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Phytoplankton and bacterioplankton play significant roles in estuarine systems. It is important to demonstrate the spatial variability of bacterial and microalgal communities and understand the co-acclimation of these organisms to different environmental factors. In this study, MiSeq sequencing and morphological identification were applied to analyze the variations in bacterial and microalgal communities in the Pearl River Estuary, respectively. Molecular ecological network analysis was used to investigate the potential interactions between microalgae and bacteria and illustrate the responses of these interactions to environmental gradients. The results revealed that microalgal/bacterial communities in freshwater samples were distinct from those in mesohaline water samples. Microalgae affiliated to the genus Skeletonema dominated the mesohaline water phytoplankton communities, while Melosira was the more abundant genus in freshwater communities. Actinobacteria, Alphaproteobacteria, Betaproteobacteria, and Acidimicrobiia dominated bacterial communities in freshwater samples, while Gammaproteobacteria, Bacilli, and Synechococcophycideae were more abundant in mesohaline water samples. Tightly correlations were observed between phytoplankton and bacterioplankton. These interactions were regarded to be key factors in shaping the community structures. Further, the KEGG database and PICRUSt were used to predict the functions of bacterioplankton in the process of nitrogen cycling. The results indicated that denitrification could play an important role in nitrogen loss and might alleviate the eutrophication in the Pearl River Estuary. Collectively, the results in this study revealed that substantial changes in phytoplankton and bacterioplankton communities were correlated with the gradients of environmental parameters in the Pearl River Estuary. The results also demonstrated that the interactions between phytoplankton and bacterioplankton were important for these organisms to acclimate to changing environments.
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INTRODUCTION

Phytoplankton and bacterioplankton are widely acknowledged as the dominant plankton communities in the oceans and in freshwater (Sarmento and Gasol, 2012). Phytoplankton are the major primary producers in aquatic ecosystems, capturing energy from sunlight and transforming inorganic matter to organic matter, providing approximately half of the global net primary productivity (NPP) (Field et al., 1998). Phytoplankton are regarded to be the foundation of the complex marine food web. Phytoplankton often engage in symbiosis with other organisms (especially bacterioplankton) in aquatic ecosystems (Falkowski, 1994). Bacterioplankton represent approximately a quarter of all biomass in the euphotic zones of aquatic habitats and play an important role in aquatic ecosystems by driving biogeochemical cycles (Falkowski et al., 2008). Bacterioplankton can reprocess approximately half of the oceanic NPP in the so-called “microbial loop” (Azam, 1998). In addition, some groups of bacteria, including Rhodobacter, Hyphomicrobium, and Pseudomonas, have been found to be capable of mediating nitrogen cycling by either fixing gaseous nitrogen for utilization by phytoplankton or by denitrifying nitrogenous compounds to nitrogen gas (Shapleigh, 2006).

Marine ecosystems are constructed and function based on networks that link every species within a certain range of spatial scales via interactions between different organisms and between organisms and environments. Phytoplankton and bacterioplankton can live in the ‘phycosphere’, a term that describes the region surrounding a phytoplankton cell in which the organic molecules exuded by the cell are enriched, leading to a distinct concentration gradient between the cell surface and the surrounding water (Seymour et al., 2017). The strong ecological coupling between these two groups can greatly influence the symbionts of these organisms, the surrounding environments, and even biogeochemical cycling (Natrah et al., 2014). Various relationships between microalgae and bacteria have been well investigated, such as nutrient exchange, signal transduction and gene transfer (Kouzuma and Watanabe, 2015). For instance, Sulfitobacter-related bacteria, members of the Rhodobacteraceae family, can enhance the growth of the diatom Pseudo-nitzschia multiseries by converting the diatom-secreted amino acid tryptophan, a carbon source, to the growth-promoting hormone indole-3-acetic acid (IAA) (Amin et al., 2015). In addition, bacteria-phytoplankton interactions occur in the phycosphere at the microscale and have important effects on regional-scale climate regulation and ecosystem-scale processes (Seymour et al., 2017). An excellent example of such a phenomenon is the metabolism of the organic sulfur-containing compound dimethylsulfoniopropionate (DMSP), which is degraded by associated bacteria (e.g., Roseobacter) (Newton et al., 2010). DMSP is cleaved to generate dimethyl sulfide (DMS). DMS can escape into the atmosphere, where it contributes to the formation of cloud condensation nuclei and to the backscatter of solar radiation (Curson et al., 2011).

As transitional zones between marine and freshwater environments, estuaries are characterized by strong gradients in environmental variables such as salinity and nutrients as a result of river discharge and near-shore human activities. Environmental heterogeneity influences the species diversity and numerical variability of phytoplankton/bacterioplankton in estuaries (Crump et al., 2004). Eutrophic estuaries offer a model ecosystem to study the responses of phytoplankton and bacterioplankton to gradients in environmental factors and to study the contributions of these organisms to biogeochemical cycling.

The Pearl River (PR) is the largest river that discharges into the South China Sea. Generous amounts of freshwater are delivered to the northern South China Sea by the PR from April to September. In recent years, rapid economic growth and anthropogenic stress from cities surrounding the PR Delta have greatly affected the water quality of the PR Estuary (PRE). Large amounts of domestic, industrial, and agricultural effluents are discharged into the PRE, leading to a major concern regarding water quality. The input of nutrients, especially nitrogen, has resulted in aquatic eutrophication in this estuary in recent years. Eutrophic environments provide adequate substrates for vast biomasses of phytoplankton and bacterioplankton in aquatic systems. Previous studies have shown that nutrients and salinity have a strong influence on phytoplankton communities and abundance, with diatoms dominating the phytoplankton communities (Qiu et al., 2010). Similarly, nutrients and salinity were shown to be the key factors responsible for variations in bacterioplankton distribution across stations in the PRE (Liu et al., 2015). However, little is known about the interactions between phytoplankton and bacterioplankton and about the combined actions of these organisms on biogeochemical cycles in estuarine ecosystems.

By analyzing the phytoplankton and bacterioplankton communities in water samples collected from seven sites in the PRE, this study aims to (1) identify the effects of environmental factors on microbial community structures, (2) reveal the potential co-acclimation of different phytoplankton and bacterioplankton groups to changing environments, and (3) investigate the contribution of these organisms to microorganism-driven nitrogen-cycling in estuarine ecosystems.

MATERIALS AND METHODS

Sampling Sites

A total of seven sites were selected along the PRE: S1, S2 and S3, located in the freshwater part of the estuary; S4, located in the brackish region; and S5, S6 and S7, located in the mesohaline water region (Supplementary Figure S1 and Table 1). The water depth at the PRE stations ranged from 6 to 21 m, and the water samples were taken from the surface layers (0.5 m below the surface) of all seven stations during a summer cruise from 15th August 2016 to 17th August 2016.

TABLE 1. Environmental factor parameters of every sampling site.
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Sample Collection and Determination of Physical and Chemical Parameters

Aliquots (1 L) of the water for bacterial community analysis were filtered through 0.22-μm-pore-size polycarbonate Isopore filter membranes (Millipore, Bedford, United States). The filters were snap frozen in liquid nitrogen and then stored in a -80°C freezer in the laboratory until DNA extraction. Water samples (1 L) for phytoplankton community analysis were collected from the surface layer at each station using polyethylene bottles, and the samples were fixed immediately with 1.5% (final concentration) Lugol’s iodine [5% (w/v) elemental iodine (I2), and 10% (w/v) potassium iodide (KI) in distilled water] for microscopic identification. After the fixed water being settled for 24 h and concentrated to 40 ml by gently removing the supernatant, species identification and cell count were carried out under an inverted microscope in a 1 mL subsample by SCSFRI-CAFS (South China Sea Fisheries Research Institute, Chinese Academy of Fishery Sciences). A YSI Hanna HI 9829 water quality monitoring system (YSI Inc., United States) was employed to measure temperature, salinity (psu), pH, and turbidity (NTU) of the surface water. Nitrite and nitrate levels (μM) were measured by using a modified zinc–cadmium reduction method (MZCRM), as described by Wu J. et al. (2016). The dissolved NH4+ (μM) of the water samples was analyzed with methods of oxidized by hypobromite (Wu M. et al., 2016).

DNA Extraction and MiSeq Sequencing

To determine the bacterial community composition, biological samples filtered through 0.22-μm membranes were used to extract total genomic DNA by using a PowerSoil Kit (MoBio Laboratories, Solana Beach, CA, United States) strictly following the manufacturer’s instruction. High-quality DNA was PCR amplified and sequenced by BGI-Shenzhen (The Beijing Genomics Institute, Shenzhen, Guangdong, China). Sequencing were conducted by Illumina MiSeq sequencing to analyze the V4 region of the 16S rRNA gene using the universal primers 515F (5′-GTGYCAGCMGCCGCGGTAA-3′) and 806R (5′-GGACTACNVGGGTWTCTAAT-3′). The raw data were pre-processed to obtain clean data by removing low-quality sequence reads. Sequence reads with a quality average less than 20, within a 30-bp sliding window, were discarded. The paired-end reads were assembled to tags by using FLASH (minimal overlap length, 15 bp; mismatch ratio of overlapping region ≤0.1) (Magoc and Salzberg, 2011). The tags were clustered into different OTUs with a 97% cutoff, and unique representative sequences for each OTU were selected by USEARCH software (Edgar, 2013). Chimeras were filtered out by using UCHIME and mapping to the GOLD database (version 20110519) (Edgar et al., 2011). Representative sequences of different OTUs were aligned against the Greengenes database (version 201305) for taxonomic classification by using Ribosomal Database Project (RDP) Classifier (version 2.2). All sequence data obtained from this study had been deposited to the public National Center for Biotechnology Information (NCBI) database with the Sequence Read Archive accession number: SRP149206.

Distribution Analysis of Phytoplankton and Bacterioplankton

Correlations between bacterial populations and environmental variables were determined by canonical correspondence analysis (CCA) at the genus level by the vegan package in R software. The statistical significance of the relationship was assessed by the Monte Carlo permutation test using 999 permutations.

Reconstruction of the Phytoplankton–Bacterioplankton Network

Spearman’s correlation coefficient was used to calculate the correlations between phytoplankton, bacterioplankton, archaea, and environmental factors. The relative abundances of bacterial OTUs, the values of the physical and chemical parameters and the relative abundances of microalgae in each sample were used to construct the correlation matrix. The matrices of the correlation coefficients and the p-values were calculated by using R software with the “psych” library by calculating all possible pairwise combinations of Spearman’s rank correlations between all units. Co-occurrence paired with a correlation coefficient >0.7 or <-0.7 with a p-value <0.05 was considered to be significantly correlated. The units were further used for network construction. Network visualizations of correlation matrices were generated in Cytoscape_v3.5.1 (Shannon et al., 2003). Network-Analyzer in Cytoscape was used to describe the properties of the individual nodes of the network and the overall topologies or structures. To discern the relationships between biological modules and environmental factors, the distribution of bacteria/phytoplankton and environmental variables were integrated into the networks.

Function Prediction and Metabolic Pathway Reconstruction

Phylogenetic Investigation of Communities by Reconstruction of Unobserved States (PICRUSt), a predictive exploratory tool, was combined with Kyoto Encyclopedia of Genes and Genomes (KEGG) ortholog classification to predict functional metagenomes from the 16S rRNA gene datasets of each sample (Langille et al., 2013; Kanehisa et al., 2014). In this study, PICRUSt was used to explore the functional profiles of the bacterial communities according to the online protocol1.

RESULTS AND DISCUSSION

This study targeted the horizontal distribution patterns of bacterioplankton and phytoplankton communities along the PRE and the potential function of nitrogen cycling in estuaries. To our knowledge, this study was the first investigation of interactions between bacterioplankton and phytoplankton in the PRE.

Environmental Factors Controlling the Spatial Variations of Phytoplankton

Similar to other estuaries, freshwater discharge created gradients of salinity and of inorganic and organic nutrients in the PRE (Jochem, 2003). Strong variations in salinity, dissolved inorganic nitrogen (DIN), and turbidity were observed at the different sampling sites in the PRE (Table 1). The trends of the physical and chemical environmental factors did not match the linear trend. For instance, the salinity at site S6, concentrations of NO2- and NH4+ at site S4 were lower, while concentration of NO3- at sites S3 and S4 were higher than the values of the same parameters at the adjacent stations (Table 1). This could be caused by the dynamic variation in biogeochemical and physical processes in the PRE (Dong et al., 2004). The sampling area was a zone with circulation currents and was centered in the turbidity maxima created by the river flow and tidal forces. These factors are widely acknowledged to be responsible for the transport and distribution of environmental parameters as well as for water column stability (Wong et al., 1995).

More than 80 phytoplankton genera were identified by microscopic identification in this study (Figure 1). Significant variations in phytoplankton communities were observed along the PRE. Diatoms dominated the phytoplankton communities at the freshwater sites S1 and S2 (representative genus Melosira) and the mesohaline water sites S4, S5, S6, and S7 (representative genera Skeletonema, Nitzschia, and Thalassiosira), while chlorophytes dominated site S3 (representative genera Chlamydomonas and Crucigenia) (Figure 1). Diatoms were also found to be the predominant phytoplankton group in Tagus Estuary (Gameiro et al., 2007). Previous studies have shown that diatoms are the dominant group of phytoplankton and contribute to almost 40% of the primary productivity in marine ecosystems (Rabosky and Sorhannus, 2009). This results were similar with previous study that genus Melosira was often dominant the upper part of the PRE, while genus Skeletonema was the dominant in the lower estuary (Huang et al., 2004). The composition and dominant species of phytoplankton were highly sensitive to environmental changes. Several studies have shown that environmental factors, such as salinity and nutrient concentration, have significant effects on the compositions of phytoplankton communities (Suikkanen et al., 2007). Salinity is thought to be the primary factor responsible for shaping phytoplankton community structures in estuaries (Muylaert et al., 2000). DIN is also an important factor influencing the diversities of phytoplankton communities (Suikkanen et al., 2007). Other physical forces, such as wind, human activities, zooplankton grazing, and water current also could regulate the phytoplankton community in the estuary (Harrison et al., 2008). For instance, the station S3 was at the junction of distributaries, the phytoplankton composition in S3 was different from nearby stations S2 and S4. In addition, chlorophytes dominated station S3 were reported to be sensitive to the salinity changes (Li et al., 2014), which might result in the decrease of chlorophytes at station S4. CCA was performed to discern possible associations between environmental factors and distribution of phytoplankton (Figure 2A). The sum of all the canonical eigenvalues indicated that 89.26% of the total variation in the phytoplankton communities could be explained by environmental variations. The first two CCA axes explained 72.08% of the total variance in phytoplankton composition. Salinity appeared to be a significant parameter influencing the distribution of phytoplankton along with DIN and turbidity. In this study, steep gradients of DIN and salinity along the PRE greatly affected the distribution of the dominant species of phytoplankton. Melosira was the dominant genus at the freshwater sites, while Chlamydomonas and Skeletonema were dominant at the mesohaline water sites (Figure 1). From stations S4 to S6, the diatom Skeletonema gradually developed a growth advantage as the relative abundance of Chlamydomonas decreased. This observation might be associated with increased salinity. Skeletonema is a genus of typical salt phytoplankton, which can grow in saline (1.3–3.6%) growth environments. Thalassiosira affiliated with the diatom that dominated the phytoplankton community at station S7, has been acknowledged to be capable of living in both sea water and fresh water (Hasle and Lange, 1989). Microalgae in this genus might have a competitive advantage over Skeletonema under conditions of high salinity and low DIN at station S7.
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FIGURE 1. Microalgal composition (at the genus level) at all surface sampling sites. Y-axis represents the relative abundance of microalgae. X-axis represents the sampling sites.
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FIGURE 2. CCA illustrating the relationship between environmental factors and microbial community structure at the genus level at different sampling sites. (A) Phytoplankton community and (B) bacterioplankton community.



The nitrate (NO3-) concentrations (16.51∼86.55 μM) were greater than those of nitrite (NO2-) (4.92∼39.00 μM) and ammonium (NH4+) (0.90∼39.74 μM) at all the study sites. The highest NO3- concentration was observed at site S5, with a value of 86.55 μM (Table 1). Although NO3- was the dominant form of DIN in the PRE, NH4+ was observed to significantly influence the phytoplankton diversity (R2 = 0.8012, p < 0.05), which was revealed by the analysis based on the envfit function module of the vegan package in R. Previous studies showed that NH4+, not NO3-, is usually the primary form of nitrogen taken up by phytoplankton (Collos et al., 2004).

The concentration of DIN at the mesohaline water sites was much less than that at the freshwater sites. The concentration of DIN was 2.8 times higher at the freshwater site S2 than that at the mesohaline water site S6. However, the abundance of phytoplankton at the mesohaline water site S6 (∼4.85 × 105 cells/L) was more than that at the freshwater site S2 (∼1.00 × 105 cells/L), which could be caused by the variation in the turbidity gradients of the two regions. The turbidity of water varied from 9.10 NTU (S6) to 33.80 NTU (S2). High turbidity could result in severe light scattering and could reduce light penetration, consequently inhibiting the growth and photosynthesis of phytoplankton in estuaries (Oliver et al., 2010). Although nutrients at the freshwater sites of the estuary were plentiful, high concentrations of suspended sediments could lead to low concentrations of phytoplankton. Similar phenomena were also detected at the Chesapeake Bay and the Delaware Estuary by measuring the distributions of turbidity, nutrients, and phytoplankton across the salinity gradients of these estuaries (Fisher et al., 1988).

Spatial Distribution of Bacterioplankton Communities

In total, more than 41 bacterial phyla were detected at all sites of the PRE. Similar to previous study, the phylum proteobacteria was the dominant bacterial group in the PRE (Wu et al., 2004) and Weser estuary (Selje and Simon, 2003). Although Proteobacteria dominated the bacterioplankton communities in almost all the samples, significant variations in bacterioplankton communities at the phylum level were observed along the salinity gradient. For instance, the relative abundances of Actinobacteria and Bacteroidetes were dramatically higher at the freshwater sites S1, S2, and S3, while those of Firmicutes was more abundant at the mesohaline water sites S4, S5, S6, and S7 (Supplementary Figure S2). To analyze the distributions of bacterioplankton in detail, a heatmap was generated at the genus level based on OTU relative abundance (Figure 3). Consistent with the results obtained for bacterioplankton at the phylum level, some groups affiliated with Proteobacteria (e.g., Acinetobacter) were abundant at all sites. Upon comparing the differences between the dominant bacterioplankton at the freshwater and mesohaline water sites, significant spatial variation in bacterioplankton communities was observed. For instance, Synechococcus, Vibrio, Bacillus, an unclassified group of the Exiguobacteraceae family, and an unclassified group of the Rhodobacteraceae family were abundant in the mesohaline water samples, while Cloacibacterium, Comamonas, an unclassified group of Actinomycetales ACK-M1, an unclassified group of Acidimicrobiales C111, and an unclassified group of the order Rhizobiales were abundant in the freshwater samples from the PRE. Bacterial communities consistently exhibit significant spatial differences owing to gradients of salinity and nutrients. CCA was also performed to discern possible associations between environmental factors and distributions of bacterioplankton, with environmental factors as explanatory variables (Figure 2B). The sum of all the canonical eigenvalues indicated that 93.8% of the total variation can be explained by environmental variations. The first two CCA axes explained 71.0% of the total variance in phytoplankton composition. Salinity had a significantly different (p < 0.001) effect on the distribution of bacterioplankton than that of DIN and turbidity, as determined by the envfit function (number of permutations: 999). The results of this study also suggested that bacterioplankton communities were positively associated with nutrient and salinity gradient. Similar to the results of previous studies on estuaries, the compositions of bacterioplankton were significantly different between the freshwater and mesohaline water sites of the PRE (Zhang et al., 2006). The results in this study revealed that salinity (R2 = 0.94, p < 0.001) was the dominant factor responsible for the diversity of bacterioplankton along the PRE.
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FIGURE 3. Bacterial community compositions in water from sampling sites. Relative abundance of the dominant bacterial genus (threshold value: at least one site with bacterial percentage greater than 1%). The color scale indicated the relative abundances of bacterioplankton at each station.



Flavobacteria are most abundant in both mesohaline water and freshwater regions (Alonso et al., 2007). However, different groups of Flavobacteriales were dominant at sampling sites with different salinity concentrations. For instance, Cloacibacterium dominated the bacterioplankton community at the freshwater sites, while an unclassified group of Flavobacteriaceae was dominant at the mesohaline water sites. Actinobacteria were thought to play an important role in the process of organic matter decomposition and mineralization (Anesio et al., 2003). These bacteria were significantly (p < 0.05) more abundant at the freshwater sites than at the mesohaline water sites. Cyanobacteria, such as Synechococcus, which play an important role in nitrogen fixation, were more abundant at the mesohaline water sites. Synechococcus has a negative relationship with DIN and had high relative abundance at the mesohaline water sites, with the maximum value at the oligotrophic site S7. Synechococcus species consistently exhibit a competitive advantage over other larger photoautotrophs at lower nutrient concentrations due to the large surface/volume ratios of these bacteria (Partensky et al., 1999). The mesohaline water sites, with high salinity and low DIN, provided suitable environments for the growth of Synechococcus. The result of this study also revealed that Bacilli and Vibrio were abundant at the mesohaline water sites with low DIN. Bacteria from these two groups have been acknowledged to be heterotrophic nitrogen-fixing bacteria in low-nitrogen environments (Shieh et al., 1988).

The Potential Relationships Between Bacteria, Phytoplankton and DIN

In addition to environmental factors, interactions between different planktons also play an essential role in shaping microbial distribution patterns. Microorganisms (including viruses, bacteria, archaea, and protists) do not exist in isolation in natural environments but form complex ecological interaction webs. Marine ecosystems are composed of networks that connect different organisms across a range of scales and are maintained by species-species interactions, including mutualism, competition, and parasitism (Estes et al., 2011). High-throughput sequencing of taxonomic markers, such as the 16S rRNA gene, has revealed diverse microbial components in specific niches. Computing the pairwise correlation between each unit is one of the most straightforward methods to predict microbial interaction networks by using a correlation coefficient such as Pearson’s product-moment correlation coefficient or Spearman’s nonparametric rank correlation coefficient. Correlation-based network analysis using taxonomic data could uncover potential interactions between microbes in a complex community.

In this study, a correlation-based ecological network was constructed to identify the relationship between microalgae and bacteria by using the relative abundances of bacteria and microalgae in each sample. To further explore the effects of environmental factors on microbial association, environmental factors were also included in the network (Figure 4). The genus-level network consisted of 59 nodes and 165 edges. Salinity and turbidity were seen to be most closely associated with different bacterial taxa; both were seen to be correlated with 21 bacterial taxa. Environmental factors showed tight connections with phytoplankton and bacterioplankton, which suggested that environmental factors (mainly salinity and dissolved inorganic nitrogen in this study) maintained close relationships with these organisms and played an important role in shaping the community structures. In addition, the interactions between phytoplankton and bacterioplankton were also important in shaping the community structures. Some bacterial phylotypes only showed positive or negative relationship with single phytoplankton, which indicated that these bacterioplankton maintained symbiotic relationships only with specific phytoplankton. For example, bacteria in genus Halomonas just showed positive relationship with phytoplankton genus Thalassiosira. Meanwhile, some bacterial groups presented complex relationship with different phytoplankton. This might be attributed to the similar biochemical environments that the host algae could provide for the symbiotic bacteria. For instance, bacteria in genus Flavobacterium showed positive correlations with two different phytoplankton phylotypes, Pectodictyon and Chlamydomonas. Furthermore, some bacterial phylotypes showed negative relationship with one kind of phytoplankton, while showed positive relationship with the other one. This resulted a screening effect on the parasitic bacterioplankton by different phytoplankton. For example, Comamonas showed positive correlation with the diatom Melosira, while showed negative correlation with Skeletonema. Focusing on identified cluster structures of the microbiome network based on topology could provide us with invaluable insight into complex interactions and patterns. The nods connected by lines in the network could be divided into some specific identifying clusters (IC). The identified clusters were composed of a group of interconnected units. These identified clusters could be separated from the whole network as subnetworks by using the Cytocluster tool in Cytoscape software. For instance, the identified cluster IC1 consisted of five units, namely, Flavobacterium, Shewanella, Erythrobacter, Chlamydomonas, and Pectodictyon (Supplementary Figure S3). This cluster revealed the potential ecological relationships among the five factors. Some of these co-occurrences indicated that components of the subnetwork performed similar or complementary functions, while others indicated that the members in the subnetwork shared or preferred similar environmental conditions. Pectodictyon and Chlamydomonas were both affiliated with green algae and the relative abundances of these organisms were positively correlated, which indicated that these organisms performed similar ecological roles. Considering that these two organisms are ecologically identical, other taxa could respond to both green algae similarly by creating shared neighbors. In fact, Pectodictyon and Chlamydomonas had two shared neighborhoods, namely, Flavobacterium and Shewanella. As the characteristic bacteria in the process of algal blooming, Flavobacteria are typically abundant during the decay of phytoplankton blooms and exhibit algicidal activity (Buchan et al., 2014). In addition, phytoplankton can produce large amounts of transparent exopolymer particles (TEPs) to stimulate the growth of Flavobacteriales in coastal water (Taylor et al., 2014). Shewanella species have also been shown to be capable of producing active algicidal substances (Pokrzywinski et al., 2012). The subnetwork IC2 is divided into two parts by gray solid lines. This division generated two centers, namely, Melosira and Skeletonema (Supplementary Figure S4). Skeletonema and Melosira were the two main groups of diatoms in the PRE, but these organisms showed different distributions along the PRE. Skeletonema was the dominant phytoplankton at the mesohaline water sites, while Melosira dominated the freshwater sites. Bacterial phylotypes associated with diatoms are believed to assist microalgae in adapting to changing environments. In fact, Dittami et al. (2016) demonstrated that Ectocarpus, a genus of small filamentous brown algae, could grow in high and low salinities depending on the microbes it hosts. In addition, the genus Comamonas exhibited distinct positive correlation with the diatom Melosira, while the genus Pseudomonas showed positive correlation with Skeletonema. Comamonas have been shown to be denitrifying bacteria (Gumaelius et al., 2001). In the high-DIN region, Comamonas might utilize microalgal secretions to grow and denitrify NO3- to NH4+ for the growth of microalgae. In contrast, Pseudomonas exhibit nitrogen fixation (Yu et al., 2011). In the low-DIN region, at the mesohaline water sites, Pseudomonas might perform nitrogen fixation and exist in symbiosis with Skeletonema. Bacteria affiliated in the family of Flavobacteria and Sphingobacteria in the phylum Bacteroidetes were also found to be associated with diatoms in the subnetwork IC2. Flavobacteria had been acknowledged as a model for the study of bacterioplankton–phytoplankton interactions, in view of their capability of transforming the phytoplankton-derived higher molecular weight macromolecules including polysaccharides and proteins to low molecular weight molecules (Buchan et al., 2014). The importance of Sphingobacteria during phytoplankton blooms was also revealed in previous study (Qu et al., 2015). Bacteria in this family could degrade complex organic macromolecules and mediate the biogeochemical recycling of nitrogen and phosphorus (Qu et al., 2015).
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FIGURE 4. Network analysis reveals trends in plant-adapted and beneficial bacteria. A Spearman correlation network was determined for taxa with average relative abundance greater than 1%. Significant positive correlations (P < 0.05) (solid gray lines) and negative correlations (dotted red lines) between microalgae (green dots) and bacterial OTUs (blue dots). Correlations between different phytoplankton groups are also shown as well as correlations between different bacterial groups.



Interestingly, at the mesohaline water sites, the bacterial phylotype Bacillus and the microalgae Skeletonema were abundant and exhibited positive correlation (IC3, Supplementary Figure S5). Bacillus was shown to contain all the genes associated with the pathways of assimilatory nitrate reduction (narB, nasA, nirA) and dissimilatory nitrate reduction (narG, narH, nirD), which can catalyze NO3- to generate NH4+. It is believed that phytoplankton assimilate NH4+ and then synthesize amino acids directly from the intracellular keto acid. In most cases, even when the oxidation of nitrogen sources (such as NO3- and NO2-) is more abundant, phytoplankton tend to use reduced nitrogen (NH4+ and urea) (Fan et al., 2003). Therefore, Bacillus might generate ammonium by reduction of nitrate and nitrite to promote the growth of Skeletonema.

Correlation networks are important for visualizing and analyzing statistical associations among microorganisms and between microbes and environmental factors. In addition, identified clusters of the correlation network could suggest shared niches, symbiosis and other relationships. Our network analysis revealed complex relationships among phytoplankton, bacterioplankton, and environmental factors and revealed important details regarding the rules of community assembly in the PRE. The results of this study revealed that the assemblage patterns of the microbial communities were non-random and revealed interactions between phytoplankton and bacterioplankton. In the correlation networks, some phytoplankton showed positive correlation with more than one bacterial phylotype. This observation indicated that the bacterial phylotypes of the phycosphere might share similar ecological niches with the support of phytoplankton or by performing complementary functions to each other. Some bacterial phylotypes also showed positive correlation with more than one phytoplankton. This nonspecific species–species correlation between phytoplankton and bacterioplankton was the foundation of the network. In addition, the results showed that the different identified clusters, including phytoplankton and bacterioplankton, were influenced by different environmental factors. This result revealed the co-acclimation of phytoplankton and bacterioplankton to different environmental factors such as salinity and nitrogen.

Microbial Nitrogen Cycling in the PRE: From Phylogeny to Genes

Nitrogen cycling is the key process of the biogeochemical cycle and energy flow in marine ecosystems and is important for the maintenance and restoration of ecological balance. However, excessive DIN might accelerate eutrophication and global climate change, resulting in ecological and environmental problems, such as water hypoxia, algal blooms, biodiversity decrease, and decreased fishery productivity (Rabalais et al., 2009). Microorganisms are the main drivers of the nitrogen cycle in estuarine ecosystems. The functions of the different OTUs and the proportions of the functional bacterial groups participating in each step of the nitrogen cycle were predicted by using KEGG and PICRUSt. The contribution and quantity of the functional genes of microbes in nitrogen fixation, ammonification, nitrification, denitrification, dissimilatory nitrate reduction to ammonium, and anammox in the PRE were investigated in this study (Figure 5). Significant differences were showed between the freshwater and mesohaline sites. The relative abundances of genes nirB and nasA are predominant in all stations. And the relative abundance of genes nirB (P < 0.05) and nasA (P < 0.01) in the mesohaline stations S5, S6, S7, and the brackish station S4 were higher than those in freshwater stations S1, S2, and S3. In contrast, the relative abundances of the genes narG (P < 0.01), narH (P < 0.01), and narI (P < 0.01) are higher in freshwater stations.


[image: image]

FIGURE 5. Predicted nitrogen cycling pathway modified from KEGG (A). Red-colored genes were not predicted by the PICRUSt or were undetected in the indicated samples. Gene relative abundance in nutrient-cycling processes (B).



Denitrification is an important way to alleviate the eutrophication of water bodies. Globally, approximately 50% of the total N entering estuaries is removed by denitrification (Howarth et al., 1996). Therefore, it is important to understand the mechanism of denitrification in estuarine areas, leading to the self-purification of estuaries. The results of this study showed that denitrification is the dominant process for nitrogen loss from the surface waters of the PRE, while the relative abundance of the amo genes (which catalyzes oxidation) were negligible (Figures 5A,B).

By analyzing functional genes, we determined that different bacterial phylotypes were responsible for different functional genes at the same station. This result indicated that bacterial communities cooperate to conduct nitrogen metabolism in natural environments. In addition, bacterial phylotypes possessing the same functional genes were present at different sites (Supplementary Figure S6). For example, the main bacterial phylotype possessing the gene hao, a key gene associated with nitrification, was ZA3312c (a group of SAR406) at station S7 and Methylocaldum at station S1, while it was present as an unclassified bacterial group of the order Chlorobi OPB56 at stations S6, S5, S4, S3, and S2. Similarly, a group of bacteria possessing the genes narG, narH and, such as Halomonas, Bacillus, Psychrobacter, dominated the mesohaline water and narI sites, while an unclassified bacterial group of the family ACK-M1 was abundant at the freshwater sites. Bacteria harboring nitrogen-fixation-associated genes (nifH, nifD, and nifK) also exhibited similar patterns. Yersinia, Pseudomonas, and Methylosinus have been identified to be the main functional bacterial phylotypes for nitrogen fixation (Toukdarian and Lidstrom, 1984) but were observed to be responsible for nitrogen fixation at different sites. For example, Yersinia mainly contributed to nitrogen fixation at sites S2, S3, S4, S6, and S7, while Pseudomonas and Methylosinus were responsible for the process at sites S5 and S1, respectively.

Some bacteria containing several genes associated with nitrogen-cycling processes might play important roles in nitrogen cycling. An unclassified bacterial group of the family Rhodobacteraceae contained the genes nirB, nirD, nirK, narG, nasA, narl, norC, napA, nifD, nifK, nifH, norB, and hcp and was the dominant bacterial phylotype in the mesohaline water at site S7. Bacteria affiliated with Rhodobacteraceae have been acknowledged to play significant roles in the nitrogen cycle (Coates and Wyman, 2017). Previous studies have demonstrated that Roseobacter, affiliated with Rhodobacteraceae, can rapidly assimilate ammonium and use dissolved organic nitrogen (DON) as a N source (Mayali et al., 2014). In addition, some functional genes were found to be abundant at all sampling sites and were consistently harbored by a single bacterial phylotype. This finding indicated that the bacterial phylotype might play an irreplaceable role in catalyzing the metabolic step. For instance, an unclassified bacterial group of the family Hyphomicrobiaceae contributed the gene anfG, which is associated with the catalysis of nitrogen to ammonia at all sites. A previous study showed that some groups of the family Hyphomicrobiaceae had the ability to fix nitrogen (Rivas et al., 2003).

CONCLUSION

Based on high-throughput sequencing data analysis, CCA and network construction, this study demonstrated the co-succession of bacterial communities and phytoplankton communities as well as the relationships of these communities with changing environmental factors. Our results demonstrated that DIN and salinity can greatly influence the distribution of phytoplankton and bacterioplankton. In addition, the co-occurrence patterns and the relationships of phytoplankton and bacterioplankton were seen to be responsible for the capacity of these organisms to co-acclimate to changing environmental factors. Bacteria can perform several functions in the nitrogen cycle, especially in denitrification, in the PRE. Overall, phytoplankton and bacterioplankton co-acclimate to environmental changes and play an important role in biogeochemical cycling of nitrogen by means of network interactions in estuarine ecosystems. However, microbial interactions are complex, and little is known about the metabolic characteristics of these interactions. It is challenging to understand the interactions between phytoplankton and bacterioplankton at the metabolic levels in constantly changing environments. Metagenomics, metatranscriptomics and other omic tools are necessary for further investigation of these complex interactions.
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