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Abstract

:

The South-to-North Water Diversion Project (SNWDP) is the largest water transfer project in the world, and its purpose is to relax water constraints in a region facing severe water scarcity. Bacterial communities from these reservoirs are important to human health, and analyzing their diversity and structure is crucial to water safety. Here, we investigated the dynamics of bacterial communities and their relationship with environmental parameters in the terminal reservoir (Miyun Reservoir) of the Middle Route of the SNWDP by high-throughput sequencing technology. Our results showed that Firmicutes, Proteobacteria, Cyanobacteria and Bacterioidetes were the most abundant phyla in the water column, and the community composition fluctuated seasonally. Moreover, the detected diversity of the bacterial community composition provided novel insights into the ongoing biogeochemical processes. The temperature was positively correlated with the dominant bacteria, with other factors, including the total dissolved solids, total phosphorus, dissolved oxygen and total nitrogen, shaping the structure and distribution of the microbial community. Furthermore, the metagenome showed broad phylogenetic diversity, indicating that organisms were involved in multiple essential environmental processes. This work is important for building a database to understand how microbial communities change after water transfers.
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1. Introduction


Reservoirs for water supply purposes are highly regulated in China. As complex artificial ecosystems, they may have artificial or natural cycles (depending on replenishments and withdrawals) as well as high spatial and temporal heterogeneity [1,2]. Such changes can have profound impacts on the compositions of prokaryotic communities and other organisms [3,4,5]. The composition of bacterioplankton communities in aquatic ecosystems can be highly diverse in response to both spatial–temporal environmental variations and anthropogenic activities, and changes in composition may influence drinking water quality and surrounding biodiversity. Moreover, knowledge of bacterioplankton diversity and time–site distribution characteristics is useful in determining the environmental security of sources of drinking water.



Miyun Reservoir is the largest man-made reservoir in North China, and it is considered the only basin with clean water remaining in Beijing [6]. Miyun Reservoir is the terminal water-receiving reservoir of the Middle Route of South-to-North Water Diversion Project (SNWDP), the key national water-conservancy project that is currently under construction in China. The Middle Route is built on and across the North China Plain, was and it was designed to relieve water shortages in the north of the country. The middle line of the water transfer project starts at the Danjiangkou Reservoir, and the water channel is excavated northward via Henan province, Hebei Province, Tianjing and Beijing and ends at Miyun Reservoir. The impoundment began at the end of 2015 in Miyun Reservoir, and storage will be improved from 0.8 billion m3 in 2015 to 2 billion m3 in 2020 [7]. However, the impoundment could significantly alter the hydrology and aquatic ecology of the reservoir. For example, most of the associated reservoir riparian zone belongs to a farmland ecosystem that will be submerged after impoundment. Previously, the farmland ecosystem was under extensive high-intensity agricultural management practices such as the application of chemical and organic fertilizers. The urea and ammonium nitrogen fertilizers were converted into nitrates by nitrifying microorganisms and accumulated in the soil. After water diversion, the accumulated soluble ammonium nitrogen and nitrate nitrogen in the soil will enter the water body. Such changes can create new environments that have been significantly altered chemically, physically and biologically, and which can greatly affect the aquatic microorganisms of reservoir system.



Currently, approximately 70% of the water supply for the urban residents (20 million people) in Beijing is derived from Miyun Reservoir. The water security has received more attention in recent years. To date, only few studies have investigated the water quality and phytoplankton communities in Miyun Reservoir [8], but information about the bacterial community is still lacking. It is important to consider the diversity and structure of the microbial community within a drinking water reservoir when assessing ecosystem functions and human health [9]. Therefore, monitoring and analyzing the spatial-temporal dynamics of bacterioplankton community structure and distribution before water transfer is crucial to better understand how inter-basin water transfer impacts water-receiving reservoir ecosystems. In this study, field samples were collected from April to October 2015.



Molecular microbiology provides several powerful tools for exploring the diversity, composition, function and temporal variations of microbial communities in their unique environments [10]. In this study, our primary focus was to gain an overall understanding of bacterial community diversity and structure in Miyun Reservoir before the impacts of impoundment.




2. Materials and Methods


2.1. Sampling Sites


Miyun Reservoir, located 100 km northeast of Beijing (40°30′ N, 116°55′ E), is the only surface drinking water storage in Beijing. In total, we collected 156 samples from Miyun Reservoir at seven typical sampling sites (BHB, CHB, CHK, BHK, JG, YL and KZX) in different seasons (April, June, August and October). BHB and CHB are near Bai Dam and Chao Dam, respectively. BHK and CHK are two of main inflow rivers. JG and YL are the northern shallow-water regions. KZX is the center of Miyun Reservoir (Figure 1). Samples were collected from BHB, CHB and KZX sites with different depths (the surface (B), middle (Z) and bottom layers (D)) because these sites were in deeper regions of the reservoir. At the other four sites, we sampled only the surface layer water. Finally, we combined the triplicate samples into one sample for each site, so there were 52 samples for determining water parameters and bacterial diversity. The water samples were transported to the laboratory within 12 h on ice at 4 °C. At each sampling site, two liters of the collected water was filtered through hydrophilic nuclepore filters (0.22 µm, Jingteng Laboratory Equipment Co. Ltd., Tianjin, China) and stored at −70 °C until DNA extraction, and one liter was used for water quality test.




2.2. Water Quality Parameters


The water quality parameters of all water samples were measured (Supplementary Table S1). Temperature (T), dissolved oxygen (DO), and total dissolved solids (TDS) were measured in situ with a water quality analysis instrument (AP-7000, Aquaread Ltd., Broadstairs Kent, UK). The other environmental variables, including total nitrogen (TN), total phosphorus (TP), ammonia (NH4+), nitrate (NO3−) and nitrite (NO2−), were taken to laboratory and tested according to the standard methods described in the current National Drinking Water Quality Standard (GB5749-2006).




2.3. DNA Extraction, PCR Amplification and Illumina HiSeq Sequencing


The next-generation sequencing technology has immensely contributed to the global increase in microbial diversity and ecology studies employing samples from different environments, for example, water, soil and extreme environments [11,12,13]. In this study, we applied the next-generation sequencing technology named Illumina HiSeq sequencing to detect bacteria diversity in the reservoir. Microbial DNA was extracted from the water samples using a Water DNA Kit (Omega Bio-Tek, USA) following the manufacturer’s protocols. The V3–V4 region of the bacterial 16S ribosomal RNA gene was amplified with the primers 338F (5′-barcode-ACTCCTACGGGAGGCAGCA-3′) and 806R (5′-ACTCCTACGGGAGGCAGCA-3′) by PCR, as previously described [14]. Amplicons were extracted from 2% agarose gels and purified using the AxyPrep DNA Gel Extraction Kit (Axygen Biosciences, Union City, CA, USA) according to the manufacturer’s instructions. Amplicons were quantified using QuantiFluor™-ST (Promega, Madison, WI, USA). Purified amplicons were pooled in equimolar concentrations and sequenced using 300-base paired-end protocol (PE) on an Illumina HiSeq platform. The raw reads were deposited into the NCBI Sequence Read Archive (SRA) database (Accession Number: SUB3135949). Raw FASTQ files were quality-filtered using QIIME (version 1.17). Operational taxonomy units (OTUs) were clustered with a 97% similarity cutoff using UPARSE (version 7.1, Tiburon, CA, USA), and chimeric sequences were identified and removed using UCHIME. The taxonomy of each 16S rRNA gene sequence was analyzed by the Ribosomal Database Project (RDP) Classifier against the SILVA (SSU115) 16S rRNA database using a confidence threshold of 70%.




2.4. Data Analyses


Normalization is the process of transforming data to remove the confounding effects of different sample sizes [15]. The sequence number of each sample was normalized to 19,380 reads based on the minimum number of valid sequences to ensure initial similar sequencing depths when comparing the diversity indices. In the alpha-diversity analysis, the community richness (Chao 1 and ACE) [16] and diversity (Shannon and Simpson) [17] indices were estimated from the number of OTUs at the 97% similarity level using MOTHUR [18]. To assess the dissimilarities of temporal and spatial patterns of bacterial community in four seasons, non-metric multidimensional scaling (NMDS) and Kruskal–Wallis rank sum test were performed. Linear discriminant analysis effect size (LEfSe) was used to determine the dominant seasonal biomarkers of the different seasons with an effect size threshold of 2.5 (on a log10 scale) [19]. A redundancy discriminant analysis (RDA) function in the vegan package in R was utilized to compare the species–environment correlations, and these correlations were assessed with the “envfit” function to determine the significance of the environmental factors. PICRUSt is a technique that predicts metabolic functions from 16S community sequences [20]. PICRUSt was used in this study to infer the metabolic and potential functional capabilities of the observed bacterial communities.





3. Results


3.1. A Brief Overview of the Diversity of Bacterioplankton


The sequencing libraries of the microbial 16S rRNA genes yielded 1,471,492 reads after filtering and removing the chimeric sequences from the 1,549,331 raw reads (Table S2.). The average length of the sequences was 439.79 nucleotides with barcode primers trimmed. The dominant length distributions were approximately 421–440 and 441–460 bp.



To assess the sampling completeness, Good’s coverage estimator was used and calculated by randomly selecting sequence reads from a given sample. The Good’s coverage estimations of the microbial 16S rRNA libraries were all over 0.98, indicating that the libraries accurately reflect the bacterial communities in the samples. The Chao estimator demonstrated community richness. The rarefaction curves (Figure 2) and Chao estimator (Table S2) indicated that the YL_AUG sampling site had the highest richness, while the BHB_B_OCT site had the lowest richness. In addition, the Shannon index (Table S2) was measured to characterize community diversity that ranged from 3.48 to 5.45, indicating a high level of overall biodiversity. Based on the Shannon index, the YL_AUG site also had the highest microbial biodiversity.




3.2. Temporal and Spatial Dynamic Patterns


Non-metric multidimensional scaling (NMDS) was used to determine the temporal and spatial patterns among the samples. The NMDS plot (Figure 3) shows that the samples from the same seasons were strongly clustered. A Kruskal–Wallis test was used to evaluate the differences in the bacterial communities between different sampling sites. The chi-square result of 10.165 and a p-value of 0.1179 were found, which indicated that the bacterial communities did not vary significantly between sampling sites. However, the p-values of the Kruskal–Wallis test between the four seasons were less than 0.001 (Kruskal–Wallis test chi-squared = 17.02, p-value = 0.0007001), suggesting that seasonal change was a significant factor in the structure of the microbial communities. The depth influence was also analyzed by comparing samples from the surface, middle and bottom layers. Chi-squared and p-value were 0.59963 and 0.741, respectively, indicated there was no significant variation between different depths. These results indicated that seasonal changes were considerably more influential on the community structure, whereas spatial differences, including depth, had little effect.




3.3. Community Structure and Seasonal Biomarkers


Across all samples, 37 phyla, 78 classes, 154 orders, 296 families and 544 genera were identified (Figure 4). The dominant bacteria in all samples were classified in the Firmicutes phylum with an average relative abundance of 23.47%. The next most abundant phyla were Proteobacteria, Cyanobacteria and Bacterioidetes, accounting for 14.42–34.78%, 3.81–36.78%, and 5.45–25.98%, respectively.



At the genus level, the five most abundant genera were Bacillus, Cyanobacteria_norank, Lactococcus, CL500_3 and CL500_29_marine_group (Figure 5). Bacillus was the most abundant genus in all four seasons with an average percentage of 16.86%, and the highest percentage of Bacillus was reached in Oct (26.292%). Lactococcus averaged 3.63% over all seasons. CL500-3 was also abundant in all seasons, and its percentage was highest (7.6%) in June.



We also used the LEfSe analysis method to explore the seasonal biomarker species. This method detected 10 different abundant taxa with linear discriminant analysis (LDA) score higher than 2.5 (p < 0.05). As shown in Figure 6, Flavobacterium and Limnohabitans were the most abundant genera in April, while Synechococcus and Roseiflexus were enriched in the June samples. Limnobacter were abundant in August and Bacillus, Lactococcus, Pseudomonas, Stenotrophomonas and Oceanobacillus were abundant in October.




3.4. Relationship with Environmental Parameters


The relationships between the genus-level structures (top 15 genera without unclassified taxa) and the water environmental variables were assessed by an RDA (Figure 7) and Mantel test. The first axis explained 21.3% of the variation in the species–environment interactions, the first and second axes together explained 27%. The Mantel test showed that both temperature and TDS reached 0.001 Pr with 999 permutations, and these variables had strong effects on the microbial community structure. The corresponding values were 0.002 for TP, 0.006 for DO and 0.012 for TN, and the values for the other parameters were greater than 0.1. Thus, our findings provide evidence that the seasonal changes in the bacterial community structure were significantly correlated to a combination of temperature, and TDS, TP, DO and TN concentrations.




3.5. Potential Functions Diversity


A broad phylogenetic diversity and identified organisms involved in multiple essential environmental processes, including cellular processes, environmental information processing, genetic information processing and metabolism, were found (Figure 8). The metabolism related to environmental processing is the focus of this paper. The most common membrane transport genes present in environmental information processing were those related to ATP binding cassette (ABC) transporters and two-component systems. In addition, KEGG orthology (KO) is involved in the environmental sensing and biodegradation of xenobiotics such as benzene organic compounds (benzoate, ethylbenzene, nitrotoluene and toluene, etc.) and pesticides (DDT and Atrazine) (Figure S1).





4. Discussion


China experiences serious water resource shortages and considerable seasonal and regional imbalances in the distribution of water resources [21,22]. The latest National Water Source Report indicated that more than 300 cities have inadequate water supplies, particularly in North China. To alleviate severe drinking water shortages, the Middle Line of the South-to-North Water Diversion will solve the water shortage in North China. However, the effects of water transfers on the bacterioplankton community and other organisms can be interpreted by considering it as a disturbance. Therefore, the study on temporal and spatial dynamics of bacterioplankton throughout the whole year is very important for understanding the diversity, structure and function of the ecosystem for the reservoir before the water transfer.



With recent advances in next-generation sequencing technology, they show insights in terms of microbial diversity, structure and responses to environmental changes [23]. They can allow us to monitor the consequences of the changes in environmental conditions. In this large-scale next-generation sequencing survey, we demonstrated that Miyun Reservoir has a highly complex and dynamic environment. Our results suggested that seasonal changes were considerably more influential on the community structure, and spatial differences, including depth, had little effect (Figure 3). This result may be due to the substantial anthropogenic disturbance in the reservoir that results in mixing across depths and locations, leading to a relatively homogeneous spatial composition of bacteria.



Bacteria are the majority of the food web of the aquatic ecosystem, and play indispensable roles in various biogeochemical processes. They can be useful in assessing the health of the aquatic ecological environment [24]. Our results suggest that there was a complex combination of environmental and biological factors that shaped the structure and distribution of the bacterial community in Miyun Reservoir. Roseiflexus and Synechococcus genera were positively correlated with temperature (Figure 7), and these genera are more enriched as seasonal biomarkers in the summer (Figure 6). This finding is consistent with the representatives of these genera that are thermophilic phototrophs, especially in hot spring conditions [25,26,27]. Some researchers have reported that the abundance and biomass of Synechococcus sp. showed strong seasonal relationships with temperature [28], and this genera provided important sources of organic carbon and nutrients for the summer food web [29]. This is a health concern in some cases, as Synechococcus blooms can produce harmful toxins [30,31,32]. Thus, we should strengthen the prevention and treatment of Cyanobacteria Synechococcus blooms in warmer seasons. RDA plot (Figure 7) also showed that the genera Flavobacterium and Limnohabitans were positively related with DO. Flavobacterium species are common denitrifying bacteria that have been isolated from various habitats (freshwater, seawater, sediment, soil, etc.) and display a wide variety of physiological characteristics [33]. Compared with conventional denitrifying bacteria, Flavobacterium species can grow well and exhibit denitrification activity under aerobic conditions. Moreover, most of these strains are able to degrade organic matter via heterotrophic nitrification and metabolic activities [34,35]. In the present study, we found that Limnohabitans sp. was abundant in the spring season (Figure 6). In the aquatic ecosystem, the genus Limnohabitans plays a prominent role in carbon flow from algal-derived substrates to the plankton grazer food chain, and contributes substantially to the total bacterial biomass [36]. In our study, the genus Limnohabitans also showed a weak relationship with TN, indicating that this genus may be involved in nitrogen recycling in freshwater environments. Our result is similar to that described by Yan et al. [37]. The most abundant genus Bacillus was associated with TP concentrations. Phosphorus is a key environmental factor with important and unique biogeochemical cycles in aquatic ecosystems, and phosphorus (TP) has been found to be correlated with the structural and functional capability of bacterial and archaeal communities in freshwater ecosystems [38]. In addition, Bacillus spp. was also found to be the dominant form of bacteria that produce phosphates in aquaculture pond systems [39].



The metabolic and potential functional capabilities of the observed bacterioplankton communities were revealed by the PICRUSt technique that accurately provides metabolic insights from metagenome sequences [19]. The most common membrane transport genes present in environmental information processing were those related to ATP binding cassette (ABC) transporters and two-component systems (Figure 8). ABC transporters, which are ubiquitous in bacteria, archaea, eukarya and some giant viruses, provide a variety of transport functions that utilize ATP to hydrolyze energy, drive transport reactions and mediate the uptake of a wide variety of nutrients [40]. The functions of two-component systems enable bacteria to detect physical and chemical changes, and this information is transferred to the bacterial nucleus via the cytoplasm, where gene expression is regulated [41]. To gain further insights into the metabolism of aromatic hydrocarbon compounds, we inspected the abundance of transcripts related to the degradation of these compounds. Interestingly, during functional categorization of the transcripts, those encoding enzymes of the major pathways were observed to be involved in the degradation of xenobiotics such as benzene organic compounds (benzoate, ethylbenzene, nitrotoluene and toluene, etc.) and pesticides (DDT and atrazine) (Figure S1)). Currently, water sources in China contain various xenobiotic pollutants from industrial discharge and agricultural pesticides. These pollutants may consist of persistent organic pollutants (POPs) such as DDT, polychlorinated biphenyls (PCB), and dioxins. These POPs have greatly affected the soil, air and aquatic environment qualities and even human health [42,43,44]. The Chao River and Bai River are the main water inflows of the Miyun Reservoir. The catchments of these rivers are mostly covered by agricultural and residential land, which are heavily impacted by human activities. A recent report showed that the major polychlorinated biphenyls (PCBs) and organochlorine pesticides (OCP) contaminant in the surface water around Beijing were hexachlorocyclohexanes (HCHs), endosulfan, DDTs and HCB dominated by di-CBs, tri-CBs, tetra-CBs and penta-CBs [45]. Yu et al. [46] also reported that hexachlorocyclohexanes (HCHs) and hexachlorobenzene (HCB) were the dominant types of OCPs in this region, and PCB-118 was the major component of the PCBs in both water and soil samples. Some reports have proven that a diverse group of bacteria, such as Acinetobacter, Bacillus, Flavobacterium and Pseudomonas, have the ability to biodegrade certain PCBs and OCPs [47,48]. Therefore, the relation between bacterial functional gene metabolism and the biodegradation of organic pollutants suggested that microbial communities actively may maintain the water quality in the Miyun Reservoir. Monitoring of POPs and control measures should be implemented to further reduce the pollution in this region in the future study.



The impact of the SNWDP on the aquatic environment is complex due to human regulations and disturbances. Because assessing the impacts of water diversion is a long-term project, data collected before water transfer are crucial to better understanding how inter-basin water transfer impacts water-receiving reservoir ecosystems. In this study, our results showed that Firmicutes, Proteobacteria, Cyanobacteria and Bacterioidetes were the major phyla in the water column before water diversion. According to our recent preliminary investigation, the Proteobacteria, Cyanobacteria, Actinobacteria, Bacteroidetes and Verrucomicrobia were the dominant phyla after water transfer. The relative abundance of the Proteobacteria and Verrucomicrobia increased significantly (p < 0.05) (data not shown). Moreover, the ecological niche of the genera Candidatus Methylacidiphilum, Chitinophagaceae and OM27 clade were significantly differentiated (p < 0.05), and interspecies niche competition becomes more intense after the water transfer. Therefore, water diversion projects make the local habitat environment change. These changes definitely change the reservoir aquatic environment.
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Figure 1. Sampling sites in the Miyun Reservoir. Sampling sites: BHB (Bai River dam area), CHB (Chao River Dam area), KZX (center of the reservoir), BHK (Bai River), CHK (the Chao River), JG (north shallow water area) and YL (north shallow water area). The figure was made by ArcGIS version 10.2.2 (ESRI Company, Redlands, CA, USA). 
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Figure 2. Rarefaction curves for Operational taxonomy units (OTUs) that were calculated using MOTHUR with reads normalized to 19,380 for each sample. 
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Figure 3. Non-metric multidimensional (NMDS) scaling plot distances used to estimate the temporal and spatial dynamics of the community structure. 
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Figure 4. Phylum-level changes of the bacterial sequences in different month–site assemblages. 
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Figure 5. Genus-level changes of the bacterial sequences in different month–site assemblages. 






Figure 5. Genus-level changes of the bacterial sequences in different month–site assemblages.



[image: Water 10 00709 g005]







[image: Water 10 00709 g006 550] 





Figure 6. The seasonal biomarkers in the Miyun Reservoir as identified with LEfSe (LDA score > 2.5, p < 0.05). 
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Figure 7. Redundancy analysis (RDA) biplot of the distribution of the dominant bacterial genera with environmental parameters in the Miyun Reservoir. A: Bacillus, B: CL500.29_Marine_group, C: Lactococcus, D: CL500_3, E: Synechococcus, F: hgcI_clade, G: Fluviicola, H: Flavobacterium, I: Pseudomonas, J: Roseiflexus, K: Limnobacter, L: Stenotrophomonas, M: Limnohabitians, N: Oceanobacillus, O: Chthoniobacter. Temperature (T), dissolved oxygen (DO), total dissolved solids (TDS),total nitrogen (TN), total phosphorus (TP), ammonia (NH4+), nitrate (NO3−) and nitrite (NO2−). 
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Figure 8. Multiple essential environmental process predictions of the bacterial communities in the Miyun Reservoir using PICRUSt. 
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