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Synechococcus are widely distributed in the global ocean, from the pelagic zone to coastal waters. However, little is known about Synechococcus in coastal seawater due to limitations in isolation and culture conditions. In this study, a combination of metagenomic sequencing technology, flow cytometry sorting, and multiple displacement amplification was used to investigate Synechococcus in the coastal seawater of Xiamen Island. The results revealed 18 clades of Synechococcus and diverse metabolic genes that appear to contribute to their adaptation to the coastal environment. Intriguingly, some metabolic genes related to the metabolism of carbohydrates, energy, nucleotides, and amino acids were found in 89 prophage regions that were detected in 16,258 Synechococcus sequences. The detected metabolic genes can enable prophages to contribute to the adaptation of Synechococcus hosts to the coastal marine environment. The detection of prophages also suggests that the cyanophages have infected Synechococcus. On the other hand, the identification of 773 genes associated with antiviral defense systems indicates that Synechococcus in Xiamen have evolved genetic traits in response to cyanophage infection. Studying the community diversity and functional genes of Synechococcus provides insights into their role in environmental adaptation and marine ecosystems.
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Introduction

Synechococcus are a type of cyanobacteria found throughout the global oceans, from polar to temperate to tropical waters. They are estimated to be most abundant in nutrient-rich tropical and subtropical surface waters, such as the Indian Ocean and western Pacific, where their abundance can reach 3.4 × 104 and 4.0 × 104 cells mL−1, respectively (Flombaum et al., 2013). In contrast, their abundance in the Arctic and Southern Oceans is lower, at ~103 cells mL−1 (Flombaum et al., 2013). Synechococcus are most abundant in shallow waters at a depth of 50 m (Fu et al., 2007), and they occupy a wide range of ecological niches and exhibit significant diversity in habitat, physiology, morphology, and metabolic capabilities. Based on phylogenetic relationship using 16S rRNA genes, marine Synechococcus have been classified into three major subgroups, designated 5.1, 5.2, and 5.3 (Scanlan et al., 2009).

Synechococcus play an important role in the regulation of global biogeochemical cycles and carbon fixation (Zehr, 2011; Cabello-Yeves et al., 2017). They contribute approximately 21% of the ocean primary productivity and are expected to continue to increase, with a projected increase of 14% in the tropics over the next 100 years (Flombaum et al., 2013). Synechococcus also serve as a food source for various eukaryotes, such as ciliates and flagellates (Coutinho et al., 2016), which are important in driving the circulation of matter and energy flow in the environment and maintaining the stability of Earth’s ecosystem (Falkowski et al., 2008). Synechococcus exhibit tremendous metabolic diversity, and previous studies have shown that these organisms have evolved unique strategies to adapt to their environment. These strategies include aspects of their metabolism and physiology, such as nutrient uptake and utilization, regulatory systems, and motility.

Cyanophages are known to have a significant impact on the population dynamics and evolution of Synechococcus. Synechococcus are frequently exposed to phage infections, which affect their population by killing a fraction of them daily (~0.005–30% daily) (Fedida and Lindell, 2017). Lysogeny of temperate cyanophages occurs in marine Synechococcus populations, for example, those situated in Tampa Bay, Florida (McDaniel et al., 2002). This suggests that Synechococcus in coastal areas have been infected by temperate cyanophages and harbor prophages in their chromosomes. Temperate phages can increase the size of the Synechococcus genome and contribute to host metabolism. As a result, cyanophages are expected to have a significant impact on the function and evolution of their cyanobacterial hosts. On the other hand, there is evidence indicating the widespread presence of the clustered regularly interspaced short palindromic repeat (CRIPSR)–CRISPR-associated protein (Cas) system in cyanobacteria (Cai et al., 2013), which suggests that Synechococcus have developed anti-cyanophage defense systems to protect against viral infection. Furthermore, the discovery of additional defense systems, such as the restriction-modification system (RM) (Ershova et al., 2015), the defense island system associated with restriction-modification (DISARM) of innate immunity (Ofir et al., 2018), and the bacteriophage exclusion system (BREX) (Goldfarb et al., 2015), provides further opportunities to explore potential defense mechanisms in Synechococcus.

The Xiamen Coastal Sea is located in the subtropical region bounded by the Taiwan Strait in the southeast and the Jiulong River in the southwest, which allows suspended matter and nutrients from nearby waters to enter the Xiamen Sea (Yu et al., 2015; Wang et al., 2019). The hydrological environment of the area is highly dynamic and influenced by various factors, such as freshwater from the Jiulong River, seawater from the South China Sea, and human activities. These factors may affect the diversity of Synechococcus communities in the area, and contribute to their distinct genetic characteristics. Although coastal Synechococcus bacteria have not been extensively studied due to limited isolation and culture conditions, analysis of their genomic information is crucial to understanding their roles in marine environments. The aims of this study were to sequence the metagenomes of Synechococcus clades from three stations (S03, S07, and S12) located in the coastal areas of Xiamen to improve our understanding of their composition and phylogeny, and to explore the molecular mechanisms of environmental adaptation, including metabolism and defense against viral infections.



Materials and methods


Sample collection

Seawater from each station (S03, S07, and S12) was initially prefiltered through a 20 μm mesh. Subsequently, 2 liters of the prefiltered seawater was further filtered using a 0.22 μm polycarbonate membrane (47 mm, Millipore, United States). The filtered polycarbonate membranes were preserved and immediately stored at −80°C for subsequent community structure analysis and metagenome sequencing. Concurrently, 2–4 mL of the prefiltered seawater was transferred to a sterile cryotube, and glycerol was added as a cryoprotectant to achieve a final concentration of 10% v/v. The samples were quickly frozen in liquid nitrogen and stored at −80°C for cell sorting.



Total DNA extraction and metagenome sequencing

Total DNA of microorganisms on the filtered polycarbonate membranes of three stations (designated M8-S03, M8-S07, and M8-S12) was extracted using the HiPure Soil DNA 96 Kit (Magen, Guangzhou, China). All procedures were performed in accordance with the manufacturer’s guidelines. A library with an insert size of approximately 350 bp was constructed and sequenced on the Illumina HiSeq platform to generate 2 × 150 bp paired-end (PE) reads (Illumina, San Diego, CA, United States).



Community structure analysis

To assess the community composition of microorganisms at each station, the 16S-23S rRNA internal transcribed spacers (ITSs) of Synechococcus genomes were amplified and sequenced. The 16S-23S rRNA ITS region was amplified through PCR using the 16S primer (5’-TGGATCACCTCCTAACAGGG-3′) and the 23S primer (5’-CCTTCATCGCCTcTGTGCC-3′) as previously detailed (Cai et al., 2010). The PCR was conducted in a final volume of 25 μL, which included 2.5 μL of TransStart Buffer, 2 μL of dNTPs, 1 μL of each primer, 0.5 μL of TransStart Taq DNA polymerase, and 20 ng of template DNA. The thermal profile for amplification was as follows: initial denaturation at 94°C for 5 min, then 25 cycles of denaturation at 94°C for 0.5 min, annealing at 56°C for 0.5 min, and extension at 72°C for 0.5 min, with a final extension at 72°C for 5 min. Subsequently, the amplicons were subjected to electrophoresis on a 1.5% agarose gel, and their concentration was determined using a multifunctional microplate reader (Tecan, Infinite M200 Pro, Switzerland). Then, the PCR products were sequenced using the PacBio third-generation sequencing platform.



Cell sorting and mini-metagenomic sequencing of Synechococcus

Mini-metagenomics, which integrates the advantages of both shotgun and single-cell metagenomic analyses (Yu et al., 2017), was used to capture additional genomic signals from Synechococcus. We sorted 1,000 Synechococcus cells from each sample collected at three stations (S03: 3-S03, 6-S03, 8-S03, 12-S03; S07: 3-S07, 6-S07, 8-S07, 12-S07; S12: 3-S12, 6-S12, 8-S12, 12-S12) using a FACSAria flow cytometer (BD Biosciences). The cytometer was equipped with a solid-state laser providing 13 mW at 488 nm and was set to purity mode with a standard filter set-up. We extracted and amplified the genomic DNA of Synechococcus using the Discover-sc™ Single Cell Kit (Vazyme, China). All procedures were executed following the manufacturer’s guidelines. To ensure sterility, we placed the kit and consumables on a sterile operating table sterilized with 75% alcohol and ultraviolet light for 1 h before sorting. We assessed the quality and concentration of the DNA libraries using a QSEP100 bioanalyzer and Qubit 3.0, respectively. Then, we mixed the DNA libraries and subjected them to 2 × 150 bp PE sequencing using an Illumina HiSeq (Illumina, San Diego, CA, United States) instrument according to the manufacturer’s instructions.



Metagenome assembly, binning, and annotation

The raw reads were trimmed by Trimmomatic version 0.36 with custom parameters (ILLUMINACLIP: TruSeq3-PE.fa:2:30:10 LEADING:3 TRAILING:3 SLIDINGWINDOW:4:15 MINLEN:40) (Bolger et al., 2014). Then, trimmed reads of metagenomes of microorganisms without sorting were assembled using metaSPAdes version 3.11.1 with default parameters (Bankevich et al., 2012). The trimmed reads of metagenomes of sorted microorganisms were assembled using SPAdes version 3.11.1 with custom parameters (−-sc, −-careful) (Bankevich et al., 2012). Each assembled metagenome was individually imported into MetaWRAP with custom settings: --metabat2, −-maxbin2, −-concoct, bin_refining. The assessment of metagenome-assembled genomes (MAGs) for contamination and completeness was conducted using CheckM (Parks et al., 2015). High-quality MAGs (≥50% completeness, ≤10% contamination, sequences ≥1 kb) were retained for subsequent analysis. The high-quality MAGs were taxonomically annotated with the BAT against the NCBI-nr database1 using default parameters (von Meijenfeldt et al., 2019), retaining genome bins of Synechococcus. Five Synechococcus genome bins were input into Anvi’o52 to perform the average nucleotide identity analysis for genomic comparison with custom parameters (anvi-script-FASTA-to-contigs-db, anvi-run-ncbi-cogs, anvi-gen-genomes-storage, anvi-pan-genome, anvi-compute-ani, anvi-display-pan). Taxonomic classification of Synechococcus genome bins was based on single-copy genes identified by GTDB-Tk v0.3.1 with the parameter classify_wf (Parks et al., 2018). In addition, unbinned metagenomic sequences (≥1 kb) were taxonomically annotated using CAT against the NCBI-nr database (see Footnote 1) with the default parameters (von Meijenfeldt et al., 2019). Sequences classified as belonging to Synechococcus (scaffolds ≥1 kb) were retained and deduplicated for the following analysis.



Community composition and phylogeny of Synechococcus based on its sequences

Raw sequencing data from PacBio were processed using Cutadapt (v1.9.1) (Martin, 2011) to retain high-quality sequences between 1.3 and 1.6 kb in length. Then, the sequences were clustered into operational taxonomic units (OTUs) with Vsearch (v1.9.6) (Rognes et al., 2016) and QIIME (v1.9.1) (Caporaso et al., 2010) at a cutoff of 97% identity. The ITS sequences obtained from previous studies were utilized to classify the representative sequences of OTUs. Taxonomy was assigned to the OTUs using the Bayesian algorithm of RDP Classifier. Additionally, a BLASTN search was conducted to assess the similarity between the representative sequences and reference sequences.

For the construction of the phylogenetic tree, OTUs that contained a minimum of 10 sequences were chosen. Among these OTUs, representative sequences that exhibited less than 97% similarity to reference sequences were defined as unclassified sequences. A total of 163 unclassified representative sequences were selected and aligned with reference sequences using the MAFFT (v7.508) L-INS-I algorithm (Katoh and Standley, 2013). The alignments were then manually corrected using MEGA X (Kumar et al., 2018; Stecher et al., 2020). After alignment and manual correction, a total of 1,388 positions, including tRNAs, remained. To infer the maximum likelihood (ML) trees, RAxML-NG (v1.1) (Kozlov et al., 2019) was utilized, employing a heuristic search strategy. The ML trees were subjected to a bootstrap test with 1,000 replicates. Bayesian inference was performed using MrBayes (v3.2.7) (Huelsenbeck and Ronquist, 2001; Altekar et al., 2004). The analysis involved running two million generations with 2 Markov chains, and the standard deviation of split frequencies was maintained below 0.05. Additionally, the neighbor-joining (NJ) method was employed for distance analysis in PHYLIP (v3.697) (Felsenstein, 1989). Synechococcus sp. WH 5701 was employed as the outgroup for all three phylogenetic tree construction methods described earlier. The ML analysis and Bayesian inference yielded nearly identical tree topologies, while slight variations were observed in the NJ tree (refer to Figure 1).
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FIGURE 1
 Phylogenetic tree of Synechococcus, based on the ITS sequence alignment of 1,388 positions, including tRNAs, showing the phylogenetic relationships among Synechococcus genotypes. The two clades identified in this study are depicted in purple. The unclassified representative sequences from our study are indicated in boldface, while some sequences obtained in this study are not shown (represented by triangles). The numbers at the nodes of the tree represent the bootstrap values for maximum likelihood (ML) analyses, posterior probabilities for Bayesian inference (BI), and bootstrap values for the neighbor-joining (NJ) method, respectively.




Identification of prophages in Synechococcus genome sequences

CheckV v0.7.0 (end_to_end) was used to predict prophages that were integrated into host genomes based on the ratio of virus-specific to microbe-specific genes (Nayfach et al., 2020). Synechococcus genome sequences with hits to primarily viral databases [VOGDB,3 IMG/VR (Paez-Espino et al., 2019), RVDB (Goodacre et al., 2018)] or mapping to viral feature genes (e.g., capsid, terminase) from other databases [KEGG Orthology (Kanehisa and Goto, 2000), Pfam A (El-Gebali et al., 2019), Pfam B (Finn et al., 2010), and TIGRFAM (Haft et al., 2013)] were considered to be virus-specific region-containing sequences. Flanking host regions were removed, and prophage genomes were exclusively retained.



Identification of viral defense-related genes in Synechococcus genome sequences

Antiviral defense-related genes of Synechococcus were identified with BLASTp (more sensitive mode, identity ≥30%, E-value <10−10) in the DIAMOND program (Buchfink et al., 2015) by searching against the PADS Arsenal database (Zhang et al., 2020). Genes with hits to the PADS database were then imported into HMMScan in the HMMER 3.3 tool suite (Mistry et al., 2013) against PFAM 32.0 (El-Gebali et al., 2019) (E-value <10−3, bit score ≥ 30) to check that the identified genes contain conserved domains that have been demonstrated to be involved in prokaryotic defense against phage attack (Doron et al., 2018). Sequences containing conserved domains were retained. The completeness of a defense system was predicted according to the presence of gene components of the system in a sequence as described previously (Dy et al., 2014; Shmakov et al., 2017; Bernheim and Sorek, 2019; Kamruzzaman and Iredell, 2019).




Results and discussion


Community composition and phylogeny of Synechococcus

Through high-throughput sequencing, we identified a total of 18 clades belonging to three marine Synechococcus subclusters [Subclusters 5.1, 5.2, 5.3 (Scanlan et al., 2009)] and three freshwater clusters in our study. In particular, Subclusters 5.1 and 5.2 (referred to as S5.1 and S5.2, respectively) were found to dominate in the coastal waters of Xiamen (Figure 2). S5.1 encompassed 16,371 OTUs (85,376 sequences), while S5.2 included 9,875 OTUs (37,727 sequences). In contrast, Subcluster 5.3 and freshwater Synechococcus had lower representation, with only 48 OTUs (137 sequences) and 74 OTUs (388 sequences), respectively. Our analysis of geographical position, salinity, and nitrogen data from the three stations (S03, S07, and S12) suggested that the environmental conditions at each station were distinct (Supplementary Figures S1, S2). Station S03, affected by the input of freshwater from the Jiulong River, is a typical brackish water region that exhibits lower salinity and reduced water transparency (Maskaoui et al., 2002; Xue et al., 2004). At this station, Synechococcus shows high abundance and genetic diversity, and two novel clades, XM1 and XM2, were identified, which were not fully recognized previously. On the other hand, station S07, located close to the offshore environment, has oceanic-like environmental conditions and harbors a greater presence (25,724 sequences of 7,448 OTUs) of Subcluster 5.1. Station S12 is located within the semienclosed Tong’an Bay, where a total of 14,055 sequences of 3,961 OTUs were assigned to S5.2, indicating both high species diversity and high abundance of S5.2. These findings suggest that the Synechococcus community is sensitive to environmental changes in the coastal water of Xiamen Island.
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FIGURE 2
 Distribution of the species of Synechococcus in Xiamen coastal waters. Map of the sampling station (A). Venn diagram of the species number of Synechococcus (B). Community composition of Synechococcus in Xiamen coastal waters (C).


In our study, over half of the sequences were classified into S5.1, with a major presence in clades II, IX, and CB2. Clade II, known for its wide ecological distribution across the global ocean, emerged as the dominant group of marine Synechococcus (Fuller et al., 2003; Zwirglmaier et al., 2008; Ahlgren and Rocap, 2012). Clade CB2, initially identified in Chesapeake Bay in 2006, exhibited a widespread distribution in the East China Sea (Chen et al., 2006; Choi and Noh, 2009). Notably, our study area showed a high abundance of clade IX, indicating a potentially greater prevalence in estuarine waters than previously anticipated, consistent with the findings of earlier investigations (Fuller et al., 2003; Zwirglmaier et al., 2008; Ahlgren and Rocap, 2012).

Based on previous studies (Cai et al., 2010; Ahlgren and Rocap, 2012), Synechococcus S5.2 is primarily composed of two clades, namely CB4 and CB5. These clades have been found to dominate in freshwater, estuarine, and brackish waters (Chen et al., 2004). Their dominance in marine habitats may be attributed to unique salinity adaptation mechanisms and pigment types, specifically PC-rich pigments (Xia et al., 2023). However, in our study, we identified 851 and 1,042 OTUs within S5.2, forming two distinct lineages (Figure 1) named clades XM1 and XM2, which have not been previously defined. A reference strain of Synechococcus (Suigetsu-CG4) belonging to clade XM1 was isolated from the hypoxic boundary zone of Lake Suigetsu in Japan (35°35’N, 135°52′E) (Ohki et al., 2012). This strain is characterized by the absence of phycoerythrobilin and a preference for growth in environments with low light and low salinity. A cultured strain of Synechococcus CB0103, which was previously isolated from Chesapeake Bay (Chen et al., 2006), clustered together with at least three OTUs identified in our study. These sequences formed the clade XM2, which exhibited dominance in S03. Building upon previous studies on CB0103 (Murrell and Lores, 2004), Synechococcus communities appear to be highly responsive to environmental changes including the influence of freshwater input and fluctuations in salinity, nutrient levels, and other environmental factors. Their influence may significantly impact the ecological distribution of Synechococcus. Furthermore, our findings suggest that some potential clades within S5.2 may not be fully characterized, and the complex habitat implies that S5.2 is more genetically diverse.



Metabolic pathways of Synechococcus

In this study, we detected 101 Synechococcus species with genomic taxonomic annotation information (Supplementary Table S1) and annotated a total of 226 different functional genes using the KEGG database (Figure 3). Among these genes, those related to photosynthesis [PATH: KO00195] had the highest count at all three sites. Additionally, we observed that genes related to ABC transport, porphyrin, and chlorophyll metabolism also had relatively high gene numbers across all three sites. These results suggest that photosynthesis, substance synthesis, and transport are likely to be key biological processes in Synechococcus and provide a potential molecular basis for understanding their photosynthetic capability.
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FIGURE 3
 Top 20 metabolic pathways of Synechococcus.


By comparing genomic data with 343 known Synechococcus genomes, several unmatched ORF sequences, were discovered (Supplementary Tables S2, S3). These unmatched sequences are likely to be unique coding genes of Synechococcus in the Xiamen region and may be linked to its adaptability to the environment. For instance, the most abundant genes related to amino sugar and nucleotide sugar metabolism aid in the synthesis of sugar complexes required for cell walls, providing more protection to Synechococcus in complex coastal waters.

Additionally, we detected genes related to photosynthesis in the Synechococcus strain, with a total of 284 genes present in five genome bins. Some of these genes are shown in Supplementary Figure S3. We also detected 12 phycobilisome-related genes in the five Synechococcus genomes, derived from four classes of genes: APCF (phycobilisome core component), APCC (phycobilisome core connexin), cPCG (core-linked protein), and APCE (core-membrane-linked protein). Notably, no cpcD gene was found in these Synechococcus species, which may indicate that the cpcD gene was deleted during evolution. This is consistent with previous reports that cpcD is absent in many Synechococcus strains, such as Synechococcus RCC307 and Synechococcus CC9902 (Six et al., 2007). We found that photosystem II is associated with more Psb-coding genes, including psbU and psbV. However, Prochlorococcus, a close relative of Synechococcus, has evolved to have smaller genomes, resulting in the lack of genes encoding photosystem II foreign proteins, including PsbU, PsbV, and PsbQ. psbU, psbV, and psbQ encode proteins associated with the oxidative complex of photosystem II, and their absence may affect the stability of photosystem II and increase its sensitivity to various stresses. Nevertheless, we found that Synechococcus possess numerous related genes and lack only the psbQ gene, which may make them less sensitive to light stress.

We also detected a total of 348 genes associated with carbohydrate metabolism, which are involved in 15 different carbon metabolic pathways. Interestingly, we found that almost all the genes required for core carbon metabolic pathways were present in M-S12-8_bin36, providing the potential for efficient carbohydrate metabolism in Synechococcus in Xiamen, as illustrated in Supplementary Figure S4. Furthermore, we discovered the presence of a nitrogen metabolism gene, ntcA, in Synechococcus. This gene was detected in M8-S12, M8-S07, and M8-S03, suggesting its potential significance in marine Synechococcus in Xiamen. These findings suggest that Synechococcus can efficiently absorb carbon and nitrogen from the environment for the synthesis of other compounds, which may contribute to their adaptation to the local environment.



Benefits from metabolic genes in prophages

Based on the identification of phage-specific and host-specific genes, we detected 89 incomplete prophage regions in the Synechococcus genomes (Supplementary Table S4). All these prophage fragments contained at least one viral gene with hits against viral databases; for example, VOG03402 was located on scaffold 3-S07_NODE_68 (Figure 4). According to functional annotation, 23 prophage genes were likely to be involved in host metabolism of various substances, including carbohydrates, energy, nucleotides, and amino acids (Supplementary Table S5). Specifically, these metabolic phage genes were related to nine pathways, namely, photosynthesis, glycolysis/gluconeogenesis, purine metabolism, cysteine and methionine metabolism, phenylalanine, tyrosine and tryptophan biosynthesis, aminoacyl-tRNA biosynthesis, ABC transporters, homologous recombination, and peroxisomes. For example, for photosynthesis, prophage-encoded psbA for the photosystem II P680 reaction center D1 protein was detected near VOG03494 of Synechococcus phages on scaffold 3-S07_NODE_802 (Figure 4). In the metabolism of nucleotides, the ribonucleotide reductase nrdJ was identified in 3-S12_NODE_88, which contained the viral gene VOG00526 (Figure 4).
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FIGURE 4
 Representatives of putative prophages in Synechococcus genomes.


The identification of incomplete prophages in Synechococcus bacteria of Xiamen seawater is consistent with the evidence of phage remnants in the genomes of marine unicellular Synechococcus isolates (Flores-Uribe et al., 2019). The incomplete prophages might be trapped phage elements resulting from host genome recombination in their evolutionary history (Canchaya et al., 2003) and finally lost their ability to switch to a lytic cycle and become cryptic prophages (Wang et al., 2010). However, cryptic prophages can express their genes and benefit their hosts, for example, in terms of stress resistance, which demonstrates the function of prophages, even though they are not intact (Wang et al., 2010). According to the evidence, genes in the predicted prophages in Synechococcus of Xiamen seawater are proposed to be functional and can contribute to host metabolism. For instance, given the expression of prophage-encoded psbA on scaffold 3-S07_NODE_802 of Synechococcus, prophages can participate in the photosystem II P680 reaction to facilitate photosynthesis. Genes related to many other pathways, such as cysteine and methionine metabolism, can allow prophages to play a role in nutrient biosynthesis to enhance host fitness. Additionally, Synechococcus prophages carry genes for general L-amino acid transport system permease proteins that are components of ABC transporter systems, indicating that prophages also play a role in the transport of synthesized organic matter, such as amino acids, and metals. The presence of copper-zinc superoxide dismutase (SOD1 protein) aligns with the prior finding that superoxide dismutase exists in a coastal cyanobacterium, Synechococcus sp. strain CC9311 (Palenik et al., 2006). This implies that prophages may play a role in metal metabolism, enabling them to detect and react to variations in the coastal environment. Overall, various genes carried by prophages can contribute to Synechococcus hosts in terms of fitness to accommodate the coastal marine environment.



Defense-related genes against phage attack

A total of 773 genes harbored in the 16,258 Synechococcus sequences were detected to be associated with diverse antiviral defense systems (Supplementary Table S6). These systems include Zorya, DISARM, Hachiman, toxin–antitoxin (TA), Septu, RM, Gabija, Brex, Lamassu, Thoeris, and abortive infection (Figure 5A). Among these systems, Zorya, DISARM, Hachiman, and TA accounted for a large proportion of genes (more than 450 genes). Additionally, the systems of Zorya and TA, along with the less abundant RM, were found to be complete. The complete system types with all the required gene components included Type II Zorya, Type II/IV TA, and Type I RM (Figure 5B). Type II Zorya was composed of ZorE genes for HNH endonucleases (Pfam accession: PF01844), for example, on scaffold M8 − S03_Bin85_NODE_13249 of Synechococcus bin M8 − S03_Bin85. The Type II TA was constituted by multiple toxin–antitoxin gene pairs such as genes for ParE toxin and Phd_YefM antitoxin on the scaffold 12 − S07_NODE_698, HEPN and nucleotidyltransferase domains on 3 − S12_NODE_360, nucleotidyltransferase substrate binding protein-like toxin and nucleotidyltransferase on 8 − S03_NODE_540, and PIN and Phd_YefM on M8 − S03_Bin85_NODE_102684 (Figure 5B). Type IV TA is a system consisting of the nucleotidyl transferase AbiEii toxin gene, as evidenced by the genome structure of the scaffold M8 − S03_Bin85_NODE_73326. The Type I RM, which is a foreign DNA-targeting RM system, encodes a gene pair, for example, located on 3 − S12_NODE_187, for a methyltransferase for methylation and a restriction enzyme for DNA cleavage.

[image: Figure 5]

FIGURE 5
 Count of antiviral defense-related genes in Synechococcus genomes (A) and antiviral defense systems in Synechococcus genomes (B).


Targeting invading DNA, reducing cell activity, and conducting programmed cell death are common ways to prevent phage infection and avoid population decimation (Rostøl and Marraffini, 2019). To target external DNA, bacteria can depend on innate immunity, including the systems of RM (Ershova et al., 2015) and DISARM (Ofir et al., 2018). Bacteria can also use the TA (Yamaguchi et al., 2011) and abortive infection (Chopin et al., 2005) systems to reduce cell activity, thereby preventing phage replication. Additionally, bacteria may depend on more systems, for example, Zorya, Hachiman, Gabija, Septu, Thoeris, and Lamassu, to fight invading phages (Doron et al., 2018). In seawater, cyanophages are plentiful and can infect and lyse approximately 20–40% of cyanobacteria in the ocean daily (Proctor and Fuhrman, 1990). Moreover, phages isolated from Xiamen seawater demonstrate a robust lytic capability with a significant burst size (Ma et al., 2021). This evidence highlights the substantial threat posed by viruses to the Synechococcus community. However, our metagenomic exploration showed that Synechococcus of Xiamen seawater contained hundreds of genes related to 11 defense systems against phage infection. The presence of multiple systems suggests that Synechococcus in Xiamen seawater may have evolved multiple complementary defense lines (Dupuis et al., 2013), which can enhance the bacterial ability to prevent phage DNA injection and replication (Rostøl and Marraffini, 2019). For example, when cyanophages inject their DNA into Synechoccocus cells, RM systems such as Type I RM located on the scaffold 3 − S12_NODE_187 (Figure 5B) can activate the expression of genes encoding restriction endonucleases to cleave injected DNA. Simultaneously, TA systems such as Type II TA located on scaffold 3 − S12_NODE_360 (Figure 5B) can induce the dormancy of Synechococcus cells to inhibit the expression of invaded phage genes. For other systems newly discovered with unknown mechanisms, for instance, Zorya and Hachiman, we assume that they have different functional roles in the prevention of phage infection. Overall, the presence of abundant and various defense systems suggests a potential deployment of multiple defense lines and reflects the adaptation of Synechococcus to the environment of Xiamen seawater where heterogeneous phage predators may co-occur.




Conclusion

In this study, we identified a diverse array of Synechococcus clades inhabiting the coastal waters of Xiamen. These clades are categorized into three marine subclusters and three freshwater clusters. Through our analysis, we unveiled a rich set of Synechococcus species, comprising over 25,000 OTUs. Our taxonomic annotations provided insights into the presence of more than 100 distinct Synechococcus species. Furthermore, we delved into the functional annotation of their genomes, uncovering a multitude of functional genes associated with various pathways. These pathways encompass critical processes such as photosynthesis, ABC transport, porphyrin metabolism, and chlorophyll metabolism. In the exploration of these genomes, we identified specific genes associated with phages and host interactions, which led to the discovery of incomplete prophage regions integrated into the Synechococcus genomes. These prophage regions harbored metabolic genes involved in diverse processes, including carbohydrate metabolism, energy production, nucleotide synthesis, metal transport, and amino acid metabolism. This implies that prophages participate in a wide range of host metabolic activities, enhancing the adaptability of their Synechococcus hosts to the ever-changing coastal marine environment. Moreover, our analysis revealed a substantial number of genes linked to antiviral defense systems within the Synechococcus genomes. These defense systems encompass a range of mechanisms, including innate and adaptive immunity systems, such as the RM system. Additionally, we identified several previously unknown defense mechanisms, such as Gabija, Brex, Lamassu, and Thoeris, which may play a crucial role in bolstering the defense capabilities against viral threats. The presence of these abundant and diverse defense systems indicates the deployment of multiple layers of defense strategies, underscoring the adaptability of Synechococcus to the dynamic environment of Xiamen seawater, where a heterogeneous community of phage predators may be present.



Data availability statement

The sequencing raw data that support the findings of this study are deposited in the NCBI database under the BioProject ID PRJNA1030774.



Author contributions

TZ: Conceptualization, Data curation, Formal analysis, Investigation, Methodology, Visualization, Writing – original draft. KZ: Conceptualization, Data curation, Formal analysis, Investigation, Methodology, Visualization, Writing – original draft. YW: Formal analysis, Visualization, Writing – original draft. JX: Formal analysis, Visualization, Writing – original draft. QZ: Supervision, Writing – review & editing. TL: Funding acquisition, Project administration, Supervision, Validation, Writing – review & editing. NJ: Funding acquisition, Project administration, Supervision, Writing – review & editing.



Funding

The author(s) declare financial support was received for the research, authorship, and/or publication of this article. This work is supported by the National Natural Science Foundation of China (42141003, 41876150), the Natural Science Foundation of Fujian Province (2021 J01026), the Marine Economy Development Fund of Fujian Province (FJHJF-L-2022-11), and the International Science Partnership Program of the Chinese Academy of Sciences (121311KYSB20190029).



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.2023.1292150/full#supplementary-material



Footnotes

1   http://blast.ncbi.nlm.nih.gov/database

2   http://merenlab.org/software/#anvio

3   http://vogdb.org



References

 Ahlgren, N. A., and Rocap, G. (2012). Diversity and distribution of marine Synechococcus: multiple gene phylogenies for consensus classification and development of qPCR assays for sensitive measurement of clades in the ocean. Front. Microbiol. 3:213. doi: 10.3389/fmicb.2012.00213

 Altekar, G., Dwarkadas, S., Huelsenbeck, J. P., and Ronquist, F. (2004). Parallel Metropolis coupled Markov chain Monte Carlo for Bayesian phylogenetic inference. Bioinformatics 20, 407–415. doi: 10.1093/bioinformatics/btg427 

 Bankevich, A., Nurk, S., Antipov, D., Gurevich, A. A., Dvorkin, M., Kulikov, A. S., et al. (2012). SPAdes: a new genome assembly algorithm and its applications to single-cell sequencing. J. Comput. Biol. 19, 455–477. doi: 10.1089/cmb.2012.0021 

 Bernheim, A., and Sorek, R. (2019). The pan-immune system of bacteria: antiviral defence as a community resource. Nat. Rev. Microbiol. 18, 113–119. doi: 10.1038/s41579-019-0278-2

 Bolger, A. M., Lohse, M., and Usadel, B. (2014). Trimmomatic: a flexible trimmer for Illumina sequence data. Bioinformatics 30, 2114–2120. doi: 10.1093/bioinformatics/btu170 

 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 

 Cabello-Yeves, P. J., Haro-Moreno, J. M., Martin-Cuadrado, A. B., Ghai, R., Picazo, A., Camacho, A., et al. (2017). Novel Synechococcus genomes reconstructed from freshwater reservoirs. Front. Microbiol. 8:e26580. doi: 10.3389/fmicb.2017.01151

 Cai, F., Axen, S. D., and Kerfeld, C. A. (2013). Evidence for the widespread distribution of CRISPR-Cas system in the phylum cyanobacteria. RNA Biol. 10, 687–693. doi: 10.4161/rna.24571 

 Cai, H., Wang, K., Huang, S., Jiao, N., and Chen, F. (2010). Distinct patterns of picocyanobacterial communities in winter and summer in the Chesapeake Bay. Appl. Environ. Microbiol. 76, 2955–2960. doi: 10.1128/AEM.02868-09 

 Canchaya, C., Proux, C., Fournous, G., Bruttin, A., and Brussow, H. (2003). Prophage genomics. Microbiol. Mol. Biol. Rev. 67, 238–276. doi: 10.1128/MMBR.67.2.238-276.2003 

 Caporaso, J. G., Kuczynski, J., Stombaugh, J., Bittinger, K., Bushman, F. D., Costello, E. K., et al. (2010). QIIME allows analysis of high-throughput community sequencing data. Nat. Methods 7, 335–336. doi: 10.1038/nmeth.f.303 

 Chen, F., Wang, K., Kan, J., Bachoon, D. S., Lu, J., Lau, S., et al. (2004). Phylogenetic diversity of Synechococcus in the Chesapeake Bay revealed by Ribulose-1, 5-bisphosphate carboxylase-oxygenase (RuBisCO) large subunit gene (rbcL) sequences. Aquat. Microb. Ecol. 36, 153–164. doi: 10.3354/ame036153

 Chen, F., Wang, K., Kan, J., Suzuki, M. T., and Wommack, K. E. (2006). Diverse and unique picocyanobacteria in Chesapeake Bay, revealed by 16S-23S rRNA internal transcribed spacer sequences. Appl. Environ. Microbiol. 72, 2239–2243. doi: 10.1128/AEM.72.3.2239-2243.2006 

 Choi, D. H., and Noh, J. H. (2009). Phylogenetic diversity of Synechococcus strains isolated from the East China Sea and the East Sea. FEMS Microbiol. Ecol. 69, 439–448. doi: 10.1111/j.1574-6941.2009.00729.x 

 Chopin, M. C., Chopin, A., and Bidnenko, E. (2005). Phage abortive infection in lactococci: variations on a theme. Curr. Opin. Microbiol. 8, 473–479. doi: 10.1016/j.mib.2005.06.006 

 Coutinho, F., Tschoeke, D. A., Thompson, F., and Thompson, C. (2016). Comparative genomics of Synechococcus and proposal of the new genus Parasynechococcus. PeerJ 4:e1522. doi: 10.7717/peerj.1522 

 Doron, S., Melamed, S., Ofir, G., Leavitt, A., Lopatina, A., Keren, M., et al. (2018). Systematic discovery of antiphage defense systems in the microbial pangenome. Science 359:eaar4120. doi: 10.1126/science.aar4120 

 Dupuis, M. E., Villion, M., Magadan, A. H., and Moineau, S. (2013). CRISPR-Cas and restriction-modification systems are compatible and increase phage resistance. Nat. Commun. 4, 1–7. doi: 10.1038/ncomms3087

 Dy, R. L., Przybilski, R., Semeijn, K., Salmond, G. P. C., and Fineran, P. C. (2014). A widespread bacteriophage abortive infection system functions through a type IV toxin-antitoxin mechanism. Nucleic Acids Res. 42, 4590–4605. doi: 10.1093/nar/gkt1419 

 El-Gebali, S., Mistry, J., Bateman, A., Eddy, S. R., Luciani, A., Potter, S. C., et al. (2019). The Pfam protein families database in 2019. Nucleic Acids Res. 47, D427–D432. doi: 10.1093/nar/gky995 

 Ershova, A. S., Rusinov, I. S., Spirin, S. A., Karyagina, A. S., and Alexeevski, A. V. (2015). Role of restriction-modification systems in prokaryotic evolution and ecology. Biochem. Mosc. 80, 1373–1386. doi: 10.1134/S0006297915100193 

 Falkowski, P. G., Fenchel, T., and Delong, E. F. (2008). The microbial engines that drive Earth's biogeochemical cycles. Science 320, 1034–1039. doi: 10.1126/science.1153213

 Fedida, A., and Lindell, D. (2017). Two Synechococcus genes, two different effects on cyanophage infection. Viruses 9:136. doi: 10.3390/v9060136 

 Felsenstein, J. (1989). PHYLIP-phylogeny inference package. Cladistics 5, 164–166. doi: 10.1086/416571

 Finn, R. D., Mistry, J., Tate, J., Coggill, P., Heger, A., Pollington, J. E., et al. (2010). The Pfam protein families database. Nucleic Acids Res. 38, D211–D222. doi: 10.1093/nar/gkp985 

 Flombaum, P., Gallegos, J. L., Gordillo, R. A., Rincon, J., Zabala, L. L., Jiao, N. A. Z., et al. (2013). Present and future global distributions of the marine cyanobacteria Prochlorococcus and Synechococcus. Proc. Natl. Acad. Sci. U. S. A. 110, 9824–9829. doi: 10.1073/pnas.1307701110 

 Flores-Uribe, J., Philosof, A., Sharon, I., Fridman, S., Larom, S., and Beja, O. (2019). A novel uncultured marine cyanophage lineage with lysogenic potential linked to a putative marine Synechococcus 'relic' prophage. Environ. Microbiol. Rep. 11, 598–604. doi: 10.1111/1758-2229.12773 

 Fu, F. X., Warner, M. E., Zhang, Y. H., Feng, Y. Y., and Hutchins, D. A. (2007). Effects of increased temperature and CO2 on photosynthesis, growth, and elemental ratios in marine Synechococcus and Prochlorococcus (cyanobacteria). J. Phycol. 43, 485–496. doi: 10.1111/j.1529-8817.2007.00355.x

 Fuller, N. J., Marie, D., Partensky, F., Vaulot, D., Post, A. F., and Scanlan, D. J. (2003). Clade-specific 16S ribosomal DNA oligonucleotides reveal the predominance of a single marine Synechococcus clade throughout a stratified water column in the Red Sea. Appl. Environ. Microbiol. 69, 2430–2443. doi: 10.1128/AEM.69.5.2430-2443.2003 

 Goldfarb, T., Sberro, H., Weinstock, E., Cohen, O., Doron, S., Charpak-Amikam, Y., et al. (2015). BREX is a novel phage resistance system widespread in microbial genomes. EMBO J. 34, 169–183. doi: 10.15252/embj.201489455 

 Goodacre, N., Aljanahi, A., Nandakumar, S., Mikailov, M., and Khan, A. S. (2018). A reference viral database (RVDB) to enhance bioinformatics analysis of high-throughput sequencing for novel virus detection. mSphere 3, e00069–e00018. doi: 10.1128/mSphereDirect.00069-18

 Haft, D. H., Selengut, J. D., Richter, R. A., Harkins, D., Basu, M. K., and Beck, E. (2013). TIGRFAMs and genome properties in 2013. Nucleic Acids Res. 41, D387–D395. doi: 10.1093/nar/gks1234 

 Huelsenbeck, J. P., and Ronquist, F. (2001). MRBAYES: Bayesian inference of phylogenetic trees. Bioinformatics 17, 754–755. doi: 10.1093/bioinformatics/17.8.754

 Kamruzzaman, M., and Iredell, J. (2019). A ParDE-family toxin antitoxin system in major resistance plasmids of Enterobacteriaceae confers antibiotic and heat tolerance. Sci. Rep. 9, 1–12. doi: 10.1038/s41598-019-46318-1

 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 

 Katoh, K., and Standley, D. M. (2013). MAFFT multiple sequence alignment software version 7: improvements in performance and usability. Mol. Biol. Evol. 30, 772–780. doi: 10.1093/molbev/mst010 

 Kozlov, A. M., Darriba, D., Flouri, T., Morel, B., and Stamatakis, A. (2019). RAxML-NG: a fast, scalable and user-friendly tool for maximum likelihood phylogenetic inference. Bioinformatics 35, 4453–4455. doi: 10.1093/bioinformatics/btz305 

 Kumar, S., Stecher, G., Li, M., Knyaz, C., and Tamura, K. (2018). MEGA X: molecular evolutionary genetics analysis across computing platforms. Mol. Biol. Evol. 35, 1547–1549. doi: 10.1093/molbev/msy096 

 Ma, R., Lai, J., Chen, X., Wang, L., Yang, Y., Wei, S., et al. (2021). A novel phage infecting alteromonas represents a distinct group of siphophages infecting diverse aquatic copiotrophs. mSphere 6:e0045421. doi: 10.1128/mSphere.00454-21 

 Martin, M. (2011). Cutadapt removes adapter sequences from high-throughput sequencing reads. EMBnet J. 17, 10–12. doi: 10.14806/ej.17.1.200

 Maskaoui, K., Zhou, J. L., Hong, H. S., and Zhang, Z. L. (2002). Contamination by polycyclic aromatic hydrocarbons in the Jiulong River estuary and Western Xiamen Sea, China. Environ. Pollut. 118, 109–122. doi: 10.1016/S0269-7491(01)00208-1 

 McDaniel, L., Houchin, L. A., Williamson, S. J., and Paul, J. H. (2002). Lysogeny in marine Synechococcus. Nature 415:496. doi: 10.1038/415496a 

 Mistry, J., Finn, R. D., Eddy, S. R., Bateman, A., and Punta, M. (2013). Challenges in homology search: HMMER3 and convergent evolution of coiled-coil regions. Nucleic Acids Res. 41:e121. doi: 10.1093/nar/gkt263 

 Murrell, M. C., and Lores, E. M. (2004). Phytoplankton and zooplankton seasonal dynamics in a subtropical estuary: importance of cyanobacteria. J. Plankton Res. 26, 371–382. doi: 10.1093/plankt/fbh038

 Nayfach, S., Camargo, A. P., Schulz, F., Eloe-Fadrosh, E., Roux, S., and Kyrpides, N. C. (2020). CheckV assesses the quality and completeness of metagenome-assembled viral genomes. Nat. Biotechnol. 39, 578–585. doi: 10.1038/s41587-020-00774-7

 Ofir, G., Melamed, S., Sberro, H., Mukamel, Z., Silverman, S., Yaakov, G., et al. (2018). DISARM is a widespread bacterial defence system with broad anti-phage activities. Nat. Microbiol. 3, 90–98. doi: 10.1038/s41564-017-0051-0 

 Ohki, K., Yamada, K., Kamiya, M., and Yoshikawa, S. (2012). Morphological, phylogenetic and physiological studies of pico-cyanobacteria isolated from the halocline of a saline meromictic Lake, lake Suigetsu, Japan. Microbes Environ. 27, 171–178. doi: 10.1264/jsme2.ME11329 

 Paez-Espino, D., Roux, S., Chen, I. A., Palaniappan, K., Ratner, A., Chu, K., et al. (2019). IMG/VR v.2.0: an integrated data management and analysis system for cultivated and environmental viral genomes. Nucleic Acids Res. 47, D678–D686. doi: 10.1093/nar/gky1127 

 Palenik, B., Ren, Q., Dupont, C. L., Myers, G. S., Heidelberg, J. F., Badger, J. H., et al. (2006). Genome sequence of Synechococcus CC9311: insights into adaptation to a coastal environment. Proc. Natl. Acad. Sci. U. S. A. 103, 13555–13559. doi: 10.1073/pnas.0602963103 

 Parks, D. H., Chuvochina, M., Waite, D. W., Rinke, C., Skarshewski, A., Chaumeil, P. A., et al. (2018). A standardized bacterial taxonomy based on genome phylogeny substantially revises the tree of life. Nat. Biotechnol. 36, 996–1004. doi: 10.1038/nbt.4229

 Parks, D. H., Imelfort, M., Skennerton, C. T., Hugenholtz, P., and Tyson, G. W. (2015). CheckM: assessing the quality of microbial genomes recovered from isolates, single cells, and metagenomes. Genome Res. 25, 1043–1055. doi: 10.1101/gr.186072.114

 Proctor, L. M., and Fuhrman, J. A. (1990). Viral mortality of marine-bacteria and cyanobacteria. Nature 343, 60–62. doi: 10.1038/343060a0

 Rognes, T., Flouri, T., Nichols, B., Quince, C., and Mahe, F. (2016). VSEARCH: a versatile open source tool for metagenomics. PeerJ 4:e2584. doi: 10.7717/peerj.2584

 Rostøl, J. T., and Marraffini, L. (2019). (Ph) ighting phages: how bacteria resist their parasites. Cell Host Microbe 25, 184–194. doi: 10.1016/j.chom.2019.01.009 

 Scanlan, D. J., Ostrowski, M., Mazard, S., Dufresne, A., Garczarek, L., Hess, W. R., et al. (2009). Ecological genomics of marine picocyanobacteria. Microbiol. Mol. Biol. Rev. 73, 249–299. doi: 10.1128/MMBR.00035-08 

 Shmakov, S., Smargon, A., Scott, D., Cox, D., Pyzocha, N., Yan, W., et al. (2017). Diversity and evolution of class 2 CRISPR-Cas systems. Nat. Rev. Microbiol. 15, 169–182. doi: 10.1038/nrmicro.2016.184 

 Six, C., Thomas, J. C., Garczarek, L., Ostrowski, M., Dufresne, A., Blot, N., et al. (2007). Diversity and evolution of phycobilisomes in marine Synechococcus spp.: a comparative genomics study. Genome Biol. 8:R259. doi: 10.1186/gb-2007-8-12-r259 

 Stecher, G., Tamura, K., and Kumar, S. (2020). Molecular evolutionary genetics analysis (MEGA) for macOS. Mol. Biol. Evol. 37, 1237–1239. doi: 10.1093/molbev/msz312 

 von Meijenfeldt, F. A. B., Arkhipova, K., Cambuy, D. D., Coutinho, F. H., and Dutilh, B. E. (2019). Robust taxonomic classification of uncharted microbial sequences and bins with CAT and BAT. Genome Biol. 20:217. doi: 10.1186/s13059-019-1817-x 

 Wang, X., Kim, Y., Ma, Q., Hong, S. H., Pokusaeva, K., Sturino, J. M., et al. (2010). Cryptic prophages help bacteria cope with adverse environments. Nat. Commun. 1:147. doi: 10.1038/ncomms1146 

 Wang, Y., Liu, Y. T., Wang, J. N., Luo, T. W., Zhang, R., Sun, J., et al. (2019). Seasonal dynamics of bacterial communities in the surface seawater around subtropical Xiamen Island, China, as determined by 16S rRNA gene profiling. Mar. Pollut. Bull. 142, 135–144. doi: 10.1016/j.marpolbul.2019.03.035 

 Xia, X., Liao, Y., Liu, J., Leung, S. K., Lee, P. Y., Zhang, L., et al. (2023). Genomic and transcriptomic insights into salinity tolerance-based niche differentiation of Synechococcus clades in estuarine and coastal waters. mSystems 8, e01106–e01122. doi: 10.1128/msystems.01106-22

 Xue, X., Hong, H., and Charles, A. T. (2004). Cumulative environmental impacts and integrated coastal management: the case of Xiamen, China. J. Environ. Manag. 71, 271–283. doi: 10.1016/j.jenvman.2004.03.006 

 Yamaguchi, Y., Park, J. H., and Inouye, M. (2011). Toxin-antitoxin systems in bacteria and archaea. Annu. Rev. Genet. 45, 61–79. doi: 10.1146/annurev-genet-110410-132412

 Yu, F. B., Blainey, P. C., Schulz, F., Woyke, T., Horowitz, M. A., and Quake, S. R. (2017). Microfluidic-based mini-metagenomics enables discovery of novel microbial lineages from complex environmental samples. elife 6:e26580. doi: 10.7554/eLife.26580 

 Yu, L. Y., Zhang, W. J., Liu, L. M., and Yang, J. (2015). Determining microeukaryotic plankton community around Xiamen Island, Southeast China, using illumina miSeq and PCR-DGGE techniques. PLoS One 10:e012772. doi: 10.1371/journal.pone.0127721

 Zehr, J. P. (2011). Nitrogen fixation by marine cyanobacteria. Trends Microbiol. 19, 162–173. doi: 10.1016/j.tim.2010.12.004

 Zhang, Y. D., Zhang, Z. W., Zhang, H., Zhao, Y. B., Zhang, Z. C., and Xiao, J. F. (2020). PADS arsenal: a database of prokaryotic defense systems related genes. Nucleic Acids Res. 48, D590–D598. doi: 10.1093/nar/gkz916 

 Zwirglmaier, K., Jardillier, L., Ostrowski, M., Mazard, S., Garczarek, L., Vaulot, D., et al. (2008). Global phylogeography of marine Synechococcus and Prochlorococcus reveals a distinct partitioning of lineages among oceanic biomes. Environ. Microbiol. 10, 147–161. doi: 10.1111/j.1462-2920.2007.01440.x 



OPS/images/fmicb-14-1292150-g005.jpg
250

200
150
100
“’ 11
0 s
ZORYA DISARM  HACHIMAN TA SEPTU RM GABIJA BREX LAMASSU  THOERIS ABI
Typell TA

unciassified Synechococcus

12-so7_noveees O (MO R —

] %0 2000

oo 1R w000 5000
unciassified Synechococcus

A AN B ) B e S - S

3 0 o0 w0 Typell TA

[y T, I o { o S GHN G G S S ey
HEPN

unclassified Synechococcus
3-512_NODE_360

] %00 5000 %00 12000

I TA
unclassified Synechococcus pelTA
8-s03_NopEsd0 LI CH  OHwome 1O —TC—

] 200 W00 5000

unclassified Synect s
M8-503_Bing5_NODE 10263+ NN e - HC
P w0 T £
unclassified Synechococcus

MB-503_Bing5_NODE 13249 1 -C - O T

HNH endonuciease

250, %0 &0
ype IV TA
unclassified Synechococcus
MB-S03_Bing5_NODE_ 73026 LI e )

3 %0 %0 50 2600

R: restriction modification DNAspecificty enzyme M: N-6 DNAmethylase Deos

NL: Nucleotidyltransferase substrate binding protein like toxin N: Nucleotidyltransferase





OPS/images/fmicb-14-1292150-g003.jpg
Glycolysis / Gluconeogenesis [PATH:ko00010)
Peptidoglycan biosynthesis [PATHKo00550]

Starch and sucrose metabolism [PATHX000500]

Giycine,serin and threonine metabolism [PATH:K000260]

Folate biosynthesis [PATH:+000790]

Alanine, aspartate and glutamate metabolism [PATH:ko00250]
Mismatch repair [PATH:k003430]

Homologous recombination [PATH:k003440]

Photosynthesis - antenna proteins [PATH:k000196]

Phenylalanine, tyrosine and tryptophan biosynthes's [PATH:k000400]
Pyrimidine metabolism [PATH:k00240]

Two-component system [PATHX002020]

Cystein and methionine metabolism PATH:k000270]

Purine metabolism [PATH:k00230]

Ribosome [PATH:K003010]

Amino sugar and nucleotide sugar metabolism [PATH:k000520]
Oxidative phosphorylation [PATH:k000190]

Porphyrin and chlorophyll metabolism [PATH:k000860]

ABC transporters [PATH:k002010]

Photosynthesis [PATHko00195]

HIWUWHMI

H

.

H

i

H

350





OPS/images/fmicb-14-1292150-g004.jpg
3-507_NODE 68 EeBe  someme  wmsame

12-507_NODE_1086.

s ooe iz S I R

3-512_NODE 88
-
6-507_NODE 316
Dk Shetosysom 680 01 protein [EC:1.1039]
tom 1 P680 reaction ente D1 protin [EC:1.1
8-507_NODE 2333 B noclogide edocioes CacemEC1 8FR
-NODE 3851, sparoic iase: G2y (£ 1611

ical poteing of Synechococcus phages, 9. ACG-2014e

S-O0I2NGDE 2001 W merase bota Subuni
o Yo GoTSOTS) 6 Srechocesusphage O 201






OPS/xhtml/Nav.xhtml




Contents





		Cover



		Genomic insights into the adaptation of Synechococcus to the coastal environment on Xiamen



		Introduction



		Materials and methods



		Sample collection



		Total DNA extraction and metagenome sequencing



		Community structure analysis



		Cell sorting and mini-metagenomic sequencing of Synechococcus



		Metagenome assembly, binning, and annotation



		Community composition and phylogeny of Synechococcus based on its sequences



		Identification of prophages in Synechococcus genome sequences



		Identification of viral defense-related genes in Synechococcus genome sequences









		Results and discussion



		Community composition and phylogeny of Synechococcus



		Metabolic pathways of Synechococcus



		Benefits from metabolic genes in prophages



		Defense-related genes against phage attack









		Conclusion



		Data availability statement



		Author contributions



		Funding



		Conflict of interest



		Publisher’s note



		Supplementary material



		Footnotes



		References



















OPS/images/fmicb-14-1292150-g001.jpg
BosI (AF3I07)

CCY9201 (AF330252)
BOYMAIZT (AF3IO)

srson00 = BOST (AFSI7074)
SAG3 A1 (AF3I0T6)
LBG2 (AF3MD)
4

xm2
XM1
cBs
- B0 AYTONG80)
CBOIO2 (AY704674) cB4
CBOIOL AYI04673)
CBOIFOS (AVSSS29%)
AIS-147 0F306736) | xv
ALS-146 0F306T3S)
WHSI0 (AF397710)
[
AISIEUP0GTT)
RS04 OF306S15)
v
i | CRD2
X UF306742)
\F97714) "
P97
RCCI030 (F306752)
1015 UF306772) 1
UWI 0QU21038)
WHONS (AF397720)
U140 DQIS131S)
TS_1oCM_toguamny | XVI
AYSS$307 CBIINOY CBI | cat
_00°
KORDI-17 (F497775) vin
RS7906 UF306817)

i, | wees

WIS (AF7727) |v

KORDI-T (F19777)

Treescale:0.5

x
82
conios s
i vwssn
e (wvassin)
o0
VSIS tHasem) |wn
Rt orueny |
S AT 1
e by CRO!

UTK262 61 (HQ723505)
2319 QM)

WSO AF5TT)

Fresh Water

Subcluster 5.2

Subcluster 5.1A

Subcluster 5.18

Subcluster 5.3





OPS/images/fmicb-14-1292150-g002.jpg
118.2°F 118.3°E

S07

S12

Relative abundance (%)

100

7

50

o
(=1
. x
= o
B o
I cs
[ xwi
=
[ s
[
[ oters

S03  S07  S12





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

Genomic insights into the
adaptation of Synechococcus to
the coastal environment on
Xiamen












OPS/images/crossmark.jpg
(®) Check for updates







OPS/images/logo.jpg
’ frontiers Frontiers in Microbiology






