concentration of DO in phycospheric seawater was significantly greater than that in the nonalgae-covered seawater. The average concentration of DOC in the phycospheric seawater was 2.23 mg·L−1, which was higher than that in the nonalgae-covered seawater (2.17 mg·L−1). Additionally, the primary distinguishing environmental factor between the two seawater areas was the concentration of nutrients. The concentrations of NO3−, NO2−, and NH4+ all tended to increase in the two seawater areas, but the concentrations in the phycospheric seawater were significantly greater. Moreover, the DON concentrations in the phycospheric seawater increased by 14.53% compared to the nonalgae-covered seawater. In phycospheric seawater DIP and DOP concentrations varied from 0.23–0.65 μmol/L and 0.06–0.24 μmol/L, respectively, significantly higher than that in the nonalgae-covered seawater.
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FIGURE 1
 Sampling sites: setting information and environmental factors. (A) Locations of the sampling sites (red circles) in the coastal cities of the Yellow Sea, China. (B) Field conditions of the sampling sites. (C) The environmental factors of the sampling sites. The distribution data of the green tides were obtained from the interpretation and analysis of remote sensing satellite HY-1D (CZI) data. The imaging time was 2023-07-20, with a resolution of 50 m.




3.2 Variations in the microbial community structure and diversity in the phycosphere

In our research, 16.9 million reads were incorporated into the assembled contigs (13.4 Gbp) after quality control and host removal (Supplementary Table 1). According to the metagenomic experimental taxonomic species statistics, a total of 90.28% bacteria, 5.38% viruses, 2.52% archaea and 1.81% eukaryotes were recorded in our experiment. On the basis of the nonredundant (NR) database, we annotated bacteria across 54 phyla, 104 classes, 193 orders, 385 families and 980 genera.

At the phylum level, Proteobacteria (with a relative abundance ranging from 32.05 to 63.28%) and Bacteroidota (17.36–58.08%) dominated the bacterial community across the samples (Figure 2). The abundances of Bacteroidota, Cyanobacteria and Candidatus_Gracilibacteria were greater in the phycospheric seawater microorganism groups (QDP, RZP and HYP) during the demise phase. At the family level, Flavobacteriaceae (26.40–51.70%), Rhodobacteraceae (3.97–6.18%) and Alteromonadaceae (1.17–11.32%) were present in greater proportions in the phycospheric seawater microorganism group.
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FIGURE 2
 Relative abundance of bacteria at the phylum (A) and family (B) levels.


The alpha diversity index was derived from the annotation results using the NR database, the Shannon index (Figure 3A) of the PSM group was markedly lower (p < 0.01), and the Chao1 richness index (Figure 3B) of the two groups significantly differed (p < 0.05). According to the analysis of similarities (ANOSIM), the bacterial community of the phycosphere changed significantly after the green tide reached the demise stage (p < 0.01). PC1 represented the PSM group and explained 84.44% of the variation, whereas PC2 explained 8.10% of the variation in the NSM group (Figure 3C). Additionally, the PSM (91.48%) and NSM (5.62%) groups presented clear functional distinctions at KEGG level 3 (Figure 3D). The Wilcoxon rank-sum test was used to analyze the top 15 bacteria in abundance (apart from unclassified bacteria) at the genus level to determine the differences in the composition of the bacterial communities in the phycosphere. The abundance of Maribacter, Alteromonas, Muricauda, Vibrio, Hyunsoonleella, Croceivirga, Erythrobacter, Seonamhaeicola, Cobetia, and Marivita in the phycosphere significantly higher during the demise stage of green tide (Figure 3E). Maribacter, Alteromonas, and Vibrio differed by more than 10 times in abundance between the phycospheric seawater and nonalgae-covered seawater (Figure 3F).
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FIGURE 3
 Microbial community diversity and species differences. (A) Shannon and (B) Chao1 alpha diversity indices of the bacterial communities. (C) PCoA of the bacterial community composition at the phylum level and (D) KEGG level 3 based on Bray-Curtis distance (p < 0.01). (E) Wilcoxon rank-sum test of the top 15 bacteria at the genus level and (F) the three bacteria with the highest difference in abundance. QDP, RZP and HYP represent phycospheric seawater microorganisms (PSM), QDN, RZN and HYN represent nonalage-covered seawater microorganisms (NSM). p < 0.05 *, p < 0.01 **, p < 0.001 ***.




3.3 Microbial co-occurrence network analysis in the phycosphere

On the basis of the Spearman coefficient, the top 50 dominant bacteria were selected to construct a single-factor co-occurrence network diagram (Figure 4). At the phylum level, the PSM and NSM networks contained 47 and 46 nodes and 370 and 491 edges, respectively (Supplementary Tables 2, 3). Most of the correlations in both networks were positive, and the average degree and graph density in the PSM network were lower than those in the NSM network. The PSM network was divided into seven communities, whereas the NSM network was divided into three communities. In addition, nodes with high clustering value in the PSM group were Proteobacteria, Balneolaeota, Verrucomicrobia and Deinococcus-Thermus, and in the NSM group were Rhodothermaeota, Deinococcus-Thermus, and Candidatus_Melainabacteria.
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FIGURE 4
 Topological characteristics of the bacterial community structure at the phylum level. The classification and coloring are based on the modularity class, and the size of the node represents the bacterial abundance. The connections represent the correlation coefficient between bacteria. (A) Represents the PSM network (phycospheric seawater microorganisms), and (B) represents the NSM network (nonalgae-covered seawater microorganisms).




3.4 Microbial contributions to the element cycle in the phycosphere

Six main carbohydrate-active enzymes (CAZy enzymes) were detected in both the PSM and NSM groups: glycosyl transferases (GTs), glycoside hydrolases (GHs), carbohydrate esterases (CEs), auxiliary active enzymes (AAs), carbohydrate-binding modules (CBMs), and polysaccharide lyases (PLs). The abundances of the six CAZy enzymes in the PSM group were significantly increased (p < 0.05), especially those of the GHs and PLs (Figure 5B). For the six CAZy enzymes, the contribution of Flavobacteriaceae in the PSM group was the highest, reaching more than 70%. At the phylum level, the contributions of Proteobacteria and Bacteroidota were greater than 88% in the PSM group and greater than 58% in the NSM group (Supplementary Figure 1).

[image: Figure 5]

FIGURE 5
 The main pathways of element cycles (A) and the levels of major enzymes and genes (B). The abundances of six CAZy enzymes and genes associated with the nitrogen cycle were normalized using log10 values.


The PSM and NSM groups contain a series of nitrogen transformation function, which mainly through organic N metabolism, nitrogen transport, dissimilatory nitrate reduction to ammonium (DNRA), assimilatory nitrate reduction to ammonium (ANRA), denitrification, nitrogen fixation and nitrification metabolism pathways (Figure 5A). The genes with DNRA function (napA, nrfA, and nirB) and genes with denitrification function (nif D/H/K, nirK/S, norC, and nosZ) in the PSM group were markedly greater, especially norC. The main gene with ANRA function was nasA, and the abundance of nasA in the PSM group was dramatically greater than that in the NSM group (Figure 5B).

Three pathways related to the sulfur cycle were annotated in this experiment: assimilatory sulfate reduction (ASR), dissimilatory sulfate reduction (DSR) and thiosulfate oxidation by the SOX complex (Figure 5A). The abundances of the genes cysN/D/H/J, sir, sat, and dsrA/B in the PSM group were significantly greater during the demise stage of the green tide (Figure 5B).



3.5 Potential environmental drivers for microbial community in the phycosphere

A Mantel test was performed to further explore the environmental driving factors of microbial changes in the phycosphere during the demise of U. prolifera. The environmental factors of seawater had a strong positive correlation with the composition of the bacterial community in the PSM group, and NO2−, NO3−, DIN, and DON had important effects on the composition of the bacterial community in the PSM group (p < 0.05) (Figure 6A). Pearson correlation analysis revealed that the strongest positive correlation in CAZy enzymes in the phycosphere was between DOC and GHs, followed by GTs, CEs, and PLs. There was generally a positive correlation between the genes involved in the nitrogen metabolism pathway and various nutrient elements, among which the positive correlations between nirK and DON, and norB, nosZ, nirB, and DIN were the strongest. However, there was a general negative correlation between genes involved in sulfur metabolism pathways and various other environmental factors (Figure 6B).
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FIGURE 6
 Correlation heatmaps between environmental factors and the microbial community (A), functional enzymes and genes (B). The size and shade of each square are proportional to the degree of correlation. PSM represents phycospheric seawater microorganisms, and NSM represents nonalgae-covered seawater microorganisms. p < 0.05 *, p < 0.01 **.





4 Discussion

This study analyzed the changes in the structure of the microbial community within the phycospheric microenvironment and biogeochemical effects induced in the late stage of U. prolifera green tides. Our results revealed that during the demise stage of green tides, significant changes have taken place in the structure and diversity of phycospheric microorganisms. Meanwhile, founded that this changes will further affect the element cycling process in the phycospheric microenvironment.

We found that the demise of U. prolifera can change the environmental factors and microbial community diversity in the phycospheric microenvironment. Generally, U. prolifera decomposes could release many organic compounds and consume oxygen in the late stage of green tide (Zhou et al., 2019; DeRose et al., 2021). Our study also obtained similar findings that the concentration of DO decreased, and the concentrations of DOC and nitrogenous nutrients increased significantly in the phycospheric microenvironment (Figure 1). Consistent with previous findings showing that some bacteria can use the organic matter released by algae to reproduce rapidly and gain an advantage in the competition, such as Algoriphagus and Marinobacter (Liang et al., 2021; Kim et al., 2023). Our results showed that the microbial diversity in the phycosphere decreased significantly (Figure 3). This could be the large amount of organic matter released by U. prolifera will promote the growth of some specific microbe rapidly, thus occupy a dominant position in the phycospheric microenvironment, ultimately lead to a decrease in microbial diversity.

There was a significant difference in the composition of the microbial community between the phycospheric microenvironment and surrounding seawater environment during the demise of U. prolifera. In our research, Proteobacteria and Bacteroidota at the phylum level together accounted for more than 80% of the total bacteria in the phycosphere. Flavobacteriaceae at the family level and Alteromonas, Maribacter and Vibrio at the genus level increased significantly during the demise stage of the green tide (Figures 2, 3). Proteobacteria and Bacteroidota are the two most common phyla in the phycosphere and exhibit a wide range of functional diversity as well as ecological adaptability (Coyne et al., 2022). Many isolated algae-lysing bacteria belong to Proteobacteria and Bacteroidota (Gao et al., 2020; Wang M. et al., 2020). In addition, relevant studies have shown that Flavobacteriaceae inhibits the growth of many HAB species, such as Microcystis aeruginosa and Prococentrum marinum (Rishiram et al., 2016). This is because the genome of Flavobacteriaceae species contains many genes encoding polysaccharide-degrading enzymes, so Flavobacteriaceae can use and decompose a variety of complex carbon sources (Gavriilidou et al., 2020). In recent years, a variety of algae-lysing bacteria in genera such as Streptomyces, Maribacter, Pseudoalteromonas, Alteromonas, Shewanella, and Vibrio, which are important organic degradation agents for complex biological macromolecules and algae fragments, have been discovered (Kim et al., 2023; Zheng et al., 2018). Attention worthy, we detected high abundance of Maribacter, Alteromonas and Vibrio in the phycosphere, which can promote carbon and nitrogen cycling by degrading aromatic compounds into simpler compounds (Ahmad et al., 2020). On the basis of these findings, we inferred that the significant increase in algae-lysing bacteria in the phycospheric microenvironment may participate in the degradation of algal cells, further decomposing the organic carbon and nitrogen substances released by them. Therefore, biodegradability may be an important reason for the enrichment of algae-lysing bacteria in the phycospheric microenvironment during the late stage of U. prolifera green tide.

Previous studies have shown that seagrass and some macroalgae surfaces can selectively regulate the adhesion and sedimentation of microorganisms in the surrounding environment to establish specific microbial communities, often referred to as the “host effect” (Roth-Schulze et al., 2016; Roth-Schulze et al., 2018). In our research, the topological network diagram revealed that U. prolifera in the demise stage had a similar mechanism (Figure 4). The number of nodes and edges in the phycosphere network is lower than that in the nonalgae-covered network, and the complexity of the network structure is also lower, which is consistent with the abovementioned findings that the microbial community diversity of the phycosphere decreases significantly in the late period. The lower average degree and graph density in the phycosphere network indicated that there were fewer connections in the symbiotic network of microorganisms in the phycosphere; therefore, U. prolifera entering the demise stage may reduce the interaction of microbial communities in the phycosphere. However, the specific regulatory mode still needs further experimental investigation.

In addition, we found that microorganisms play important roles in regulating the process of carbon, nitrogen and sulfur element transformation in the phycospheric microenvironment during the demise stage of green tide. Previous studies have found that phycospheric microorganisms can rapidly consume polysaccharides because of the presence of many polysaccharide utilization loci and specific substrate-binding proteins (Francis et al., 2021). In our research, CAZy enzymes were highly enriched in the phycosphere (Figure 5). Particularly, the abundance of GHs and PLs with decompose and utilize polysaccharides function in the phycospheric microenvironment is significantly higher than that in the surrounding seawater environment. This conclusion is consistent with the PLs enzyme play a major role in cleaving complex polysaccharides into simple oligomers or monomers (Chen et al., 2022; Mühlenbruch et al., 2018). Recent studies have demonstrated that various bacteria in the phycosphere display substrate preferences for the decomposition and utilization of polysaccharides (Lu et al., 2023; Zhao et al., 2022). Therefore, we infer that when U. prolifera demise, the release of a large amount of organic matter attracts microorganisms that hydrolyse or cleave this organic matter to gather and grow rapidly in seawater, which also allocates organic carbon resources. This can increase the metabolic efficiency of carbon in the phycospheric microenvironment, ultimately influencing the carbon transformation process.

Nitrogen transformation is an important part of the marine biogeochemical cycle (Zehr and Capone, 2020). In our study, genes associated with the processes of DNRA, denitrification and ANRA were found to be abundant within the phycosphere (Figure 6), highlighting the diversity of nitrogen transformation processes in this microenvironment. The nrfA is essential for DNRA process, facilitating the conversion of nitrate to ammonium, thus influencing nitrogen retention in ecosystems (Wang S. et al., 2020). The presence of nirS/K and norC are linked to denitrification, which convert nitrite to nitric oxide. This process effectively eliminate fixed nitrogen from the environment (Liao et al., 2024). U. prolifera consumes a lot of oxygen in the process of demise, which will lead to the formation of hypoxia or anaerobic environment, therefore it may be beneficial to the anaerobic metabolic process such as DNRA and denitrification (Liu et al., 2021). Additionally, the abundance of nrfA and nirS have been correlated with the rates of DNRA and denitrification, suggesting that these genes are crucial for understanding nitrogen dynamics in environment (Pandey et al., 2020). Furthermore, nasA involved in the ANRA process have the capacity to convert nitrite into ammonia, further contributing to nitrogen transformation (Wang et al., 2024). Previous findings showing that, a large amount of organic matter released during the decomposition of algae provide a rich source of nutrients for microorganisms and can promote the growth and reproduction of them (Broman et al., 2021). Thus for microbes involved in DNRA, denitrification and ANRA processes, the increase of nutrients may promote their activity and further increase the abundance of related genes. Consequently, the form and distribution of nitrogen will be altered, the process of nitrogen transformation will be accelerated, and the nitrogen cycle within the phycospheric microenvironment will be significantly impacted.

The abundances of the genes cysN/D/H/J, sir, sat and dsrA/B in the phycosphere were relatively high (Figure 5), indicating that the ASR and DSR pathways were significantly activated in the phycosphere. These two pathways are the core pathways of the marine sulfur cycle (Wang S. et al., 2023), and genes involved in these pathways can assimilate sulfide and convert it into cysteine, which is closely related to carbohydrate metabolism, carbon and nitrogen balance, protein synthesis and secondary metabolism, etc. (Sakurai et al., 2010). Thus, the sulfur reduction process is active in the phycospheric microenvironment, and there is a close relationship between the sulfur cycle and the carbon and nitrogen cycles (Figure 7).
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FIGURE 7
 Schematic processes of the elements cycle driven by microorganisms in the phycospheric microenvironment.




5 Conclusion

Our research indicates that after U. prolifera green tides enter the demise stage, they can affect the phycospheric microenvironment, resulting in a distinct microbial community composition and structure. A large proportion of algae-lysing bacteria in the phycosphere also have unique functions and are crucial for niche adaptation and interactions. In addition, phycospheric microorganisms can increase the efficiency of carbon and nitrogen metabolism and thus significantly influence marine biogeochemical processes. Therefore, U. prolifera green tides during the demise stage could affect potential biogeochemical processes in the Yellow Sea by driving changes in phycospheric microbes. However, the role of microorganisms in this process within such a large-scale green tide, laden with organic biogenic elements, warrants further investigation through additional experiments.



Data availability statement

The authors acknowledge that the data presented in this study must be deposited and made publicly available in an acceptable repository, prior to publication. Frontiers cannot accept a manuscript that does not adhere to our open data policies.



Author contributions

XL: Conceptualization, Investigation, Methodology, Writing – original draft. YZ: Conceptualization, Investigation, Methodology, Writing – review & editing. SF: Data curation, Investigation, Writing – review & editing. XMi: Data curation, Investigation, Writing – review & editing. MF: Investigation, Writing – review & editing. XMa: Methodology, Writing – review & editing. ML: Investigation, Writing – review & editing. XZ: Investigation, Project administration, Writing – review & editing. ZW: Formal analysis, Investigation, Project administration, Writing – review & editing. JX: Investigation, Project administration, Supervision, Writing – review & editing.



Funding

The author(s) declare that financial support was received for the research, authorship, and/or publication of this article. Research for this manuscript was funded by the National Key Research and Development Program of China (2022YFC3106000), the National Natural Science Foundation of China (42276221; 42006144), the Marine S&T Fund of Shandong Province for Laoshan Laboratory (LSK202203700), and the Taishan Scholars Program (tstp20230624).



Conflict of interest

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



Publisher’s note

All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.



Supplementary material

The Supplementary material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fmicb.2024.1507660/full#supplementary-material



Footnotes

1   
https://github.com/OpenGene/fastp




References

 Ahmad, W., Zheng, Y., Li, Y., Sun, W., Hu, Y., He, X., et al. (2020). Marinobacter salinexigens sp. nov., a marine bacterium isolated from hadal seawater of the Mariana trench. Int. J. Syst. Evol. Microbiol. 70, 3794–3800. doi: 10.1099/ijsem.0.004236

 Bastian, M., Heymann, S., and Jacomy, M. (2009). Gephi: an open source software for exploring and manipulating networks. Proc. Int. AAAI Conf. Web Soc. Media 3, 361–362. doi: 10.1609/icwsm.v3i1.13937

 Bastos, E., Gouvêa, L. P., Horta, P. A., and Rörig, L. R. (2019). Interaction between salinity and phosphorus availability can influence seed production of Ulva ohnoi (Chlorophyta, Ulvales). Environ. Exp. Bot. 167:103860. doi: 10.1016/j.envexpbot.2019.103860

 Broman, E., Zilius, M., Samuiloviene, A., Vybernaite-Lubiene, I., Politi, T., Klawonn, I., et al. (2021). Active DNRA and denitrification in oxic hypereutrophic waters. Water Res. 194:116954. doi: 10.1016/j.watres.2021.116954

 Buchan, A., LeCleir, G. R., Gulvik, C. A., and González, J. M. (2014). Master recyclers: features and functions of bacteria associated with phytoplankton blooms. Nat. Rev. Microbiol. 12, 686–698. doi: 10.1038/nrmicro3326 

 Buchfink, B., Xie, C., and Huson, D. H. (2015). Fast and sensitive protein alignment using DIAMOND. Nat. Methods 12, 59–60. doi: 10.1038/nmeth.3176 

 Caruana, A. M. N., and Malin, G. (2014). The variability in DMSP content and DMSP lyase activity in marine dinoflagellates. Prog. Oceanogr. 120, 410–424. doi: 10.1016/j.pocean.2013.10.014

 Chen, G., Bai, R., Zhang, Y., Zhao, B., and Xiao, Y. (2022). Application of metagenomics to biological wastewater treatment. Sci. Total Environ. 807:150737. doi: 10.1016/j.scitotenv.2021.150737

 Chen, S., Zhou, Y., Chen, Y., and Gu, J. (2018). Fastp: an ultra-fast all-in-one FASTQ preprocessor. Bioinformatics 34, i884–i890. doi: 10.1093/bioinformatics/bty560 

 Coyne, K. J., Wang, Y., and Johnson, G. (2022). Algicidal Bacteria: a review of current knowledge and applications to control harmful algal blooms. Front. Microbiol. 13:871177. doi: 10.3389/fmicb.2022.871177 

 Daly, G., Ghini, V., Adessi, A., Fondi, M., Buchan, A., and Viti, C. (2022). Towards a mechanistic understanding of microalgae-bacteria interactions: integration of metabolomic analysis and computational models. FEMS Microbiol. Rev. 46:fuac020. doi: 10.1093/femsre/fuac020 

 Delmont, T. O., Hammar, K. M., Ducklow, H. W., Yager, P. L., and Post, A. F. (2014). Phaeocystis antarctica blooms strongly influence bacterial community structures in the Amundsen Sea polynya. Front. Microbiol. 5:646. doi: 10.3389/fmicb.2014.00646 

 DeRose, K. K., Davis, R. W., Monroe, E. A., and Quinn, J. C. (2021). Economic viability of proactive harmful algal bloom mitigation through attached algal growth. J. Great Lakes Res. 47, 1021–1032. doi: 10.1016/j.jglr.2021.04.011

 Dixon, P. (2003). VEGAN, a package of R functions for community ecology. J. Veg. Sci. 14, 927–930. doi: 10.1111/j.1654-1103.2003.tb02228.x

 Francis, T. B., Bartosik, D., Sura, T., Sichert, A., Hehemann, J.-H., Markert, S., et al. (2021). Changing expression patterns of TonB-dependent transporters suggest shifts in polysaccharide consumption over the course of a spring phytoplankton bloom. ISME J. 15, 2336–2350. doi: 10.1038/s41396-021-00928-8 

 Fu, L., Niu, B., Zhu, Z., Wu, S., and Li, W. (2012). CD-HIT: accelerated for clustering the next-generation sequencing data. Bioinformatics 28, 3150–3152. doi: 10.1093/bioinformatics/bts565 

 Gao, H., Su, R., Zhou, F., Zhang, C., and Shi, X. (2020). Extraction and identification of toxic organic substances from decaying green alga Ulva prolifera. Harmful Algae 93:101786. doi: 10.1016/j.hal.2020.101786 

 Gavriilidou, A., Gutleben, J., Versluis, D., Forgiarini, F., van Passel, M. W. J., Ingham, C. J., et al. (2020). Comparative genomic analysis of Flavobacteriaceae: insights into carbohydrate metabolism, gliding motility and secondary metabolite biosynthesis. BMC Genomics 21:569. doi: 10.1186/s12864-020-06971-7 

 Han, Y., Jiao, N., Zhang, Y., Zhang, F., He, C., Liang, X., et al. (2021). Opportunistic bacteria with reduced genomes are effective competitors for organic nitrogen compounds in coastal dinoflagellate blooms. Microbiome 9:71. doi: 10.1186/s40168-021-01022-z 

 Kanehisa, M., and Goto, S. (2000). KEGG: Kyoto encyclopedia of genes and genomes. Nucleic Acids Res. 28, 27–30. doi: 10.1093/nar/28.1.27 

 Kim, H.-J., Jeoung, G., Kim, K. E., Park, J. S., Kang, D., Baek, S. H., et al. (2023). Co-variance between free-living bacteria and Cochlodinium polykrikoides (Dinophyta) harmful algal blooms, South Korea. Harmful Algae 122:102371. doi: 10.1016/j.hal.2022.102371 

 Krug, L., Erlacher, A., Markut, K., Berg, G., and Cernava, T. (2020). The microbiome of alpine snow algae shows a specific inter-kingdom connectivity and algae-bacteria interactions with supportive capacities. ISME J. 14, 2197–2210. doi: 10.1038/s41396-020-0677-4 

 Legendre, P., and Fortin, M.-J. (2010). Comparison of the mantel test and alternative approaches for detecting complex multivariate relationships in the spatial analysis of genetic data. Mol. Ecol. Resour. 10, 831–844. doi: 10.1111/j.1755-0998.2010.02866.x

 Li, D., Liu, C. M., Luo, R., Sadakane, K., and Lam, T. W. (2015). MEGAHIT: an ultra-fast single-node solution for large and complex metagenomics assembly via succinct de Bruijn graph. Bioinformatics 31, 1674–1676. doi: 10.1093/bioinformatics/btv033

 Li, Y., Zheng, M., Lin, J., Zhou, S., Sun, T., and Xu, N. (2019). Darkness and low nighttime temperature modulate the growth and photosynthetic performance of Ulva prolifera under lower salinity. Mar. Pollut. Bull. 146, 85–91. doi: 10.1016/j.marpolbul.2019.05.058 

 Liang, J., Liu, J., Zhan, Y., Zhou, S., Xue, C. X., Sun, C., et al. (2021). Succession of marine bacteria in response to Ulva prolifera-derived dissolved organic matter. Environ. Int. 155:106687. doi: 10.1016/j.envint.2021.106687 

 Liao, X., Deng, R., Yang, L., Ni, B., and Chen, X. (2024). Revisit the role of hydroxylamine in sulfur-driven autotrophic denitrification. Water Res. 268:122596. doi: 10.1016/j.watres.2024.122596 

 Liu, S., Dai, J., Wei, H., Li, S., Wang, P., Zhu, T., et al. (2021). Dissimilatory nitrate reduction to ammonium (DNRA) and denitrification pathways are leveraged by cyclic AMP receptor protein (CRP) paralogues based on Electron donor/acceptor limitation in Shewanella loihica PV-4. Appl. Environ. Microbiol. 87, e01964–e01920. doi: 10.1128/AEM.01964-20 

 Lu, D.-C., Wang, F.-Q., Amann, R. I., Teeling, H., and Du, Z.-J. (2023). Epiphytic common core bacteria in the microbiomes of co-located green (Ulva), brown (Saccharina) and red (Grateloupia, Gelidium) macroalgae. Microbiome 11:126. doi: 10.1186/s40168-023-01559-1

 Ma, B., Li, A., Chen, S., Guo, H., Li, N., Pan, S., et al. (2024). Algicidal activity synchronized with nitrogen removal by actinomycetes: Algicidal mechanism, stress response of algal cells, denitrification performance, and indigenous bacterial community co-occurrence. J. Hazard. Mater. 470:134117. doi: 10.1016/j.jhazmat.2024.134117 

 Mühlenbruch, M., Grossart, H.-P., Eigemann, F., and Voss, M. (2018). Mini-review: phytoplankton-derived polysaccharides in the marine environment and their interactions with heterotrophic bacteria. Environ. Microbiol. 20, 2671–2685. doi: 10.1111/1462-2920.14302 

 Nair, S., Zhang, Z., Li, H., Zhao, H., Shen, H., Kao, S. J., et al. (2022). Inherent tendency of Synechococcus and heterotrophic bacteria for mutualism on long-term coexistence despite environmental interference. Sci. Adv. 8:eabf4792. doi: 10.1126/sciadv.abf4792 

 Noreen, A., Fiaz, A., and Yandu, L. (2023). Synergy between microalgae and microbiome in polluted waters. Trends Microbiol. 31, 9–21. doi: 10.1016/j.tim.2022.06.004 

 Pandey, C. B., Kumar, U., Kaviraj, M., Minick, K. J., Mishra, A. K., and Singh, J. S. (2020). DNRA: a short-circuit in biological N-cycling to conserve nitrogen in terrestrial ecosystems. Sci. Total Environ. 738:139710. doi: 10.1016/j.scitotenv.2020.139710 

 Piontek, J., Händel, N., De Bodt, C., Harlay, J., Chou, L., and Engel, A. (2011). The utilization of polysaccharides by heterotrophic bacterioplankton in the Bay of Biscay (North Atlantic Ocean). J. Plankton Res. 33, 1719–1735. doi: 10.1093/plankt/fbr069

 Qu, T., Hou, C., Zhao, X., Zhong, Y., Guan, C., Lin, Z., et al. (2021). Bacteria associated with Ulva prolifera: a vital role in green tide formation and migration. Harmful Algae 108:102104. doi: 10.1016/j.hal.2021.102104 

 Qu, T., Zhao, X., Guan, C., Hou, C., Chen, J., Zhong, Y., et al. (2023). Structure-function covariation of Phycospheric microorganisms associated with the typical cross-regional harmful macroalgal bloom. Appl. Environ. Microbiol. 89:e0181522. doi: 10.1128/aem.01815-22

 Rishiram, R., Byung-Hyuk, K., Dae-Hyun, C., Hee-Mock, O., and Hee-Sik, K. (2016). Algae-bacteria interactions: evolution, ecology and emerging applications. Biotechnol. Adv. 34, 14–29. doi: 10.1016/j.biotechadv.2015.12.003 

 Roth-Schulze, A. J., Pintado, J., Zozaya-Valdés, E., Cremades, J., Ruiz, P., Kjelleberg, S., et al. (2018). Functional biogeography and host specificity of bacterial communities associated with the marine green alga Ulva spp. Mol. Ecol. 27, 1952–1965. doi: 10.1111/mec.14529 

 Roth-Schulze, A. J., Zozaya-Valdés, E., Steinberg, P. D., and Thomas, T. (2016). Partitioning of functional and taxonomic diversity in surface-associated microbial communities. Environ. Microbiol. 18, 4391–4402. doi: 10.1111/1462-2920.13325 

 Rybak, A. S. (2018). Species of Ulva (Ulvophyceae, Chlorophyta) as indicators of salinity. Ecol. Indic. 85, 253–261. doi: 10.1016/j.ecolind.2017.10.061

 Sakurai, H., Ogawa, T., Shiga, M., and Inoue, K. (2010). Inorganic sulfur oxidizing system in green sulfur bacteria. Photosynth. Res. 104, 163–176. doi: 10.1007/s11120-010-9531-2

 Seymour, J. R., Amin, S. A., Raina, J.-B., and Stocker, R. (2017). Zooming in on the phycosphere: the ecological interface for phytoplankton-bacteria relationships. Nat. Microbiol. 2:17065. doi: 10.1038/nmicrobiol.2017.65

 Thoré, E. S. J., Muylaert, K., Bertram, M. G., and Brodin, T. (2023). Microalgae. Curr. Biol. 33, R91–R95. doi: 10.1016/j.cub.2022.12.032

 Variem, S. S., and Kizhakkedath, V. K. (2021). Phycosphere associated bacteria; a prospective source of bioactive compounds. Biologia 76, 1095–1098. doi: 10.2478/s11756-020-00640-6

 Wang, C., Chen, C., Su, R., Luo, Z., Mao, L., and Zhang, Y. (2021). Mechanism for the marked increase of Ulva prolifera in the South Yellow Sea: role of light intensity, nitrogen, phosphorus, and co-limitations. Mar. Ecol. Prog. Ser. 671, 97–110. doi: 10.3354/meps13784

 Wang, M., Chen, S., Zhou, W., Yuan, W., and Wang, D. (2020). Algal cell lysis by bacteria: a review and comparison to conventional methods. Algal Res. 46:101794. doi: 10.1016/j.algal.2020.101794

 Wang, C., He, T., Zhang, M., Zheng, C., Yang, L., and Yang, L. (2024). Review of the mechanisms involved in dissimilatory nitrate reduction to ammonium and the efficacies of these mechanisms in the environment. Environ. Pollut. 345:123480. doi: 10.1016/j.envpol.2024.123480

 Wang, S., Liu, C., Wang, X., Yuan, D., and Zhu, G. (2020). Dissimilatory nitrate reduction to ammonium (DNRA) in traditional municipal wastewater treatment plants in China: widespread but low contribution. Water Res. 179:115877. doi: 10.1016/j.watres.2020.115877 

 Wang, S., Lu, Q., Liang, Z., Yu, X., Lin, M., Mai, B., et al. (2023). Generation of zero-valent sulfur from dissimilatory sulfate reduction in sulfate-reducing microorganisms. PNAS 120:e2220725120. doi: 10.1073/pnas.2220725120 

 Wang, Z., Yuan, C., Zhang, X., Liu, Y., Fu, M., and Xiao, J. (2023). Interannual variations of Sargassum blooms in the Yellow Sea and East China Sea during 2017-2021. Harmful Algae 126:102451. doi: 10.1016/j.hal.2023.102451 

 Wu, Z., Li, Q. P., Rivkin, R. B., and Lin, S. (2023). Role of diatom-derived oxylipins in organic phosphorus recycling during coastal diatom blooms in the northern South China Sea. Sci. Total Environ. 903:166518. doi: 10.1016/j.scitotenv.2023.166518 

 Xiao, J., Li, Y., Song, W., Wang, Z., Fu, M., Li, R., et al. (2013). Discrimination of the common macroalgae (Ulva and Blidingia) in coastal waters of Yellow Sea, northern China, based on restriction fragment-length polymorphism (RFLP) analysis. Harmful Algae 27, 130–137. doi: 10.1016/j.hal.2013.05.003

 Xiao, J., Wang, Z., Song, H., Fan, S., Yuan, C., Fu, M., et al. (2020). An anomalous bi-macroalgal bloom caused by Ulva and Sargassum seaweeds during spring to summer of 2017 in the western Yellow Sea, China. Harmful Algae 93:101760. doi: 10.1016/j.hal.2020.101760 

 Yuan, C., Xiao, J., Zhang, X., Zhou, J., and Wang, Z. (2022). A new assessment of the algal biomass of green tide in the Yellow Sea. Mar. Pollut. Bull. 174:113253. doi: 10.1016/j.marpolbul.2021.113253 

 Zehr, J. P., and Capone, D. G. (2020). Changing perspectives in marine nitrogen fixation. Science 368:eaay9514. doi: 10.1126/science.aay9514

 Zhang, H., Su, R., Shi, X., Zhang, C., Yin, H., Zhou, Y., et al. (2020). Role of nutrients in the development of floating green tides in the southern Yellow Sea, China, in 2017. Mar. Pollut. Bull. 156:111197. doi: 10.1016/j.marpolbul.2020.111197 

 Zhao, X., Cui, J., Zhang, J., Shi, J., Kang, X., Liu, J., et al. (2019). Reproductive strategy of the floating alga Ulva prolifera in blooms in the Yellow Sea based on a combination of zoid and chromosome analysis. Mar. Pollut. Bull. 146, 584–590. doi: 10.1016/j.marpolbul.2019.07.018 

 Zhao, G., He, H., Wang, H., Liang, Y., Guo, C., Shao, H., et al. (2022). Variations in marine bacterial and archaeal communities during an Ulva prolifera green tide in coastal Qingdao areas. Microorganisms 10:1204. doi: 10.3390/microorganisms10061204 

 Zhao, L., Lin, L.-Z., Zeng, Y., Teng, W.-K., Chen, M.-Y., Brand, J. J., et al. (2023). The facilitating role of phycospheric heterotrophic bacteria in cyanobacterial phosphonate availability and Microcystis bloom maintenance. Microbiome 11:142. doi: 10.1186/s40168-023-01582-2 

 Zheng, N., Ding, N., Gao, P., Han, M., Liu, X., Wang, J., et al. (2018). Diverse algicidal bacteria associated with harmful bloom-forming Karenia mikimotoi in estuarine soil and seawater. Sci. Total Environ. 631-632, 1415–1420. doi: 10.1016/j.scitotenv.2018.03.035 

 Zheng, X., Xiao, L., Ren, J., and Yang, L. (2008). The effect of a Microcystis aeruginosa bloom on the Bacterioplankton community composition of Lake Xuanwa. J. Freshw. Ecol. 23, 297–304. doi: 10.1080/02705060.2008.9664202

 Zhou, J., Chen, G. F., Ying, K. Z., Jin, H., Song, J. T., and Cai, Z. H. (2019). Phycosphere microbial succession patterns and assembly mechanisms in a marine dinoflagellate bloom. Appl. Environ. Microbiol. 85:e00349-19. doi: 10.1128/aem.00349-19 

 Zhou, J., Zhang, B.-Y., Yu, K., Du, X.-P., Zhu, J.-M., Zeng, Y.-H., et al. (2020). Functional profiles of phycospheric microorganisms during a marine dinoflagellate bloom. Water Res. 173:115554. doi: 10.1016/j.watres.2020.115554


Copyright
 © 2024 Liu, Zang, Fan, Miao, Fu, Ma, Li, Zhang, Wang and Xiao. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.

OPS/images/fmicb-15-1507660-g005.jpg
[ —

| J—

Rezuatry

[ —

fm—

Nitrogen cycling

g
Fry o0 2000 100 g 100 200 S o S0
NSM PSM

l 4.00

$ 28338
@ [ ] @
([ ] @ [ ] O [ ] @
@ ® (] (] @ (
aw Q@ ) o o 0 ° ’
PLs @ 5} @® @® @ 9 log,, (RPKM)
W O o O ° @® (] Qs
W O @) () . { ] ) 9
Wk Q ® () ® @ @ o 1w
;g ws O ® °® ® O @
W O o @® ® ® ®
we O (€] @ [ @ o
| wz @ @ @ o (] ©)
wr @ [ ] ® ® o @®
o Q @ @ ® o ®
@ @ <] @ @ @
et . O . o . @ Pvalue
o @ @ @ ® ( ® w
o @ o [ ] ® o L n
g o @ @ ® ® ® ®
d » O e @ e © e |
5 sir @ L) @ o @ ° RPKM
a sat L) e ° ° ® ° O
‘ . 4 i . o o)
e}
. . ¥ . . . O
QDP RZP RZN HYP HYN

QDN





OPS/images/fmicb-15-1507660-g006.jpg
Env-cor

Mantel R
—— -1.0000
—— 0.0000
— 1.0000
Pearson’s
coeffcient
0
@ i
R X9N<<ag z 2 T < = ty
£ £ g £ &2 E¥ede¥esed 29 % 2 .2 58 o
OO O i U EEdid888cEd v & o o E &2 3 3+
L I I [ [ [
CAZy enzymes Nitrogen cycling
*
*x
*x o w *
X *
P ok *
» * ook ok






OPS/images/fmicb-15-1507660-g003.jpg
ot poonon
s e . oar
== o . - - @y
1 - =g | O 156 b
o =4
S o prey
e T o | G
:;'" — e H g
i A
. § o é
! - : =
L % &
o - L=
o e
T L [ TR T TR )

0706, P-0.001 Re0772,P-0001

o

oos

006 003
oot \ o002

PC2s.10%)
. §
PC2S62%)

002 . 001
\
o0 s o0
-0.06- e -0.03:
o8
P TS ST ST P I 5 RIS SR
PoIEA %) PC10L%)
s e ¥econdnciverals Pl
-
oot or
oo
aooosrss [Ser
=4
aooosizs a S
00004123 @

o041z
o041z
0004123
oooi0ss
- 000736
0004123
e
0004123

Relaiveabundance ofbckrtaon Genus el
:
+HlH
&
i

&
i I I
-
oy ) &
—— Maribacter Alteromanas Vibria

0 2 4 6 8420246810
Propoions(%) _ Difference between proportions(%)





OPS/images/fmicb-15-1507660-g004.jpg





OPS/images/fmicb-15-1507660-g007.jpg
. .
Phycosphere Polysaccharide Oligosaccharides

Microenvironment

Denitrification

—©

Phycospheri
croorganisms

DNRA

),

nirA/nirB

ANRA






OPS/xhtml/Nav.xhtml




Contents





		Cover



		Changes in the structure of the microbial community within the phycospheric microenvironment and potential biogeochemical effects induced in the demise stage of green tides caused by Ulva prolifera



		1 Introduction



		2 Materials and methods



		2.1 Samples collection



		2.2 Measurement of environmental factors



		2.3 DNA extraction and metagenomic sequencing



		2.4 Sequence quality control and assembly



		2.5 Gene prediction and annotation



		2.6 Bioinformatics and statistical analysis









		3 Results



		3.1 Variations in environmental factors in the phycosphere



		3.2 Variations in the microbial community structure and diversity in the phycosphere



		3.3 Microbial co-occurrence network analysis in the phycosphere



		3.4 Microbial contributions to the element cycle in the phycosphere



		3.5 Potential environmental drivers for microbial community in the phycosphere









		4 Discussion



		5 Conclusion



		Data availability statement



		Author contributions



		Funding



		Conflict of interest



		Publisher’s note



		Supplementary material



		Footnotes



		References



















OPS/images/fmicb-15-1507660-g001.jpg
12000 2IS0vE nyovs

36°400°N

OO el )






OPS/images/fmicb-15-1507660-g002.jpg
00

W Proteobacteria
Bacteroidota
M Actinobacteria
M Vemucomicrobia
P B Planctomycetota
unclassified_d_Bacteria
Cyanobacteria
Firmicutes
B Candidatus Marinimicrobia
Ly Chloroflexi
M Balneolacota
M Condidatus_Gracilibacteria
Gemmatimonadetes
Acidobacteria

4

Spirochactes

W Ignavibscterise

W Tenericutes
Rhodothermacota

9 Candidatus Kaiserbacteria

9 Candidatus_Pacebacteria
others

2

Percent of community abundance on Phylum level(%)

100 W Flavobacteriacese.

Rcdobsctesccac

g B Atcromonadaceas
5 W unclassifiod_c_Gammaproteobaciera

) [——

Peagibaciraceac
B unclassiied_c_ Alphaproteobacteria
unclasifed_o_Pelagibacterles

[ [ERs—
unclasifed_p_Baceroidot

W unclassifiod_p_Protobacteria

B Hyphomonadaceac
unclasifed_o_Flavobacteisles
unclasifed_o_Vermcomicrobisles
Vibrionsceae

W Robiginitomaculacea

W unclasiied d_Bacteria
Halomonadcese

W unclssifiod _c_Actinomycctia

8 Oceanospiilaceae
others

Percent of community abundance on F






OPS/images/cover.jpg
’ frontiers | Frontiers in Microbiology

Changes in the structure of the
microbial community within the
phycospheric microenvironment

and potential biogeochemical

eeff cts induced in the demise
stage of green tides caused by
Ulva prolifera












OPS/images/crossmark.jpg
©

2

i

|






OPS/images/logo.jpg
’ frontiers Frontiersin Microbiology






