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The study of marine microbial communities is crucial for comprehending the distribution patterns, adaptations to the environment, and the functioning of marine microorganisms. Despite being one of the largest biomes on Earth, the bacterioplankton communities in the Northwest Pacific Ocean (NWPO) remain understudied. In this research, we aimed to investigate the structure of the surface bacterioplankton communities in different water masses of the NWPO. We utilized metagenomic sequencing techniques and cited previous 16S rRNA data to explore the distribution patterns of bacterioplankton in different seasons. Our results revealed that Cyanobacteria, Proteobacteria, Bacteroidetes, and Actinobacteria dominated the microbial communities, accounting for over 95% of the total. During spring, we observed significant differentiation in community structure between the different water masses. For instance, Prochlorococcus and Pseudoalteromonas were primarily distributed in the nutrient-deficient subtropical countercurrent zone, while Flavobacteriaceae and Rhodobacteraceae were found in the Kuroshio-Oyashio mixing zone. During summer, the surface planktonic bacteria communities became homogenized across regions, with Cyanobacteria becoming the dominant group (68.6% to 84.9% relative abundance). The metabolic processes of the microorganisms were dominated by carbohydrate metabolism, followed by amino acid transport and metabolism. However, there was a low relative abundance of functional genes involved in carbohydrate metabolism in the Kuroshio-Oyashio mixing zone. The metagenomic data had assembled 37 metagenomic-assembled genomes (MAGs), which belong to Proteobacteria, Bacteroidetes, and Euryarchaeota. In conclusion, our findings highlight the diversity of the surface bacterioplankton community composition in the NWPO, and its distinct geographic distribution characteristics and seasonal variations.
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Introduction

The ocean represents the largest ecosystem on the planet and microorganisms are ubiquitous in the marine environment. There are about 104 to 106 cells per milliliter of seawater (Sunagawa et al., 2015), such a high biomass, coupled with a high turnover rate and the complexity of the marine environment make marine microorganisms have diversified characteristics. Microorganisms and the communities they form, play a pivotal role in biogeochemical processes, driving and responding to changes in the environment, including temperature, carbon chemistry, nutrient, and oxygen content associated with climate change, as well as ocean stratification and ocean current change (Doney et al., 2012), etc. Investigating the diversity and distribution patterns of marine microbes is critical to understanding the evolution of contemporary biodiversity, ecological processes and monitoring the response of marine ecosystems to environmental change. In recent years, advances in next-generation sequencing technologies have allowed for large-scale exploration of the taxonomic diversity and geographic distribution of marine microbes. The sequencing of microbial gene sequences using high-throughput sequencing and metagenomic techniques has been applied to characterize genetic diversity, and community composition (Díez et al., 2016; West et al., 2016; Zorz et al., 2019; Kong et al., 2020).

At present, numerous studies have been conducted using high-throughput sequencing to assess the diversity and functional structure of marine microbes, including some of the large-scale global surveys of marine microbes. For example, The Sorcerer II Global Ocean Sampling Expedition (GOS) survey project (Wilhelm et al., 2007; Yooseph et al., 2007; Yutin et al., 2007; Rusch et al., 2010), and the Tara Oceans Global Microbial Survey project (Brum et al., 2015; de Vargas et al., 2015; Pesant et al., 2015; Sunagawa et al., 2015; Carradec et al., 2018). Partial results of these studies suggested that the distribution of microorganisms is environmentally restricted and the community composition is highly heterogeneous (Suh et al., 2014; Sunagawa et al., 2015; Li et al., 2018a). However, some bacteria have a wider latitudinal range than other taxa (West et al., 2016), suggesting that some bacteria may migrate to, or emigrate from adjacent regions through such mechanisms as thermohaline circulation and oceanic currents (Suh et al., 2014). These researches have advanced the study of microbial genetic diversity in the world’s oceans and have made a significant step forward in our understanding of marine biogeochemical processes.

The Northwest Pacific Ocean (NWPO) is one of the largest oligotrophic areas in the world (Polovina et al., 2008; Moore et al., 2013), and represents the largest ocean current on Earth. It is inhabited by phytoplankton and heterotrophic bacteria that have adapted to the oligotrophic environment. Despite low productivity, these microbes significantly impact global biogeochemical cycles. While studies have been conducted on phytoplankton diversity and seasonal variation (Fujiki et al., 2016), phytoplankton diversity and metabolic function (Li et al., 2018a; Wang et al., 2022), pico-eukaryotic microbial community diversity and community structure (Wang et al., 2018a) and patterns of relative and quantitative abundances of bacteria in surface water (Kong et al., 2020) in the NWPO, the area remains understudied (outside the scope of GOS and Tara Oceans studies). There is a need for further investigation into the diversity and community structure of bacterioplankton communities in the region.

Here, we investigated the diversity and community structure of bacterioplankton communities on the surface of the NWPO using metagenomic techniques and compared the distribution patterns of bacterioplankton between different water masses in different seasons by referring to historical data, to provide a reference for microbial studies in the NWPO and improve the understanding of the spatial distribution of marine microorganisms.





Methods and materials




Sample collection and analytical testing

The study investigated environmental parameters in the NWPO (21°N ~ 39°N, 123°E ~ 150°E) and collected sea surface microbial community samples during the August cruise to analyze the community structure and related environmental data. To integrate the analysis of the seasonal distribution patterns of surface bacterioplankton communities in the NWPO, the results of 16S rRNA data of sea surface microorganisms in the same sea area reported (Li et al., 2018b) were discussed in this research. The relevant voyage information is summarized in Table S1.

From August 16, 2018, to September 15, 2018, surface seawater (about 5 m) from 10 sites was collected in the NWPO. In each site, the navigation pump was used to extract about 300L of surface seawater and collected water samples were transferred into 15-L HCl-rinsed buckets. The seawater was pre-filtered through a membrane with a pore size of 1μm (293mm diameter mixed fiber membrane) to remove particles and microorganisms with larger diameters and then passed through a membrane with a 0.2μm pore size (293mm diameter mixed Fiber membrane) to collect microorganisms with a particle size range of 0.2~1μm. All filter membranes were stored frozen in liquid nitrogen and then stored at -80°C until further analysis. The in-situ temperature and salinity of different sites on the surface layer use the data of the navigation probe on board (SBE21).

Physicochemical parameters were also collected on the May 2018 voyage and the August 2018 voyage (Li et al., 2022), including temperature, salinity, dissolved oxygen, pH, nutrients (nitrate, phosphate, and silicate), dissolved inorganic carbon (DIC), and total alkalinity (TA). Temperature and salinity data were obtained using data from the conductivity-temperature-depth/pressure (CTD) probes (SBE911 plus, Sea-Bird Scientific, USA). Dissolved oxygen was sampled, fixed, and titrated to complete the assay on board according to the classical Winkler method. Dissolved oxygen saturation (DO%) is the ratio of measured DO values to DO saturation values at atmospheric equilibrium, where atmospheric equilibrium DO saturation values were calculated by equation(Benson and Krause, 1984), using temperature, salinity, and atmospheric pressure on site. The nutrient concentration was determined using a reorganized Syslyzer III analyzer (Systea S.P.A. Co., Italy). The pH (total hydrogen ion scale) data was calculated by inputting inorganic carbon and alkalinity data into CO2SYS.XLS (Version 24) (Lewis and Wallace, 1998), specifical the steps of quality control of parameter selection and data referred to the literature (Zhai et al., 2014). Water samples for DIC and TA analyses were collected and stored in 250 mL borosilicate glass bottles. Before being sealed with greased (Apiezon-L) ground-glass stoppers, 1 mL of seawater was removed from each sample bottle to allow for thermal expansion, and 100 µL of saturated HgCl2 was mixed into the water samples to halt biological activity. Samples were then preserved at room temperature until determination. DIC was measured using an infrared CO2 detector-based DIC analyzer (AS-C3, Apollo SciTech Inc., United States), and TA was determined at 25°C by Gran acidimetric titration using a semiautomated titrator (AS-ALK2, Apollo SciTech Inc., United States). The physical and chemical parameters of all sampling points were summarized in Table S2.





DNA extraction, sequencing, and metagenomic analysis

Microbial genomic DNA was extracted using a PowerSoil DNA Isolation Kit (QIAGEN, United States), according to the manufacturer’s instructions. For seawater samples, the 0.2 μm-mesh membranes were cut into 0.2 cm pieces with flame-sterilized scissors and added to a PowerBead Tube (Zhang et al., 2018). Sequencing was performed on the Illumina Hiseq2000 platform by Magi Gene Company (Guangdong, China), resulting in 10 sampling points of raw data in Fastq format (around 10G per sample).

The original sequencing data were separated based on the sample’s barcode and then processed with Trimmomatic (Bolger et al., 2014) to eliminate adapters and low-quality sequences (the length of the forward and reverse sequence is 20~150bp, the average quality>30). The quality of the trimmed sequences was checked by FastQC (http://www.bioinformatics.babraham.ac.uk/projects/fastqc/), after which the sequences were assembled with MEGAHIT (Li et al., 2015) for further binning, gene prediction, and functional annotation. The assembled sequences were evaluated with QUAST(Gurevich et al., 2013) statistics and species annotated with Kraken(Wood and Salzberg, 2014). Classification and functional annotation were performed based on high-quality reads. The number of raw reads, average length, number of extracted eligible sequences, average length, and average GC content for each sample were counted in Table S3. The predicted genes were aligned against the Kyoto Encyclopedia of Genes and Genomes (KEGG) (Kanehisa et al., 2017) to determine the best annotation results (the level 1 and level 2 were counted and analyzed). Genes encoding carbohydrate metabolizing enzymes were identified by using the predicted genes against the Carbohydrate-Active enZYmes (CAZY) public database(Cantarel et al., 2009) with the same filtration mechanism. Three methods were used for CAZymes annotation: the first used HMMER to annotate against the HMMs database of dbCANh CAZyme, the second used DIAMOND for fast annotation against the CAZy database, and the third used Hotpep to annotate against the short conservative sequences of the PPR database. The clustering analysis was performed using the function pheatmap in R package (version 3.6.1).

To further annotation of Metagenome-Assembled Genomes (MAGs), MetaBAT2 (Kang et al., 2019), MaxBin2 (Wu et al., 2016), and Concoct (Alneberg et al., 2014) were used to perform initial binning, and the results were evaluated using CheckM (Parks et al., 2015). The species annotation of the metagenome-assembled genomes was performed using Taxator-tk (Dröge et al., 2015), which was based on the NCBI_nt and NCBI_tax databases, and the species classification was estimated accordingly. The average nucleotide similarity with published genomes was calculated using FastANI (ANI: Average Nucleotide Identity) (Jain et al., 2018). MinHash-style sketches were generated to classify genomes and metagenomes based on a database of known species. The species classification of the assembled genomes was identified by searching the published metagenome-based species-level assembled genome database using PhyloPhlAn2 (Segata et al., 2013). The assembled contigs were run through a local installation of the antiSMASH pipeline (version 6.0.1) for identifying the BGCs (Blin et al., 2021).





16S rRNA data analysis

The research on bacterial diversity and taxa associated with nitrogen metabolism in the surface layer (5-10 m) was conducted by the literature (Li et al., 2018b) from March 30 to May 10, 2015, in the NWPO. The original 16S rRNA data were obtained from the NCBI (BioProject ID PRJNA434503) and processed using Qiime2 (version 2019.7.0) (Bolyen et al., 2019) for denoising, clustering, and annotation by SILVA rRNA database (version 132) (Quast et al., 2012). The denoising process resulted in the acquisition of 15,000-22,000 sequences, which were annotated to reveal 375 microbial species (Table S4). In addition, our study listed the physical and chemical parameters of sampling points for the 2015 spring voyage in Table S2.






Results




Environmental characteristics

The study area was in the subtropical Northwest Pacific Ocean from 20°N to 40°N (Figure 1), with the Kuroshio Extension recirculation gyre (KERG) region around 25°N to 35°N (orange boxed area in Figure 1B) (Kitamura et al., 2016; Cheng et al., 2017). ST5, ST6, B1, and A6 (Figure 1B) were located in mixed Kuroshio extensions and oyashio (hereafter Kuroshio-oyashio mixing zone) with low temperature and salinity (Li et al., 2018b; Wang et al., 2018a) and high nutrient concentrations, with NOx-concentrations reaching up to 5.78 μM (Table S2). Salinity in spring (34.3 to 34.7) was higher than in summer (33.8 to 34.2) (Figures 2A, B), and in the region north of 35°N sea surface temperatures were below 17°C in spring and 24.6°C to 27.3°C in summer (Figures 2C, D). Sea surface temperatures could be divided into three zones from north to south in spring, but by August, the sea surface temperatures in the region south of 35°N had increased to around 30°C. ST11 was located in the mixed Kuroshio-East China Sea, which is another region of relatively low temperature and salinity except for north of 35°N, and with higher salinity in spring (34.2 to 34.7) than in summer (33 to 34.2) (Figures 2A, B), the sea surface temperatures of 20°C to 25°C in spring and 28°C to 29.2°C in summer (Figures 2C, D). In the Kuroshio countercurrent zone, ST4, ST7, ST8, K6, B9, B4, and B5 showed low nutrient salinity and NOx- concentrations (0.05 to 0.14 μM) (Table S2), with sea surface salinity of around 34.5 (Figures 2A, B) and sea surface temperatures increasing from 20.9°C to 24.7°C in spring to 27°C to 29.6°C in summer (Figures 2C, D). ST9 and ST10 in the east of the Kuroshio basin, situated in the subtropical countercurrent zone, mainly influenced by the Kuroshio. ST1, ST3, K1, and K3 were located in the southernmost subtropical inversion zone, which had low nutrient concentrations (Table S2) and high salinity at around 34.5 (Figures 2A, B). Due to the low latitude, temperatures were the highest of the three regions, around 27°C to 30°C all year (Figures 2C, D).




Figure 1 | Microbial sampling sites and ocean currents in the study area. (A) Chemical parameter (blue) and microbial samples sampling stations in the NWPO from August to September 2018; (B) The microbial sampling stations in April-May 2015(green dots) and in August-September 2018 (red dots), and ocean current distribution.






Figure 2 | Surface distribution of salinity (A), temperature (C), dissolved oxygen saturation (E), and pH (G) in the northwest Pacific in May 2018; Salinity (B), temperature (D), dissolved oxygen saturation (F), and pH (H) surface distribution in August 2018.



In addition, due to the vigorous growth of phytoplankton during the spring survey (Fujiki et al., 2014; Fujiki et al., 2016; Matsumoto et al., 2021), the dissolved oxygen saturation in the entire NWPO was higher than the atmospheric equilibrium value. In summer, the dissolved oxygen was in equilibrium with the atmosphere (Figures 2E, F). The pH gradually increased from south to north and was lower in summer than in spring (Figures 2G, H). This was caused by the low surface seawater temperature in the high latitude region (spring). Moreover, phytoplankton growth and reproduction were more vigorous in spring than in summer, and the amount of CO2 absorbed by phytoplankton through photosynthesis was higher than in summer. As a consequence, the pH was higher in spring than in summer, and the pH was lower in the low-latitude region than in the high-latitude sea (Zhai et al., 2014; Fujiki et al., 2016).





Correlation analysis of bacterioplankton communities

A metagenomic library of 10 surface samples was established for determining the composition and abundance of planktonic bacterial communities during the summer cruise survey (August to September 2018). The results were compared with the 16S rRNA data published in May 2015 (Li et al., 2018b). The abundance difference between the microbial species in different sampling areas was used to calculate the correlation coefficient between the two sampling areas, and the heat map analysis was performed to study the relationship between the prokaryotic communities in the NWPO.

The sampling sites for both studies were divided into three groups (Figure 3), based on ocean currents, water masses, and environmental conditions, from south to north: The Subtropical countercurrent zone (STCC), which was characterized by high temperature and high salinity, with an annual surface nutrient (N and P) concentration close to 0 and low surface pH; The Kuroshio extension countercurrent zone (KE), which was characterized by high salinity, high seasonal variation in temperature and surface nutrient concentrations close to 0 throughout a year, and higher surface pH than the subtropical countercurrent zone; The Kuroshio Extension-oyashio Mixed Area(MIX) (hereafter referred to as the Kuroshio-oyashio Mixing Zone) was characterized by low temperature, low salinity, high pH. The nutrient concentrations were slightly higher than the other two zones, but also close to 0 in summer.




Figure 3 | Correlation heat map analysis between two sampling cruises based on the relative abundance calculation of the top 20 species. (A) the genus level data of spring cruise in 2015. (B) the species level data of summer cruise in 2018. Pink represents STCC (Subtropical countercurrent), Blue represents KE (Kuroshio extension countercurrent), and green represents MIX (the Kuroshio-Oyashio mixing zone).



In addition, the surface marine environmental conditions were relatively homogeneous in August due to an overall increase in sea surface temperature and a decrease in the north-south temperature difference, showing very little variation in various physical-chemical parameters between different regions. The surface bacterioplankton communities in the NWPO showed very little structural differences (correlation coefficients were all above 0.99 (Figure 3B)) and can be considered as almost one ecological community.





Analysis of planktonic bacterial diversity and community structure in the summer surface

To investigate the structure of the bacterioplankton community in the Northwest Pacific Ocean, we used metagenomic sequencing to analyze surface bacterioplankton from August to September 2018. A total of 127,457,399 available reads were annotated and revealed the presence of over 40 bacterial phyla and over 6000 microorganisms. The most abundant phylum was Cyanobacteria, with an average relative abundance of 78.9%, followed by Proteobacteria (16.2%), Bacteroidetes (1.7%), and Firmicutes (1.1%) (Figure 4A). The dominant species within Cyanobacteria was Prochlorococcus, accounting for 77.6% of the total, while Synechococcus had a relative abundance of only 1.2%, much lower than that of Prochlorococcus, but it had a high abundance in Kuroshio-Oyashio mixing zone (Figure 4B). The Proteobacteria was further divided into alpha-proteobacteria (12.9%) and gamma-proteobacteria (2.2%), with the highest relative abundance and diversity in the subtropical countercurrent area where nutrient concentrations were lower (Figure 4A). The most common alpha-proteobacteria was SAR11 (Pelagibacter), with species ranked within the top 20 in relative abundance including Candidatus Pelagibacter sp. RS39, Candidatus Pelagibacter sp. RS40, Candidatus Pelagibacter sp. HIMB1321, alpha proteobacterium HIMB5, Candidatus Pelagibacter ubique, alpha proteobacterium HIMB59, Candidatus Pelagibacter sp. IMCC9036. The mean relative abundances of Candidatus Pelagibacter sp. RS39 and Candidatus Pelagibacter sp. RS40 ranged from 1.9% to 7.4% and were higher in subtropical countercurrent area, especially at the more southern sites ST1 and ST3. The species with high relative abundance in gamma-proteobacteria was the Vibrio harveyi group, whose relative abundance ranged from 0.2% to 1.1%, and had the highest relative abundance at the ST1 site in the subtropical countercurrent area (Figure 4B). Bacteroidetes, the third most abundant taxon, was mainly distributed in the Kuroshio extension recirculation gyre and the Kuroshio-Oyashio mixing zone, with the highest relative abundance of Flavobacterium found in ST5 in the Kuroshio-Oyashio mixing zone, amounting to 2.1%.




Figure 4 | Relative abundance analysis of metagenomic sequences of ten sampling points in the NWPO surface layer during the summer cruise in 2018. (A) The histogram of the relative abundance of metagenomic sequences at the phylum level (proteobacteria for class level) and only the relative abundances of the top 15 phyla (class) were listed. (B) The heat map of relative abundance at the species level during the summer cruise in 2018 (only the relative abundances of the top 20 species are listed).







Gene functional analysis and diversity of bacterioplankton

In this study, a total of 1,566,315 non-repeat genes were identified through gene prediction. Among these, 12,376 genes were classified as core functional genes and accounted for 7.9% of the functional genes. Additionally, 36,912 functional genes were found to exist only in a single sample, accounting for 23.6% of all functional genes, while the remaining 1,073,431 functional genes made up 68.5% (Figure S1). The non-repeat genes shared between the two samples are counted in Table S5.

The functional genomic classification was performed using KEGG (Figure 5A), and the results indicated that the dominant planktonic microorganisms in the NWPO were metabolism-related genes, followed by genetic information processing and environmental information processing. Specifically, carbohydrate metabolism was the most abundant, accounting for 20% of all metabolic pathways (73,993 non-repeat genes). Amino acid transport and metabolism was the second most abundant, accounting for 18% (68,689 non-repeat genes), which was different from previous studies (Sunagawa et al., 2015). Metabolism of cofactors and vitamins accounted for 14% (51,267 non-repeated genes). Translation, replication and repair, folding, sorting, and degradation were the major sub-pathways of genetic information processing, others are shown in Figure 5A.




Figure 5 | KEGG annotation of summer metagenomic data (A) and relative abundance analysis of subpathways among related samples (B). (A) The number of unigenes of the level 1 (KEGG metabolic pathway first level) and level 2 (KEGG metabolic pathway second level) in KEGG annotation results. (B) Heat map of the abundance of functional genes in different samples (red indicates the higher relative abundance, while green indicates the lower relative abundance).



To further understand the carbohydrate metabolic process of the samples, we performed CAZymes functional gene annotation. We listed the number of non-repeat genes for carbohydrase annotated by the three methods in Figure S2. The results showed that most non-repeat genes were annotated using HMMER. We selected the non-repeat genes that were annotated under both different methods for subsequent statistical analysis, and the results of the first level were listed in Table S6. Upon further analysis, 452 non-repeat genes were found to belong to auxiliary oxidoreductases, 160 non-repeat genes belonged to carbohydrate-binding modules, 810 non-repeat genes belonged to carbohydrate esterase, 3,323 non-repeat genes belonged to glycoside hydrolases, 5,358 non-repeat genes belonged to glycosyltransferases, and 39 non-repeats belonged to polysaccharide lyase. These results suggest that glycoside hydrolase and glycosyltransferase may be more actively transcribed in the samples. In addition, the number of ST5 and ST6 carbohydrates was found to be lower than in other samples, which was consistent with the KEGG annotation results (lower abundance of functional genes for ST5 and ST6 carbohydrate metabolism).

To identify the functional genes that have a significant effect on the differences between groups, a heat map of relative abundance between samples was done for the sub-pathways in this study (Figure 5B). Results showed that the functional gene abundance in the southern subtropical countercurrent zone (ST1 and ST3) and in the Kuroshio-Oyashio mixing zone (ST5 and ST6) was distinct from the other samples. The higher temperature in the southern subtropical countercurrent region was associated with an increased abundance of functional genes, except for the Sensory system and Cellular community-eukaryotes related to cellular processes. Conversely, the lower temperature and salinity in the Kuroshio-Oyashio mixing zone resulted in a lower abundance of functional metabolic pathway genes, except for Immune disease and Excretory system, which were higher than that in other areas. Samples from the mixed East China Sea and Kuroshio region (ST10 and ST11) had a similar functional gene distribution pattern to ST5 and ST6, but with slightly higher relative abundance. Samples from the Kuroshio Extension Return Zone (ST4, ST7, and ST8) and the Subtropical Countercurrent Zone (ST9) had a similar functional gene distribution pattern, with higher abundance compared to the Kuroshio-Oyashio mixing zone, but lower than ST1 and ST3.

We analyzed the functional genes involved in nitrogen, sulfur, and phosphorus metabolism in the metagenomes of our sampling sites. As shown in Figure S3A, key genes in the pathways of assimilatory nitrate reduction to ammonia (ANRA), dissimilatory nitrate reduction to ammonia (DNRA), denitrification, and nitrate assimilation were detected in metagenomes of the sampling sites. In general, the nirA and narG genes encoding the enzymes for nitrate/nitrite removal (ANRA and denitrification) showed high abundance in ST3 and ST11. The narB gene encoding the enzymes for ANRA showed high abundance in ST4 and ST7. However, the other key genes of nitrogen metabolism were most abundant in ST1, which was different from other regional samples.For sulfur metab olism, genes related to assimilatory sulfate reduction, dissimilatory sulfate reduction, and sulfur oxidation were detected in all sampling sites (Figure S3B). For sulfur oxidation, some genes involved in thiosulfate oxidation (soxC and soxD), and sulfite oxidation (soeC) had high abundances in ST5. The aprB gene (a key gene in dissimilatory sulfate reduction), soeA for sulfur oxidation, and the CysJ (a key gene in Assimilatory sulfate reduction) had the highest abundances in ST3. In ST1, the cysI/cysH genes encoding for Assimilatory sulfate reduction, and aprA for Dissimilatory sulfate reduction showed the highest abundances. We also identified key genes in phosphonate and phosphinate metabolism (Figure S3C). PhnP and phnA had the highest abundances in ST3 and were present at low abundance in other sampling sites. Pat and phnL showed the highest abundances in ST7. It is noteworthy that ST1 was also most abundant in phosphonate and phosphinate metabolism, with the same analysis results for the nitrogen anlfur metabolism.

Interestingly, Figure S3 exhibited a consistent trend with Figure 5B. As seen in Figure 5B, the Carbohydrate metabolism of ST1, ST3, ST4, ST7, and ST8, with a very high abundance of genes related to amino acid metabolism, was most likely due to the high summer temperature and lower nutrients content in these sea areas, which required more diverse metabolic pathways of carbon and nitrogen sources to more fully utilize the limited nutrient resources(Huo, 2012; Wang et al., 2021); And it was also found that the relative abundance of genes for transcription, translation, folding, sorting and degradation, and replication and repair functions related to protein metabolism were also higher in these samples than in others, indicating that microorganisms living in the subtropical countercurrent zone and the Kuroshio extension countercurrent area had more active gene transcription and faster cell proliferation or metabolism levels. And according to the results presented in Figure S3, ST1, and ST3 had a very high abundance of genes related to nitrogen, sulfur, and phosphorus metabolism, which was distinct from the other samples collected from the Subtropical Countercurrent Zone. Further, as evident from Figure 1, the sampling points of ST1 and ST3 were geographically separate from the others in the same zone. This suggests that pure geographic factors may play significant roles in shaping bacterial communities. Latitude, longitude, temperature, and salinity may be associated with specific microbial groups. These findings are consistent with previous studies (Wang et al., 2018b; Kong et al., 2020).





Prediction and annotation of metagenome-assembled genomes (MAGs)

We predicted and annotated possible new species based on the surface planktonic microbial metagenomes in the NWPO during summer. We employed MetaBAT2, MaxBin2, and Concoct for the initial binning of metagenomic data, and subsequently evaluated the quality of resulting bins using CheckM. As shown in Table S7, a total of 29 bins were obtained with high completeness and low contamination. These bins were further optimized by integrating the initial bins obtained from MetaBAT2, MaxBin2, and Concoct, resulting in 37 purified bins. The optimized bins were then assessed using CheckM, and the evaluation results are presented in Table S8. The results of FastANI and Sourmash analysis indicated that only two of the assembled genomes, MAG.21 and MAG.26, had an average nucleic acid similarity above 95% with known genomes, suggesting they belong to the same species (Table S9). PhyloPhlAn2 was used to search the published metagenome-based species-level assembled genome database to classify the species of the assembled genomes. It was found that eight of the assembled genomes were similar to published bins (Avg_dist < 0.05) while 29 were newly assembled. Among these 37 assembled genomes, 20 could be annotated to the kingdom level, 3 to the phylum level, 7 to the class level, 5 to the family level, and 2 to the species level, which was Delftia acidovorans for beta-proteobacteria, and Vibrio campbellii for gamma-proteobacteria. The results of the above analysis and assembled genome annotation were listed in Table S9, S10. The majority of the genomes belonged to alpha-proteobacteria, gamma-proteobacteria, and Flavobacteria within the Proteobacteria phylum, suggesting the abundance of Proteobacteria in the western Pacific Ocean and potentially in the global oceans may be underestimated.

We also found that the 37 MAGs could be clustered into four major groups based on their abundance in different samples. As shown in Figure 6, Cluster I was dominated by gamma-proteobacteria and had a higher abundance in all samples, particularly in subtropical countercurrent waters (ST1). Cluster II had a lower abundance in the lower-temperature Kuroshio-Oyashio mixing zone (ST5 and ST6) and the East China Sea-Kuroshio mixed zone (ST10 and ST11). Cluster III was comprised of various Proteobacteria and Archaea, with the highest abundance found in the Northwest Pacific subtropical countercurrent zone (ST3 and ST9). Cluster IV was mainly found in the lower-temperature Kuroshio-Oyashio mixing zone and the East China Sea-Kuroshio mixed zone. And we found that Delftia acidovorans (MAG.21) and Vibrio campbellii (MAG.26) had high abundance in all water masses and were mainly distributed in the high-temperature subtropical countercurrent zone (ST3 and ST1). Erythrobacter showed a similar distribution pattern as Vibrio campbellii, while Pelagibacteraceae (MAG.3) was mainly distributed in the subtropical countercurrent zone and the Kuroshio extension recirculation zone, similar to the spring distribution pattern. Flavobacterium was found in both the recirculation zone (MAG.10) and the mixed zone (MAG.12).




Figure 6 | Heat map of the abundance analysis of MAGs of ten sampling points in the NWPO surface layer during the summer cruise (red indicates the higher relative abundance, while green indicates the lower relative abundance).



The assembled contigs were analysed using antiSMASH, resulting in the identification of 1195 biosynthetic gene clusters (BGCs) on 1172 contigs (Table S11). A total of 1154 BGCs (96.6%) were identified as being on a contig edge and were therefore categorized potentially incomplete, while 41 (3.4%) were full length. The average length of BGCs was 4.06 kb, with a maximum length of 46.9 kb. The most abundant classes of BGCs were terpenes (60.0%), followed by RRE-containing (5.4%), arylpolyene (5.3%) and RiPP-like (4.3%). In particular, BGCs were dominated by few subclasses. For all the 5594 genes in BGCs, 561 genes contained a squalene/phytoene synthase Pfam domain (PF00494). This indicates that the product of these BGCs is a tri- or tetraterpene. 340 genes also contained a lycopene cyclase domain (PF05834), 191 genes contained a Flavin containing amine oxidoreductase (PF01593), while 132 genes contained a Beta-carotene dioxygenase (PF15461).






Discussion




Planktonic bacterial diversity in the summer surface of the NWPO

Microorganisms play a critical role in the cycling of materials and energy in oceans. Therefore, understanding the seasonal distribution and diversity patterns of these microorganisms is crucial. The Northwest Pacific Gyre, known as one of the oligotrophic oceans on Earth, exhibits large temperature and nutrient concentration differences due to the interaction of the Kuroshio and Oyashio (Li et al., 2018b). In this environmental context, the structure of microbial communities in the NWPO varies among distinct water masses, providing an excellent model for studying the adaptation mechanisms of microorganisms to environmental changes.

In this study, more than 40 phyla of bacteria, with over 6000 microorganisms, were analyzed and annotated using metagenomic sequencing techniques. Consistent with previous studies (Fuhrman, 2009; Suh et al., 2014; Li et al., 2018a; Kong et al., 2020), The most abundant phylum was Cyanobacteria, with an average relative abundance of 78.9%, followed by Proteobacteria (16.2%), Bacteroidetes (1.7%), and Firmicutes (1.1%) (Figure 4A). Cyanobacteria had a relatively high abundance at each sampling site, followed by alpha-proteobacteria and gamma-proteobacteria, whose relative abundance was higher at sampling sites ST1 and ST3. The dominant species within Cyanobacteria was Prochlorococcus, accounting for 77.6% of the total (Figure 4B). Prochlorococcus, pico-class phytoplankton, because of its streamlined genome and high adaptability to low nutrient environments (Giovannoni et al., 2014; Milici et al., 2016), was widespread in oligotrophic seas around the world and was an important producer in oligotrophic sea areas, for example, in the central (Rusch et al., 2007; Zhou et al., 2018) and southern (de Jesus Affe et al., 2018) Atlantic Ocean, the eastern(Thompson et al., 2018) and equatorial Pacific (Kent et al., 2016), the northern (Díez et al., 2016) and equatorial eastern Indian Ocean(Ding et al., 2021). Synechococcus of Cyanobacteria was also widely distributed at all stations, but in lower abundance overall. The highest abundance was found in Kuroshio-Oyashio mixing zone. It was consistent with the finding that Synechococcus is more competitive in more trophic sea areas (Partensky et al., 1999; Li et al., 2018b).

The most common alpha-proteobacteria was SAR11 (Pelagibacter), the second dominant species in the study area. SAR11 was widely distributed in all sampling sites, but had the highest relative abundance in ST1 and ST3(Figure 4B). Like Prochlorococcus, SAR11 had a streamlined genome and was well adapted to low-nutrient environments. It had a very high biomass in the ocean and represented 25% or more of the total bacterial cells in seawater worldwide (Giebel et al., 2009; Brown et al., 2012; Giovannoni and Annual, 2017). Compared to Prochlorococcus, SAR11 had a wider geographical distribution, ranging from the hot equator to the poles(Becker et al., 2019; Dinasquet et al., 2022), with the highest biomass in oligotrophic marine environments (Giovannoni and Annual, 2017). In our study area, SAR11 had considerable diversity, with seven species in the top 20 in terms of relative abundance.





Seasonal distribution patterns of surface bacterioplankton in the NWPO

To further investigate the distribution patterns of surface microorganisms in the NWPO, the cited data (Li et al., 2018b) were analyzed, and a total of 22 phyla of bacteria were obtained. The phylum with the top 15 average abundance (Proteobacteria as the class) from the two cruise samples was taken for comparison and analysis of seasonal differences in community composition between water masses (Figure 7A). The results indicated distinct patterns of surface bacterioplankton distribution in the NWPO during spring and summer. In spring, the abundance of Cyanobacteria gradually decreased with increasing latitude, from the subtropical countercurrent zone to the Kuroshio-Oyashio mixing zone. Alpha-proteobacteria, gamma-proteobacteria, and Actinomycetes were more abundant in the Kuroshio extension countercurrent area. Meanwhile, the abundance of the Bacteroidetes and Marinimicrobia (SAR406 Clade) was higher in the Kuroshio-Oyashio mixing zone (Figure 7A). In addition, the Venn diagram of species distribution showed that there were 94 common genus species between the different water masses during the spring survey, accounting for only 31.4% of all genus species. The subtropical countercurrent zone alone contained 73 species of genera, with marked differences in community structure between different water masses (Figure S4A). The summer cruise results showed that the abundance of Cyanobacteria was lower at the two southernmost stations (ST1, ST3) and in mixed sea areas. The abundance of alpha-proteobacteria and gamma-proteobacteria was slightly higher in ST1, ST3, and Kuroshio-Oyashio mixing zone, and the abundance of Bacteroidetes was also slightly higher in Kuroshio-Oyashio mixing zone than in other areas (Figure 7A). The species common to the different water masses were 2153, accounting for 95.7% of all species, while less than 0.5% were endemic to each water mass (Figure S4B). This further demonstrated that there is a large variation in planktonic bacterial communities between water masses during spring. However, the community composition between the different water masses on the surface was almost identical during summer, and it was likely that microbial migration between water masses had occurred.




Figure 7 | Comparison of community composition (A) during the spring cruise in 2015 (left) and the summer cruise in 2018 (right) in the NWPO (only the relative abundance of the top 15 phyla is listed) and comparison of the relative abundance of the top 12 phyla(class) (B) during the two cruises.



As shown in Figure 7, the relative abundance of the bacterial communities was found to be dominated by Cyanobacteria, Proteobacteria, Bacteroidetes, and Actinomycetes, accounting for over 95% of the relative abundance (sequence number relative ratio). And they had different distribution patterns in different seasons. Cyanobacteria were the dominant species in this ecosystem. Interestingly, during the summer cruise, the average relative abundance of Cyanobacteria increased from about 20% in the spring cruise to about 80%, becoming the first dominant species. The second was Proteobacteria, which accounted for 35-61% of the community composition during the spring survey. In contrast, the abundance of both alpha-proteobacteria and gamma-proteobacteria decreased during the summer cruise compared to the spring cruise (10% for the former and 20% for the latter), with the average abundance of the former being 13% and the latter 2.2% during the summer cruise, while the relative abundance of other Proteobacteria increased during the summer cruise (Figure 7B). Bacteroidetes, Actinomycetes, SAR406 Clade (Marinimicrobia) and Chloroflexi were the main constituents of the spring planktonic bacterial community structure. While the abundance of Firmicutes increased significantly during the summer months (Figure 7B). And we detected viruses in all samples in summer with abundances ranging from 0.1% to 3.4%.

We further analyzed the horizontal distribution of genus and species. The heat map of the planktonic bacterial community revealed that the two main genera under Cyanobacteria, Prochloron, and Synechococcus, were comparatively less abundant in the Kuroshio-Oyashio mixing zone compared to the other two areas during the spring survey, with Prochlorococcus not being detected at station B1 (Figure S5). During the spring survey, SAR86 of gamma-proteobacteria and the Rhodobacteraceae of alpha-proteobacteria were abundantly present at all stations, with the former being predominantly present in the nutrient-poor subtropical countercurrent zone and the latter being primarily found in the Kuroshio-Oyashio mixing zone and the Kuroshio Extension countercurrent zone. Although SAR11 was detected at all stations, its relative abundance was low (<5%), especially in the Kuroshio-Oyashio mixing zone and C2 (<1%). The three groups NS4, NS5, and NS9 of Flavobacteriales belonging to the Bacteroidetes were predominantly distributed in the Kuroshio-Oyashio mixing zone (Figure S5). These taxa were found to be adhesive and mainly lived attached to large particulate matter primarily attached to large particulate matter, with their distribution in the Atlantic Ocean being primarily in coastal areas with high nutrient concentrations (Milici et al., 2016). In contrast to the Atlantic Ocean, Pseudoalteromonas, the genus of gamma-proteobacteria, had a high relative abundance in the nutrient-poor subtropical countercurrent zone (K1) (Milici et al., 2016). During the summer survey, slight variations in species abundance were observed between the different water masses, although the community composition remained unchanged. Prochlorococcus was abundant in summer, with its relative abundance far surpassing that of all other species combined, with the highest abundance of 84.4% being found at station ST10 in the subtropical countercurrent zone. The average abundance of Synechococcus was relatively low at around 1%. And the SAR11 (Brown et al., 2012; West et al., 2016; Giovannoni and Annual, 2017; Maturana-Martínez et al., 2022) of alpha-proteobacteria, which was as widely distributed as Prochlorococcus in the surface ocean in previous surveys, had only a maximum abundance of 17.5% in the NWPO. Several species of SAR11, Candidatus Pelagibacter sp. RS39, Candidatus Pelagibacter sp. RS40, Candidatus Pelagibacter sp. HIMB1321, Candidatus Pelagibacter ubique, and Flavobacteriaceae, under the Bacteroidetes, were primarily distributed in the Kuroshio Extension countercurrent zone and the Kuroshio-Oyashio mixing zone (Figure 7B).





Different distribution patterns of SAR11 and Prochlorococcus

Prochlorococcus (Biller et al., 2015) and SAR11 (Giebel et al., 2009; Brown et al., 2012; Giovannoni and Annual, 2017) are two significant players in the marine microbial communities, particularly in the surface layers of the global oceans. Both SAR11 and Prochlorococcus were in fairly high abundance in the surface layers of the global oceans (except in the Southern Ocean). They accounted for 30% to 50% of the total community composition of the surface layer of the ocean, with a high SAR11 abundance of 15-41% (Sunagawa et al., 2015; Becker et al., 2019). However, the abundance of SAR11 was generally low in this research. In particular, the abundance was 0.25% to 4.5% in the May 2015 study of 16S rRNA. In contrast, the abundance of Prochlorococcus was generally high, especially in the August 2018 metagenomic study, where it accounted for more than 80% of the community (Figure S6).

There may be four reasons for the above distribution pattern: (1) Environmental conditions: The NWPO is located in the subtropical circulation and is in a perennial oligotrophic state due to strong stratification. There is a Pacific warm pool in the south. Influenced by the subtropical countercurrent, there is a strong western boundary current, the Kuroshio, to the west, and the influence of the Kuroshio Extension and Oyashio to the north(Fujiki et al., 2016; Kitamura et al., 2016; Cheng et al., 2017; Oka et al., 2018). The warm pool-Kuroshio-Kuroshio Extension has a strong influence on the community composition of the NWPO. The predominant pico-phytoplankton in the western Pacific warm pool and Kuroshio is Prochlorococcus, which can reach a cell abundance of 4~20×104 ml-1 (Choi et al., 2016). It is shown that in addition to the ability of Prochlorococcus itself to adapt to oligotrophic environments, Kuroshio plays a relatively important role in the input of the Northwest Pacific basin. (2) Seasonal change: In the study of Tara Oceans, the microbial samples were in the spring, autumn, and winter seasons corresponding to the northern and southern hemispheres (Sunagawa et al., 2015). Our metagenomic samples were collected from August to September 2018. At this time, it was late summer and early autumn in the NWPO. Previous studies had shown that the abundance of Cyanobacteria increased significantly in summer, especially Prochlorococcus, while the abundance of Proteobacteria decreased (Suh et al., 2014; Fujiki et al., 2016). (3) The interaction between Prochlorococcus and SRA11: There are many different strains of Prochlorococcus and SRA11, and there are some differences in ecological functions between different strains, which also makes the formation of complex interrelationships between Prochlorococcus and SRA11. For example, the potential symbiotic relationship (Carini et al., 2014). The glycolate produced during photorespiration in Prochlorococcus can fulfill the glycine requirements of some SAR11 strains (Carini et al., 2013). (4) Amensalism: In the co-cultivation experiment, when Prochlorococcus proliferates into a stable period, the abundance of SAR11 decreases. The relationship between SAR11 and Prochlorococcus changed from a symbiotic relationship at the beginning of the co-culture to amensalism(Becker et al., 2019). The significantly higher abundance of Prochlorococcus than SAR11 in the NWPO is also likely to be related to a change in the relationship between the two species. Therefore, further research is needed on the structure of microbial communities and species interactions in the NWPO.






Conclusion

In this study, the bacterioplankton community in the surface waters of the NWPO was investigated using metagenomic methods to shed light on the microbial taxonomy and functional diversity in this dynamic region. The distribution patterns of planktonic bacteria in different seasons were also analyzed in comparison with data from the literature. In total, more than 40 phyla and 2246 Prokaryotes, with Cyanobacteria, alpha-proteobacteria, gamma-proteobacteria, and Bacteroidetes being the dominant taxa. The distribution of bacterioplankton varied seasonally, with a clear latitudinal (regional) distribution pattern observed in spring, while environmental conditions such as temperature led to changes in the distribution pattern in summer. During summer, Cyanobacteria became the most dominant species, and the bacterioplankton communities became less diverse between water masses. At the same time, community differences between regions narrowed as environmental heterogeneity became smaller. The spatial separation of planktonic bacteria changed significantly. In addition, unlike the oligotrophic seas of the Eastern Pacific and Atlantic, the NWPO had a unique ocean current environment, with a low abundance of Proteobacteria, such as SAR11 and SAR86. The metabolic processes of microorganisms in the surface layer of the NWPO were dominated by carbohydrate metabolism, followed by amino acid transport and metabolism. And there was a low relative abundance of functional genes for carbohydrate metabolism in the microbial community of the Kuroshio-Oyashio mixing zone. This large-scale microbial metagenomic study also led to the assembly of 37 metagenomic assembled genomes (MAGs) belonging to the Proteobacteria, Bacteroidetes, and Euryarchaeota, providing further insights into the ecological functions of microorganisms in the region.
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