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Heterotrophic prokaryotes constitute the largest living biomass in the ocean and can be divided into particle-associated (PA) and free-living (FL) fractions. PA and FL prokaryotic communities play critical roles in the biogeochemical cycles of particulate and dissolved organic matter; however, their community assembly processes, biogeographical distribution patterns, and functional properties in oligotrophic surface water remain to be further elucidated. Based on 16S rRNA gene sequencing and shotgun metagenomics, we investigated the assembly mechanisms, biogeography, and functional potential of PA and FL prokaryotes in the surface waters of the West Pacific and Indian Oceans. FL prokaryotic communities were predominantly structured by deterministic processes, whereas their PA counterparts appeared to be shaped by the combined action of deterministic and stochastic processes. PA and FL prokaryotes in the tropical oligotrophic surface ocean exhibit markedly different community structures and functional potentials. Bacterial PA specialists such as Lentimonas, Alteromonas, and Pirellula as well as archaeal PA specialists Marine Group II and Marine Group III were significantly more abundant in PA assemblages, whereas lineages such as Prochlorococcus, SAR11 clade, and Candidatus Actinomarina were significantly more abundant in FL communities. The metabolic potential of the PA community was more abundant in pathways such as polyamine biosynthesis, carbohydrate metabolism, and glycosaminoglycan degradation. In contrast, the FL community was more enriched in functions related to amino acid metabolism, lipid biosynthesis, and aromatic degradation.
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Introduction

As a whole, organic matter in the ocean comprises particulate organic matter (POM) and dissolved organic matter (DOM) (Sharp, 1973). POM, which is formed in the upper ocean layer, is a complex matrix comprising organic and inorganic materials (Boeuf et al., 2019) and can be transported from the surface to the interior of the ocean. This is facilitated by the sinking of POM, which was previously fixed to the biomass of phototrophs on the ocean surface, a process referred to as the biological carbon pump, thereby sequestering atmospheric CO2 in the ocean (De La Rocha & Passow, 2014). Additionally, it has been revealed that marine particles can harbor an anoxic microenvironment, allowing anaerobic metabolism in it (Hollibaugh et al., 2000; Bianchi et al., 2018). In contrast, the DOM fraction constitutes the largest reservoir of reduced carbon in the ocean and is nearly equal to the CO2 pool in the atmosphere (Benner et al., 1992; Zhang et al., 2018). Therefore, the biogeochemical behavior of POM and DOM has important implications for elemental cycling and climate.

Heterotrophic prokaryotes constitute the largest living biomass in the oceans (Morán et al., 2017), playing a key role in global biogeochemical cycles (Arrigo, 2005). Extensive research has shown that marine bacteria have different ecological strategies and can be divided into particle-associated (PA) and free-living (FL) fractions (Crump et al., 1999; Zhang et al., 2007; Ortega-Retuerta et al., 2013). Compared to their FL counterparts, PA bacteria can exhibit higher enzymatic activity rates and specific metabolic activity, which may facilitate the release of nutrients from organic particles to the surrounding water, thereby increasing the DOM bioavailability (Azam & Malfatti, 2007; Ortega-Retuerta et al., 2013). Meanwhile, the FL counterpart often face a massive pool of dissolved organic molecules under oligotrophic conditions (Lauro et al., 2009; Zhang et al., 2018). Moreover, previous studies have indicated that PA and FL archaeal communities are phylogenetically distinct in the ocean, implying that distinct PA and FL niches may also exist in the archaeal domain (Orsi et al., 2015; Tarn et al., 2016).

Due to eutrophication and heterogeneity of physicochemical properties, the community structure and distribution patterns of PA and FL bacteria in the surface waters of rivers, estuaries, and adjacent coastal oceans have been extensively studied over the past few decades (Crump et al., 1999; Ortega-Retuerta et al., 2013; Li et al., 2018; Liu et al., 2020). Furthermore, studies of PA and FL bacteria in other oceanic regions have deepened our understanding of their community structure and diversity (Thiele et al., 2015; Milici et al., 2017; Suzuki et al., 2017; Mestre et al., 2018). Regarding community assembly mechanisms (i.e., the underlying ecological and biochemical drivers that lead to the current community composition), a recent study by Jain et al. (2021) examined and quantified the assembly processes of PA and FL bacterial communities throughout the water column in a high Arctic fjord.

In this context, we investigated community structure, community assembly mechanisms, and biogeographical distribution patterns of PA and FL prokaryotes in the surface waters of the West Pacific and Indian Oceans. Moreover, based on genome-centric metagenomics, we analyzed the functional profile of PA and FL prokaryotes in the surface ocean of the West Pacific and Indian Oceans and further revealed markedly different diversity, microbial compositions, and functional potentials between PA and FL assemblages.



Materials and methods


Sample collection and treatment

Surface seawater samples from 11 sampling sites (S1–S4 and M1–M7) were collected from the West Pacific Ocean during the DY56 cruise of the R/V Dayang Yi Hao in September and October 2019. S1, S3, and S4 were sampled at a depth of 0–5 m using a rosette of Niskin bottles attached to a CTD profiler (SBE 911 plus, Sea-Bird Inc.), and the other eight samples (S2 and M1–M7) (0–0.5 m) were manually collected using pre-sterilized 10-L Nalgene carboys. Moreover, surface seawater (0–0.5 m) from the other four sampling sites (S5–S8) in the Indian Ocean was manually collected during the DY58 cruise of the R/V Dayang Yi Hao in January 2020 (Figure 1).




Figure 1 | Location of sampling sites. M1-M7 & S1-S4, sampling sites in the West Pacific Ocean. S5-S8, sampling sites in the Indian Ocean. The surface chlorophyll a concentration (mg/L) shown in this map is the annual average value from 2019 to 2020 (obtained from the MODIS-aqua 4 km data set).



Fifty liters of seawater (per sample) was sequentially filtered through 3.0-μm-pore-size and 0.22-μm-pore-size filter membranes (Mixed Cellulose Esters Membrane, 142 mm, Millipore) to collect PA and FL fractions, respectively (Ortega-Retuerta et al., 2013; Suzuki et al., 2017; Liu et al., 2019; Yuan et al., 2021). A peristaltic pump was used to complete the filtration under low pressure, and the membranes were stored at −80°C immediately after filtration for further processing.

The water salinity and temperature of S1, S3, and S4 were obtained in situ using the CTD profiler, whereas the chlorophyll-a on each filter (GF/F, Whatman) was measured with a Trilogy Laboratory Fluorometer after overnight extraction with 90% acetone, and the pH value was measured with a pH meter (Mettle Toledo Inc., Switzerland). The temperature, salinity, and pH of S2 and M1–M7 were measured with the YSI Professional Plus Multi-Parameter Instrument (YSI Inc., USA), and chlorophyll-a concentrations corresponding to their sampling dates were retrieved using NASA’s Aqua satellite (MODIS-Aqua, 2018). The sampling sites and their corresponding metadata are listed in Supplemental Table S1.



DNA extraction, 16S rRNA gene high-throughput sequencing, and metagenomic sequencing

Total DNA was extracted from the PA and FL fraction membranes using an ALFA-SEQ Advanced Water DNA Kit (Findrop Biosafety Technology, Guangzhou, China), following the manufacturer’s instructions. The DNA concentration was measured using NanoDrop One (Thermo Fisher Scientific, Waltham, USA). The V4 region of the prokaryotic 16S rRNA gene was amplified using polymerase chain reaction (PCR) with the universal primers 515F (5′-GTGCCAGCMGCCGCGGTAA-3′) and 806R (5′-GGACTACHVGGGTWTCTAAT-3′) (Caporaso et al., 2011). PCR amplification was conducted with a 50-μl mixture containing 1× PCR buffer, 1.5 mM MgCl2, 0.2 mM dNTP mix, 0.5 μM of each primer, 2 U of Invitrogen Platinum Taq DNA polymerase (Life Technologies), and 2.5 μl of DNA extracts from each sample as templates. The PCR program consisted of an initial denaturation at 98°C for 30 s, 30 cycles of denaturation at 94°C for 30 s, annealing at 52°C for 30 s, elongation at 72°C for 60 s, and a final elongation step at 72°C for 5 min. Mixed PCR products were purified using the E.Z.N.A. Gel Extraction Kit (Omega, USA). Sequencing libraries were generated using the NEB Next® Ultra™ II DNA Library Prep Kit for Illumina® (New England Biolabs, MA, USA) following the manufacturer’s recommendations, and index codes were added. The libraries were then sequenced on an Illumina Nova6000 platform and 250-bp paired-end reads were generated. To obtain metagenomic data, the total community DNA was used for library preparation with the NEB Next® Ultra™ DNA Library Prep Kit for Illumina® (New England Biolabs, MA, USA) following the manufacturer’s recommendations. Library quality was assessed on the Qubit 3.0 Fluorometer (Life Technologies, Grand Island, NY) and Agilent 4200 (Agilent, Santa Clara, CA) system. The library was sequenced on an Illumina NovaSeq platform (150-bp paired-end reads) to obtain approximately 20 Gbp of metagenomic data for the sequenced samples.



Amplicon sequence processing and quantification of community assembly processes

Data of 16S rRNA genes (S1–S8 and M1–M7) were processed and analyzed using the QIIME 2 (version 2020.6) workflow (Bolyen et al., 2019). Briefly, raw sequence data were demultiplexed and quality-filtered using the q2-demux plugin, followed by denoising with DADA2 (Callahan et al., 2016) to obtain amplicon sequence variants (ASVs). ASVs were firstly aligned with MAFFT (Katoh et al., 2002), and then the resulting masked alignment was used to construct a phylogenetic tree with fasttree2 (Price et al., 2010) by using the command of “qiime phylogeny align-to-tree-mafft-fasttree”. To make samples comparable, alpha and beta diversity metrics were calculated after samples were rarefied to 47,000 sequences per sample by using the “qiime diversity core-metrics-phylogenetic” command. The Naïve Bayes classifier against 99% OTUs reference sequences of Silva_138_release (Quast et al., 2013) was trained and used to assign taxonomic annotations to ASVs using QIIME 2 feature-classifier plugin (Bokulich et al., 2018).

A previously proposed conceptual framework explained that community structure and dynamics are governed by four main processes: selection, dispersal, ecological drift, and speciation (Vellend, 2016; Logares et al., 2020). To quantify the contribution of various ecological processes to PA and FL prokaryotic community assembly, the community composition and phylogenetic tree generated by QIIME 2 were put into the iCAMP (version 1.5.4) (Ning et al., 2020) workflow with parameters set as “ds = 0.2, bin.size.limit = 12” and others were set to default values.



Metagenomic sequence data processing and functional annotation

Raw metagenomic reads of S1–S8 were quality-filtered and trimmed using Trimmomatic (version 0.39) (Bolger et al., 2014) with the following parameters: LEADING:3 TRAILING:3 SLIDINGWINDOW:5:20 MINLEN:50. Then, quality-controlled reads of each sample were de novo assembled using MEGAHIT (version 1.2.9) (Li et al., 2015) with the following parameters: k-min 35, k-max 95, k-step 20, and min-contig 500; during this process, scaffolds with a length of <500 bp in each assembly were removed for further analysis. Gene prediction was carried out using Prodigal (version 2.6.3) with the parameters set as -f gff, -g 11, -p meta, -q, and -c (Hyatt et al., 2010). To evaluate the dynamics of individual genes, quality-controlled sequencing reads of each sample were mapped back to the predicted genes to calculate coverage information using BBMap (Version 38.86; https://sourceforge.net/projects/bbmap/) with the following parameters: minid = 0.90, build = 1, trimq =10, and local = f. Moreover, the coverage information of the genes in each sample was calculated and normalized using the TPM method (Knight et al., 2018) to obtain the relative abundance of predicted genes. To obtain KEGG Orthology (KO), cluster of orthologous group (COG), and archaeal COG (arCOG), blastp was used to assign predicted proteins to the KEGG database (Kanehisa et al., 2021) and eggNOG database (version 5.0.0) (Huerta-Cepas et al., 2019) with the parameters set as -k 1, -f 6, and -e 10−5.



Genome binning, taxonomic assignment, and functional annotation

To carry out genome-centric analysis of PA and FL prokaryotic communities, quality-controlled reads of PA/FL fractions from the same oceanic region were co-assembled using MEGAHIT (version 1.2.9) (Li et al., 2015) with the following parameters: k-min 31, k-max 111, k-step 20, and min-contig 1000. The assemblies were then put into the MetaWRAP pipeline (version 1.2) (Uritskiy et al., 2018) to perform genomic binning with default parameters. Briefly, initial binning was conducted using CONCOCT (version 1.1.0) (Alneberg et al., 2014), MaxBin2 (version 2.2.5) (Wu et al., 2015), and metaBAT2 (version 2.12.1) (Kang et al., 2019) in the BINNING module, and then the metagenome-assembled genomes (MAGs) generated above were consolidated and refined using Binning_refiner (version 1.2) (Song & Thomas, 2017) in the BIN_REFINEMENT module. Completeness and contamination of MAGs were evaluated using CheckM (version 1.1.3) (Parks et al., 2015), and only MAGs with completeness > 50% and contamination < 5% were retained for subsequent analysis. After de-replicating MAGs at 95% identity using dRep (version 3.0.0) (Olm et al., 2017), quality-controlled reads of each sample were mapped back to MAGs to calculate their relative abundance, and taxonomy was assigned to MAGs based on the Genome Taxonomy Database (GTDB) (version r207) using GTDB-Tk (version 2.0.0) (Chaumeil et al., 2019). Finally, de-replicated MAGs were annotated by EnrichM v0.6.4 (https://github.com/geronimp/enrichM) using the KO database to compare their metabolic pathways.



Statistical analysis

All statistical analyses were performed using several packages in the statistical programming language R (version 4.0.3). Barplots generated by ggplot2 (v3.3.5) were used to visualize the relative abundance of taxa in each sample. The Bray–Curtis dissimilarity index was used to construct dissimilarity matrices for the community structure and function profiles of PA and FL prokaryotes. Principal coordinate analysis (PCoA) was used to further reveal the clustering patterns of the community structure and function profiles of PA and FL assemblages (vegan, v2.5-4). Variance partitioning analysis was conducted using the “varpart” function of the vegan package. Significant differences (p < 0.05) in community structure and function profiles between the PA and FL assemblages were tested using permutation multivariate analysis of variance (Adonis, 999 permutations). The non-parametric Wilcoxon rank-sum test was used to distinguish statistically significant differences in the normalized abundance of a given taxon or gene between classified groups of samples, and the P-values for multiple comparisons were adjusted by the false discovery rate (FDR).




Results


Community structure and community assembly processes

The phylum-level taxonomic compositions of PA and FL assemblages in the West Pacific and Indian Oceans are shown in Figure S1. The sequences were mainly assigned to Pseudomonadota, Cyanobacteria, Bacteroidota, Actinomycetota, Candidatus Thermoplasmatota, Planctomycetota, Verrucomicrobiota, Candidatus Marinimicrobia (SAR406 clade), and SAR324 clade (Marine Group B). Actinomycetota and Candidatus Marinimicrobia (SAR406 clade) were more abundant in the FL assemblages, whereas Candidatus Thermoplasmatota, Planctomycetota, Verrucomicrobiota, and SAR324 clade (Marine Group B) were more enriched in the PA assemblages. Moreover, PCoA based on the Bray–Curtis distance significantly (p < 0.05) divided the community structure into four clusters, which represent PA and FL fractions in the West Pacific and Indian Oceans, respectively (Figure 2A).




Figure 2 | (A) Prokaryotic community structure (genus level) of PA and FL assemblages in the Indian Ocean (IO) and West Pacific Ocean (WP) revealed by 16S rRNA gene amplicon sequencing. (B, C) Relative influences of assembly processes governing turnover of FL (B) and PA (C) communities in the Indian and West Pacific Oceans.



Based on the results of the community assembly mechanism analysis, homogeneous selection (HoS) and drift (DR) were found to be the main mechanisms structuring the FL prokaryotic community, with relative importance values of 68.74% and 25.87% (Figure 2B), respectively. In contrast, heterogeneous selection (HeS), dispersal limitation (DL), and homogenizing dispersal (HD) represent only a small percentage of the variation in FL prokaryotic communities. Moreover, as shown in Figure 2C, HoS, DR, and DL were the major processes shaping PA prokaryotic communities, with relative importance of 47.52%, 33.96%, and 15.09%, respectively. In addition, HeS and HD were found to have limited explanations for the variation in PA prokaryotic communities.



Spatial patterns of community structure and functional profile

The surface waters of the West Pacific Ocean (S1–S4) and Indian Ocean (S5–S8) were selected to further explore the distribution pattern and metabolic potential of PA and FL prokaryotes on large geographic scales. PCoA based on the Bray–Curtis distance indicated that the community structures of PA and FL assemblages were divided into four clusters. Furthermore, the first and second axes of PCoA explained 48.48% and 29.62% of the total variance of the community structure, respectively (Figure 3A). After calculating the normalized coverage of genes for the KEGG and eggNOG functional annotations, PCoA based on the Bray–Curtis distance once again revealed that functional profiles of PA and FL assemblages have significantly different clustering patterns (p < 0.05). The first and second axes of the KEGG PCoA plot (Figure S2) explained 85.65% and 6.162% of the total variance of functional profiles, respectively. Similarly, the first and second axes of the eggNOG PCoA plot explained 85.19% and 7.369% of the total variance of functional profiles, respectively (Figure 3B).




Figure 3 | (A) Prokaryotic community structure (genus level) and (B) functional profile (based on eggNOG annotation) differences of PA and FL assemblages revealed by 16S rRNA gene amplicon sequencing and metagenomics, respectively. (C) Variances of community structure and functional profile explained by oceanic regions and PA and FL niches. (D) Differences in Shannon index between PA and FL communities. IO, Indian Ocean. WP, West Pacific Ocean. Asterisks represent the following statistical significance: **0.001 ≤ P < 0.01; ***P < 0.001.



Variance partitioning analysis was applied to assess the influence of oceanic regions and lifestyle on PA and FL prokaryotes. According to the variance partitioning analysis results (Figure 3C), oceanic regions explained 22% and 6% of the taxonomic and functional variation of the prokaryotic community, respectively. In contrast, PA and FL niches accounted for 54% and 81% of the variation of the community structure and functional profile, respectively.



Distinct alpha diversity and community composition between PA and FL prokaryotes

The Shannon index, observed features, and Pielou’s evenness were analyzed to estimate the diversity, species richness, and evenness of PA and FL assemblages. The Shannon index (Figure 3D) and observed features (Figure S3A) indices in PA assemblages were significantly higher than those in their FL counterparts, demonstrating that PA prokaryotic communities exhibit higher diversity and richness than FL communities. The Pielou’s evenness index for the PA assemblages was higher than their FL counterparts; however, a significant difference was only found in the West Pacific Ocean (Figure S3B).

Based on the normalized relative abundances of PA and FL prokaryotes at genus level, the top 20 taxa with significant differences (p < 0.05) between PA and FL assemblages, as well as the affiliation between phylum/class and finer levels, were analyzed to better understand the differences in community structure (Figure S4 and Supplemental Table S2). For instance, PA specialists including Lentimonas, Alteromonas, and Pirellula were more abundant in PA assemblages, whereas taxa such as Prochlorococcus, SAR11 clade, and Candidatus Actinomarina were more enriched in FL fractions (Figure 4).




Figure 4 | Examples of taxa with significant differences between PA and FL prokaryotes revealed by 16S rRNA gene amplicon sequencing. Relative abundance of (A) Lentimonas, (B) Alteromonas, (C) Pirellula, (D) Pseudoalteromonas, (E) Marine Group II, (F) Marine Group III, (G) Prochlorococcus, (H) SAR11 clade, and (I) Candidatus Actinomarina. The horizontal lines represent the mean values of the relative abundance of PA and FL assemblages. IO, Indian Ocean. WP, West Pacific Ocean. F, free-living. P, particle-associated.





Genome-centric features of PA and FL fractions

The relative abundance of 71 MAGs was found to be significantly different between PA and FL fractions, which may represent the genomes of prokaryotes with potential PA and FL niche differences. The GTDB classification and genome quality information for the 71 MAGs were presented in Figure 5 and Supplemental Table S3. The taxonomic composition of these genomes was similar to that of the amplicon analysis and was mainly affiliated with Pseudomonadota, Bacteroidota, Myxococcota, Verrucomicrobiota, Candidatus Thermoplasmatota, Planctomycetota, Cyanobacteria, Actinomycetota, Desulfobacterota, and SAR324 clade.




Figure 5 | Metagenomic analysis revealed 71 MAGs with significant differences (p < 0.05) in relative abundance between PA and FL assemblages. WP, West Pacific Ocean. IO, Indian Ocean. FL, free-living. PA, particle-associated; p, phylum; c, class; o, order. f, family; g, genus.



Genome-centric metagenomics revealed significant differences (p < 0.05) in metabolic pathways between the PA and FL assemblages (Figure 6). The FL fractions were enriched in most amino acid metabolism pathways, whereas PA fractions were more abundant in pathways related to serine, threonine, and polyamine biosynthesis. Carbohydrate metabolism, nitrogen metabolism, and sulfur metabolism were found more abundant in PA assemblages, whereas photosynthesis, ATP synthesis, and aromatic degradation were more enriched in the FL fractions. Moreover, in contrast to fatty acid, sterol, glycan, and lipopolysaccharide biosynthesis pathways, which were more enriched in FL assemblages, glycosaminoglycan degradation was more enriched in the PA fractions.




Figure 6 | Metabolic pathways with significant differences (p < 0.05) in relative abundance between PA and FL assemblages revealed by genome-centric metagenomics. WP, West Pacific Ocean. IO, Indian Ocean. FL, free-living. PA, particle-associated. KEGG pathways were colored according to their functional categories.






Discussion


Distinct community assembly mechanisms between PA and FL prokaryotes

Our results indicated that HoS was the dominant process structuring PA and FL prokaryotic communities (Figures 2B, C), which is in line with the relatively stable physicochemical parameters we obtained (Supplemental Table S1). This suggests that homogeneous environmental pressures drive the similarity of PA or FL prokaryotic communities in the same oceanic region (Figure 2A). Moreover, our study supports previous observations (Jain et al., 2021) that the relative influence of HoS is higher in FL assemblages than in their PA counterparts. Particularly, previous studies have indicated that individual particles highly differed in colonizing communities (Bižić-Ionescu et al., 2018; Szabo et al., 2022), whereas HeS can poorly explain the community turnover of PA communities in our study. This result may be explained by the fact that the PA assemblages in this study were collected from the upper oligotrophic oceans, where changes in PA communities related to carbon availability may be much slower due to constant supply of labile, easily degradable organic matter (Bižić-Ionescu et al., 2018). It is apparent that DL showed higher influence on PA fractions compared to their FL counterparts. A possible explanation for this is that the colonization of PA prokaryotes on particles may reduce their dispersal rate. Furthermore, DL, HD, and DR are largely considered to be stochastic processes (Zhou & Ning, 2017; Ning et al., 2020), and their relatively high influence on PA assemblages suggests that stochastic processes play an important role in the community assembly of PA prokaryotes. Collectively, the FL prokaryotic communities were predominantly structured by deterministic processes, whereas their PA counterparts appeared to be shaped by the combined action of deterministic and stochastic processes.



Alpha and beta diversity patterns of PA and FL prokaryotes

Previous studies have concluded that PA bacteria are more diverse than their FL counterparts in most marine environments (Bižić-Ionescu et al., 2015). Our research is consistent with this and showed that the Shannon index of PA prokaryotes was significantly higher than those of their FL counterparts (Figure 3D). In addition, as HoS is an ecological factor that drives the similarity of community structure, it can lead to an observed reduction in species richness (Crespo et al., 2013; Yuan et al., 2021). Therefore, the higher relative importance of HoS in the FL community compared to the PA community is in accordance with the results of the observed features (Figure S3A).

The biogeography and functional profile of PA and FL prokaryotes in the West Pacific and Indian Oceans were revealed by PCoA and variance partitioning analysis (Figures 3A–C). These results indicate that niche differentiation was the dominant factor shaping the community structure and functional profile of PA and FL prokaryotes in the tropical oligotrophic surface ocean. Furthermore, consistent with earlier studies suggesting that the PA community may be largely influenced by factors such as particle composition and quality (Yung et al., 2016; Bižić-Ionescu et al., 2018), PA assemblages in the West Pacific and Indian Oceans demonstrated more distinct biogeographic distribution patterns and higher variability than their FL counterparts.



Significant differences in the community composition and structure between PA and FL prokaryotes

The community composition and structure of the PA and FL prokaryotes in this study were very similar to previous results (Figure 4; Figure S1; Figure S4). Taxa such as Lentimonas, Alteromonas, and Marine Group II were significantly more abundant in PA assemblages, which is consistent with previous findings suggesting that they are potential PA specialists and may play an important role in POM degradation (Ganesh et al., 2014; Simon et al., 2014; Bižić-Ionescu et al., 2015; Orsi et al., 2015; Sichert et al., 2020). Conversely, lineages such as Prochlorococcus, SAR11 clade, AEGEAN-169 marine group, and Candidatus Actinomarina were significantly more enriched in FL assemblages, which have been proven to be FL and play a major role in the ocean carbon cycle (Partensky et al., 1999; Grote et al., 2012; Ulloa et al., 2021).



Functional differences between PA and FL prokaryotic communities

Genome-centric metagenomics revealed significant differences in the functional potential between PA and FL prokaryotic communities (Figure 6). Most amino acid metabolism pathways were found to be more enriched in the FL fractions, suggesting that FL prokaryotes may have great metabolic potential in the metabolism of low-molecular-weight amino acids. Conversely, polyamine biosynthesis was more abundant in the PA assemblages. As polyamines have been shown necessary for bacterial biofilm formation (Michael, 2018), their enrichment in PA assemblages suggests that polyamines may play an active role in the particle attachment of PA bacteria. Furthermore, it has been previously reported that polysaccharides constitute a large fraction of the organic matter produced and degraded in the ocean, and carbohydrate-active enzymes are important tools used by heterotrophic microbes to initiate the degradation of marine polysaccharides (Arnosti et al., 2021). In this study, carbohydrate metabolism and glycosaminoglycan degradation pathways were significantly enriched in the PA assemblages, implying that PA prokaryotic communities may play a key role in mediating the degradation of polysaccharide particles.




Conclusion

Our research provided a systematic and detailed genetic investigation of PA and FL prokaryotes in tropical surface oceans. Consistent with relatively stable oligotrophic oceanic environments, HoS dominated the PA and FL prokaryotic community assembly. The PA prokaryotic community exhibited higher diversity and possessed a significantly higher number of particle specialists compared to the FL fraction, whereas taxa characterized by FL were significantly more enriched in the FL prokaryotic community. Genome-centric metagenomics further indicated that the PA prokaryotic community showed great metabolic potential for polysaccharide degradation, whereas the FL counterparts might play a vital role in the biogeochemical cycling of amino acids. Being limited to samples collected from the ocean surface, this study was unable to decipher the dynamics and functional characteristics of PA and FL prokaryotic communities in deep seawater. Comprehensive investigations of PA and FL prokaryotes in the total water column would be appropriate for future studies to fully understand their roles in the ocean carbon cycle.
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