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Abstract

:

Marine Synechococcus are an ecologically important picocyanobacterial group widely distributed in various oceanic environments. Little is known about the dynamics and distribution of Synechococcus abundance and genotypes during seasonal hypoxia in coastal zones. In this study, an investigation was conducted in a coastal marine ranch along two transects in Muping, Yantai, where hypoxic events (defined here as the dissolved oxygen concentration <3 mg L−1) occurred in the summer of 2015. The hypoxia occurred in the bottom waters from late July and persisted until late August. It was confined at nearshore stations of the two transects, one running across a coastal ranch and the other one outside. During this survey, cell abundance of Synechococcus was determined with flow cytometry, showing great variations ranging from 1 × 104 to 3.0 × 105 cells mL−1, and a bloom of Synechococcus occurred when stratification disappeared and hypoxia faded out outside the ranch. Regression analysis indicated that dissolved oxygen, pH, and inorganic nutrients were the most important abiotic factors in explaining the variation in Synechococcus cell abundance. Diverse genotypes (mostly belonged to the sub-clusters 5.1 and 5.2) were detected using clone library sequencing and terminal restriction fragment length polymorphism analysis of the 16S–23S rRNA internal transcribed spacer region. The richness of genotypes was significantly related to salinity, temperature, silicate, and pH, but not dissolved oxygen. Two environmental factors, temperature and salinity, collectively explained 17% of the variation in Synechococcus genotype assemblage. With the changes in population composition in diverse genotypes, the Synechococcus assemblages survived in the coastal hypoxia event and thrived when hypoxia faded out.
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1. Introduction


Due to eutrophication and climate change, occurrence of coastal deoxygenation is increasing in strength, duration, and extent [1,2]. The coastal area of aquaculture has been greatly threatened by hypoxia through consequences such as nutrient overload [3] and barrier of water exchange [4]. Microbial taxa are ecologically important in the biogeochemical cycles of biogenic elements and respond to environmental changes sensitively. The correlations of the diversity and abundance of bacterioplankton community with oxygen deficiency have been demonstrated by previous studies of expanding oxygen minimum zones [5,6], and of coastal hypoxic events [7,8]. The heterotrophic communities varied under anoxic condition by anaerobic metabolism and high taxonomic diversity occurred in anoxic waters [7,8]. However, the dynamics of ecotypes or genotypes of important autotrophic microbial taxa with the development of hypoxia remain poorly understood.



Picocyanobacterial Prochlorococcus and Synechococcus are the most abundant photosynthetic prokaryotes on Earth, contributing up to 40% of marine primary production [9]. Being the second abundant, Synechococcus are widely distributed in the world’s oceans [10], sharing broad niches with eukaryotic algae [11] and exhibiting higher abundance in coastal waters than in open oceans [12]. The cell abundance of Synechococcus in subtropical coasts varies among seasons, but is generally lower than 105 cells mL−1. The internal transcribed spacer (ITS) region between 16S and 23S rRNA operons (rDNA) has been widely used as a molecular marker to differentiate subgroups/genotypes within Synechococcus [13,14,15]. Huang et al. [16] identified four Synechococcus subclusters, namely 5.1A, 5.1B, 5.2, and 5.3, each of which comprised 10, 9, 4, and 6 clades, respectively. It has been demonstrated that these Synechococcus clades occur under specific environmental conditions and at sampling locations, indicating niche partitioning of genotypes. Nutrients and hydrological characters of water masses were assessed to be the main factors driving their spatial and temporal distribution in the surface ocean [11].



The diversity and distribution of Synechococcus have been investigated in varying oxygenation regimes, particularly those of oxygen minimum zones (OMZs) [15,17,18]. Synechococcus cells within the OMZ waters of eastern tropical Pacific and Arabian Sea, as determined using flow cytometry, were present in trace concentrations [15,17,18]. However, up to 103 cells mL−1 were detected in the anoxic/dark waters (750 m) of the Black Sea [19]. Using terminal restriction fragment length polymorphism (T-RFLP) analysis of ITS rDNA, Lavin et al. [15] discriminated 12 Synechococcus clades in the OMZ of the eastern tropical South Pacific, and detected members belonging to all these genotypes (except for the clade III) in both surface oxic and deeper low-oxygen waters. Differing from these permanent OMZs, seasonal hypoxia usually occurs in estuarine and coastal regions during summer, exhibiting dynamic and periodical variations in dissolved oxygen and other electron acceptors [7]. The cell abundance of Synechococcus decreased with depth during stratification in a seasonally hypoxic site (25 m in depth) at Devil’s Hole, Bermuda [8]. Using PCR amplification of 16S rRNA genes and denaturing gradient gel electrophoresis, Crump et al. [7] detected Synechococcus in both surface and anoxic waters of the Chesapeake Bay. It is evident from these studies that the Synechococcus population might survive in oxygen deficiency. However, little is known about the spatial distribution and dynamics of Synechococcus genotypes and abundance going through seasonal hypoxic events in coastal ecosystems.



In a project on the ecological security of marine ranches, we monitored the dynamics of dissolved oxygen and nutrient concentrations in a coastal marine ranch off Yantai, where hypoxic events occurred in every summer from 2015 through 2017 [20,21,22]. An intuitive hypothesis was that a combination of thermal stratification and aerobic respiration led to the seasonal hypoxia in bottom waters, and the ranch might have caused deoxygenation in this region. To compare the areal scope relationship between the hypoxic zone and the ranch, surveys were conducted through July to August (2015) in two transects: one running across the ranch zone and the other one was nearby but outside the ranch. The main objective of this study was to explore the spatiotemporal variations in abundance and genotype composition of Synechococcus and their relationships with environmental conditions during the hypoxia events.




2. Materials and Methods


2.1. Sampling and Environmental Data Collection


The study area was located near Yangmadao, Muping District, Yantai, northern Shandong Peninsula, North Yellow Sea (Figure 1). The maximum depth is about 22 m. Freshwater input from seven streams could affect this area, especially in the rainy season (July and August). It was estimated that scallop excretion contributed to 35.6% of dissolved inorganic nitrogen and 25.2% of phosphate influx in this area [23]. The riverine input may contribute to the high dissolved organic carbon (DOC) and nutrients in the study area [20,23]. The annual thermal stratification occurs from late spring to late summer.



Four cruises (hereafter referred to as Jul-1, Jul-2, Aug-1, and Aug-2) were carried out in the marine ranch area on July 15–17, July 25–27, August 8–11, and August 25–27 of 2015. For each cruise, seawater samples were taken from 14 stations within two transects (Transect 1 and Transect 2), each of which comprised seven stations (Figure 1). At each station, waters from three depths, the surface (0 m), middle (10 m), and bottom (20 m) were collected.



A volume of 100 mL of the subsample was filtered on board through 0.45-µm-pore-sized polyethersulfone membrane filters (25 mm in diameter; Jinteng, Beijing, China), and then stored at −20 °C until laboratory analyses for the nutrient analysis. Concentrations of ammonium (NH4+), nitrate (NO3−), nitrite (NO2−), dissolved inorganic phosphorus (PO43−), and dissolved inorganic silicate (SiO32−) were determined using a nutrient AutoAnalyzer (Seal, Germany). Hydrographic data including water temperature, pH, salinity, dissolved oxygen (DO), and chlorophyll a (Chl-a) were continuously determined in situ using a CTD (SBE 25, Sea-Bird) and YSI sensors, with the precision being ± 0.05 °C (temperature), ± 0.01 (salinity), ± 0.01 mg L−1 (DO), and ± 0.01 μg L−1 (Chl-a). Meanwhile, a seapoint turbidity meter (Seapoint Sensors, Brentwood, NH, USA) attached to CTD was used to measure the turbidity.



For molecular assays, subsamples (each 300 mL) were pre-filtered through a 20 μm mesh and then filtered onto 0.22 μm polycarbonate filters (Millipore, Germany). The filters with biomass were stored in cryovial tubes at −80 °C till use. The pre-filtered subsamples (2 mL) were taken for flow cytometry analyses, triplicated at each sampling site. The samples were fixed with glutaraldehyde at a final concentration of 1% (v/v) and frozen in liquid nitrogen on board.




2.2. Flow Cytometry (FCM) Analysis


The cell abundance of Synechococcus was counted with a BD FACSAria I flow cytometer (BD Biosciences) as previously described [24]. Samples were kept in −20 °C under dark for 24 h, then defrosted at room temperature before analysis. Standard fluorescent beads in 1.0 μm diameter (Polysciences, USA) were added into the sample in a final concentration of 102 cells mL−1. Mixed samples were vortexed for 30–60 s, then kept under dark before sample loading. The orange fluorescence (FL2) and side light scatter (SSC) were used for Synechococcus cell counts [25,26]. Data were analyzed with the BD FACSDiva Software.




2.3. DNA Extraction and T-RFLP Analysis


The genomic DNA of collected plankton was extracted using the FastDNA Spin Kit according to the instrument of the manufacture (MP Biomedical, Santa Anna, CA, USA). The DNA concentrations were quantified using an ND-2000C spectrophotometer (Thermo Fisher, Waltham, MA, USA). The diversity and composition of Synechococcus genotypes across 118 water samples were assessed using T-RFLP analysis.



For T-RFLP analysis, a fragment containing partial 16S rRNA gene and ITS region was first amplified with the primers DINAf (5′- GAATCTGCCCTCAGGAGGGGG -3′) and DINAr (5′- GGGTTGCCCCATTCGGAAAT -3′) [14]. The PCR program was set as follows: 94 °C for 5 min, followed by 35 cycles of 95 °C for 1 min, 58 °C for 1 min, and 72 °C for 2 min, and a final extension at 72 °C for 10 min. Using the PCR products as templates, a nested PCR approach was executed with the FAM fluorochrome-labeled ITSb-F (5′- GTTGGTAGAGCGCCTGCTTTG -3′) and DINAr to target the ITS region located between the Ala tRNA gene and the 23S rRNA gene [14], following the PCR program: denaturation at 94 °C for 5 min, followed by 35 cycles of 95 °C for 1 min, 56 °C for 1 min, and 72 °C for 2 min, and a final extension at 72 °C for 10 min. The PCR products were purified and digested with the endonuclease AluI (Thermo) at 37 °C for 2 h in the dark. The fluorescently labeled terminal restriction fragments (T-RFs) were analyzed using a 3130XL genetic analyzer and GeneScan (v.2.1) software (Applied Biosystems, Foster City, CA, USA). Only the peaks with T-RF lengths ≥50 bp were included in the subsequent analysis. The relative abundance of each T-RF was calculated as the ratio of the peak area of that T-RF to the total peak area of all T-RFs detected for a given sample. Minor peaks with a relative abundance of 1% of the total were excluded, and the remaining peaks were presumed to represent phylotypes of Synechococcus.




2.4. Clone Library and Sequencing


In order to link obtained T-RFs to ITS sequence-based genotypes, the water samples collected from three stations (M10 during cruise Jul-1, and M10 and M17 during the cruise Aug-2, respectively) were selected for clone library construction and sequencing of the ITS region. The DNA templates from the surface, middle, and bottom waters were pooled for each station. The ITS region from Synechococcus was PCR amplified with the primers Picocya-16S-F (5′- TGGATCACCTCCTAACAGGG -3′) and Picocya-23S-R (5′- CCTTCATCGCCTCTGTGTGCC -3′) [27]. A touchdown PCR program was executed as follows: an initial denaturation step at 94 °C for 5 min, 8 cycles at 94 °C for 30 s, 54–58 °C for 50 s, and 72 °C for 1 min, followed by another 30 cycles at 94 °C for 30 s, 55 °C for 50 s, 72 °C for 1 min, and a final extension step at 72 °C for 10 min. The annealing stage was set for −0.5 °C per cycle, beginning at 58 °C with increments to 54 °C.



The amplicons were purified with the Tian Quick Purification Kit (Tiangen, Beijing, China) and cloned into the pTZ57R/T vector (Thermo Fisher, Waltham, MA, USA). The resulting plasmids were transformed into Escherichia coli DH5 competent cells (Tiangen, Beijing, China). The cloned plasmid inserts were amplified directly from the cells using M13 vector-specific primers. Approximately 150 clones in each library were randomly selected and sequenced at a sequencing company (Sangon Biotech, Shanghai, China).




2.5. Phylogenetic Analysis


The ITS sequences were checked for possible chimeric sequences with Bellerophon [28]. The closely related sequences were identified by BLASTing against the GenBank database and retrieved. The newly obtained and downloaded sequences were then aligned using MAFFT (version 7) [29]. The region encoding for tRNA was too conservative to be phylogenetically informative, thus omitted from the alignment. A maximum likelihood (ML) tree was constructed using RaxML 8.0 with the best GTRGAMMAI model and a bootstrap analysis of 1000 replications [30]. A Bayesian tree was generated using MrBayes 3.2.6.




2.6. Statistical Analysis


Student’s t-tests (two-tailed) and one-way ANOVA were performed to test the differences in cell abundance of Synechococcus and environmental factors among different cruises and depth layers. Regression analysis was conducted to explore the associations between the (log-transformed) cell abundance of Synechococcus, diversity indices and environmental variables. All these analyses were performed using software SPSS (v.20.0) for Windows (SPSS, Chicago, IL, USA).



Multidimensional scaling (MDS) was performed based on the T-RFLP results using package PRIMER (v.6) (Primer-E, United Kingdom). Analysis of similarity (ANOSIM) was conducted to statistically test the differences in the Synechococcus assemblage. Detrended correspondence analysis was executed to determine the length of the environmental gradient using CANOCO (v.4.5), then canonical correspondence analysis (CCA) was selected to explore the environment–biota relationships.





3. Results


3.1. Environmental Conditions


Overall, the environmental variables in the marine ranch varied greatly during the surveys (Figure 2; Figure S1). For both transects, from the late July to early August, the water column was thermally stratified, with a temperature gradient from the bottom (20.2 ± 0.3 °C, mean ± SE), middle layer (22.7 ± 0.2 °C), to surface (26.1 ± 0.2 °C). However, in Aug-2, stratification weakened greatly in late August, displaying similar temperatures (24.9~25.6 °C) throughout the water column in Transect 1 and 24.3~26.1 °C in Transect 2. Similarly, for both transects, the salinity was 30.1 ± 0.2 in surface water, which was lower than that in the middle (31.2 ± 0.1) and bottom (31.3 ± 0.1) in late July and early August (p < 0.001). In late August, the distribution of salinity was uniform (around 30.7, Figure S1).



The DO generally decreased with depth (surface: 6.3 ± 0.1 mg L−1; middle layer: 5.2 ± 0.1 mg L−1, and bottom water: 3.4 ± 0.2 mg L−1). In the middle of July, the bottom DO was 4.28 ± 0.1 mg L−1, and became hypoxic (DO < 3 mg L−1) in late July (Figure 2c,d). Spatially, this hypoxic zone maximized in early August and occupied a large area spanning both transects (Figure 2e,f). Nevertheless, in late August, the bottom hypoxia started to fade out along Transect 1, where DO increased to levels higher 3.5 mg L−1, while deoxygenation remained at Transect 2 (Figure 2g,h). For both transects, the pH ranged from 7.44 to 8.26, with significantly lower values in the bottom layer (7.83 ± 0.02) than the surface (8.04 ± 0.01) and middle depth (8.03 ± 0.01). Temporally, the water became acidified in late July (pH 7.97 ± 0.02) and early August (7.84 ± 0.03), and returned to 8.08 ± 0.02 throughout the water column (Figure S1). Furthermore, there was no significant differences in pH between Transect 1 and Transect 2.



Overall, the concentrations of nutrients, especially SiO32− and NH4+, were higher in the bottom than in the overlying waters. The concentration of SiO32− were relatively low (3.8~4.5 μM) in July and early August, but became higher (6.6 ± 0.6 μM) in late August. In contrast, there were generally lower levels of NO2− and PO43− through late July to the whole of August. There were no significant differences in concentration of SiO32− and NO2− between Transect 1 and Transect 2, while NH4+ and PO43− were higher in Transect 1 (2.8 ± 0.4 and 0.32 ± 0.02 μM, respectively) than in Transect 2 (2.0 ± 0.3 and 0.29 ± 0.01 μM, all p < 0.05). The distribution of NO3− was rather irregular during the four cruises (Figure S1) and there was no difference between Transect 1 and Transect 2.



The Chl-a concentration was often higher in the middle layer (6.0 ± 0.5 μg L−1) than those in the surface (2.5 ± 0.3 μg L−1) and bottom (1.9 ± 0.2 μg L−1). High levels of Chl-a were observed in late July (4.4 ± 0.7 μg L−1), when the hypoxia took place. Unlike Chl-a, the bottom water had much higher turbidity (20.0 ± 3.9 NTU) than the middle (4.4 ± 1.1 NTU) and the surface waters (1.9 ± 0.1 NTU) (p < 0.001; Figure S1). No difference was found in Chl-a and turbidity between Transect 1 and Transect 2 (all p > 0.05).




3.2. Cell Abundance of Synechococcus


The cell abundance of Synechococcus ranged from 0.10 × 104 to 31.10 × 104 cell mL−1 (Figure 3). In the middle of July, Synechococcus cell abundance was (0.74 ± 0.09) ×104 cells mL−1, showing little vertical variations in both transects (Figure 3a,b). When hypoxia occurred in later July, the cyanobacteria became more abundant in the middle and bottom layers than that in the surface (Figure 3c,d). When the bottom hypoxia was more severe in early August, the Synechococcus abundance [(1.81 ± 0.31) × 104 cells mL−1] did not change much throughout the water column (Figure 3e,f). As time went by and the DO level increased to above 3 mg L−1 in the bottom, however, Synechococcus bloomed in late August, with a mean cell abundance of (9.53 ± 1.62) × 104 cells mL−1 (Figure 3g,h). In the meantime, Synechococcus was also more abundant in Transect 1 than in Transect 2, where hypoxia in the area of ranching remained (Figure 3g,h).



Both linear and nonlinear regression analyses identified DO, pH, PO43−, SiO32−, salinity, and NH4+ were the most significant environmental factors driving the Synechococcus abundance (p < 0.05; Figure 4). Among these, both pH and DO explained the highest percentages (21%) of the variance of Synechococcus abundance. Nevertheless, Synechococcus abundance peaked in intermediate levels (~4.5 mg L−1) of DO, but at the highest levels of pH. The relationships between the Synechococcus abundance and PO43− and SiO32− were parabolic, which explained 14.8% and 13.1% of the variance, respectively (p < 0.003, Figure 4). The impact of salinity and NH4+ were relatively low, accounting for 9.3% and 7.6% of the variance in Synechococcus abundance (p < 0.05). The Synechococcus abundance decreased with turbidity, but the correlation was weak and insignificant (R2 = 0.043, p = 0.09; Figure 4). The relationship between Chl-a and Synechococcus abundance appeared to be positive, but not significant (R2 = 0.018, p > 0.05; Figure 4).




3.3. Richness and Composition of Synechococcus Genotypes


A total of 333 ITS sequences were obtained from the three clone libraries, with 110 from station M10 in mid-July, 115 from station M10, and 108 from station M17 in late August. The coverage of these clone libraries was 91.8%, 84.4%, and 85.2%, respectively, showing that most Synechococcus genotypes had been recovered. Both the ML and Bayesian trees based on the ITS sequences showed identical topologies (Figure 5). The sequences newly obtained from this study clustered into nine clades, according to Huang et al. [16]. These included clades I, IV, and II (subcluster 5.1A), clades CB1, CB2, VIII, CB3, and V (subcluster 5.1B), and CB5 (subcluster 5.2) (Figure 5 and Figure 6a). The diversity and assemblage composition of Synechococcus genotypes were assessed using T-RFLP for all 118 samples. A total of 72 distinct T-RFs were identified. The number of Synechococcus T-RFs in each sample varied from 6 to 20, with significantly higher levels in late August (on average 16) than the others (p < 0.01). Nevertheless, the differences between the surface, middle, and bottom layers were not significant (Figure 6b).



The MDS plot of early July to late August shows the largest changes observed between Jul-1 and Aug-2 (Figure 6d). The ANOSIM statistical analysis supported the significant differences among the four cruises (R = 0.59, p < 0.01, Table S1), and between Jul-1 and Aug-2 (R = 0.97, p < 0.01, Table S1).



The ITS sequences of genotypes were digested in silico using the restrict endonuclease AluI (i.e., cleaving at the sites 5’- AG/CT -3’), and the resulting T-RFs were then assigned to represent the corresponding clades/genotypes, as previously described [14]. This allowed us to characterize the variations in genotype composition across all 118 water samples (Figure 6c). The genotype composition of Synechococcus varied among sampling cruises, water layers, and transects. In mid-July, clade I dominated the Synechococcus assemblage, accounting for more than 60% relative abundance across depths and transects. Clade IV was much more abundant (16.9%) in the surface waters in Transect 2 than those in the other layers and Transect 1 (<2%). In contrast, clades VI and CB2 had higher proportions in the middle (3.6% and 0.3%, respectively) and bottom layers (4.0% and 1.1%) than that in the surface (3.0% and 0.0%). Clade CB5 accounted for 2.6% in the bottom, which was lower than those in the surface (11.4%) and middle waters (9.6%).



In late July, CB1 became more abundant in the Synechococcus assemblages, with relative abundance increasing from the surface (6.5%) to bottom (21.7%). In the early of next month, CB5 became dominant across all depths and transects (>27%). CB1 had a higher proportion in Transect 2 in the middle and bottom layers. Nevertheless, this genotype was rare in Transect 1 and surface water (0.0%). In late August, the major clades seemed to be homogeneously distributed in the water column and across these two transects (Figure 6c).




3.4. Relationships between Genotype Richness and Assemblage of Synechococcus and Environmental Factors


Among all the determined environmental factors, salinity (R2 = 0.241) and temperature (R2 = 0.156) were significantly related to with the number of T-RFs (p < 0.01; Figure 7a). The number of T-RFs peaked at the intermediate salinity or at the highest levels of temperature (Figure 7a). Furthermore, T-RF richness was positively correlated with SiO32− (R2 = 0.135, p < 0.001), and established a U-shape relationship with pH (R2 = 0.131, p = 0.01) (Figure 7a). Nevertheless, no significant correlation was observed between T-RF richness and turbidity (R2 = 0.001, p = 0.932).



The plot of CCA showed that the assemblage of Synechococcus genotypes covaried significantly with temperature (p = 0.005), salinity (p = 0.010), and the concentration of SiO32- (p = 0.010). The three factors collectively explained 20% of the assemblage variation (Figure 7b).



The CCA plot showed that temperature (p = 0.005), salinity (p = 0.025), the concentrations of SiO32− (P = 0.005), and NH4+ (P = 0.010) were major factors shaping the distribution of nine Synechococcus genotypes (Figure 7c). Clade I was more abundant at lower temperatures, whereas other genotypes were richer at higher temperatures. Furthermore, clades VIII, IV, and CB5 were highly presented at lower salinity and NH4+ concentration (Figure 7c).





4. Discussion


Our surveys of the three depths in the shallow water columns in the Muping ranch revealed that there were great temporal and spatial variations in abiotic and biotic variables from July through August 2015. In particular, we observed the occurrence of hypoxic events in the bottom water in the late July and early August. The obtained DO data consistently showed that the hypoxia was confined to the area close to the shore, regardless of the transects running outside or across the ranching zone (Figure 2). This may indicate little evidence for a causal relationship between hypoxia and aquaculture in the studied area. Nevertheless, the bottom hypoxia persisted for a longer time in the ranching zone (within Transect 2) than that of Transect 1 in late August, suggesting that the ranching contributed, to some extent, to the seasonal hypoxia. Due to the lack of in situ data such as ocean currents and winds, this assumption needs to be further tested.



The low concentrations of DO in bottom waters were undoubtedly due to microbial consumption of dissolved oxygen, especially to heterotrophic bacteria [7,8], which might, in turn, influence the autotrophs including Synechococcus. The Synechococcus population varied during the surveys with changes of cell abundance and the composition of genotypes.



Interestingly, we observed a bloom of Synechococcus abundance when the hypoxia faded away at the nearshore stations of Transect 1 in late August (Figure 3g). The abundance in this study was up to 3 × 105 cells mL−1, which was three times higher than the record of global surveys across coastal and oceanic regions [31]. A number of physical and chemical factors have been suggested as contributors to the success of Synechococcus. These included high residence time [32], warm water temperature [33,34], bio-availability of nutrients, especially phosphorus [35,36]. In our study, high abundance of Synechococcus occurred in Transect 1 in Aug-2 when the water column became vertically well-mixed which the temperature and salinity were uniform across all water layers (Figure 2g and Figure S1). The mixing of water column could bring nutrients accumulating at the bottom layer to the surface and middle waters; meanwhile, the microbes in the bottom sinking from surface waters were also re-exposed to the light with this process. However, there were no significantly positive correlations between the nutrients measured in our study (i.e., PO43−, NH4+ and NO3−) and Synechococcus abundance. It even presented negative correlations between PO43− and NH4+ and Synechococcus abundance within a certain range (Figure 4). Synechococcus has an advantage in nutrient uptake capacity over larger phytoplankters due to small size [37], so the nutrients in the water might be quickly absorbed by Synechococcus, thus we observed a high abundance of them accompanied with a low concentration of nutrients (Figure 4). Although we did not have the data of light intensity, it has been proved to be one of the most important factors that control the distribution of Synechococcus [12,31] and is suggested to be a factor that favors the dominance of Synechococcus in the shallow region (<3.0 m) of Florida Bay [34]. Callieri et al. [19] revealed that one strain of Synechococcus could accumulate the Chl-a in anoxic/dark conditions and had the capacity to photosynthesize when re-exposed to light. We suggested that Synechococcus, which may accumulate a large amount of Chl-a in the bottom water with low light fluxes, showed explosive growth when it was re-exposed to light through water mixing.



Across all four cruises (Jul-1, Jul-2, Aug-1, and Aug-2), we found that DO, along with pH, were the most significant environmental variables relating to the cell abundance dynamics of Synechococcus (Figure 4). Given that photoautotroph Synechococcus are oxygen producers and should not be directly affected by oxygen availability, the humpbacked relationship observed between Synechococcus abundance and DO might reflect a consequence of trade-off in at least two major forces that controlled the Synechococcus abundance variations. The lowest DO levels were all found in the bottom layers where nutrients were rich, but low availability of light might have constrained the growth of Synechococcus. In the surface layers, though there was enough irradiance for photosynthetic production, competition with pigmented eukaryotes for nutrients and intensive top-down pressure (protozoan grazing and viral lysis) might have resulted in low standing stock of the picocyanobacteria [38,39,40,41]. In contrast, the highest Synechococcus abundance was likely due to intermediate bottom-up and top-down controls in the middle layers, coinciding with the intermediate DO levels.



The positive correlation between Synechococcus and pH might reflect the contribution of cyanobacterial photosynthesis, which consumed dissolved CO2, and decreased [H+] and bicarbonate concentration in the water. Similarly, the negative relationship between Synechococcus abundance and PO43− might be due to their nutrient uptake for photosynthetic production. Lower silicate levels could be a consequence of silicate uptake by diatoms, which enables diatom outcompete Synechococcus for other nutrients (e.g., PO43−), leading to the positive correlation between silicate and Synechococcus abundance in surface and middle layer depths.



The dynamics of richness and assemblage composition of Synechococcus genotypes and its driving factors were also explored. We found that temperature and salinity were the most important environmental factors in our measured variables, which influenced the community succession of Synechococcus (Figure 7a,b). This result is consistent with previous work demonstrating the importance of temperature and salinity or water mass in controlling the richness and composition of Synechococcus assemblages in Chesapeake Bay [27], coastal waters of Hong Kong [42], South Pacific to the Arctic Ocean [43], and global oceans [16]. The Synechococcus sub-cluster 5.2 comprises mostly halotolerant strains isolated from coastal waters and all members of sub-cluster 5.1 have elevated salt (Na+, Cl−, Mg++ and Ca++) requirements for growth [38,44], which explains the increase of Synechococcus genotype richness with salinity, typically within a relatively lower range (i.e., salinity < 30.5) (Figure 7a). When salinity > 30.5, the richness progressively decreased, suggesting that most of these ecotypes were inhibited at higher levels of salinity, except for clade VIII, which can survive in saline waters [16,45].



Our study showed niche adaption of many Synechococcus genotypes (Figure 7c). Among all genotypes detected in this study, only two clades, I and CB1, had higher relative abundances at lower temperatures. This is in line with previous studies showing that these two genotypes often occur in temperate to polar waters roughly above 30° N/30° S and were cold-adapted genotypes [16,33,46,47,48,49,50]. The remaining genotypes such as clades II, V, VI, and VIII, are known to be temperature-tolerant or frequently occur under warm conditions [38,47,51]. CB1, CB2, and CB5 also dominated Synechococcus populations in the Chesapeake in summer (temperature from 23.9 °C to 27.3 °C) [27]. Nevertheless, we found that clade IV had higher relative abundance at a relatively high temperature (Figure 7c), which is in contrast with previous inference that this genotype was cold-adapted [16,51,52]. In fact, a strain of clade IV was also found to be rich in the river mouth of Kwangyang Bay in summer (24 °C) [44]. Therefore, high availability of nutrients may be a contributor to relatively high abundances of clade IV under a warm condition [51].



Although temperature, salinity, and SiO32− were the most important factors that controlled the variations in Synechococcus population in our study during hypoxia (Figure 7b), a large proportion remained unexplained (up to 83%). Very likely, other environmental factors not measured in this study, for example, light availability and physical processes, played an important role in structuring the Synechococcus genotypes in coastal environments. Furthermore, the top-down controls including grazing and viral lysis were not counted, which had an essential impact on the growth and population variation of Synechococcus [40,41]. Allelopathic activity of Synechococcus sp. was found in fresh waters [53,54,55], but few evidences were found in marine strains, which might also be an importance influence of the Synechococcus population dynamics when competing with other phytoplankton. The relative importance of abiotic and biotic factors in controlling ecotypes of these picocyanobacteria has to be further investigated.
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Figure 1. Maps of the study region in a seasonal hypoxia coastal zone showing the locations of the sampling stations along the two transects. The aquaculture zone was showed in the square with dash-lines. 
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Figure 2. Vertical profiles of dissolved oxygen along Transects 1 (left panel, (a,c,e,g)) and 2 (right panel, (b,d,f,h)) during four cruises in the middle (Jun-1, (a,b)) and late July (Jul-2, (c,d)), and early (Aug-1, (e,f)) and late August (Aug-2, (g,h)) of 2015. Triangles along the uppermost margins indicate the positions of sampling stations. The dashed boxes refer to the location of ranching zone (b,d,f,h). 
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Figure 3. Vertical profiles of Synechococcus cell abundance along Transects 1 (left panel, (a,c,e,g)) and 2 (right panel, (b,d,f,h)) during four cruises in middle (Jun-1, (a,b)) and late July (Jul-2, (c,d)), and early (Aug-1, e,f) and late August (Aug-2, (g,h)) of 2015. Triangles along the uppermost margins indicate the positions of sampling stations. The dashed boxes refer to the location of the ranching zone (b,d,f,h). 
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Figure 4. Regression analyses showing the relationships between log transformed cell abundance of Synechococcus (cell mL−1) and environmental factors. The relationship between dissolved oxygen (DO, mg L−1) and chlorophyll concentration (Chl-a) is also shown. Only the important results are reported. 
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Figure 5. A phylogenetic tree of the Synechococcus internal transcribed spacer (ITS) region of 16S–23S rDNA sequences, showing consensus topology obtained using maximum likelihood (ML) and Bayesian inference. The ITS sequence of strain PCC 7001 was used as the out-group. Open triangles indicate that the clades included sequences newly obtained in the present study. Both bootstrap values of ML and posterior probability (Bay) are shown at the nodes in percentage. Only nodal supports higher than 50% are shown. The scale bar indicates 20 nucleotide substitutions per 100 sites. 
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Figure 6. Variations of the Synechococcus genotypes along the two transects during four cruises across all depth from the result of clone library (a) and T-RFLP (c). S: surface, M: middle, B: bottom. The black triangles indicate the hypoxic layer. And variations in the number of terminal restriction fragments (T-RFs) of the Synechococcus 16S–23S internal transcribed spacer of rDNA are also shown (b). Box plots showing T-RF richness were similar among the surface, middle, and bottom layers, but significantly higher in late August (Aug-2) cruises than other samples collected in middle (Jul-1) and late July (Jul-2) and early (Aug-1) (b). Different letters in (b) indicate significant differences (p < 0.05). The multidimensional scaling plot showing differences in genotype assemblages (d). 
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Figure 7. The regression relationships between T-RF richness and four mostly important environmental factors (a). The canonical correspondence analysis (CCA) plots in which the genotype assemblages were based on the relative abundance of each T-RF (b), and of major genotype clades (c) recovered during the cruises Jul-2, Aug-1, and Aug-2. The symbols in different colors and shapes indicate water layers and sampling cruises, respectively. 
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