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Urbanization and seasonality strongly influence the bacterial composition of the soil. However, aquatic environments such as rivers are understudied owing to their high dynamics and therefore rules relating to more static habitats such as lentic or terrestrial environments may be limited. Here, we compared the spatiotemporal patterns of bacterioplankton communities in the Zhangxi river along a gradient of urbanization using 16S ribosomal DNA identification. The alpha and beta diversity of bacterioplankton showed no significant response to watershed urbanization. A significant difference in predicted functional profiles of the bacterioplankton community was also revealed between the wet and dry seasons. The bacterioplankton community assembly was driven by both deterministic and stochastic processes. Stochasticity was one of the most vital processes affecting the bacterioplankton communities in both wet and dry seasons, explaining over 50% variation in the community by the null model analysis. Bacterioplankton co-occurrence patterns in the river changed with the seasons. More notably, the composition of bacterioplankton communities was inconsistent with alternations of the spatial distance offering meaningful implications for interactions between zero-radius operational taxonomic units and the dynamics of the bacterioplankton communities in surface water. In summary, we found clear patterns of seasonal variations in the bacterioplankton community structures.
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INTRODUCTION
Bacterioplankton plays a key role in global biogeochemical cycles of riverine ecosystems due to their high abundance and turnover rates (Zhu et al., 2017). These microorganisms in surface waters worldwide follow a seasonal succession pattern determined jointly by physicochemical factors like light, climate, and soil properties (Bunse and Pinhassi, 2017). The taxonomic composition of bacterial communities varies widely in rivers at different temporal and spatial scales (Jones et al., 2012; Shade et al., 2013). Two major mechanisms control bacterial communities, that is: i) the dispersion of microorganisms among environments, which determines the bacteria that can be transported and potentially colonize in a given ecosystem, and ii) the environmental selection pressure—that is, adaptive selection—in order to survive the competence stage, species have to adapt to habitat change (Hanson et al., 2012). These major mechanisms are often exposed to seasonal variations or urban stress (Fortunato et al., 2013; Reese et al., 2016; Huber et al., 2020; Liu et al., 2020), highlighting the significance of understanding the response of bacterioplankton diversity and community composition to seasonal variations or urban stress in the watershed microbial ecological systems, as well as the possible link between the bacterioplankton community and heterogeneous habitats. However, all these studies are lacking in systematic research.
The seasonal succession of bacterioplankton species with recurrent patterns is also an essential element influencing bacterioplankton (Bunse and Pinhassi, 2017). Distribution of archaeal and bacterial communities were closely related to the size fraction, habitat, and seasonality (wet and dry seasons) in a subtropical river bay system (Wang et al., 2020). To date, studies using “omics” were mainly focused on marine bacterioplankton communities, and studies on bacterioplankton in freshwater ecosystems are still lacking (Rastogi et al., 2019). On the other hand, the urban stream syndrome is affected primarily by the impervious surface area and urban land use system (Walsh et al., 2005). Increased impervious surface areas can lead to a series of ecological problems, such as water export, peak discharges, and sediment loads, ultimately leading to the loss of microbial biodiversity and ecological function (Li et al., 2020). Since microbes play an essential role in the biogeochemical cycling of trace elements and are closely related to human health, there is a growing concern about the conservation of microbial biodiversity (Reese et al., 2016; Xiao et al., 2020). The core of the microbial communities as a dominant marine holobiont can be modified in response to coastal urbanization (Marzinelli et al., 2018). However, the influence of urbanization on levels of bacteria in rivers is consistently unknown. Hence, looking into the variations in river microbial communities along the gradients consisting of different stages of urban development will provide new insights into anthropogenic impacts on watershed ecosystems.
The mechanisms of microbial community assembly across environmental gradients (e.g., seasonal and urbanization) is a core part of microbial ecology (Hanson et al., 2012; Zhou and Ning, 2017). It is widely accepted that both determinism (e.g., homogeneous and heterogeneous selection) and stochasticity (homogenizing dispersal, dispersal limitation, and undominated processes) contribute to the assembly of the microbial communities (Nemergut et al., 2013; Liu et al., 2020). However, there is still a debate due to the inherent complexity of the microbial community assembly (Zhou and Ning, 2017). It has been shown that the assembly of the bacterioplankton communities was determined by stochasticity (Huber et al., 2020; Wang et al., 2020), while other studies revealed inconsistent results showing it was determined by determinism (Isabwe et al., 2018; Chen et al., 2019). These inconsistent findings underscore the necessity to conduct a comprehensive estimate of the relative contribution of determinism and stochasticity in shaping bacterioplankton communities along various gradients of the environment. Moreover, riverine mobility may also affect the relative contributions of neutral and niche processes to community assembly (Zhou et al., 2014).
In this study, we surveyed the bacterioplankton communities in the surface water of the Zhangxi river, covering an urbanized gradient spanning wet and dry seasons. We adopted the high throughput sequencing of the 16S rRNA gene to analyze the bacterioplankton community composition in a watershed in two sorts of urbanization areas. Additionally, we evaluated the ecological processes dominating the bacterioplankton community assembly semiquantitatively and investigated whether the seasonal variations or urban stress mediate the relationship between their co-occurrence patterns and variations in bacterioplankton community compositions. Overall, this study aimed to 1) quantify the alpha diversity of the bacterioplankton communities across the seasons (wet vs. dry seasons) and the changes along two sorts of urbanization areas, as determined by the percentage of impervious cover; 2) recognize the spatial and environmental factors that explain the changes in bacterioplankton community compositions; 3) quantify the beta diversity, zero-radius operational taxonomic unit (ZOTU), and their co-occurrence patterns across the seasons and two sorts of urbanization areas; and 4) analyze the ecological process of the community assembly. We assume that 1) no matter the urbanization or seasonality, these have caused great influence on the bacterioplankton communities in the Zhangxi river, and 2) the ecological process of the bacterioplankton community assembly is innervated by both determinism and stochasticity, but the proportion was significantly affected by seasonality.
MATERIALS AND METHODS
Study Area and Sample Collection
The bacterioplankton samples were obtained from the Zhangxi river in Ningbo City, Zhejiang Province, eastern China (Figure 1). There were intense hydraulic exchange and disturbance in the basin as a result of the area’s location in the zone of subtropical monsoon climate, with obvious wet and dry seasons. At the same time, the sampling area is divided into sparsely urbanized area (T1–T5) and densely urbanized area (T6–T9) (Hahs and McDonnell, 2006) (Figure 1; Table 1). Three parallel water samples (0.5-m depth) were collected randomly in each sampling points, and a total of 54 samples were taken [2 (wet and dry seasons in January and July 2016) × 9 (sampling points) × 3 (repetitions), resulting in 54 samples]. Sample collection in each occasion took 2 days to complete. The location of the collection site was recorded using the Handheld Global Positioning System (GPS) (Monterra, GARMIN). On-site fast detection of salinity, temperature, pH, and dissolved oxygen was conducted by the portable multiparameter water quality analyzer (YSI EXO1, United States). The water samples were stored at 4°C in an incubator and taken to the laboratory where pretreatment was conducted immediately. Debris, meroplankton, and microplankton were large enough to be filtered by 200-μm-pore-size sieves, and then a quantity (∼500 ml) of each water sample was transferred onto the membrane in the apparatus and filter. The surface of the mixed cellulose ester microporous membrane (0.22 μm pore size, WX-BD, China) concentrated a large number of microorganisms. All membranes were stored at −80°C until DNA extraction. Physicochemical analysis (e.g., total organic carbon, total phosphorus (TP), chlorophyll-a, nitrate (NO3−), nitrite (NO2−), total nitrogen, and sulfate ion (SO42−)) were conducted as described in our earlier research (Tang et al., 2019).
[image: Figure 1]FIGURE 1 | Map of the sampling sites and the research area in the Zhangxi river.
TABLE 1 | Description of the six measures of urbanization used to characterize the 2-km radius of the sample site.
[image: Table 1]DNA Extraction, PCR Amplification, and 16S rRNA Amplicon
DNA of bacterioplankton was extracted directly from the mixed cellulose ester microporous membrane utilizing a FastDNA Spin Kit and in strict accordance with the “FastDNA Spin Kit” operating instructions. PCR amplicon libraries were established for MiSeq sequencing. Briefly, the V4 region of the 16S rRNA gene was amplified with region-specific primers (Caporaso et al., 2012) (515F (5′-GTGCCAGCMGCCGCGGTAA-3′) and 806R (5′-GGACTACHVGGGTWTCTAAT-3′)). Each sample was amplified in triplicate, PCR contained 10 μl genomic DNA (1 ng/μl), 15 μl Phusion Master Mix (2×), and 3.0 μl each of the reverse and forward primers (2 μM). Reactions were held at 98°C for 1 min to pre-degeneration of the genomic DNA, followed by 30 cycles of denaturation at 98°C for 10 s, annealing at 50°C for 30 s, and elongation at 72°C for 30 s and a final extension of 72°C for 5 min.
Sequence Denoising and Diversity Analysis
Raw sequences were modified with VSEARCH (v2.15.0, https://github.com/torognes/vsearch) to remove sequences of primers, barcodes, shorter length (<100 bp), and minimal quality (<20) and merge the high-quality double-end sequences. ZOTUs were deionized in UNOISE3 (Edgar, 2017) at a 100% similarity level. Taxonomical classification based on ZOTUs was performed utilizing the VSEARCH and Silva (Silva 138, https://github.com/jameslz/protocols/blob/master/How-to-generate-USEARCH-compatible-SILVA138%20fasta) databases. Alpha-diversity for each sample was profiled through measurement for the Chao 1 and Shannon_e indices, box plots were described to compare the alpha diversity level of bacterioplankton ZOTUs, and nonparametric linear regression with permutation testing was performed with the lmPerm() package. FAPROTAX was appropriate for function annotation prediction of the biogeochemical cycles with the environmental sample, especially the elements cycling in each ecosystem system, such as carbon, hydrogen, nitrogen, and phosphorus. It is therefore in potential microbial functional profiles that we adhered to methods for the FAPROTAX database version 1.2.3 (http://www.loucalab.com/archive/FAPROTAX/lib/php/index.php?section=Home) (Louca et al., 2016). All raw sequences were deposited in a public database (National Center for Biotechnology Information Sequence Read Archive). The session specification is numbered PRJNA663232.
Null Model
We used the null model evaluation to quantify the relative contributions of different assembly processes of the bacterioplankton, i.e., heterogeneous selection, homogeneous selection, homogenizing dispersal, undominated processes, and dispersal limitation (Stegen et al., 2012). More precise information is provided in the Ecological process analysis section in the Supplemental Material.
Variation Partitioning Analysis and Distance Decay Analysis
Variation partitioning analysis (VPA) was used to quantify the relative role of spatial and environmental factors and their comprehensive effect. Environmental factors that were important to explain community changes of the redundancy analysis (RDA) were applied to conduct further analysis. By using R statistical software, via the principal coordinates of neighbor matrices (PCNM) analysis, a set of spatial factors were automatically generated. The spatial factors were selected via the same method as used for environmental factors for the VPA. Pairwise geographic distances between samples drew the conjugated Bray–Curtis dissimilarities using the “ggplot2” package in the R statistical software and were computed from the longitude and latitude coordinates using the geosphere library. The Spearman’s rank correlation between geographic distances and Bray–Curtis dissimilarities was estimated.
Network Analysis
The bacterioplankton co-occurrence network was established based on the ZOTUs table, representing bacterioplankton co-occurrence relationships. To minimize complexity, only ZOTUs with a proportion less than 0.01% or 1% across all samples, and existing in more than 20% of the samples, were employed to construct the co-occurrence network. Pairwise Spearman’s correlations between ZOTUs were computed, with a p-value < 0.05 and a correlation coefficient > |0.6| being deemed as an intimate connection. Network-level (betweenness centralization, clustering coefficient, mean node degree, average path length, degree centralization, diameter, density, and modularity) and node-level (closeness centrality, betweenness centrality, transitivity, and degree) topological characteristics of a network were calculated. The network diagram was visualized in Gephi (v. 0.9.2, https://gephi.org).
RESULTS
Bacterioplankton Community Composition, Diversity, and Abundance
A total of 2,626,733 filtered sequences were acquired after rarefication and quality control and were deionized into 3,247 ZOTUs at a 100% similarity level. The wet season samples were found to have the highest level of Chao 1 (128.8 on 25 degrees of freedom; Pseudo-F = 0.9292; p = 0.3443) and Shannon_e (0.2579 on 25 degrees of freedom; Pseudo-F = 0.9908; p = 0.3291) indices; however, these were not very significant (Figures 2A,B). The sparsely urbanized area was discovered to have the highest level of Chao 1 and Shannon_e indices regardless of the season, though the differences were not statistically significant (112.5 on 8 degrees of freedom; Pseudo-F = 2.441; p = 0.1392), except for the Shannon_e index from the dry season (0.2316 on 8 degrees of freedom; Pseudo-F = 2.278; p＜0.05) (Supplementary Figures S2A, B).
[image: Figure 2]FIGURE 2 | Seasonal changes in bacterioplankton diversity and community composition. Chao 1 index (A) and Shannon_e index (B) of the bacterioplankton communities of surface water from the Zhangxi river. Taxa composition at the phylum level among the wet and dry seasons (C). PCoA of Bray–Curtis dissimilarity on community composition in different seasons (D).
The bacterioplankton communities in the wet season were mainly dominated by Proteobacteria (27.2–76.87%), followed by Actinobacteria (5.24–38.60%) and Bacteroidota (4.47–28.20%). However, the dry season bacterioplankton community was dominated by Proteobacteria (51.40–86.33%), followed by Bacteroidota (9.02–35.01%) and Actinobacteria (0.86–26.90%) (Figure 2C). Following the two sorts of urbanization areas, during the wet season, in the sparsely urbanized area samples, the bacterioplankton community was dominated by Proteobacteria (27.27–53.52%), followed by Actinobacteria (21.18–38.60%), Bacteroidota (4.47–14.68%), Verrucomicrobiota (3.19–10.19%), and Firmicutes (0.344–9.35%), and in the densely urbanized area samples, the bacterioplankton community was dominated by Proteobacteria (37.00–76.87%), followed by Bacteroidota (10.30–28.20%), Actinobacteria (5.24–27.50%), Firmicutes (0.32–17.40%), and Verrucomicrobiota (1.23–4.40%). During the dry season, in the sparsely urbanized area samples, the bacterioplankton community was dominated by Proteobacteria (51.40–77.03%), followed by Bacteroidota (13.09–35.01%) and Actinobacteriota (0.86–24.72%), and in the densely urbanized area samples, the bacterioplankton community was dominated by Proteobacteria (53.59–86.33%), followed by Bacteroidota (9.02–16.20%) and Actinobacteria (2.87–26.90%) (Supplementary Figure S2C).
Significant Differences in Bacterioplankton Communities
The Principal Coordinates Analysis (PCoA) based on the Bray–Curtis distance revealed that the majority of differences between the dry and wet season subcommunities were attributed to seasonality (Adonis, p < 0.01). The results of the constrained principal coordinate analysis showed that the main microbial groups were trying to change the degree of urbanization (Figure 2D and Supplementary Figure S2D). The cladogram drew a map with ZOTU of the linear discriminant analysis (LDA) values more than 2.5 for clarity (Figure 3). There were 134 ZOTUs found to be significantly different between the wet season and dry season groups (Supplementary Figure S4). There were five groups of ZOTUs enriched in the dry season, including Cyanobacteria (from phylum to order), Bacteroidota (from phylum to genus), Proteobacteria (from phylum to genus), and Planctomycetota (from phylum to order) (Figure 3). Thereinto, five good lineages had an LDA value of 4.8 or higher, including Gammaproteobacteria, Proteobacteria, Burkholderiales, Methylotenera, and Methylophilaceae (Supplementary Figure S4). There were 15 groups of ZOTUs enriched in the wet season, including Gammaproteobacteria (from phylum to order), Actinobacteriota (from phylum to genus), Verrucomicrobiota (from phylum to genus), Planctomycetota (from phylum to order), Bacteroidota (from phylum to family), etc. (Figure 3). Within these, five good lineages had an LDA value of 4.8 or higher, including Actinobacteriota, Sporichthyaceae, Frankiales, hgcI_clade, and Actinobacteria (Supplementary Figure S4).
[image: Figure 3]FIGURE 3 | LEfSe (linear discriminant analysis effect size) analyses revealed bacteria taxa distribution differences between the wet and dry seasons. The taxa that have the LDA score >3.0 were considered as the biomarker.
Regarding the influence of urbanization on the microbial community, during the wet season, there were 109 ZOTUs found to be significantly different between the densely urbanized areas and sparsely urbanized areas. There were 10 groups of ZOTUs enriched in the sparsely urbanized area, namely, Alphaproteobacteria (from phylum to family), Gammaproteobacteria (from phylum to order), Planctomycetota (from phylum to genus), Actinobacteriota (from phylum to genus), Verrucomicrobiota (from phylum to genus), etc., while only three groups of ZOTUs enriched the densely urbanized area, namely, Gammaproteobacteria (from phylum to genus), Bacteroidota (from phylum to genus), and Rhodobacterales (from phylum to order) (Supplementary Figure S3A). During the dry season, there were 25 ZOTUs found to be significantly different among the densely urbanized area and sparsely urbanized area groups. There were five groups of ZOTUs found to be enriched in the sparsely urbanized area, namely, Alphaproteobacteria (from phylum to family), Gemmatales (from order to genus), Bacteroidota (from phylum to family), Bacteroidota (from phylum to order), and Acidobacteriota (from phylum to order). There was only one group of ZOTU enriched in the densely urbanized area, namely, Gammaproteobacteria (from phylum to class) (Supplementary Figure S3B).
Ecological Processes Governing Community Structure
The null model was used to quantify the relative contributions of each microbial ecological process in the assembly of diverse groups. In both seasons, stochastic processes played an important role in the community structuring. However, in the wet season, undominated processes accounted for a higher turnover, while in the dry season, microbial communities, with a dispersal limitation reaching 52.42% (Figure 4). In the developmental process of urbanization, during the wet season, undominated processes alone dominated 43.81% of the turnover in the community taxonomic composition of densely urbanized areas, while in the sparsely urbanized area, dominated 23.61% of the turnover (Supplementary Figure S7).
[image: Figure 4]FIGURE 4 | Ecological assemblies of bacterioplankton communities. The relative significance of ecological processes dominating the assembly of the bacterioplankton communities in the wet and dry seasons.
We discovered that seasonality and urbanization affect the bacterioplankton ecosystem structure and functionality (Figures 5C,D). For each season, >60% of the community changes could be explained, which indicates relatively simple processes of bacterioplankton community assembly in the river. RDA showed that the significant factors were one environmental factor (temperature) and four spatial factors (PCNM 1, 3, 6, and 7) in the wet season, and four spatial factors (PCNM 1–3 and 7) and three environmental factors (pH, TP, and temperature) in the dry season (Figures 5A,B). The RDA in the wet season shows a positive correlation between the bacterioplankton community (sparsely urbanized area, T1–T5) and temperature, and a negative correlation with spatial factors (PCNM1, PCNM3, PCNM6, and PCNM7), but the bacterioplankton community (densely urbanized area, T6–T9) was the opposite (Figure 5A). However, the bacterioplankton communities were intricately correlated with spatial factors (PCNM1, PCNM2, PCNM3, and PCNM7) and environmental factors (pH, TP, and temperature) in all sample plots (Figure 5B).
[image: Figure 5]FIGURE 5 | Effect of spatial and environmental factors on bacterioplankton communities by RDA and VPA. RDA was performed to show significant environmental and spatial factors in dominating the assembly of the wet (A) and dry (B) season bacterioplankton communities. From a geographic distance matrix, function PCNM computed the PCNM based on distances, in view of spatial eigenfunction analysis. VPA was used to quantify the contribution of environmental and spatial factors to community changes in the wet (C) and dry (D) seasons.
Bacterioplankton Co-Occurrence Networks
The groups of ZOTUs with the abundant ZOTUs (>0.1%, relative abundance (RA) and major ZOTUs (≥1%, RA), we have the following two groups performed network analysis. Figures 6A,B show a correlation-based network, consisting of 567 edges (correlations) and 66 nodes (ZOTUs, RA > 1%) from the wet season bacterioplankton communities, and 474 edges and 77 nodes from the dry season bacterioplankton communities. ZOTUs (dominant bacterial community, RA > 1%) shared between the dry and wet seasons are represented utilizing a bipartite network analysis, and there were only six shared ZOTUs in the bipartite network (Figure 6C).
[image: Figure 6]FIGURE 6 | Co-occurrence networks of the bacterioplankton communities based on pairwise Spearman’s correlations between ZOTUs. Each connection was associated with a significant level of p < 0.05 and a correlation coefficient >|0.6|. The number of connections varies with the size of each node. The figure shows the network of the wet (A) and dry (B) season samples with ZOTUs colored by taxonomy. The following figure shows the bipartite association network of bacterioplankton taxa with different seasons (C).
To further discern the bacterioplankton co-occurrence patterns of the river bacterioplankton communities based on the previous network analysis, a ZOTU (RA >0.1%) ecological network interaction was constructed. The significant (p < 0.05) and strong (correlation coefficient R > |0.6|) co-occurrence network was constructed consisting of 3,970 positive correlations and 779 negative correlations in the wet season samples (Supplementary Figure S9A), and 2,981 strong positive correlations and 683 negative correlations in the dry season samples, respectively (Supplementary Figure S9B). The network density (the average number of edges per node) was lower in the wet season (17.02) than in the dry season (15.59), suggesting stronger co-occurrence relationships during the wet season. Modularity analysis showed major modules (subcells with highly interconnected nodes) in each season network. In the wet season, many of these modules were made up of a group of ZOTUs with phylum with near homology relationship on evolution (Supplementary Figure S9C). For example, modules 4 and 1 in the wet season network were dominated by Bacteroidetes ZOTUs, Firmicutes ZOTUs, and Chloroflexi ZOTUs, respectively. In contrast, the interaction systems of bacterioplankton communities were more closely linked during the dry season, possibly due to the lack of nutrition for microbial cells. Our findings showed that the taxonomic classification of ZOTUs was critical for the network modular structure (Supplementary Figure S9D).
Functional Prediction
In this study, we utilized FAPROTAX annotation rules to automatically compare each taxon annotated ZOTU. In the bacterial data set, among the 91 functional groups in the FAPROTAX database, 72 groups (78.3%) were associated with at least one of the samples, and 39.17% of the ZOTUs were assigned to at least one group in the FAPROTAX database (Supplementary Table S4). More surprisingly, a few ZOTUs could not be matched with any functional groups. Hence, the ZOTU turnovers inside a functional group were only applicable in the subset of ZOTUs with the specified functions (although this limitation played no role in conclusions of this research). Some ZOTUs were mapped to more than one functional group. For instance, ZOTU_2224 (belonging to the species of Methylosinus) was believed to be involved in methanotrophy, methylotrophy, hydrocarbon degradation, and chemoheterotrophy. Forty functional groups, such as aerobic chemoheterotrophy, chemoheterotrophy, methylotrophy, fermentation, etc., were covered in all water samples. Thirty-eight out of 72 bacterial functional groups, influenced significantly by seasonal cyanobacteria, oxygenic photoautotrophy, photoautotrophy, manganese oxidation, etc., were more abundant, while chemoheterotrophy, methanol oxidation, hydrocarbon degradation, methanotrophy, photoautotrophy, oxygenic photoautotrophs, etc., were less abundant in the wet season (Figure 7A). Nonmetric Multidimensional Scaling (NMDS) and PCoA revealed significant deviation of the RA of functional profiles between the two seasons (Adonis, p < 0.01) (Figures 7B,C). According to the result of cluster analysis, the dissimilarity of functional profiles was further verified using ADONIS, ANOSIM, and MRPP (Supplementary Table S5B).
[image: Figure 7]FIGURE 7 | Box plots and extended error bar plots (A) of abundant differentially functional groups in surface water samples in the watershed. The PCoA (B) and NMDS (C) functional groups of diverse samples from the wet and dry seasons.
DISCUSSION
Urban Stress and Seasonality Shaping Bacterioplankton Community Structure
In a river microecosystem, the matter and energy of the surroundings input to the river change with the seasons, and therefore shift the bacterioplankton communities accordingly. Our results demonstrated that the bacterioplankton communities largely varied between the dry and wet seasons, exhibiting distinct changes in the diversity and composition. Firstly, the bacterioplankton communities had significantly lower diversity in the dry than in the wet season, which is consistent with previous researches (Fortunato et al., 2013; Chen et al., 2019; Liu et al., 2020). Secondly, there was a succession between the wet and dry seasons in bacterioplankton community composition. This is consistent with the findings that the wet and dry season bacterioplankton communities had very dissimilar compositions (Fortunato et al., 2013; Read et al., 2015). We proposed that the observed pattern in bacterioplankton community composition could be related to i) water residence time (Mcgonigle et al., 2019) (the periodical oscillations of the drought and flood features, and the speed of streams in the wet season is faster than in the dry season); ii) changing resource availability in the wet season (Lynch et al., 2019) (with an increase of rainwater runoff, the runoff coefficient increases); iii) different strong recycling chemicals and minerals between the river and riparian (Bing et al., 2017).
Our data showed that rapid urbanization released the pressure and led to shifts in the bacterioplankton community structure in the watershed, which was also supported by previous studies (Wang et al., 2011; Hosen et al., 2017; Simonin et al., 2019). Indeed, rapid watershed urbanization could transform the physical and chemical conditions in streams, such as pollutant emission, overnourishment, high temperature, changes in channel flow, and river configuration and process, and therefore induce shifts of the bacterioplankton communities (Walsh et al., 2005). Moreover, we found that spatial factors as foremost factors with environmental variables, including temperature, pH, NO2−, and TP, were driving the shifts in bacterioplankton composition (PCNM1-3, 6, and 7) in the watershed. The bacterioplankton community structure shifted with the changes in the land use type but with no significant impacts on alpha diversity assessed through relative diversity indices (Chao 1 index, Shannon_e index), and the findings were not entirely consistent with previous studies (Lear et al., 2011). Artificial interference resulting in a decrease of biological diversity is a widespread phenomenon, especially in densely populated urban areas. However, for the sustainability of the microecosystem, we appeal to maintain the balance and bacterial diversity in riverine ecosystems under global urbanization since i) there were giant inflows of novel bacterial taxa from water supplies and septic systems (sewage in particular), and ii) rainwater may infuse afflux to make up for lost sensitivity taxa of urban conditions (Hosen et al., 2017).
Strong Seasonal Heterogeneity With Varying Contributions From Various Stocks
Remarkable urbanized differences in bacterioplankton community compositions were found in many of the seasonal samples studied. The effects of seasonality on bacterioplankton communities far outweighed the effects of urbanization in this study. The finding has also been supported by previously published studies which found that microeukaryotic (Chen et al., 2019) and bacterioplankton (Pearman et al., 2017; Wu et al., 2017) communities were more variable with the season than with urbanization change. By comparison, in benthic microbial communities, biogeography variations have been found to have an even stronger influence than seasonal variations (Liu et al., 2020). Such a huge gap in the pattern of microbial community dynamics between benthic and pelagic niches indicates lesser temporal habitat stability in the water column than in the sediment (Gilbert et al., 2011). Besides, benthic microbes would have sufficient time to sense and adapt to their environments. For bacterioplankton, with any change, there will be uncertainty risk.
The geographic pattern observed in the bacterioplankton community reflected a clear seasonal variation. There was a significant negative correlation between the Bray–Curtis similarity and geographical distance of bacterioplankton communities in the wet season (p < 0.001, Supplementary Figure S10), while the same finding was not observed in the dry season. However, distance decay regularity was reported to be weaker during the wet season than in the dry season in the Tingjiang river (Chen et al., 2019), which might be attributed to a great variety of Bray–Curtis similarity caused by a flood of sensitive taxa of urban conditions into the river. Inversely, rainfall events are very unusual in the dry season. The decrease of precipitation and surface water and lower river flow might be the principal reasons that result in a higher dispersal limitation of microbes. Distance decay regularity has been found to underlie marine microbial spatial dynamics (Zinger et al., 2014). Nevertheless, bacterioplankton communities may reveal lower attenuation rates with increasing spatial distance compared to benthic bacteria (Zinger et al., 2014). This suggests stronger dispersal abilities for bacterioplankton communities relative to benthic microorganisms.
Stochasticity Plays an Important Part in Bacterioplankton Community Assembly
Plentiful evidence suggest that both deterministic and stochastic processes play a critical role in the turnover of microbial communities along rivers (Zhao et al., 2017; Chen et al., 2019; Kimbrel et al., 2019; Zeng et al., 2019; Xie et al., 2020). Compared with the wet season, slightly enhanced influence of stochasticity on community assembly might be attributed to the device that dry season bacterioplankton communities may have a lower scattered capacity. Coincidentally, leveraging a null model, a slightly greater role of stochasticity than determinism was detected in administering the bacterioplankton community assembly in the Zhangxi river. Furthermore, VPA corroborated this observation by showing that the bacterioplankton community assembly in the Zhangxi river was emphasized by a variety of factors, including spatial factors and environmental factors. Nevertheless, this was not the same as the RDA that revealed a slightly higher influence on spatial factors. Furthermore, heterogeneous selection explained relatively substantial turnover in community compositions for the two seasons. This finding also showed that the variable ambient conditions across time or space (i.e., heterogeneous) at large scales make up for extreme variations in community compositions since heterogeneous selection can increase the revenue of the community structure, leading to communities that are inconsistent in phylogeny, especially in the wet season. But we discovered that community composition was also affected by dispersal limitation, which further determined that the impacts of stochastic and deterministic processes on the assembly of microbial communities are inseparable but act upon each other and exert a synergic impact at large scales (Stegen et al., 2013; Kou et al., 2020).
Drastic environmental changes have an impact on the assembly processes of the ecological community (Chase, 2007; Zhou et al., 2014). Our results indicated that the composition and diversity of bacterioplankton communities were easily discriminated against in the urbanization area in the two seasons. Deterministic and stochastic factors play different roles in different seasons and different urbanized areas. In the wet season, the relative materiality of stochastic processes in dominating the assembly of bacterioplankton communities decreased along two sorts of urbanization areas. In the dry season, however, stochastic processes remained dominant only in densely urbanized areas. The process of receiving nutrition is deemed to decrease niche selection by offering resources and increase stochasticity by enhancing drift (e.g. stochastic processes of extinction, colonization, death, and birth) (Chase, 2010; Zhou et al., 2014). In the wet season, nutritional substances in the rivers mainly come from surface runoffs where human activities play an important role. RDA results also revealed the fact that the beta diversity of bacterioplankton communities was associated with nutritional substance (e.g., NO2− and TP) in the dry season, and therefore, played a key role in the control of community assembly. Apart from community assembly, phosphorus and nitrogen, as the crucial factors (abiotic), observably influenced the composition, diversity, abundance, and species interactions of the microbial community (Zeng et al., 2019). Hence, nutrients, as deterministic factors, deterministically shape the bacterioplankton communities in the urbanized river.
Co-Occur Network: Spatial Dynamics and Unrivalled Seasonality With Community Composition
We probed variations in co-occurrences between taxa by reestablishing network modules and discerned the synchrony of bacteria using K-means–based cluster analysis. The seasonal changes of network-level topological characteristics were researched here to explore whether transformations in bacterioplankton community compositions could identify their co-occurrence patterns. Interactions can include mutualism, parasitism, or competition for resources such as co-metabolic reaction (Parter et al., 2007; Faust et al., 2012). The results showed an obvious seasonal pattern of connection between bacterioplankton taxa; the bacterioplankton ZOTUs were more closely and inherently connected in the wet season than in the dry season. Perhaps this is due to higher wet season spatial connectivity, which was mainly attributable to the strong river surface runoff and discharges. These phenomena may make distinct sampling regions geographically more parted, thus, leading to a whole more dispersive co-occurrence pattern in the dry season. Network module analysis offered an overview of the variation of mutually exclusive and coexistence link between taxa. We identified modules in the network of the wet and dry seasons using MCODE and traced the top eight modules ranked by the average degrees. Previous studies looking at the effect of interference in microbial co-occurrence networks observed an increase in modularity with the increase of disturbance intensity, so far as interference was a short run in nature (Parter et al., 2007). In this study, the modularity level of the wet season network was larger than that of the dry season network, and that the number of keystone-like taxa was quickly disappearing in the dry season network and could also form new keystone-like taxa at the same time. It showed that the abundance of most taxa follows a particular variation pattern rather than an irregular variation of this river with the seasons.
On the other hand, although there was an obvious correlativity between bacterioplankton community composition and geographic distance, no consistent variation in co-occurrence patterns and spatial change was observed (Supplementary Figure S10). The results provide proof for this view that the dynamic change of microbial community co-occurrence patterns and compositions may be out of correlation and sync at times. It is going to help researchers to better understand how microbial ecology evolved with the seasons. Caution is necessary for the evaluated variations in co-occurrence patterns that originated from a method based on network analysis which did not reflect the real inter ZOTU correlations. Hence, extra efforts are required to recognize specific taxa interactions and connect them with further ecological functions and community compositions.
Adaptive Shifts of Bacterioplankton Functional Diversity to Seasonal Variation
Researchers have taken a great interest in the relationship between functional diversity and community structure (Zeglin, 2015; Louca et al., 2016; Maynard et al., 2017; Yang et al., 2019). However, it remains unclear whether the community functions vary according to community composition. Some research has indicated that community composition could result in the stronger variety of community function than functional redundancy, while others suggest explaining changes in community function rely on community composition (Staley et al., 2014). Above all, most of the nitrogen metabolism-related groups (e.g., nitrogen respiration and nitrate respiration), organism degradation-related groups (e.g., hydrocarbon degradation and aromatic compound degradation), and pathogen-related groups (e.g., intracellular parasites, human pathogens, and animal parasites or symbionts) showed a higher RA in the wet season, and most of the bacterial metabolism-related groups (e.g., photoheterotrophy, chemoheterotrophy, methanol oxidation, methylotrophy, and aerobic chemoheterotrophy) showed higher RA in the dry season (Figure 7A). This phenomenon was concordant with other researches in seasonal rivers or streams where linkages between functions and community composition were detected (Luo et al., 2020; Yang et al., 2020). Therefore, the bacterioplankton communities can not only functionally adapt to nutrient pollution but also have the potential to mitigate the negative consequences associated with environmental changes (Jeffries et al., 2015). In the wet season, large volumes of rainwater could carry pathogens, contaminants, and nutrients to the surface water, whereas the pollution was less in the dry season. Since microorganisms are of great significance in biogeochemical cycles, the connection between water quality and dynamics of bacterioplankton communities is worthy to be studied further (Woodward et al., 2012). Therefore, future research should be focused on seasonal and annual monitoring of water quality and microbial diversity.
CONCLUSION
Based on the marker gene amplicon sequencing, we comprehensively profiled the composition, function, and spatial distribution of the bacterioplankton communities in the Zhangxi river, China. The shift in bacterioplankton community composition was found to be strongly related to seasonal variations (wet vs. dry season). However, when excluding the seasonal impact by comparing the samples from one typical season, we found the shift of bacterioplankton community composition along two sorts of urbanization areas. Our research revealed clear spatiotemporal patterns in bacterioplankton community composition, their co-occurrence relationship, urbanized distribution, and the underlying mechanisms in surface water samples from the Zhangxi river. We also found that the distance decay pattern in the bacterioplankton communities occurred only during the wet season. Bacterioplankton community function diversity in the seasonal variation was notable. Moreover, we provide field evidence of stochasticity as playing a far more important role in structuring the distance decay pattern than determinism. Above all, quantitative evaluation on ecological processes showed that stochasticity (e.g., homogenizing dispersal, dispersal limitation, and undominated processes) exerted a key role in the community assembly of bacterioplankton, which was influenced by seasonal changes. Bacterioplankton co-occurrence relationships in this river changed with seasons. Bacterioplankton community function diversity in the seasonal variation was remarkable. And more notably, their turnover with the spatial distance was inconsistent with that of community compositions, providing novel insights for the inter taxa interactions and the dynamics of bacterioplankton communities in surface water.
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In summary, we divide urbanization into densely urbanized area (T1-T5) and sparsely urbanized area (T6-T9).
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