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Synechococcus is abundant and globally widespread in various marine environments. Seasonal and spatial variations in Synechococcus abundance, pigment types, and genetic diversity were investigated based on flow cytometric analysis and high-throughput sequencing of cpcBA operon (encoding phycocyanin) and rpoC1 gene (encoding RNA polymerase) in a temperate semi-enclosed bay. Synechococcus abundance exhibited seasonal variations with the highest value in summer and the lowest value in winter, which was consistent with temperature variation. Three pigment types of Synechococcus type 1, type 2, and type 3 were distinguished based on cpcBA operon, which displayed obvious variations spatially between the inner and the outer bay. Freshwater discharge and water turbidity played important roles in regulating Synechococcus pigment types. Synechococcus assemblages were phylogenetically diverse (12 different lineages) based on rpoC1 gene and dominated by three core lineages S5.1-I, S5.1-IX, and S5.2-CB5 in different seasons. Our study demonstrated that Synechococcus abundance, pigment types, and genetic diversity displayed variations seasonally and spatially by different techniques, which were mainly driven by temperature, salinity, nutrients, and turbidity. The combination of more technical means provides more information for studying Synechococcus distribution. In this study, three pigment types of Synechococcus were discriminated simultaneously by dual lasers flow cytometer for the first time.
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Introduction

Synechococcus is abundant and globally widespread in various marine environments from coastal waters to open ocean, from equatorial to polar seas, and generally reaches its highest abundance in nutrient-rich coastal waters (Farrant et al., 2016; Paulsen et al., 2016; Doré et al., 2022). As an important component of the marine microbial food web, Synechococcus contributes significantly in carbon biomass and primary productivity (Olson et al., 1990; Flombaum et al., 2013).

Synechococcus assemblages are both phenotypically and phylogenetically diverse. Three main pigment types of Synechococcus were divided depending on different phycobiliprotein (PBP) compositions, including type 1, type 2 and type 3. Type 1 merely contains phycocyanin (PC, encoded by cpcBA operon), which binds the phycocyanobilin (PCB, Amax = 620 nm). Type 2 contains both PC and phycoerythrin-I (PE-I, encoded by cpeBA operon), which binds both PCB and phycoerythrobilin (PEB, Amax = 550 nm). In addition to PC and PE-I, type 3 also contains phycoerythrin-II (PE-II, encoded by mpeBA), which binds PCB, PEB and phycourobilin (PUB, Amax = 495 nm). Studies have revealed that different pigment types prefer different light niches (Voros et al., 1998; Stomp et al., 2004, 2007). Type 1 was usually abundant in turbid estuarine waters where red light dominates (Stomp et al., 2007; Wang et al., 2011). Type 2 usually appears in the coastal and shelf waters where yellow-green light prevails, whereas type 3 appears in the oceanic waters with high transparency (Wood et al., 1998). The phylogeny of cpcBA and cpeBA operons encoding for PC and PE-I, respectively, has been widely applied to distinguish different pigment types (Larsson et al., 2014; Xia et al., 2017a; Wang et al., 2021, 2022a). Based on flow cytometric analysis, PC-only (type 1) and PE-rich (type 2 + type 3) Synechococcus could also be discriminated with 488 nm and 640 nm lasers (Liu et al., 2014).

Synechococcus strains also display a wide genetic diversity (Grébert et al., 2018). Various gene markers such as 16S rRNA gene (Dufresne et al., 2008), the 16S-23S rRNA gene internal transcribed spacer (ITS, Choi and Noh, 2009), the nitrate reductase gene (narB, Paerl et al., 2008), the nitrogen regulatory gene (ntcA, Post et al., 2011), and the ribulose-1,5-bisphosphate carboxylase/oxygenase large subunit gene (rbcL, Chen et al., 2006), and the RNA polymerase gene (rpoC1, Xia et al., 2015) have been gradually developed to study the genetic diversity of Synechococcus. The rpoC1 gene is able to distinguish most of the Synechococcus lineages, which has been proven to be a robust gene marker (Wang et al., 2022b). Based on 16S rRNA phylogeny, Synechococcus strains can be classified into three subclusters, labeled subclusters 5.1, 5.2, and 5.3 (namely S5.1, S5.2 and S5.3). S5.1 is the most widespread and abundant, and contains at least 20 lineages with Clades I, II, III, and IV being the most common lineages. Clades I always coexists with Clades IV in cold and temperate nutrient-rich coastal environments (Zwirglmaier et al., 2008; Tai and Palenik, 2009; Sohm et al., 2016). Clades II and III preferentially thrive in subtropical/tropical warm waters (Post et al., 2011). S5.2 is mainly found in estuarine and brackish waters, which always copes with variations in salinity (Xia et al., 2017a, 2023). It is more abundant in river-influenced coastal waters such as in the Chesapeake Bay (Chen et al., 2004, 2006; Cai et al., 2010), Pearl River estuary (Xia et al., 2015, 2017a), and Baltic Sea (Haverkamp et al., 2008). S5.3 was less studied than S5.1 and S5.2, which has been reported in various marine and freshwater environments, with relatively low abundance in the global ocean (Farrant et al., 2016; Xia et al., 2023). Environmental factors such as temperature (Doré et al., 2022), salinity (Xia et al., 2017a, 2023), and nutrients (Sohm et al., 2016) are known to influence the distribution of Synechococcus lineages.

Temporal and spatial variations of Synechococcus pigment types and phylogenetic clades have been reported in coastal and estuarine waters (Tai and Palenik, 2009; Post et al., 2011; Liu et al., 2014; Chung et al., 2015; Xia et al., 2015). The dominance of Synechococcus pigment types shifted from PC-rich (type 1) to PE-rich (type 2 + type 3) along salinity/turbidity gradients. In the subtropical Pearl River estuary, PC-rich Synechococcus dominated in a turbid estuary in summer, whereas PE-rich Synechococcus dominated in coastal waters all over the year (Liu et al., 2014). A similar phenomenon has also been observed in the subtropical estuary in the Gulf of Mexico (Murrel and Lores, 2004). Synechococcus assemblages exhibited distinct seasonal variations in the estuarine and coastal waters. A study conducted in the Pearl River estuary has shown that S5.1-II and S5.1-IX dominated in winter. Whereas in summer S5.1-II and S5.1-VI co-occurred in the coastal water and S5.2, freshwater Synechococcus, and Cyanobium co-occurred in the estuary owing to high temperature, freshwater input during summer monsoon (Xia et al., 2015). In the California Current, S5.1-II and S5.1-III co-occurred in the months leading to the Synechococcus spring bloom whereas S5.1-I and S5.1-IV co-dominated during the bloom (Tai and Palenik, 2009).

The temperate Jiaozhou Bay (35°8′–36°18′N, 120°04′–120°23′E) is a typical shallow semi-enclosed bay in the western Yellow Sea, southeast of Shandong Peninsula (Xing et al., 2017). The bay is connected with the Yellow Sea through a narrow bay mouth (~2.5 km). More than 10 small rivers enter the bay and become the major sources of external nutrient input. Freshwater discharge exhibits seasonal fluctuation with the highest discharge in summer and the lowest discharge in spring and winter (Cui et al., 2021). Connected with the Yellow Sea and surrounded by Qingdao City (population > 10 million), Jiaozhou Bay is affected by both natural and anthropogenic factors, such as East Asian monsoon, Yellow Sea Water Mass, seasonal freshwater inflow, half-day tidal exchange with the open sea (Feng et al., 2018) and rapid economic development, aquaculture, and pollutions from the land. Due to the interaction between natural changes and human activities, as well as long-term monitoring and systematic investigation, Jiaozhou Bay has become a “model” bay of temperate coastal ecosystem for ecological investigation (Zhao et al., 2020; Cui et al., 2021).

The importance of Synechococcus in the temperate Jiaozhou Bay has been realized and seasonal variations of PE-rich Synechococcus abundance have been studied (Zhao et al., 2005; Yang et al., 2012). However, little is known about PC-only Synechococcus, which has long been overlooked and might be an important component in the studied area. It is worth noting that the distribution of PC-only Synechococcus abundance in the temperate Jiaozhou Bay is still unknown. Studies have revealed that freshwater discharge plays an important role in determining the proportion of PC/PE Synechococcus in the surface water of ECS (Chung et al., 2015) and Pearl River Estuary (Xia et al., 2015). Similarly, Jiaozhou Bay is connected with several small rivers, seasonal freshwater discharge might be an important factor influencing the variation of PE-rich and PC-only Synechococcus in this area. It is necessary to further study Synechococcus in multiple aspects. Besides, the pigmentation and genetic diversity of Synechococcus are still unclear in this temperate coastal ecosystem. Therefore, seasonal and spatial variations of Synechococcus abundance, pigment types and genetic diversity were conducted among three selected stations over a seasonal cycle using dual lasers of flow cytometry and high-throughput sequencing of cpcBA operon (encoding phycocyanin) and rpoC1 gene (encoding RNA polymerase). The relationship between environmental variables (temperature, salinity, turbidity, and nutrients) and Synechococcus abundance, pigmentation and lineages will be discussed in temperate coastal ecosystems.



Materials and methods


Sample collection

Three stations were sampled in February (winter), May (spring), August (summer) and October (autumn) in 2021 in Jiaozhou Bay. The estuarine station A5 and central bay station C1 locate inside the bay, whereas the coastal station D7 locates outside the bay (Figure 1). All samples were taken during daytime. Surface seawater was collected at each station and divided for analysis. The samples for flow cytometric analyses (4 mL) were fixed with paraformaldehyde (final concentration 1%) after collection and then frozen in liquid nitrogen until analysis in the laboratory (Marie et al., 2000). For molecular study, 1.2 L of water was pre-filtered by 200 μm sieve, then filtered onto a 0.22 μm (50 mm) mixed cellulose membrane. The membrane was flash-frozen in liquid nitrogen and then frozen at −80°C until used for DNA extraction.
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FIGURE 1
 Sampling stations in Jiaozhou Bay. Stations A5 and C1 are inner bay and station D7 is outer bay.


Temperature and salinity were measured by a AAQ1183-1F CTD probe (Alec, Japan). Chlorophyll a (Chl a) concentration was determined using a Turner Designs model-10 fluorometer. The measurement of nutrient concentrations (NO3−, NO2−, NH4+ and PO43−) were conducted by a QuAAtro-SFA Analyzer (Bran-Lubbe Co., Germany). The concentration of suspended particulate matter (SPM) was measured using the method outlined by Shi et al. (2023). SPM data in October was missing (unsampled). All of the temperature, salinity, Chl a, nutrients, and SPM concentrations data were provided by the Jiaozhou Bay National Marine Ecosystem Research Station.



Flow cytometric analysis of Synechococcus abundance

Synechococcus cells were detected using a BD FACSJazz™ flow cytometer (Becton Dickinson) equipped with dual lasers of 488 nm and 640 nm. Forward scatter (FSC), side scatter (SSC), 3 fluorescence signals (green: 530/40 nm, orange: 585/29 nm, red: 692/40 nm) induced by 488 nm laser and red fluorescence (660/20 nm) induced by 640 nm laser were recorded with BD FACS™ Sortware Sorter software. PC-only (type 1) and PE-rich (type 2 + type 3) Synechococcus were distinguished from other eukaryotic picoplankton by orange fluorescence and red fluorescence induced by 488 nm laser. No Prochlorococcus was detected in Jiaozhou Bay. Type 1 (PC-only) Synechococcus was recognized by red fluorescence induced by 488 nm and 640 nm, respectively (Liu et al., 2014). Type 1, type 2, and type 3 Synechococcus were separated at the same time using green fluorescence induced by 488 nm and red fluorescence induced by 640 nm (Figure 2). Fluorescent beads (2 μm, Polysciences) were added to each sample as the internal standard. Flow cytometric data were analyzed with Flowjo V10 software.

[image: Figure 2]

FIGURE 2
 Flow cytometric signatures of type 1, type 2, and type 3 Synechococcus using a flow cytometer with 488 nm and 640 nm dual lasers. Orange fluorescence represents phycoerythrin (PE); Red fluorescence excited by 488 nm laser indicates chlorophyll a, and red fluorescence excited by 640 nm comes from phycocyanin (PC). Note that PUB-containing cells (type 3) have relatively higher green fluorescence than the non-PUB-containing cells (type 2).




DNA extraction, PCR amplification

DNA was extracted according to the phenol-chloroform-isoamyl alcohol (25:24:1) method in Haverkamp et al. (2008). For the cpcBA operon, the PCR process followed the protocol of Xia et al. (2017a). The cpcBA operon was amplified by PCR (94°C for 5 min, followed by 40 cycles at 94°C for 30 s, 55°C for 30 s, and 72°C for 60 s and a final extension at 72°C for 1 min) using primers SyncpcB-Fw (5’-ATGGCTGCTTGCCTGCG-3′) and SyncpcA-Rev (5’-ATCTGGGTGGTGTAGGG-3′).

For the rpoC1 gene, a nested PCR process was used (Muhling et al., 2006). Two independent PCRs used the same procedure (95°C for 5 min, followed by 30 cycles at 95°C for 60 s, 51°C for 60 s, and 72°C for 60 s and a final extension at 72°C for 10 min) with different primer sets. The first round’s primers were rpoC1-N5 and the C-terminal, while the second round’s primers were rpoC1-39F (5’-GGNATYGTYTGYG AGCGYTG) and rpoC1-462R (5’-CGY AGRCFCTTGRTCAGCTT) (Muhling et al., 2006; Xia et al., 2015), where barcode is an eight-base sequence unique to each sample.

Amplicons were extracted from 2% agarose gels and purified using the AxyPrep DNA Gel Extraction Kit (Axygen Biosciences, Union City, CA, United States) according to the manufacturer’s instructions.



Library construction and sequencing

SMRTbell libraries were prepared from the amplified DNA by blunt-ligation according to the manufacturer’s instructions (Pacific Biosciences). Purified SMRTbell libraries from the Zymo and HMP mock communities were sequenced on dedicated PacBio Sequel II 8 M cells using the Sequencing Kit 2.0 chemistry. All amplicon sequencing was performed by Shanghai Biozeron Biotechnology Co. Ltd. (Shanghai, China).



Processing of sequencing data

PacBio raw reads were processed using the SMRT Link Analysis software version 9.0 to obtain demultiplexed circular consensus sequence (CCS) reads with the following settings: minimum number of passes = 3, minimum predicted accuracy = 0.99. Raw reads were processed through SMRT Portal to filter sequences for length (<300 bp and >700 bp) and quality. Sequences were further filtered by removing barcode, primer sequences, chimeras and sequences if they contained 10 consecutive identical bases. OTUs were clustered with 95% (cpcBA); 97% (rpoC1), similarity cutoff using UPARSE (version 7.1 http://drive5.com/uparse/) and chimeric sequences were identified and removed using UCHIME (Amato et al., 2013). Representative sequences of OTU were identified using BLASTn against the nt database with an expectation value 1e-50, of which not belonging to Cyanobacteria were picked out. Reference sequences were listed in the Supplementary Tables S1, S2. There are three copies of the cpcBA operon in the genomic sequence of type 1 Synechococcus (Six et al., 2007; Xia et al., 2017a). Regarding calculation of the relative abundance of each Synechococcus pigment type, the OTU numbers of type 1 were divided by three. For rpoC1 gene, sequences with less than 90% consistency with the reference sequence are assigned as unclassified.



Phylogenetic analysis of the rpoC1 and cpcBA sequences

The representative sequences of the 30 and 50 most abundant OTUs for the cpcBA operon (covered 99.8% of total reads) and rpoC1 gene (covered 97.9% of total reads) were aligned with the reference sequence (Supplementary Tables S1, S2). Maximum likelihood phylogenetic trees were constructed by Mega-X with the model T92 + G (200 bootstraps) and GTR + G + I (200 bootstraps), respectively (Xia et al., 2017a). A heatmap showing the relative abundance of each OTU was formed with TBtools (Wang et al., 2021).



Statistical analyses

The relative abundance of each pigment type and lineage was transformed by square root transformation. Environmental data were transformed by square root transformation and then normalized. Season and station variations of pigment composition and Synechococcus assemblages structure were investigated by the UPGMA (unweighted pair-group method with arithmetic means) cluster analysis based on the Bray–Curtis similarity matrix. ANOSIM was used to test differences in pigment composition and Synechococcus assemblage structure between groups. SIMPER (similarity percentage procedure) analysis was used to ascertain Synechococcus pigment type contributing most to the inner-outer area Synechococcus pigment composition dissimilarities and Synechococcus lineage contributing most to the four-groups Synechococcus assemblage dissimilarities. All the above analyses were conducted by PRIMER 6 (Clarke, 1993). The Spearman correlation analysis of Synechococcus abundance and environmental variables was processed by Past 4.06b. The relationships between environmental parameters and pigment composition and Synechococcus assemblage were studied by Mantel test using the OmicStudio tools1 and redundancy analysis (RDA) using CANOCO V5, Monte Carlo permutation tests (500 permutations) can be used to test significant correlations of environmental variables with assemblage structure (Cookson et al., 2006).



Accession numbers

All sequences obtained from this study have been deposited in the National Center for Biotechnology Information (NCBI) Sequence Read Archive (SRA). The BioProject accession number PRJNA996355 (based on cpcBA) and PRJNA995918 (based on rpoC1).




Results


Environmental conditions

Seasonal and spatial variations of environmental variables in Jiaozhou Bay are shown in Figure 3. Three stations A5, C1, and D7 exhibited similar hydrographic features in temperature and salinity. Temperature was highest in summer (August) (27.7–29.2°C) and lowest in winter (February) (3.4–4.7°C). Salinity in summer and autumn (October) was slightly lower than in winter and spring (May). The lowest salinity (27.2) in the estuarine station A5 in summer was mainly attributed to freshwater discharge and summer rainfall. Spatial variations of Chl a, SPM and nutrient concentrations (NO3−, NO2−, NH4+, and PO43−) differed among three stations with A5 > C1 > D7. SPM was much higher at stations A5 and C1, indicating higher turbidity of the stations. Seasonally, the highest nutrient concentrations including NO3−, NO2−, NH4+, and PO43− were mostly detected in autumn, suggesting a relatively nutrient-rich environment in autumn.

[image: Figure 3]

FIGURE 3
 Spatial and seasonal variations of environment parameters (A): temperature, (B): salinity, (C): Chl a, (D): suspended particulate matter, (E): NO3−, (F): NO2−, (G): NH4+, (H): PO43− in Jiaozhou Bay. The data of suspended particulate matter was missing in October.




Synechococcus abundance based on flow cytometry

Total abundances of Synechococcus measured by flow cytometry displayed similar seasonal patterns among three stations (Figure 4). Total Synechococcus had the highest abundances in summer and the lowest abundances in winter, which was consistent with temperature variation (Figure 3A). Our data showed that abundances in summer were 2–3 orders of magnitude higher than those in winter. Total Synechococcus abundances were positively correlated with temperature (r = 0.93, p < 0.01; Supplementary Table S3). The highest abundance of Synechococcus occurred at station C1 in summer (231.54 × 103 cells mL−1), and the lowest abundance occurred at station C1 in winter (0.1 × 103 cells mL−1) (Figure 4). Flow cytometry allowed us to separate three pigment types of Synechococcus, namely type 1 (PC-only Synechococcus), type 2, and type 3 (PE-containing Synechococcus) (Figure 2). Type 2 was predominant in Jiaozhou Bay and exhibited similar seasonal pattern as total Synechococcus abundance, while type 1 and type 3 had the lower abundance with different seasonal variations compared to type 2. Type 2 was more abundant in summer and autumn, with abundances ranging from 10.71 × 103 cells mL−1 to 203.76 × 103 cells mL−1. In winter and spring, type 2 was almost negligible (≦41 cells mL−1). Type 1 was less abundant than type 2 with higher abundances in summer. In winter and spring, type 1 was nearly undetected (<20 cells mL−1). Type 3 was less abundant than type 2 and type 1. Seasonal variation of type 3 abundance was similar to type 2 while varied among three stations. Type 2 and type 1 were more abundant at stations A5 and C1, whereas type 3 was slightly more abundant at station D7 (Figure 4). The significance test for the comparison of Synechococcus abundance is shown in Supplementary Table S4.
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FIGURE 4
 Synechococcus abundance measured by flow cytometric analysis.


In general, type 1 was more abundant in summer at stations A5 and C1. Type 2 dominated in summer and autumn, which seemed more important at stations A5 and C1. Spearman correlation analysis showed that type 1 and type 2 were positively correlated with temperature (r = 0.84, p < 0.01 and r = 0.94, p < 0.01, respectively, Supplementary Table S3), and negatively correlated with salinity (r = −0.86, p < 0.01 and r = −0.80, p < 0.01 respectively, Supplementary Table S3). On the contrary, type 3 dominated in winter and spring, and was more important at station D7 (Figure 4).



Synechococcus pigment composition based on cpcBA gene

The cpcBA gene was sequenced for 12 samples (4 seasons × 3 stations) from Jiaozhou Bay. A total of 125,309 high-quality sequences were generated with an average of 10,442 sequences per sample. The diversity of Synechococcus cpcBA operon was estimated by the Shannon diversity index, which ranged from 1.21 to 3.98 (Supplementary Table S5). In general, the diversity of Synechococcus cpcBA operon differed among stations, with A5 and C1 showing higher diversity and D7 showing lower diversity. Seasonally, the diversity of Synechococcus cpcBA operon at station A5 was highest in autumn (3.11) and lowest in spring (1.82). Similarly, station C1 had the highest and lowest diversities in winter (3.98) and spring (1.59), respectively. Station D7 showed lower and less obvious variations, with highest and lowest diversities in summer (2.63) and winter (1.21), respectively.

In the phylogenetic tree based on the cpcBA operon, three well-separated clusters (type 1, type 2 and type 3) were formed (Supplementary Figure S1). According to the similarity of pigment composition recognized by UPGMA clustering, 12 samples were classified into two groups: the inner bay and the outer bay (Figure 5). The pigment composition of the two groups were significantly different (ANOSIM, p < 0.01). The group in the inner bay was mainly composed of samples from stations A5 and C1, except for Oct-D7. In the inner bay, type 2 was the dominant pigment type, followed by type 1 in summer and spring. The group in the outer bay was mostly composed of samples from station D7, except for Feb-A5. In the outer bay in winter and spring, type 3 was the major pigment type, and followed by type 2. Whereas in sample Aug-D7, type 2 and type 3 co-dominated (Figure 5). The dissimilarities of SIMPER analysis identified the contribution of each pigment type in the inner bay and outer bay. The average dissimilarity between two groups was 39.9%. In the inner bay (station A5 and station C1), Synechococcus pigment types were mainly composed of type 2 and type 1. In the outer bay (station D7), it was mainly composed of type 3 and type 2 (Table 1).
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FIGURE 5
 Results of UPGMA cluster analysis. Synechococcus pigment composition based on the relative abundance of each Synechococcus pigment type. The samples formed two groups, inner and outer.




TABLE 1 Synechococcus pigment types that contribute most to the Synechococcus pigment composition dissimilarities between the inner (stationC1 and stationA5) and outer (station D7) bay stations in Jiaozhou Bay (SIMPER results with a cut-off at 100% cumulative contribution).
[image: Table1]

Three pigment types of Synechococcus type 1, type 2, and type 3 were distinguished based on the phylogenetic analysis of cpcBA operon. On the other hand, flow cytometric analysis was also able to separate type 1, type 2, and type 3 (Figure 2; Supplementary Figure S2A) (Olson et al., 1988; Liu et al., 2014). Comparing the relative abundance of type 1, type 2, and type 3 with the two mentioned methods, 9 of 12 samples exhibited a similar distribution pattern. The dissimilarity mainly comes from three samples in the winter and spring in the inner bay (Feb-C1, May-C1, and May-A5) with low abundances (Supplementary Figure S2).



Synechococcus genetic diversity based on rpoC1 gene

The rpoC1 gene was sequenced for 12 samples (4 seasons × 3 stations) in Jiaozhou Bay. A total of 64,031 high-quality sequences were obtained with an average of 5,336 sequences per sample. The Shannon diversity index of Synechococcus assemblages ranged from 3.76 to 4.87. Seasonally, the diversity of Synechococcus assemblages was more pronounced in autumn than in other seasons, with the highest and lowest diversity both observed in autumn. Spatially, stations C1 and A5 showed higher diversity than station D7. The Shannon diversity based on the rpoC1 operon was much higher than that based on the cpcBA operon in all the samples (Supplementary Table S5).

Based on our database, 97.6% of the sequences were classified. All three marine Synechococcus subclusters (S5.1, S5.2, and S5.3) were detected based on rpoC1 gene. S5.1 was most abundant in 9 samples with relative abundances ranging from 48.0 to 88.3%. S5.2 was less abundant than S5.1, whereas in samples May-C1, Aug-C1, and Aug-A5, S5.2 outnumbered S5.1 with relative abundances ranging from 50 to 61.4%. S5.3 was a minor component and merely detected in autumn with relative abundances from 6.7 to 18.1%. Freshwater Synechococcus (FS) and Cyanobium were found in the inner bay with relative abundance ≤4.5% (Supplementary Table S6).

In the phylogenetic tree (Figure 6), 10 clades in total were detected, with S5.1-I, S5.1-IX, and S5.2-CB5 being the most abundant lineages in Jiaozhou Bay. S5.1-I was dominant in winter and spring, whereas S5.1-IX was dominant in autumn. S5.2-CB5 was widespread and abundant (11.2–61.4%) in all the samples and predominant in summer. Most OTUs of S5.1-I in winter and spring were affiliated with Synechococcus sp. st235. However, OTU18 and OTU28 merely occurred in spring, which were affiliated with Synechococcus sp. CC9311 and CC9617. OTUs belonging to S5.1-IX in summer and autumn were affiliated with Synechococcus sp. RS9901 and 59. S5.1-II and S5.1-III were merely observed in summer and autumn, especially in autumn. OTUs of S5.2-CB5 were affiliated with Synechococcus sp. WH8007. OTU2, OTU7 and OTU12 of S5.2-CB5 occurred in all the samples, whereas OTU8 and OTU63 mainly occurred in summer and autumn. OTUs of S5.3 were affiliated with Synechococcus sp. Minos01 and Minos11, which merely occurred in autumn.
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FIGURE 6
 Maximum likelihood phylogenetic tree of the 50 most abundant rpoC1 OTUs across all samples. The heatmap on the right-hand side shows the relative abundance of OTUs in each library (Log transformed). Only nodes with bootstrap values higher than 50% are shown.


The Synechococcus assemblages structure was recognized by UPGMA clustering. According to the similarity of taxonomic composition, 12 samples were classified into four groups: Group 1-samples in winter and spring, Group 2-sample in summer at station D7 (Aug-D7), Group 3-samples in summer at stations C1 and A5 (Aug-C1 and Aug-A5), Group 4-samples in autumn (Oct-C1, Oct-A5, and Oct-D7) (Figure 7A). In Group 1, S5.1-I was predominant in most samples and followed by S5.2-CB5. They co-dominated in winter and spring with relative total abundances ranging from 89.6 to 99.5%. The importance of S5.1-I decreased from winter to spring whereas S5.2-CB5 exhibited an opposite trend. In Group 2, S5.1-I and S5.2-CB5 dominated at station D7 in summer with relative abundance of 42.1 and 28.7%, respectively. Besides, S5.1-IX, S5.1-VI, and S5.1-III also contributed to the high abundance with relative abundances of 13.3, 9.4, and 4.9%, respectively. In Group 3, S5.2-CB5 and S5.1-IX co-dominated in summer with their relative total abundances of 79.8 and 87.5% at stations C1 and A5, respectively. Furthermore, S5.1-VIII and S5.1-I were also detected with proportions <3.2%. In Group 4, S5.1-IX became the core lineage, and followed by S5.2-CB5 in autumn. Other Synechococcus lineages including S5.1-II, S5.1-III, S5.1-WPC1 and S5.3 also made minor contributions to Synechococcus abundance (Supplementary Table S6).
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FIGURE 7
 Results of UPGMA cluster analysis. Synechococcus assemblages composition based on the relative abundance of each Synechococcus lineage. The samples formed four groups, Group 1, Group 2, Group 3, and Group 4 (A). The trends in the relative abundance of dominant lineages S5.1-I, S5.1-IX, and S5.2-CB and typical environmental factors-T, S, Chl a, NO2−, NH4+ in the above four groups. The data in each group is the average of the total sample data in the corresponding group. T, temperature; S, salinity (B).


In general, three dominant lineages of Synechococcus exhibited distinct seasonal variations in Jiaozhou Bay. S5.1-I decreased gradually from winter to spring (Group 1), and almost disappeared in summer (Group 3) and autumn (Group 4), except for the sample Aug-D7 (Group 2). On the contrary, S5.1-IX was negligible from winter to spring (Group 1), increased gradually from summer (Group 2, 3) and became dominant in autumn (Group 4). S5.2-CB5 was widespread in all the samples and became predominant in summer at station A5 and C1 (Group 3) (Figure 7B).



Impact of environmental variables on Synechococcus pigment composition (cpcBA) and genetic diversity (rpoC1)

Environmental variables and distribution of the Synechococcus pigment composition were analyzed by the Mantel test. Temperature (Mantel test, p = 0.014) had a significant impact on Synechococcus pigment composition. RDA analysis reflects the relationships between Synechococcus pigment types and environmental variables (Figure 8A). A Monte Carlo test (499 permutations) showed a high significance for the whole model (p < 0.001) and demonstrated that environmental factors affect pigment type distribution. The first two axes explained 52.4 and 23.1% of Synechococcus pigment variance, respectively. Synechococcus type 1 was positively correlated with Chl a. Type 2 was positively correlated with temperature, NO3−, NO2−, NH4+, and PO43−, and negatively correlated with salinity. On the contrary, type 3 was positively correlated with salinity, and negatively correlated with temperature and NO3−, NO2−, NH4+, and PO43−.
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FIGURE 8
 RDA analysis. (A) The relationship between the distribution of Synechococcus pigment types (cpcBA) and environmental factors in Jiaozhou Bay. (B) The relationship between the distribution of Synechococcus lineages (rpoC1) and environmental factors in Jiaozhou Bay.


Environmental variables and distribution of the Synechococcus assemblages were analyzed by the Mantel test. Temperature (p < 0.05), salinity (p < 0.01), and PO43− (p < 0.05) had significant impacts on the distribution of Synechococcus assemblages. RDA analysis (Figure 8B) reflects the relationships between Synechococcus lineages and environmental variables. A Monte Carlo test (499 permutations) showed a high significance for the whole model (p < 0.001) and demonstrated that environmental factors affect lineages distribution. The first two axes explained 33.3 and 18.3% of lineages variance, respectively. S5.1-I was positively correlated with salinity, and negatively correlated with temperature and NO2−. On the contrary, S5.1-IX was positively correlated with temperature and NO2−, and negatively correlated with salinity. S5.2-CB5 and FS were positively correlated with Chl a, and negatively correlated with NO3−, NH4+, and PO43−, whereas S5.1-II, S5.3, and S5.1-WPC1 were positively correlated with NO3−, NH4+, and PO43− and negatively correlated with Chl a.




Discussion


Distribution of Synechococcus abundance (FCM)

In the temperate Jiaozhou Bay, a clear seasonality in Synechococcus abundance was observed, with maximum abundance in summer and minimum abundance in winter (Figure 4). A strong positive correlation was found between temperature and Synechococcus abundance (r = 0.93, p < 0.01), indicating the importance of temperature in regulating Synechococcus abundance (Agawin et al., 1998; Mitbavkar et al., 2009). Similar temperature-driven pattern has been reported in Bohai Sea (Wang et al., 2022a), Chesapeake Bay (Cai et al., 2010), and Martha’s Vineyard Coastal Observatory (Hunter-Cevera et al., 2016). High temperature could support rapid growth rate of Synechococcus (Wang et al., 2011). In the present study, the optimum temperature range of 27.5–29.5°C in summer seemed to be favorable for high abundance of Synechococcus (Figure 3). Under the circumstance of global warming, surface temperature in Jiaozhou Bay showed a rising trend over the past decades. Larger phytoplankton showed a downward trend in species composition and cell abundance (Chen et al., 2023). Accordingly, phytoplankton tend to be small-sized in Jiaozhou Bay and Synechococcus may become more and more important in the future.

Besides temperature, salinity could be another important influencing factor. The ratio of PC-only: PE-rich Synechococcus abundances decreased with salinity gradient. PC-only Synechococcus was more abundant in lower salinity waters whereas PE-rich Synechococcus dominated in higher salinity waters (Wang et al., 2011; Rajaneesh and Mitbavkar, 2013; Xia et al., 2017a). Widespread coexistence of PC-only (type 1) and PE-rich (type 2 + type 3) Synechococcus have been found in turbid estuarine and coastal waters, such as in the Chesapeake Bay (Wang et al., 2011), Martha’s Vineyard Coastal Observatory (Hunter-Cevera et al., 2016), and Pearl River Estuary (Xia et al., 2017a). Similarly in Jiaozhou Bay, type 1 (PC-only) abundance decreased from the inner bay to the outer bay along with salinity increase mainly owing to freshwater discharge (Figures 3, 4). A negative correlation was observed between type 1 abundance and salinity, implying the importance of salinity on type 1 distribution. In the subtropical Hong Kong waters, PC-only Synechococcus dominated in the estuarine station in summer, whereas PE-rich Synechococcus dominated in the coastal waters all over the year (Liu et al., 2014). Our observations did not agree well with the results in Hong Kong waters, with a much lower abundance of type 1, perhaps owing to lower temperature and lower freshwater discharge in Jiaozhou Bay.



Spatio-temporal variation of Synechococcus pigment composition (cpcBA)

Niche partitions of Synechococcus pigment types have been widely studied (Liu et al., 2014; Xia et al., 2017a; Grébert et al., 2018; Wang et al., 2022a). Type 1 is abundant in low salinity, nutrient-rich, turbid coastal and estuarine waters. Type 2 is preferred in coastal and shelf waters, whereas type 3 dominates in oligotrophic open oceans (Xia et al., 2017b; Grébert et al., 2018). The phylogeny of cpcBA operon (encoding PC) and cpeBA operon (encoding PE) were applied to distinguish Synechococcus pigment types. Since type 1 (PC-only Synechococcus) could not be recognized by cpeBA operon because of lacking PE, in this study cpcBA operon was applied and three pigment types type 1, type 2, and type 3 were thus distinguished in Jiaozhou Bay (Supplementary Figure S1). Studies have reported that different pigment types usually co-occur and one phenotype generally predominates in marine environments (Xia et al., 2017b). Similar in Jiaozhou Bay, type 1, type 2, and type 3 co-occurred, with type 2 being predominant in the majority of samples (Supplementary Figure S2B). Type 1 was more abundant in summer at stations A5 and C1 with low salinity of 27.23 and 29.47, respectively (Figure 3). Low salinity in the inner bay was mainly attributed to freshwater discharge and summer rainfall (Cui et al., 2021). Lower salinity and higher temperature seemed to be favorable for the higher growth rate of type 1 Synechococcus in the inner bay in summer.

Type 2 is prevalent in turbid waters, and type 3 is usually distributed in clearer water with high transparency. It has been proposed that the dominant pigment type shifted from type 2 to type 3 following a decrease in turbidity in the marine environment (Everroad and Wood, 2012; Xia et al., 2018). A similar phenomenon was observed in Jiaozhou Bay. Type 2 was predominant in the inner bay with lower salinity, higher nutrients, and higher turbidity (Figure 3; Supplementary Figure S2B). SPM in the inner bay was much higher than those in the outer bay, implying higher turbidity in the inner bay (Figure 3D). The dominance of type 2 in the inner bay indicated that it was well adapted to harvest light in the turbid waters. In the outer bay, type 3 was predominant in winter and spring with higher salinity, lower nutrients, and lower turbidity (Figure 3; Supplementary Figure S2B). The outer bay is connected to the Yellow Sea with clearer water, which is suitable for the survival of type 3. We found that the dominant pigment type not only varied with locations from the inner bay to the outer bay, but also varied with seasons from the winter to the autumn (Supplementary Figure S2B). In the outer bay, the dominant pigment type shifted from type 3 to type 2 from the winter to the autumn. In winter and spring, type 3 predominated, whereas type 2 co-dominated with type 3 in summer and even became the predominant pigment type in autumn. It is necessary to find out the possible reason. The proportion of type 3 decreased with increasing temperature (Figure 3; Supplementary Figure S2B). RDA analysis also showed that type 3 was negatively correlated with temperature (Figure 8A), implying the importance of temperature in regulating the variation of type 3. Salinity was also an important factor in the composition of Synechococcus pigmentation. Compared to type 1 and type 2 with a higher tolerance for salinity variations, type 3 seemed to be less tolerant in low-salinity environments (Xia et al., 2017a). In the outer bay, salinity was lower in summer and autumn compared to winter and spring. The lowest salinity and smallest proportion of type 3 coincided in October. RDA analysis exhibited a positive correlation between type 3 and salinity, indicating the importance of salinity in type 3 distribution. Although the relationship between type 3 and nutrients is still unclear, RDA analysis exhibited a negative correlation between type 3 and nutrients NO3−, NO2−, NH4+, and PO43−. Nutrients in summer and autumn were generally higher than those in winter and spring, especially for PO43−, phosphorus stress was obvious in winter and spring and relieved in October. The mechanisms of temperature, salinity, and nutrients influencing Synechococcus pigment types are still unclear, which is necessary to figure out the next step.



Synechococcus pigment types comparison measured by different methods (FCM and cpcBA sequencing)

Flow cytometry has been widely used for the measurement of Synechococcus abundance since the 1980s (Olson et al., 1988; Liu et al., 2014). PC-only Synechococcus (type 1) and PE-rich Synechococcus (type 2 + type 3) can be separated using flow cytometer with dual lasers of 488 nm and 640 nm (Murrel and Lores, 2004; Liu et al., 2014). Type 1 could be recognized by red fluorescence induced by 640 nm laser because of the binding phycocyanobilin (PCB, Amax = 620 nm) (Six et al., 2007; Liu et al., 2014). PE-Synechococcus type 2 and type 3 could be separated by green fluorescence induced by 488 nm laser since type 3 showed higher green fluorescence than type 2 because of the binding phycourobilin (PUB, Amax = 495 nm) (Olson et al., 1988). In this study, Synechococcus type 1, type 2, and type 3 were clearly discriminated by dual lasers of a flow cytometer in Jiaozhou Bay (Figure 2). This was the first time three pigment types of Synechococcus were simultaneously distinguished. In the Hong Kong coastal waters and Pearl River Estuary, PC-only (type 1) and PE-rich (type 2 + type 3) Synechococcus were detected, whereas, in the Bohai Sea, Yellow Sea, and the East China Sea, only PE-Synechococcus was detected (Liu et al., 2014; Xia et al., 2017a, 2018; Wang et al., 2021, 2022a, 2022c).

In this study, both flow cytometric analysis and phylogenetic analysis of the cpcBA operons were applied to distinguish Synechococcus pigment types type 1, type 2, and type 3. 9 in 12 samples exhibited a similar distribution pattern, which showed 75% similarity of the two above methods, implying the reliability of Synechococcus pigment types analyzed by flow cytometry. The dissimilarity mainly comes from three samples in winter and spring in the inner bay (Feb-C1, May-C1, and May-A5) with low abundances (<103 cells/mL) (Supplementary Figure S2). A low abundance of Synechococcus analyzed by flow cytometer may confuse in recognizing type 2 and type 3 by operators. Besides, a small proportion of dividing cells with replicated chromosomes measured by molecular method may be detected as single cells by flow cytometer (Tai and Palenik, 2009). This may cause a slight mismatch between the two above methods. To improve the accuracy of flow cytometric detection, it is necessary to enrich Synechococcus abundances collected in winter and spring by filtering before analysis and increasing the acquisition time during analysis. On the other hand, there is a need to use more sensitive and efficient molecular methods, such as qPCR for quantitative analysis of specific groups of Synechococcus, making the results more comparable and accurate (Wang et al., 2022c).



Spatio-temporal variation of Synechococcus genetic diversity (rpoC1)

In the present study, 10 clades representing Synechococcus S5.1, S5.2, and S5.3 were identified (Figure 7A). S5.1 and S5.2 were abundant and widespread in the temperate Jiaozhou Bay. In comparison, 6–13 Synechococcus clades were identified in the temperate Chesapeake Bay (Chen et al., 2006), Gulf of Aqaba (Post et al., 2011), and Yellow Sea (Wang et al., 2021). In the subtropical Hong Kong waters, 17 clades were identified with abundant S5.1 and S5.2 in the coastal and estuarine waters (Xia et al., 2015). Our results were consistent with previous reports mentioned above.

Temporal and spatial variations in the distribution of the Synechococcus assemblages have been reported in various estuarine and coastal waters. Synechococcus population did not vary obviously and was dominated by a single clade, for instance in the Gulf of Aqaba, S5.1-II was predominant over a 3 years scale throughout the oceanic region (Fuller et al., 2005). At the Martha’s Vineyard Coastal Observatory (MVCO), S5.1-I dominated Synechococcus populations all over the year (Hunter-Cevera et al., 2016). However, in the subtropical Hong Kong waters, dominant lineages of Synechococcus were multiple and varied with seasons and locations. From spring to summer, S5.2 dominated in the estuarine water whereas S5.1-II and S5.1-VI co-dominated in coastal waters. In winter S5.1-II and S5.1-IX co-dominated in the estuarine and coastal waters (Xia et al., 2015). In Jiaozhou Bay, Synechococcus assemblages varied mainly with seasons. The composition of Synechococcus assemblages shifted from two dominant lineages in winter and spring to a high genetic diversity in summer and autumn. Three major lineages S5.1-I, S5.1-IX, and S5.2-CB5 were detected, with S5.1-I and S5.1-IX being dominant in winter and spring, and in autumn, respectively. S5.2-CB5 was abundant and widespread in most samples (Figure 7A). S5.1-I was dominant in winter and spring with temperatures ≤16°C. The importance of S5.1-I decreased with increasing temperature (Figure 7B). RDA analysis showed that S5.1-I was negatively correlated with temperature, indicating the importance of temperature in regulating S5.1-I distribution (Figure 8B). Similarly at MVCO, S5.1-I has been reported to be predominant over the entire year (Hunter-Cevera et al., 2016). S5.1-I is known as a cold-water Synechococcus, which is primarily found in cold and temperate, nutrient-rich coastal waters at higher latitudes. Higher tolerance to cold stress together with the ability to survive in low temperatures may be favorable for the dominance of S5.1-I in cold water (Hunter-Cevera et al., 2016; Doré et al., 2022).

S5.1-I usually co-occurred with S5.1-IV in the cold water. However, in Jiaozhou Bay, S5.1-IV was not detected. S5.1-I co-dominated with S5.2-CB5 in winter and spring. S5.2-CB5 was abundant and widespread in most samples, especially in summer in the inner bay, S5.2-CB5 was predominant with relative abundance >50% (Supplementary Table S6). S5.2-CB5 was always found in coastal and estuarine waters (Cai et al., 2010; Huang et al., 2012; Hunter-Cevera et al., 2016). Temperature, salinity, and nutrient concentrations might be important in regulating S5.2-CB5 distribution. In the Chesapeake Bay, S5.2-CB5 was merely detected in summer and dominated in the upper bay, which was characterized by a higher ammonium concentration and lower salinity (Chen et al., 2006; Cai et al., 2010). At the MVCO, S5.2-CB5 was isolated during later summer and fall, when the temperature was relatively high (17–20°C) and nitrate + nitrite concentration was relatively low (<0.5 μM) (Hunter-Cevera et al., 2016). Similarly in Jiaozhou Bay, the dominant Synechococcus lineage S5.2-CB5 was observed in summer with high temperature (28.9–29.5°C), low salinity (27.2–29.5), and low ammonium (0.36–1.57 μM) (Figure 7B). RDA analysis showed that S5.2-CB5 was negatively correlated with NO3−, NH4+ and PO43−, implying the importance of nutrients in S5.2-CB5 regulation (Figure 8B). Representative of S5.2-CB5 showed a pigment type 1, which may largely contribute to the presence of type 1 in Jiaozhou Bay.

S5.1-IX exhibited an opposite trend compared to S5.1-I, being dominant in summer and autumn. Especially in autumn, S5.1-IX was predominant with relative abundance >35.7% (Supplementary Table S6). Unlike S5.1-I and S5.2-CB5, S5.1-IX was not a common Synechococcus clade, the knowledge about S5.1-IX was rather scarce. S5.1-IX was first discovered in the Gulf of Aqaba (Fuller et al., 2003). Nevertheless, it was considered to be rare in this field (Penno et al., 2006). In the China Sea, S5.1-IX was detected as a minor component in the East China Sea and the Yellow Sea (Choi and Noh, 2009; Chung et al., 2015; Wang et al., 2021). Even in the global ocean, Clade IX was reported to have low abundance (less than 5%) (Zwirglmaier et al., 2008). However, it thrived in the subtropical Hong Kong waters in October and December (Xia et al., 2015). Pyrosequencing analysis and growth experiment indicated that S5.1-IX (MW02) prefers to grow in low salinity waters and grows best at a salinity of 28 in Hong Kong waters (Xia et al., 2015). In the temperate Jiaozhou Bay, salinities ranged from 28.5 to 30.3 in autumn, which might be suitable for the growth of Clade IX. In autumn, phosphorus stress was largely relieved owing to higher nitrogen and phosphate concentrations. Sufficient nutrients may be another key factor for Clade IX growth in autumn. RDA analysis indicated that S5.1-IX was positively related to NO2-and temperature, and negatively related to salinity (Figure 8B). Compared to the environmental parameters, it seemed higher temperature, lower salinity, and sufficient nutrients could be the important factors for the dominance of S5.1-IX in autumn (Figure 7B). Since environmental conditions in the temperate Jiaozhou Bay are obviously different from those in the subtropical Hong Kong waters, S5.1-IX in Jiaozhou Bay might be a different subclade. It is necessary to isolate and sequence the clade S5.1-IX in Jiaozhou in the next step.



The relationship of Synechococcus pigment types (FCM, cpcBA) and genetic diversity (rpoC1)

In our study, Synechococcus pigment types based on flow cytometry analysis and phylogenetic analysis of cpcBA operon showed similar distribution patterns in most samples. Liu et al. (2014) also showed phylogenetic study based on cpcBA agreed well with flow cytometric counts, which revealed the coexistence of PC-rich and PE-rich Synechococcus in the subtropical coastal waters.

Our phylogenetic tree based on cpcBA operon sequences, formed three well-separated clusters (type 1, type 2, and type 3) (Supplementary Figure S1). Type 1 corresponds to S5.1-VIII and S5.2; Type 2 corresponds to clades II, V, and VI of S5.1; Type 3 corresponds to clades I, II, III, IV, and WPC1 of S5.1. Based on the phylogeny of rpoC1 gene, clades I, II, III, V, VI, VIII, IX, WPC1 of S5.1, S5.2, and S5.3 were detected (Figure 6). The phylogenic tree based on the two genes showed congruency. Comparing their responses to environmental factors, type 1 Synechococcus (S5.1-VIII, S5.2) based on cpcBA operon was positively correlated with Chl a, which was consistent with S5.1-VIII and S5.2 based on rpoC1 gene (Figure 8). This fully indicates that Synechococcus type 1 in Jiaozhou Bay was mainly contributed by S5.1-VIII and S5.2, accompanied by high Chl a concentration, which is consistent with the spatio-temporal distribution of Synechococcus type 1 mentioned above (Figures 3, 5). However, the relationship between Synechococcus type 2 and type 3 and environmental factors, is inconsistent with the results based on rpoC1 gene. The reason is that the single clade of Synechococcus assemblages may possess phycobilisomes of different types, i.e., S5.1-II corresponds to type 2 and type 3, consistent with observations on isolates (Haverkamp et al., 2008; Everroad and Wood, 2012; Xia et al., 2017b). Synechococcus clades have higher diversity compare to pigment types (Supplementary Table S5). The response of different Synechococcus clades to environmental factors will be more detailed than that of pigment types. The combination of more technical means provides more information for studying Synechococcus distribution.




Conclusion

This present study investigated seasonal and spatial variations of Synechococcus in abundance, pigment types and genetic diversity in the temperate Jiaozhou Bay. Synechococcus abundance exhibited seasonal variations with highest value in summer and lowest value in winter, which was consistent with temperature variation. Three pigment types of Synechococcus type 1, type 2, and type 3 were discriminated simultaneously by dual lasers of flow cytometry for the first time. The phylogenetic analysis of cpcBA operon also revealed three pigment types of Synechococcus type 1, type 2, and type 3. By comparison, 75% similarity was shown between the two approaches, indicating the reliability of pigment types measured by flow cytometry. It is essential to eliminate the 25% mismatch between the two methods. We will attempt in various aspects, for instance, by increasing acquisition cells and time of flow cytometry and applying more sensitive and efficient molecular methods. Three pigment types of Synechococcus type 1, type 2 and type 3 were distinguished based on cpcBA operon, which displayed obvious variations spatially between the inner bay and the outer bay. Freshwater discharge and water turbidity played important roles in regulating Synechococcus pigment types. Synechococcus assemblages were phylogenetically diverse (12 different lineages) based on rpoC1 gene and dominated by three core lineages S5.1-I, S5.1-IX, and S5.2-CB5 in different seasons, which were influenced by different environmental factors.

From this study, we clearly know about Synechococcus abundance, pigment types and genetic diversity on a spatio-temporal scale by different techniques in Jiaozhou Bay. The combination of more technical means provides more information for studying Synechococcus distribution. However, more questions are raised and need to be addressed. (1) Since S5.2-CB5 was widespread in all the seasons, it might be the best-fit genotype for Jiaohou Bay, which could be monitored as an indicator for long-term investigation. (2) The subclade of S5.1-IX in Jiaozhou Bay is still unclear. It is urgent to isolate, culture and sequence the S5.1-IX strains in Jiaozhou Bay and compare them with the subclade (NW02) in the subtropical Hong Kong strains.



Data availability statement

The datasets presented in this study can be found in online repositories. The names of the repository/repositories and accession number(s) can be found at: https://www.ncbi.nlm.nih.gov/, BioProject PRJNA996355, https://www.ncbi.nlm.nih.gov/, BioProject PRJNA995918.



Author contributions

SL: Data curation, Formal analysis, Methodology, Software, Visualization, Writing – original draft. YD: Conceptualization, Formal analysis, Methodology, Writing – original draft. XS: Conceptualization, Resources, Writing – review & editing. YZ: Conceptualization, Funding acquisition, Supervision, Writing – review & editing, Visualization. LZ: Conceptualization, Funding acquisition, Methodology, Supervision, Visualization, Writing – original draft, Writing – review & editing. WZ: Conceptualization, Supervision, Writing – review & editing. TX: Conceptualization, 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 was supported by the National Natural Science Foundation of China (NSFC) (grant numbers. U22A20583 and 42076139), the Key Deployment Project of Center for Ocean Mega-Science, Chinese Academy of Sciences (grant number. COMS2020Q09), and the Sino-French International Research Project (CNR-CAS) Dynamics and Function of Marine Microorganisms (IRP-DYF2M): insight from physics and remote sensing.



Acknowledgments

We are grateful to Jiaozhou Bay National Marine Ecosystem Research Station, and captain and crew of the R/V Chuangxin for their assistance during the research. We also thank Yongfang Zhao and the Jiaozhou Bay National Marine Ecosystem Research Station for their support to share environmental data.



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.2023.1322548/full#supplementary-material



Footnotes

1   https://www.omicstudio.cn/tool/62



References

 Agawin, N. S. R., Duarte, C. M., and Agusti, S. (1998). Growth and abundance of Synechococcus sp. in a Mediterranean Bay: seasonality and relationship with temperature. Mar. Ecol.-Prog. Ser. 170, 45–53. doi: 10.3354/meps170045

 Amato, K. R., Yeoman, C. J., Kent, A., Righini, N., and Carbonero, F. (2013). Habitat degradation impacts black howler monkey (Alouatta pigra) gastrointestinal microbiomes. ISME J. 7, 1344–1353. doi: 10.1038/ismej.2013.16 

 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 

 Chen, F., Wang, K., Kan, J., Bachoon, D., and Lu, J. (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. J., and Suzuki, M. T. (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 

 Chen, W., Wang, X., and Yang, S. (2023). Response of phytoplankton community structure to environmental changes in the coastal areas of northern China. Mar. Pollut. Bull. 195:115300. doi: 10.1016/j.marpolbul.2023.115300 

 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 

 Chung, C.-C., Gong, G.-C., Huang, C.-Y., and Lin, J.-Y. (2015). Changes in the Synechococcus assemblage composition at the surface of the East China Sea due to flooding of the Changjiang River. Microb. Ecol. 70, 677–688. doi: 10.1007/s00248-015-0608-5 

 Clarke, K. (1993). Nonparametric multivariate analyses of changes in community structure. Aust. J. Ecol. 18, 117–143. doi: 10.1111/j.1442-9993.1993.tb00438.x 

 Cookson, W. R., Marschner, P., Clark, I. M., Milton, N., and Smirk, M. N. (2006). The influence of season, agricultural management, and soil properties on gross nitrogen transformations and bacterial community structure. Aust. J. Soil Res. 44, 453–465. doi: 10.1071/SR05042

 Cui, K., Dong, Y., Sun, X., Zhao, L., and Du, H. (2021). Long-term temporal and spatial distribution of coliform bacteria in Jiaozhou Bay associated with human activities and environmental governance. Front. Mar. Sci. 8:641137. doi: 10.3389/fmars.2021.641137

 Doré, H., Leconte, J., Guyet, U., Breton, S., and Farrant, G. K. (2022). Global phylogeography of marine Synechococcus in coastal areas reveals strong community shifts. mSystems :7. doi: 10.1128/msystems.00656-22

 Dufresne, A., Ostrowski, M., Scanlan, D. J., Garczarek, L., and Mazard, S. (2008). Unraveling the genomic mosaic of a ubiquitous genus of marine cyanobacteria. Genome Biol. 9:R90. doi: 10.1186/gb-2008-9-5-r90 

 Everroad, R. C., and Wood, A. M. (2012). Phycoerythrin evolution and diversification of spectral phenotype in marine Synechococcus and related picocyanobacteria. Mol. Phylogenet. Evol. 64, 381–392. doi: 10.1016/j.ympev.2012.04.013 

 Farrant, G. K., Dore, H., Cornejo-Castillo, F. M., Partensky, F., and Ratin, M. (2016). Delineating ecologically significant taxonomic units from global patterns of marine picocyanobacteria. Proc. Natl. Acad. Sci. U. S. A. 113, E3365–E3374. doi: 10.1073/pnas.1524865113 

 Feng, M., Wang, C., Zhang, W., Zhang, G., and Xu, H. (2018). Annual variation of species richness and lorica oral diameter characteristics of tintinnids in a semi-enclosed bay of western Pacific. Estuar. Coast. Shelf Sci. 207, 164–174. doi: 10.1016/j.ecss.2018.04.003

 Flombaum, P., Gallegos, J. L., Gordillo, R. A., Rincon, J., Zabala, L. L., Jiao, N., 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 

 Fuller, N. J., Marie, D., Partensky, F., Vaulot, D., and Post, A. F. (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 

 Fuller, N. J., West, N. J., Marie, D., Yallop, M., and Rivlin, T. (2005). Dynamics of community structure and phosphate status of picocyanobacterial populations in the Gulf of Aqaba, Red Sea. Limnol. Oceanogr. 50, 363–375. doi: 10.4319/lo.2005.50.1.0363

 Grébert, T., Dore, H., Partensky, F., Farrant, G. K., and Boss, E. S. (2018). Light color acclimation is a key process in the global ocean distribution of Synechococcus cyanobacteria. Proc. Natl. Acad. Sci. U. S. A. 115, E2010–E2019. doi: 10.1073/pnas.1717069115 

 Haverkamp, T., Acinas, S. G., Doeleman, M., Stomp, M., Huisman, J., and Stal, L. J. (2008). Diversity and phylogeny of Baltic Sea picocyanobacteria inferred from their ITS and phycobiliprotein operons. Environ. Microbiol. 10, 174–188. doi: 10.1111/j.1462-2920.2007.01442.x 

 Huang, S., Wilhelm, S. W., Harvey, H. R., Taylor, K., and Jiao, N. (2012). Novel lineages of Prochlorococcus and Synechococcus in the global oceans. ISME J. 6, 285–297. doi: 10.1038/ismej.2011.106 

 Hunter-Cevera, K. R., Post, A. F., Peacock, E. E., and Sosik, H. M. (2016). Diversity of Synechococcus at the Martha’s vineyard coastal observatory: insights from culture isolations, clone libraries, and flow cytometry. Microb. Ecol. 71, 276–289. doi: 10.1007/s00248-015-0644-1 

 Larsson, J., Celepli, N., Ininbergs, K., Dupont, C. L., and Yooseph, S. (2014). Picocyanobacteria containing a novel pigment gene cluster dominate the brackish water Baltic Sea. ISME J. 8, 1892–1903. doi: 10.1038/ismej.2014.35 

 Liu, H., Jing, H., Wong, T. H. C., and Chen, B. (2014). Co-occurrence of phycocyanin-and phycoerythrin-rich Synechococcus in subtropical estuarine and coastal waters of Hong Kong. Environ. Microbiol. Rep. 6, 90–99. doi: 10.1111/1758-2229.12111 

 Marie, D., Simon, N., Guillou, L., Partensky, Frédéric, and Vaulot, D. (2000). Flow cytometry analysis of marine picoplankton, Living color, Eds. R. A. Diamond and S. Demaggiopp (Berlin, Heidelberg: Springer Berlin Heidelberg), 421–454.

 Mitbavkar, S., Saino, T., Horimoto, N., Kanda, J., and Ishimaru, T. (2009). Role of environment and hydrography in determining the picoplankton community structure of Sagami Bay. Japan. J. Oceanogr. 65, 195–208. doi: 10.1007/s10872-009-0019-7

 Muhling, M., Fuller, N. J., Somerfield, P. J., Post, A. F., and Wilson, W. H. (2006). High resolution genetic diversity studies of marine Synechococcus isolates using rpoC1-based restriction fragment length polymorphism. Aquat. Microb. Ecol. 45, 263–275. doi: 10.3354/ame045263

 Murrel, 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

 Olson, R. J., Chisholm, S. W., Zettler, E. R., and Armbrust, E. V. (1988). Analysis of Synechococcus pigment types in the sea using single and dual beam flow cytometry. Deep Sea research part a. Oceanogr. Res. Papers 35, 425–440. doi: 10.1016/0198-0149(88)90019-2

 Olson, R., Chisholm, S., Zettler, E., and Armbrust, E. (1990). Pigments, size, and distribution of Synechococcus in the North-Atlantic and Pacific oceans. Limnol. Oceanogr. 35, 45–58. doi: 10.4319/lo.1990.35.1.0045

 Paerl, R. W., Foster, R. A., Jenkins, B. D., and Montoya, J. P. (2008). Phylogenetic diversity of cyanobacterial narB genes from various marine habitats. Environ. Microbiol. 10, 3377–3387. doi: 10.1111/j.1462-2920.2008.01741.x 

 Paulsen, M. L., Dore, H., Garczarek, L., Seuthe, L., and Mueller, O. (2016). Synechococcus in the Atlantic gateway to the Arctic Ocean. Front. Mar. Sci. 3:191. doi: 10.3389/fmars.2016.00191

 Penno, S., Lindell, D., and Post, A. F. (2006). Diversity of Synechococcus and Prochlorococcus populations determined from DNA sequences of the N-regulatory gene ntcA. Environ. Microbiol. 8, 1200–1211. doi: 10.1111/j.1462-2920.2006.01010.x 

 Post, A. F., Penno, S., Zandbank, K., Paytan, A., Huse, S. M., and Welch, D. M. (2011). Long term seasonal dynamics of Synechococcus population structure in the Gulf of Aqaba. Northern Red Sea. Front. Microbiol. 2:131. doi: 10.3389/fmicb.2011.00131 

 Rajaneesh, K. M., and Mitbavkar, S. (2013). Factors controlling the temporal and spatial variations in Synechococcus abundance in a monsoonal estuary. Mar. Environ. Res. 92, 133–143. doi: 10.1016/j.marenvres.2013.09.010

 Shi, X., Wang, Z., Gao, W., and Huang, H. (2023). Distribution of suspended particulate matter in the Caroline M4 seamount in the western Pacific Ocean and its influencing factors. Oceanologia et Limnologia Sinica 54, 703–717. doi: 10.11693/hyhz20220800219

 Six, C., Thomas, J.-C., Garczarek, L., Ostrowski, M., and Dufresne, A. (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 

 Sohm, J. A., Ahlgren, N. A., Thomson, Z. J., Williams, C., and Moffett, J. W. (2016). Co-occurring Synechococcus ecotypes occupy four major oceanic regimes defined by temperature, macronutrients and iron. ISME J. 10, 333–345. doi: 10.1038/ismej.2015.115 

 Stomp, M., Huisman, J., de Jongh, F., Veraart, A. J., and Gerla, D. (2004). Adaptive divergence in pigment composition promotes phytoplankton biodiversity. Nature 432, 104–107. doi: 10.1038/nature03044 

 Stomp, M., Huisman, J., Voros, L., Pick, F. R., and Laamanen, M. (2007). Colourful coexistence of red and green picocyanobacteria in lakes and seas. Ecol. Lett. 10, 290–298. doi: 10.1111/j.1461-0248.2007.01026.x 

 Tai, V., and Palenik, B. (2009). Temporal variation of Synechococcus clades at a coastal Pacific Ocean monitoring site. ISME J. 3, 903–915. doi: 10.1038/ismej.2009.35 

 Voros, L., Callieri, C., Balogh, K. V., and Bertoni, R. (1998). Freshwater picocyanobacteria along a trophic gradient and light quality range. Hydrobiologia 370, 117–125. doi: 10.1007/978-94-017-2668-9_10

 Wang, T., Chen, X., Li, J., and Qin, S. (2022a). Distribution and phenogenetic diversity of Synechococcus in the Bohai Sea. China. J. Oceanol. Limnol. 40, 592–604. doi: 10.1007/s00343-021-1005-1

 Wang, T., Chen, X., Qin, S., and Li, J. (2021). Phylogenetic and Phenogenetic diversity of Synechococcus along a Yellow Sea section reveal its environmental dependent distribution and co-occurrence microbial pattern. J. Mar. Sci. Eng. 9:1018. doi: 10.3390/jmse9091018

 Wang, T., Li, J., Jing, H., and Qin, S. (2022b). Picocyanobacterial Synechococcus in marine ecosystem: insights from genetic diversity, global distribution, and potential function. Mar. Environ. Res. 177:105622. doi: 10.1016/j.marenvres.2022.105622

 Wang, K., Wommack, K. E., and Chen, F. (2011). Abundance and distribution of Synechococcus spp. and cyanophages in the Chesapeake Bay. Appl. Environ. Microbiol. 77, 7459–7468. doi: 10.1128/AEM.00267-11 

 Wang, T., Xia, X., Chen, J., Liu, H., and Jing, H. (2022c). Spatio-temporal variation of Synechococcus assemblages at DNA and cDNA levels in the tropical estuarine and coastal waters. Front. Microbiol. 13:837037. doi: 10.3389/fmicb.2022.837037

 Wood, A. M., Phinney, D. A., and Yentsch, C. S. (1998). Water column transparency and the distribution of spectrally distinct forms of phycoerythrin-containing organisms. Mar. Ecol.-Prog. Ser. 162, 25–31. doi: 10.3354/meps162025

 Xia, X., Guo, W., Tan, S., and Liu, H. (2017a). Synechococcus assemblages across the salinity gradient in a salt wedge estuary. Front. Microbiol. 8:1254. doi: 10.3389/fmicb.2017.01254

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

 Xia, X., Liu, H., Choi, D., and Noh, J. H. (2018). Variation of Synechococcus pigment genetic diversity along two turbidity gradients in the China seas. Microb. Ecol. 75, 10–21. doi: 10.1007/s00248-017-1021-z 

 Xia, X., Partensky, F., Garczarek, L., Suzuki, K., and Guo, C. (2017b). Phylogeography and pigment type diversity of Synechococcus cyanobacteria in surface waters of the northwestern Pacific Ocean. Environ. Microbiol. 19, 142–158. doi: 10.1111/1462-2920.13541

 Xia, X., Vidyarathna, N. K., Palenik, B., Lee, P., and Liu, H. (2015). Comparison of the seasonal variations of Synechococcus assemblage structures in estuarine waters and coastal waters of Hong Kong. Appl. Environ. Microbiol. 81, 7644–7655. doi: 10.1128/AEM.01895-15 

 Xing, J., Song, J., Yuan, H., Wang, Q., and Li, X. (2017). Atmospheric wet deposition of dissolved trace elements to Jiaozhou Bay, North China: fluxes, sources and potential effects on aquatic environments. Chemosphere 174, 428–436. doi: 10.1016/j.chemosphere.2017.02.004 

 Yang, L., Wang, M., Liu, G., Wang, J., and Lu, L. (2012). The abundance of picophytoplankton and correlation analysis with environmental factors in Jiaozhou Bay. Oceanologia et Limnologia Sinica 43, 967–975. doi: 10.11693/hyhz201205014014

 Zhao, S., Xiao, T., Li, H., and Xu, J. (2005). Distribution of Synechococcus spp. in Jiaozhou Bay. Oceanologia et Limnologia Sinica 36, 534–540.

 Zhao, Y., Zhao, Z., and Sun, X. (2020). A dataset of nutrient structure and limiting factors of phytoplankton growth in Jiaozhou Bay from 1997 to 2010. China Scientific Data 5:e1. doi: 10.11922/csdata.2019.0056.zh

 Zwirglmaier, K., Jardillier, L., Ostrowski, M., Mazard, S., and Garczarek, L. (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/xhtml/Nav.xhtml




Contents





		Cover



		Seasonal and spatial variations of Synechococcus in abundance, pigment types, and genetic diversity in a temperate semi-enclosed bay



		Introduction



		Materials and methods



		Sample collection



		Flow cytometric analysis of Synechococcus abundance



		DNA extraction, PCR amplification



		Library construction and sequencing



		Processing of sequencing data



		Phylogenetic analysis of the rpoC1 and cpcBA sequences



		Statistical analyses



		Accession numbers









		Results



		Environmental conditions



		Synechococcus abundance based on flow cytometry



		Synechococcus pigment composition based on cpcBA gene



		Synechococcus genetic diversity based on rpoC1 gene



		Impact of environmental variables on Synechococcus pigment composition (cpcBA) and genetic diversity (rpoC1)









		Discussion



		Distribution of Synechococcus abundance (FCM)



		Spatio-temporal variation of Synechococcus pigment composition (cpcBA)



		Synechococcus pigment types comparison measured by different methods (FCM and cpcBA sequencing)



		Spatio-temporal variation of Synechococcus genetic diversity (rpoC1)



		The relationship of Synechococcus pigment types (FCM, cpcBA) and genetic diversity (rpoC1)









		Conclusion



		Data availability statement



		Author contributions



		Funding



		Acknowledgments



		Conflict of interest



		Publisher’s note



		Supplementary material



		Footnotes



		References



















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

Seasonal and spatial variations of
Synechococcus in abundance,
pigment types, and genetic
diversity in a temperate
semi-enclosed bay












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







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






OPS/images/fmicb-14-1322548-g005.jpg
Similarity Pigment composition
octD7

OctAS
octct
Aug-AS

Inner
Aug-C1

[ May-AS

May-C1

Feb-C1

Outer

2 2 88 8 [ type 1 I type 2 type 3





OPS/images/fmicb-14-1322548-g006.jpg
1003
ov-ae4
10004
Lo-few
ov-fen
La-ken
Lobny
ov-6ny.
2000
1000
Sv-R0

|earto

Minoso1

000
000

—
99028
858
or
00

983591
g35"535
0000
000
00-0:0-0

o
0o

000040000 -00-0-

20000500

000000 - 0400 -00-0:0-0

o
00000
00000 00

EE e m RS
o
°
o
°

Cyanobium

bootstrap
. 05

o 063
e 075
® 088
e

Relative abundance
(Log transformed)

-00
oo

o
oo
Y

°@00 -

8

o
000000000+ 0

o

00000
oo
o

2000 00

°-00-00
o

200000000 - 0000020
000000000 000000 0
000040000 000000

o;
o0

S —— (e e — —
= 900050 933099922005 0090;
000¢

T





OPS/images/fmicb-14-1322548-g003.jpg
2|
i
°H
2|
g
&
b
g






OPS/images/fmicb-14-1322548-g004.jpg
250
240 | M type 1

8888

Abundance x10° cell

1

O~Feb May Aug Oci oo May Aug OcrFebMay Aug Oct

A5 c1 D7






OPS/images/fmicb-14-1322548-t001.jpg
Synechococcus pigment

types

Type 3
Type2

Type1

Contribution (%) Cumulative
contribution (%)

5421 5421
2435 78.56
2144 100

Average abundance (%)

Inner
19.66
6956

311

Outer

7337

56.48





OPS/images/fmicb-14-1322548-g007.jpg
Simiarty

Taonomic composion

Group

| G

Group3

S ST S5 S Y S I 5 381
oot gl sy T K e g Y

Relative abundancel(%)

3 8

g 8 3 8

Groupt

Growz

o






OPS/images/fmicb-14-1322548-g008.jpg
Axis 1(23.07%) 15

10

15

Axis 1(18.25%)

“ .
type 19N 8 s

Axis 1(52.39%)

Axis 1(33.30%)

15

Pigmentypes

Endronmentl vrabies ——»
Sampies®
Linoages -y

Envonmentlvaratios —.
Sampies @





OPS/images/fmicb-14-1322548-g001.jpg
D

115°E 120°E
o] inner bay

1 outer bay

120058 120158 120257 12035 12035





OPS/images/fmicb-14-1322548-g002.jpg
Orange fluorescence excited by 488nm

Red fluorescence excited by 488nm

10°

10¢

Side scattering

(PC-sYN)

Red fluorescence excited by 488nm

Red fluorescence excited by 640nm

4 2um beads

10°
100

10 3 I3 0t
Orange fluorescence excited by 488nm

10¢

101 102 100 100
Red fluorescence excited by 640nm

o
0

Green fluorescence excited by 488nm





