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Taihu Lake is the third-largest freshwater lake in China and is vital as a drinking water source, as well as for irrigation water, flood control, and other functions. Taihu Lake is connected to many inflow rivers, which contribute to the water resource but also to its pollution. Investigating the correlation between water quality, bacterial community structure, and land-use types is essential for pollution control. Yet, few studies have been conducted on all the major inflow rivers of Taihu Lake. This study aimed to assess the bacterial community composition of major inflow rivers of the lake and determine the relationship between the bacterial community, water quality, and land-use. Water samples were collected from ten inflow rivers across four seasons in 2019–2020. DNA extracted from the samples was used for 16S rRNA gene-targeted next-generation sequencing to determine the bacterial community structures. Thirteen physicochemical and microbiological parameters were used to assess the water quality, and the land-use pattern surrounding each sampling location was also profiled. The bacterial community composition demonstrated significant seasonal variation. In summer, the community variation was correlated with chlorophyll a, pH, and phosphate-P, and electric conductivity, nitrate-N, and ammonium-N in winter. Rivers in the northwest were more nutrient-rich than those in the southwest. The industrial, residential, and agricultural land-use categories correlated strongly with the bacterial community composition and water nutrient parameters. Accordingly, farmland drainage, untreated domestic wastewater, and industrial pollution were identified as the major objectives for more effective water quality management in the region.
Keywords: pollution, land-use patterns, molecular microbial ecology, 16S rRNA gene sequencing, freshwater microbiology, bacterial community structure, water quality
1 INTRODUCTION
Freshwater is an essential source of life on earth, as it provides water for human consumption, functions in agriculture, aquaculture, industries, flood control, and power generation, while also contributing positively to ecology and biodiversity (Nyingi et al., 2013; Biddanda, 2017; Guo et al., 2020). However, deterioration of surface water quality has become a significant worldwide problem (UNESCO, 2019; Yi et al., 2019). Freshwater systems are being polluted by excessive levels of inorganic nutrients, pharmaceutical compounds, heavy metals, and pathogenic microbes (Okada et al., 2018; Koch et al., 2019; Yi et al., 2019).
Water quality in China has declined in recent decades due to rapid urbanization and industrialization (Liu and Raven, 2010; Ma et al., 2022). Although measures have been continuously taken to control pollution, the problems of eutrophication, antibiotics, heavy metals, microbial pathogens, and other pollutants persist (Xu et al., 2014; Mekonnen and Hoekstra, 2015; Zhang et al., 2015; Zhao et al., 2018; Yang et al., 2020). Deaths and illnesses including diarrhoea and liver and gastric cancers caused by the consumption of contaminated water have been reported in some areas of China over the past decade (Tao and Xin, 2014; Chen et al., 2019). Eutrophication, the major concern for freshwater ecology in China, has been reported in lakes and rivers nationwide (Wang et al., 2019a; Wang et al., 2019b; Lin et al., 2021) and algal blooms remain a common unresolved issue in some water bodies (Paerl et al., 2011; Yu et al., 2020; Ma et al., 2022). As a consequence, it is important that pollution sources are identified and efficiently tracked, and management strategies properly developed.
Pollution is introduced into surface water systems through various natural and anthropogenic point and non-point sources (Vega et al., 1998; Yotova et al., 2021). Point sources are single identifiable entities such as wastewater treatment plant effluents (faecal pollution) and factory outlets (chemical pollution) (Islam et al., 2018). Non-point source pollution usually involves large land areas, with transportation of pollutants occurring overland, underground, or even through the atmosphere (USEPA, 2021). Examples include land runoff, precipitation, rainfall, melting snow, seepage and drainage (Liu et al., 2020). Excessive manure, chemical fertilizer or pesticides from agricultural land, toxic chemicals and oil from urban-domestic lands, and soil erosion from forestry or farmlands are the common sources of these pollutions (Bu et al., 2014; Rissman and Carpenter, 2015; USEPA, 2021). Correlating land-use types with sources of pollution will be helpful in the management and control of water quality. Previous studies conducted worldwide showed that the hotspots of water pollution lies around urban, agricultural, industrial and forest land uses (Wijesiri et al., 2018; Xu et al., 2019; Camara et al., 2019; Githinji et al., 2019). Some also concluded that human activity and land-use could have more influence on freshwater ecosystems than seasonal changes (Yu et al., 2018).
In addition to the chemical environment, the microbiological communities need to be considered as they play essential roles in biochemical cycles, food webs and ecosystem functioning (Liu et al., 2018). Next-generation sequencing (NGS) of environmental DNA has been used more recently to describe microbial community structures in freshwater habitats (Zheng et al., 2017; Tang et al., 2018; Ren et al., 2019; Shang et al., 2022). It has been reported that community structures varied in response to temperature, pH, salinity, geographical region, anthropogenic activities, and pollution (Sunagawa et al., 2015; Yang et al., 2016a; Yang et al., 2016b; Chi et al., 2021). Therefore, community structures can be a good indicator of perturbation in ecosystems. Microbial community profiling also provides information on the occurrence, or potential presence, of pathogenic bacteria, which should be monitored in relation to public health protection (Tan et al., 2015; Pereira et al., 2018). NGS has also been successfully used to identify faecal contamination in freshwater (Ashbolt, 2015; Unno et al., 2018; Vadde et al., 2019a). Studying the microbial community structure also provides data for the development of pollution tracking methods, such as microbial source tracking markers for faecal contamination (Vadde et al., 2019b; Mathai et al., 2020).
Taihu Lake is the third largest freshwater lake in China, and is essential for water supply, flood control, recreational activities, fisheries, tourism, transportation, and a drinking water source for approximately 30 million residents (Hu et al., 2017). The greater Taihu watershed is also essential for aquaculture and as a wildlife ecology resource (Cai et al., 2013; Cheng et al., 2014). However, the watershed is now facing environmental issues including deterioration of water quality and eutrophication, which lead to cyanobacterial blooms and cyanotoxin occurrence (Wu et al., 2018; Wang et al., 2021; Xu et al., 2021). These are believed to be the consequences of human and animal waste discharges, farmland runoff, as well as urban domestic, industrial, agriculture and wastewater treatment plant effluents (Ti et al., 2011; Huang et al., 2013; Xu et al., 2019; Zhang et al., 2019). Both small-scale (Guo et al., 2004; Tang et al., 2018) and macroscopic (Zhao et al., 2014; Sunagawa et al., 2015) land-use analyses were conducted in cities and rural towns around Taihu Lake. It was concluded that agricultural land, low- and mid-density residential areas, industrial and poultry factories were the main land-use types that could introduce pollution into the Lake. However, the pollution into Taihu Lake is not always discharged into the lake directly, especially under the strict control of the government in the recent decade. The inflow rivers, as reported previously, are the major contributors to eutrophication and algal blooming in Taihu Lake (Wang et al., 2011a; Du et al., 2017; Wu et al., 2018). Our previous study also reported heavy contamination including faecal pollution in Tiaoxi River, the major inflow river contributing 60% of water into Taihu Lake (Vadde et al., 2018).
The general ecological status and associated environmental parameters of the inflow rivers of Taihu Lake are of paramount importance, but there have been no comprehensive and systematic studies of their water quality and microbiology and also on the impacts of land-use on bacterial communities in the Taihu watershed. Here, the aim was to determine and correlate water quality parameters, bacterial community compositions, and land-use patterns for ten major inflow rivers of Taihu Lake to provide a much more complete environmental profile that will inform pollution and management practices. The results will help our understanding of how pollution sources affect freshwater ecology, enabling the prediction of pollution risks, the development of water quality management regimes, and urban planning.
2 MATERIALS AND METHODS
2.1 Study area and sampling locations
This study was conducted in the Taihu watershed, particularly targeting the inflow rivers located on the west side of the Taihu Lake (Figure 1). Among the 200 rivers connected to the lake, thirteen are considered as the main inflow rivers. Here, ten of these main inflow rivers selected for the study were Taige Canal (R1), Caoqiao River (R2), Yincun River (R3), Shedu River (R4), Chendong River (R5), Yang Jia Pu River (R6), Wuxi River (R7), Changxing River (R8), Tiaoxi River (R9) and Daqian River (R10). These rivers were selected largely because they contribute the highest volume of water (Wang et al., 2011a) and are the primary contributors of pollution including eutrophication-related nutrients (Qin et al., 2007; Wang et al., 2011a; Du et al., 2017; Vadde et al., 2018). In each river, three points (upstream, middle-stream and downstream) were selected as sampling locations. Three points in the Taihu Source Water Protection Area in Wuzhong district, Suzhou were selected as the control locations (Figure 1). At least two group members participated in all the sampling trips to avoid biases introduced during sampling and sample processing.
[image: Figure 1]FIGURE 1 | The locations of Taihu Lake, the inflow rivers and the selected sampling locations. The ten major inflow rivers (R1-R10) are located on the west side of Taihu Lake. Three sampling locations were selected for each inflow river; thirteen locations were selected in total (1-30). The control locations (C1-C3) in the Taihu Source Water Protection area can be found on the east side of Taihu Lake.
2.2 Collection of water samples
Water sampling was conducted once per season in spring 2019, summer 2019, summer 2020 and winter 2020. The surface water samples were collected from the 33 sampling locations including the controls. In total, 132 samples were collected. For each location, 5 L of surface water was directly collected using sterile polyethylene containers and kept at ambient temperature until brought to the laboratory for filtration and DNA extraction. Five hundred mL of water was directly collected in sterile polyethylene bottles and kept on ice during transport to the laboratory, where they were transferred to −20°C until processed for nutrient analyses. Fifty mL of water was also collected using sterile polypropylene centrifuge tubes. This sample was kept on ice until used for microbiological analyses. The air temperature (AT) and water temperature (WT), pH and electrical conductivity (EC) were measured on-site and recorded.
2.3 DNA extraction
Water samples (250 mL each) were filtered through an isopore™ 0.22 µm polycarbonate membrane filter (Merck, Germany) to collect the cellular fraction, with at least six filters prepared for each location. The filters were kept at −20°C until they were used for DNA extraction using the PowerSoil DNA Isolation Kit (MoBio Inc., Carlsbad, CA) according to the manufacturer’s instructions. This kit and procedure were used in our previous studies (Vadde et al., 2019b; Fernanda et al., 2022). At least three DNA extracts were prepared for each location and season. The concentrations and the quality of the DNA were measured using a NanoDrop 2000/2000c spectrophotometer (Thermo Fisher Scientific Inc., United States). Replicates were prepared until all the DNA samples achieved 1.8 < A260/A280 < 2.0 and A260/A230 > 1.5. The samples were stored at −80°C until required for further processing.
2.4 Bacterial community analysis by next-generation sequencing
Composite DNA samples from each inflow river were prepared by mixing DNA extracts from three locations. DNA extracts from each location with good quality and quantity (determined by Nanodrop measurement) were selected, and forty-four composite samples in total were prepared. The bacterial community composition of the pooled inflow river surface water DNA extracts was analysed by next-generation sequencing (NGS) of 16S rRNA gene amplicons. Sequencing was carried out at GENEWIZ Suzhou, China on an Illumina MiSeq (Illumina, San Diego, CA, United States) platform. Specially designed primers (Forward: 3′-CCTACGGRRBGCASCAGKVRVGAAT-5’; Reverse:3′-GGACTACNVGGGTWTCTAATCC-5′) were used in the 16S MetaVx™ method, targeting V3 and V4 hypervariable regions of the 16S rRNA genes. Indexed adapters were added to the ends of the amplicons by limited cycle PCR. The PCR products were then purified with magnetic beads. The concentration of the PCR products was determined using a microplate reader. The fragment sizes were examined by agarose gel electrophoresis. The library was then quantified to 10nM, and PE250/FE300 paired-end sequencing was performed as outlined in the Illumina MiSeq (Illumina, San Diego, CA, United States) manual. The MiSeq Control Software (MCS) was used to read the sequence information.
The sequences obtained in this study were submitted to the NCBI Short Read Archive (SRA) database under the accession numbers 29255681 to 29255724.
2.5 Processing of sequencing data and further analysis
Raw sequence data was processed in QIIME (1.9.1) and VSEARCH (1.9.6). Poor quality reads, chimaeras or short sequences (<200bp) were filtered out. Adaptor, primers, and barcode sequences were trimmed off to get the non-chimera effective reads. Sequences that appeared only once were removed, and the remaining reads were used for clustering of Operational Taxonomic Units (OTU) with a 97% similarity, using VSEARCH (version 1.9.6). The OTU sequences were aligned with the SILVA 138 16S rRNA reference database (Quast et al., 2012; Yilmaz et al., 2014), and the RDP (Ribosomal Database Program) Classifier (Wang et al., 2007a) was used to make taxonomic assignments. Consequently, community structure was analyzed at different phylogenetic levels.
2.6 Water physicochemical analysis
In addition to the parameters measured on-site, total nitrogen (TN), Total phosphorus (TP), nitrate nitrogen (NO3-N), nitrite nitrogen (NO2-N), ammonium nitrogen (NH4-N), phosphate (PO4-P), total organic carbon (TOC) and chlorophyll a (Chl a) were measured in the lab. TN and TP were determined by peroxodisulphate oxidation and spectrophotometric methods (Ebina et al., 1983). NO3-N, NO2-N, NH4-N, and PO4-P were determined as described by Wang et al. (2011b). TOC was analysed by high-temperature oxidation using a Shimadzu analyser (model 5,000; Tokyo, Japan). Chl a values were quantified by acetone extraction and spectrophotometry methods as described by American Public Health Association (APHA, 2005).
2.7 Microbiological analyses
Total coliform (TC) and faecal coliform (FC, or thermotolerant coliforms) were quantified as described previously (Vadde et al., 2018) within 24 h of sample collection. For TC quantification, 100 μL of each sample was plated on Harlequin™ Escherichia coli/coliform medium (LabM, Heywood, UK) and the plates were incubated at 37°C for 24 h. The blue colonies (E. coli) and pink-purple colonies (coliforms) were counted, and the TC expressed in cfu/mL. FC values were determined by filtering 2 mL of water samples through isopore™ 0.45 µm gridded mixed cellulose ester (MCE) membrane filters (Merck, Germany). The membranes were placed with gridded side up on mFC agar plates (HopeBio, Qingdao) and incubated at 45.5°C for 24 h. Colonies with blue shades were counted and the FC values were expressed in cfu/100 mL.
2.8 Land-use pattern analysis
The land-use maps were prepared using the geographical information system software ArcGIS 10.3 and ArcGIS Pro. Based on the Google Earth China Service Map of cities around Taihu Lake, a layer of buffer zones with a radius of 1 km around each sample point was created. The 1 km catchment radius was selected based on the 15-min pedestrian-scale neighbourhood with a complete provision of required basic services and facilities in accordance with the Chinese national standard for urban residential area planning and design (GB 50180-2018) (MOHURD, 2018). This could fully represent the diversity of land-use types around one particular point in a typical Chinese city, with avoidance of biases due to selection of the location (Yang, 2008). By referencing the official land-use maps of Changzhou, Wuxi, and Huzhou, as well as Google Earth and Baidu maps covering the sample areas, the detailed land-use classifications were digitized within these buffer zones per the national Code for classification of urban land-use and planning standards of development land (GB50137-200) (MOHURD, 2011) and the recently released national Guidance of Territorial Spatial Investigation, Plan, Land use control Classification (MOHURD, 2020). The Tier-2 classification percentages were averaged for three sampling locations in each river to represent the land-use status, and this was used in the clustering analysis.
2.9 Statistical analyses
Microsoft Excel was used for data entry and basic processing of raw data. R (version 4.0.3) and R studio (version 1.4.1717) were used for further data analyses. Spatial and seasonal variations of physicochemical and microbiological parameters were analysed by one-way analysis of variance (ANOVA) in R. Principal Component Analysis (PCA) of water quality was done using the R code “princomp” after confirmation with Kaiser-Meyer-Olkin (KMO) and Bartlett’s tests. WT was not included in the PCA to avoid its impact on the seasonal distribution pattern.
The rivers were clustered for each season based on both water quality (EC, pH, TN, TP, NO3-N, NO2-N, PO4-P, NH4-N, TOC, Chl a) and Tier-2 land-use status (municipal and services, logistics and transportation, industrial, residential, green spaces, semi-artificial landscape, semi-natural landscape and others). Hierarchical clustering was performed using normalized data with a target of four clusters for each season.
For the microbial community analyses, alpha diversity calculations, including Shannon diversity index, Simpson diversity index, abundance-based coverage estimator (ACE), Chao1 richness estimator and good’s coverage were calculated using QIMME (1.9.1). Permutational Multivariate Analysis of Variance (PERMANOVA, performed in R using “adonis2” in the “vegan” package) was used to identify the differences in the microbial community between four seasons and between rivers in different locations.
3 RESULTS
3.1 Alpha-diversity of the bacterial community
Forty-four composite DNA samples extracted from inflow rivers and control locations were profiled by sequencing the 16S rRNA gene amplicons and the diversity and community compositions were analysed. A total of 2,423,270 non-chimera effective reads were generated, and the number of reads in the individual samples ranged from 35,202 to 86,820. The read number was normalized to 21,268 after removing the sequences that appeared only once. In total, 868 OTUs were generated (similarity <97%). The rarefaction curves based on these data are shown in Supplementary Figure S1. The read and OTU numbers, Good’s coverage, alpha diversity indices including ACE and Chao1 for community richness and Shannon and Simpson for community diversity for individual samples are shown in Supplementary Table S1.
The results showed similar average diversity and richness for summer and spring-winter samples, with no significant changes between seasons (p > 0.05), although detailed analysis does show that the structures were quite distinct. This could also be related to the high variance introduced by the spatial changes. Samples collected from R3 in summer 2020 (SU20-R3) had the most OTUs (600) among all samples, as well as the highest diversity (Shannon = 7.445, Simpson = 0.987). The highest richness was observed in the samples from R5, summer 2019 (ACE = 663, Chao1 = 679). On the contrary, R10 samples collected in the summer 2020 had the fewest OTU number (394) and the lowest richness (ACE = 474. Chao1 = 487). R4 in winter 2020 showed the lowest level of diversity (Shannon = 4.799, Simpson = 0.851).
The OTUs were classified from phylum to genus levels. In total, 30 different bacterial phyla were identified, with the predominant phyla Proteobacteria, Bacteroidota, Actinobacteria and Cyanobacteria accounting for over 90% of the relative abundance in all samples (Figure 2). No significant differences were observed in the bacterial community profile between the control locations and the inflow rivers at the phylum level. The control locations were not included in further analyses but used as a reference. The composition of phyla varied both seasonally and spatially. Bacteroidota and Cyanobacteria were more abundant in summer seasons than spring and winter, and the opposite pattern was observed for Proteobacteria and Actinobacteria. Proteobacteria was the most abundant phylum observed in winter 2020 (26.6%–75.2% with a mean of 43.0%), followed by spring 2019 (24.6%–76.2% with a mean of 41.5%). Proteobacteria was significantly less abundant in the warm seasons (summers 2019 and 2020) than cold seasons (spring 2019 and winter 2020) (p < 0.05). However, high relative abundance of Proteobacteria (59.4%–76.2%) was also observed in R4 in all four seasons. Bacteroidota was the second most abundant phylum observed. There was a clear pattern that Bacteroidota was significantly higher in summer than in spring and winter (43.0% vs 22.6%; p < 0.001). The highest proportion of Bacteroidota was found in Tiaoxi River (R9) in summer 2020, accounting for 67.7% of the total community. Actinobacteria, similar to Proteobacteria, was also significantly more abundant in spring and winter (4.9%–48.8%) than in summer (1.9%–34.5%) (p < 0.001). On the contrary, Cyanobacteria occupied 2.1%–12.5% of the communities with an average of 6.6% in summer and 0.01%–6.9% with an average of 1.7% in cold seasons, showing a significant increase in warm seasons (p < 0.001).
[image: Figure 2]FIGURE 2 | Phylum-level composition of the microbial communities in the inflow rivers in the four seasons aligned with clustering. (R1, Taige Canal; R2, Caoqiao River; R3, Yincun River; R4, Shedu River; R5, Chendong River; R6, Yang Jia Pu River; R7, Wuxi River; R8, Changxing River; R9, Tiaoxi River; R10, Daqian River.) The top ten abundant phyla found in the surface water samples are shown in this figure. Proteobacteria, Bacteroidota, Actinobacteria, and Cyanobacteria were the predominant phyla which accounted for more than 90% of the bacterial community. The clusters in different colours are shown on the left.
Of 125 identified order-level OTUs, Burkholderiales, Flavobacteriales, Frankiales and Chitinophagales were the predominant orders and accounted for over 50% of the community in all samples (Supplementary Figure S2). At the genus level, a total of 298 different genera were identified across all the samples. The relative abundances of the top twenty-one genus-level OTUs are shown in Figure 3. These OTUs in sum accounted for at least 50% of the relative abundance in each microbial community. Flavobacterium (Bacteroidota), hgcI_clade (Actinobacteria) and Methylotenera (Proteobacteria) were the predominant genus-level OTUs observed. Flavobacterium was the major genus that contributed to Bacteroidota abundance in this study. It was most abundant in the summer seasons. HgcI_clade was more abundant in spring 2019 and winter 2020, but it also showed high spatial variations. R4 had the lowest relative abundance of HgcI_clade (1.08%–5.07%) in all seasons, while the other rivers had varying abundance across seasons. Methylotenera was clearly more abundant in spring and winter than in summer. They were also found more abundant in the rivers located in the northwest (R1-R4) of Taihu Lake, especially in R4. Spatial and seasonal changes were also observed in other genus-level OTUs.
[image: Figure 3]FIGURE 3 | Genus-level composition of the microbial communities in the inflow rivers in the four seasons aligned with clustering. (R1, Taige Canal; R2, Caoqiao River; R3, Yincun River; R4, Shedu River; R5, Chendong River; R6, Yang Jia Pu River; R7, Wuxi River; R8, Changxing River; R9, Tiaoxi River; R10, Daqian River.) The top twenty-one abundant genus-level OTUs found in the surface water samples are shown in this figure. Flavobacterium, hgcI_clade, Methylotenera and Fluviicola were the OTUs with the highest average abundance. The clusters in different colours are shown on the left.
3.2 Beta-diversity of bacteria and community composition
The bacterial community data were analysed using multivariate statistics to assess the beta-diversity. The analyses showed the differences in the bacterial community structures between seasons or between rivers. PCoA (principal co-ordinate analysis) results showed that two main co-ordinates contributed to the variation among samples (Figure 4). PCoA 1 and 2 together explained 47.67% of the variations. PCoA 1 explained 32.17% of the variation, while PCoA 2 explained 15.50%. Permutational Multivariate Analysis of Variance (PERMANOVA) allowed comparisons of multiple variables between grouped multiple samples (Figure 4). The bacterial community structure significantly varied across seasons according to the overall PERMANOVA test (p < 0.001) (Figure 4A). Pairwise PERMANOVA showed significant differences between spring 2019 and summer 2019 (p < 0.01), spring 2019 and summer 2020 (p < 0.001), summer 2019 and winter 2020 (p < 0.001), and summer 2020 and winter 2020 (p < 0.001). There were no significant differences in the bacterial community compositions between the two cold seasons (spring and winter) or between the two summers. For location comparisons, the clustering is shown in Figure 4B. A significant difference was observed between rivers located in the northwest side of Taihu Lake (Jiangsu Province) and those located in the southwest (Zhejiang Province) (p < 0.05).
[image: Figure 4]FIGURE 4 | Clustered PCoA showing differences in microbial community structures between (A) seasons and (B) geographical locations. (SP19, spring of 2019; SU19, summer of 2019; SU20, summer of 2020; WI20, winter of 2020). The PcoA figures were plotted based on the genus-level microbial community structures. PCoA 1 explained 32.17% of the variation, while PCoA 2 explained 15.50%. (A) Samples collected in cold seasons (spring 2019 and winter 2020) mostly overlapped, while the samples collected in warm seasons (summer 2019 and summer 2020) overlapped. Significant differences were observed between cold seasons and warm seasons (p < 0.001). (B) Samples collected in the NW also differed significantly from samples collected in SW (p < 0.05).
3.3 Water quality analyses
Water physicochemical and microbiological characteristics at the selected sampling locations in the summer and winter of 2020 are shown in Supplementary Figure S3. Results for the spring and summer of 2019 have been reported previously (Fernanda et al., 2022). Two-way ANOVA showed that all parameters except water temperature (WT) showed spatial differences between rivers, while all parameters except chlorophyll a showed significant seasonal variation (Supplementary Table S2). WT, EC, pH, TP, NO2-N, NH4-N, PO4-P and Chl a significantly varied with the combined effects of spatial and seasonal impacts.
The PCA results showed the distribution of water physico-chemical and microbiological parameters (Figure 5). PC1 explained 33.1% of the total variation, which was mainly composed of negative loadings of TN, NH4-N, NO3-N, EC and TOC and positive loadings of Chl a, higher pH, PO4-P and FC. PC2, which explained 23.4% of the total variation, mainly comprised positive loadings of most of the parameters, especially TC, FC, PO4-P, NO2-N. pH had a weak negative loading of PC2. The samples were clearly separated by seasons. Samples collected in spring 2019 and winter 2020 were clustered towards negative PC1, showing that TN, NH4-N, NO3-N, EC and TOC were the major factors that influenced the samples in cold seasons. Samples collected in summer 2019 and summer 2020 were distributed towards positive PC1, indicating that increased Chl a, pH, PO4-P and FC were the main factors that affected the water quality in summer seasons. With respect to location, the rivers located on the northwest side of Taihu Lake, especially R1-R4, were more distributed towards positive PC2 in all seasons (Box 1 and Box 2 in Figure 5). This indicated that these rivers were subject to higher nutrients especially PO4-P and NO2-N, lower pH, and higher TC and FC counts, compared to the other rivers.
[image: Figure 5]FIGURE 5 | PCA of inflow river water quality distribution in different seasons. (SP19, spring of 2019; SU19, summer of 2019; SU20, summer of 2020; WI20, winter of 2020. R1, Taige Canal; R2, Caoqiao River; R3, Yincun River; R4, Shedu River; R5, Chendong River; R6, Yang Jia Pu River; R7, Wuxi River; R8, Changxing River; R9, Tiaoxi River; R10, Daqian River. Box 1: Samples most affected by TN, EC, NH4-N, NO3-N, and TOC. Box 2: Samples most affected by FC and PO4-P). The PCA was plotted based on the water physicochemical and microbiological characteristics of the inflow river water samples in four sampling seasons. Samples collected in different seasons are shown in different colours. PC 1 explains 33.1% of the variations. PC2 explains 23.4% of the variations.
3.4 Land-use analyses
Land-use in a radius of 1 km around each sampling location was analysed and categorized into 38 different second-tier and third-tier classifications, according to the national standard (MOHURD, 2011; MOHURD, 2020). The percentages of the land-use types around the sampling location are shown in Supplementary Figure S4, and Supplementary Table S3 explains the land-use categories. The most dominant land-use type was cultivated land, which occupied an average of 35% of the land around the sampling locations. This indicates that agriculture is the main activity occupying most of the inflow rivers’ land. The average percentage of cultivated land was highest near R4 (56.2%), R1 (51.8%), and R3 (48.0%), which are all located northwest of Taihu Lake.
The sum of low and mid-density residential land occupied on average 15.6% of the area near the sampling locations. R5 (23.3%) and R7 (22.6%) had the most residential land coverage. The residential areas were most evenly distributed near R1 (12.8%) and R2 (15.1%). With respect to industrial lands, Class A, B, and C industrial land added up to 10.37% of the area near sampling locations. The highest industrial land percentages were found around the R2 sampling locations (24.7%) and R1 locations (15.6%). Although the most densely distributed industrial lands were located near some of the R7 and R8 sampling locations in the southwest, Class C industrial lands were found only along R1, R2, and R3. Industrial lands were also evenly distributed along these three rivers in the northwest, unlike other rivers where industries appeared in only one or two locations. Semi-natural landscapes, including rivers, lakes, and forests, which are indicators of less anthropogenic footprints, were more abundant near R8 and R10, and least near the rivers in the northwest (R1-R4).
The land-use analyses showed the highest anthropogenic activities northwest of Taihu Lake. R1-R4 are located across industrialised towns. The sampling locations are mostly surrounded by agricultural land (52.3%, 34.7%, 49.1%, and 57.9%, respectively), industries (15.6%, 24.7%, 10.0%, and 10.6%), and some mid- or low-density residences (12.8%, 15.1%, 17.6%, and 11.9%, respectively). Areas near R6 and R8 locations most resemble traditional Chinese rural areas, as they are most affected by the vast cultivated land around them (44.8% and 39.5%). In comparison, the residential land is mainly low-density (9.3% and 10.4%). Locations around R5, R7, and R9 are more like small towns, where the road (6.5%, 10.2% and 11.4%) and mid-density residential land (21.1%, 15.8%, and 18.1%) occupy relatively higher proportions than other places. R10, however, showed the least impact of human activities and the most considerable abundance of semi-natural landscapes (21.2%). Overall, this profile aligns well with the nutrient levels of the inflow rivers, i.e., higher nutrient levels were observed where anthropogenic activities were abundant (Figure 5).
3.5 Clustering of water physicochemical and land-use patterns
The average water physicochemical parameter levels and the average land-use patterns of each river were combined to classify the ten rivers into four clusters (Table 1), and the contribution values are present in Supplementary Table S4. The clustering pattern was identical in summer 2019, summer 2020, and winter 2020. Cluster 1 (R1, R2, R3) featured high percentages of industrial land but lower percentages of semi-natural land. A higher industrial footprint were found around rivers in this cluster. Increased EC, TN, TP, NO3-N, NO2-N, and PO4-P were observed in these rivers. Cluster 2 had only R4, surrounded by semi-artificial lands indicating high agricultural activities. Municipal and services, residential land, green spaces, and semi-natural land were relatively lower around R4. Although this cluster showed soft TP, NO3-N, and PO4-P levels in the water, high EC, NH4-N, TOC, and low pH were found. High TN and Chl a levels were also observed in summer. Cluster 3 (R5, R7, R9) was not abundant in any of the nutrients. Logistic and transportation land, residential land, and others (mostly reserved land) were the predominant land-use types around this cluster. Cluster 4 (R6, R8, R10) featured the most abundant semi-natural lands and the lowest residential land percentages, representing the lowest anthropogenic activities. The rivers in this cluster also showed the most oligotrophic water of all the clusters.
TABLE 1 | The Hierarchical clustering results of the ten inflow rivers based on the physicochemical features and land-use patterns. In spring 2019, cluster 1 = R1, R2, R3, R4; cluster 2 = R9; cluster 3 = R5, R7; cluster 4 = R6, R8, R10. In summer 2019, summer 2020, and winter 2020, cluster 1 = R1, R2, R3; cluster 2 = R4; cluster 3 = R5, R7, R9; cluster 4 = R6. R8, R10. (R1, Taige Canal; R2, Caoqiao River; R3, Yincun River; R4, Shedu River; R5, Chendong River; R6, Yang Jia Pu River; R7, Wuxi River; R8, Changxing River; R9, Tiaoxi River; R10, Daqian River).
[image: Table 1]The clustering results for spring 2019 were slightly different from the other seasons. Instead of a separate cluster, R4 was clustered with R1, R2, and R3 in cluster 1, possibly due to their similar nutrient levels observed in this season. This cluster represented high levels of industrial land, semi-artificial land, and low levels of semi-natural land. Elevated nutrient levels and a lower pH were also found in this cluster compared to the others. In addition, cluster 2 consisted only of R9, close to logistic and transportation lands, green spaces, and others. Water nutrient levels were lower in R9 as compared to the others. Cluster 3 (R5, R7) also showed low levels of most nutrients, but increased PO4-P. Municipal services lands and residential lands were the major land-use types here. Cluster 4 (R6, R8, R10) in spring 2019 still represents the least anthropogenic activities and the most oligotrophic water as in other seasons.
3.6 Relationship between environmental features and bacterial community structure
To investigate the relationships between rivers with more similar patterns of bacterial community structure, the phylum-level communities were clustered (Figure 2). In spring 2019, Cluster 1 (R1-R4) showed overall higher levels of Proteobacteria as compared to the other clusters. Bacteroidota and Actinobacteria occupied fewer percentages of the communities in cluster 1 than in the other clusters. Similarly in winter 2020, cluster 1 (R1, R2, R3) and cluster 2 (R4) were richer in Proteobacteria but less abundant in Bacteroidota and Actinobacteria. Cluster 1 (R1, R2, R3) in the summer seasons did not show a higher abundance of Proteobacteria than clusters 3 and 4, but cluster 2 still showed this pattern. Notably, R4 always showed the highest Proteobacteria and lowest Actinobacteria abundances among all rivers across the four seasons. Moreover, low Cyanobacteria abundance was observed in the spring and winter seasons, but rivers with less anthropogenic activities (R9, R6, R8, R10) clearly showed more cyanobacterial abundance than the others. Nonetheless, Cyanobacteria populations in summer did not show clear spatial change patterns.
Investigating the genus-level community structure and river clustering (Figure 3), Flavobacterium (Flavobacteriales) was the most abundant genus-level OTU in summer samples. It was lowest in the control and R1, and most abundant in R5, R7, R9 and R10. In spring and winter, the levels of Flavobacterium were significantly lower than in summer, and the spatial variation pattern was not aligned with the clustering. HgcI_clade was the most abundant genus-level OTU in spring and winter. R1-R4 in spring 2019 and winter 2020 showed relatively lower HgcI_clade abundance than the other rivers. In summer, R4 showed the lowest abundance of HgcI_clade compared to the other rivers. Moreover, some genus-level OTUs appeared in significantly higher abundance in eutrophic rivers like R1-R4 in spring and winter and R4 in summer than in other rivers. Examples include Methylotenera, Limnohabitans, Malikia and the unclassified Methylophilaceae group. Pseudomonas also had a high abundance in R4 in the summer seasons. In contrast, Fluviicola, CL500-29_marine group and the Candidatus Methylopumilus group were more abundant in clusters 3 and 4 where nutrient levels were lower.
4 DISCUSSION
4.1 Physicochemical and microbiological features indicate water quality
The Ministry of Environmental Protection (MEP, renamed as Ministry of Ecology and Environment) of People’s Republic of China issued a surface water quality guideline in which all surface waters were classified at five levels (GB 3838-2002), class I (source water, national nature reservoir) being the highest quality and class V (agricultural water, common landscape water) being the lowest quality (MEP, 2002). Class III water was defined as “domestic and drinking water source second class reservoir, aquatic life wintering area, migration channels, aquaculture areas, fishery waters and swimming areas”, which is a healthy level for both water-related human activities and water ecosystems. In this study, at least one water sample across four seasons exceeded the acceptable limit for pH, TN, TP, NO2-N, NH4-N, PO4-P and FC for class III water, showing the need for stricter water quality monitoring and management.
For the microbiological features, TC has been used as a faecal contamination indicator in the US (USEPA, 2013). Earlier studies demonstrated that coliform groups could exist naturally in the environment, for example, in fresh and marine waters (Pisciotta et al., 2002; Baudart et al., 2009). Thus, this parameter is no longer used as an indicator for faecal contamination but still an indicator for drinking water quality and health risk assessments (e.g. (Zhang et al., 2018)). Faecal coliform is still used as a traditional indicator for faecal contamination in China, and the MEP guideline value for it is less than 1,000 per 100 mL (MEP, 2002). Exceeding levels of FC undoubtedly showed evidence of faecal pollution in the inflow rivers. Untreated domestic wastewater, runoff from poultry farms, application of human, and animal faeces as fertilizers can be the possible causes of this pollution. Tracking the sources of these faecal pollutions can contribute to management of water quality and public health.
The water physicochemical and microbiological parameters in the inflow rivers changed significantly both seasonally and spatially. The samples were clearly grouped by season and distributed on the positive (summer 2019 and 2020) and negative sides (spring 2019 and winter 2020) of PC1. This was consistent with the significant seasonal differences as presented in the ANOVA results shown in Supplementary Table S1. The PCA also showed that EC, TN, NH4-N, NO3-N, PO4-P, TC and FC are the major factors that contributed to the water quality variations. Similar spatial and seasonal variations were found in Tiaoxi River (R9) during 2014–2015, as one of our previous studies reported (Vadde et al., 2018). TN, NH4-N, NO3-N, PO4-P were observed as major influencing factors in other studies based on Taihu Lake (Paerl et al., 2011; Zheng et al., 2017; Wang et al., 2019a) and other water bodies around the world (Bai et al., 2020; Naranjo et al., 2019). These inputs were easily introduced to surface water by anthropogenic activities, especially through applications of fertilizers. Over the past decades, effective monitoring and control measures have been taken to reduce the pollution in the Taihu Lake (Sunagawa et al., 2015). However, excess nutrients still existed in the inflow rivers of Taihu Lake. This demonstrates that further management and maintenance of inflow river water quality is essential for the improvement of Taihu water quality and ecology. Tracking the sources of the pollution and implementation of appropriate policies could help to reduce these inputs.
As the PCA showed the major contributors to changes in water quality, the hierarchical clustering results showed that the water quality was well aligned with the land-use patterns. For example, cluster 1 in summer 2019, summer 2020, and winter 2020 included the most industrial lands (R1, R2, R3) and was highly consistent with the appearance of high TN, TP, NO3-N, NO2-N, and PO4-P. R4, which was notable among the rivers, showed the highest agricultural activities as well as high NH4-N, TOC, and EC. Cluster 3 (R5, R7, R9) categorised as municipal, transportation, and residential areas, was characterised by moderate water nutrient levels, while the least anthropogenically affected cluster 4 (R6, R8, R10) showed the most oligotrophic, but alkaline, water.
TN exceeding the acceptable limit of MEP (≤10 mg/L) showed the overall eutrophic status of the inflow rivers of Taihu Lake and especially cluster 1. NO3-N and NO2-N were the major TN contributors in this cluster, with NH4-N less so. NO3-N is a significant cause of water eutrophication. Chemical fertilizers, animal manure, industrial discharges, and effluent from wastewater treatment plants are the primary sources of NO3-N (Bakhsh et al., 2005; USEPA, 2009; USEPA, 2012). NO2-N was beyond the MEP limit in R1, R2, R3, and R8 in at least one season. Human and animal faecal contaminations, fertilizers, and natural deposit erosion are regarded as the main sources of NO2-N in surface water (Lucassen et al., 2004). In cluster 1, the combination of industrial and agricultural activities was probably the major explanation for the nutrient-rich status of these rivers. TP and PO4-P showed similar trends, and as Yan et al. (2015) stated, the causes of elevated phosphate content in water could be domestic wastewater, farmland runoff, and the use of animal manure in agriculture. Combining the potential sources and the land-use profile, the agricultural lands were probably the primary source of phosphates in this area. There is no MEP guideline value for PO4-P, but Shock et al. (2003) reported that PO4-P levels higher than 20 μg/L will lead to elevated algal growth. There was no significant correlation between PO4-P and Chl a in this study, which was unexpected. However, Chl a showed a significant difference between samples under combined spatial and seasonal effects. This observation was possibly due to high variation between locations increasing the standard deviation of the Chl a value for each season.
Cluster 2 (R4) results indicated that agricultural manure and fertilizer runoff was probably a major source of NH4-N and TOC. Fu et al. (2012) also reported high NH4-N and TOC from agricultural sources. In addition, lower NO3-N levels compared to R1-R3 were observed in R4. Slow nitrification might be another reason for the high NH4-N in this area (Vaishali and Punita, 2013). On the other hand, EC evaluates conductive ions and dissolved solids in freshwater and is usually related to soil runoff into water (Chapman, 2021). USEPA (USEPA, 2022) suggested an EC within the range of 150–500 μS/cm was necessary for certain fish or macroinvertebrates species to be sustained. In this study, R1, R2, R3, R4, and R8 showed EC values higher than this limit in at least one location. Among them, R4 showed the highest average EC among all inflow rivers in all four seasons, indicating that agricultural land has higher risks of soil runoff.
Cluster 3 (R5, R7, R9) was more residential than the other clusters. Water in these rivers had relatively lower nutrient levels than in clusters 1 and 2. Still, it was more nutrient-rich than cluster 4 (R6, R8, R10), which was the least affected by human activities being surrounded by the most semi-natural lands. The water nutrient levels were the lowest across the seasons. However, relatively higher pH values were observed in these rivers, compared to the others. For sustainable biodiversity of aquatic life, a pH range of 6.5 to 8 is preferred (Pearce et al., 1998). The MEP guideline suggested a pH range of 6 to 9 for all water classes (MEP, 2002), and R10 exceeded this limit. According to Bhuyan et al. (1990), high pH is usually related to high levels of photosynthesis or extensive usage of alkaline chemicals in farmlands. More frequent use of fertilizers in the summer could explain the seasonal variation in the pH observed in this study. Nevertheless, considering that R4 (agricultural) did not show any increased pH, the algal content and photosynthesis level may be the main reason for the spatial variation of pH.
4.2 Bacterial community structures under the effects of water quality and land-use
Aligning the clustering results with the bacterial community structures showed difference in bacterial communities between different types of rivers. The predominating phyla Proteobacteria and Bacteroidota in the inflow river samples were commonly found abundant in past research conducted both in the Taihu watershed (Vadde et al., 2019b; Zhu et al., 2019; Zhang et al., 2022) and in other surface freshwater samples (Kirchman, 2002; Allgaier and Grossart, 2006). These phyla have essential functions in multiple nutrient cycling processes, such as nitrification, carbon, and sulphur cycling (Evans et al., 2008; Han et al., 2018). In this study, most of the Proteobacteria found in our samples were Gammaproteobacteria (Supplementary Figure S3). Higher levels of TOC in clusters 1 and 2 (cluster 1 in spring 2019) could be one reason for increased Proteobacteria in R1-R4, as both Beta- and Gamma-proteobacteria are major degraders of organic carbon in water ecosystems (Lin et al., 2021). High levels of NO2-N and NO3-N could also be related to them, as some genera of Proteobacteria are good nitrite-oxidizers (Han et al., 2018). As for the seasonal differences, the average level of Proteobacteria was higher in spring and winter than in summer, and the changes in each river were also similar. A higher level of Proteobacteria in winter than in summer was also reported previously on the west side of Taihu Lake (Zhu et al., 2019). However, high spatial variations made it difficult to correlate the abundance of this phylum with seasons (Brummer et al., 2003). Most of the Proteobacteria found in our samples were Gammaproteobacteria (Supplementary Figure S3), which correlated well with gut microbiome and municipal wastewater (Mlejnková and Sovová, 2010). This suggested possible pollution from farmland and residential lands in R1-R4.
Bacteroidota was more abundant in warm seasons than cold seasons. Summer in the Taihu watershed is rainier compared to spring and winter. Thus, the seasonal changes could be related to rainfall in this study. Kavamura et al. (2013) reported a strong correlation between rainfall and Bacteroidetes possibly because of high abundance of these bacteria in the rhizosphere, leading to surface water infiltration resulting from storm activity. The spatial changes in Bacteroidota were insignificant, but they could be related to soil runoff or the use of manure fertilisers. Flavobacterium (Bacteroidota) is a genus widely found in freshwater samples and has been isolated from various samples such as diseased fish and domestic sewer lines (Jo et al., 2016). They can form biofilms and utilize various organic compounds, which may help explain their predominance in summer when resource availability is high (Liu and Raven, 2010; Zhao et al., 2014). Flavobacteria are usually in higher abundance at lower inorganic nutrient levels. In this study, the higher abundances in cluster 3 (R5, R7, R9) and R10 were consistent with this pattern.
Significant changes in nutrient levels between seasons and locations were also a possible cause for changes in the relative abundances of bacteria. For example, in this study Actinobacteria was more abundant in clusters 3 and 4, where nutrient levels were relatively lower. Increases in the abundance of Actinobacteria were also reported to correlate with reduced nutrients in freshwater in past studies (Meng et al., 2021; Ruprecht et al., 2021). The hgcI_clade, a group of Actinobacteria showed strong negative correlations with nutrients in cold weather (spring of 2019 and winter of 2020) but did not show good correlations with nutrient parameters in the summer seasons. Due to their ability to assimilate nutrients present at low concentrations, hgcI_clade were previously found to be negatively correlated with nutrient levels, making them good indicators of oligotrophic water (Liu et al., 2020; Ruprecht et al., 2021; Wang et al., 2021).
Cyanobacteria occupied a significantly higher proportion of the bacterial communities in the summer than in winter (p < 0.01). Increased temperature and nutrient levels enriched Cyanobacteria in summer, especially PO4-P, which promotes algal growth (Shock et al., 2003). Notably, in spring and winter, Cyanobacteria were more abundant in clusters 3 and 4 than in 1 and 2. This was opposite to the nutrient levels, including PO4-P. In the summer samples, however, the variation in Cyanobacteria was more random and not directly related to nutrient richness. Cyanobacterial growth in the inflow rivers may have been affected by a number of other factors which was not tested in this study, such as sunlight or trace elements.
4.3 Water ecosystems and anthropogenic activities
Geographical variations, land uses, and different local policies for water protection could all be the reasons for the changes observed in water quality and microbial communities. R1-R4 were located on the northwest side of Taihu Lake in Yixing, which is a heavily industrialised city in Wuxi. More anthropogenic activities could have impacted these rivers. Significantly different bacterial communities, higher nutrient levels, higher TC and FC counts, lower pH and relatively more algal contents were observed in these rivers, compared to the other inflow rivers. The Taihu watershed’s nutrient status has been studied for decades, and the north part of the Taihu watershed has been frequently reported for its more eutrophic status compared to the other parts (Wang et al., 2007b; Zhang et al., 2011; Yu et al., 2020). The eutrophic status of these rivers could have already altered the healthy communities if they were compared with cluster 4, the more semi-natural areas. Notably, R4 and its particular land-use composition could well have caused a significant change in the bacterial community compared to the other rivers, especially R5-R10. The community’s relatively low richness and diversity are probably consistent with reduced activity of nitrifying bacteria, slow nitrification and, therefore, high NH4-N and low NO3-N. Considering the land-use patterns, this river could have been severely affected by agricultural pollution.
Interestingly, older studies in the Taihu watershed tend to conclude that the residential lands and the industrial lands were the major contributors to contamination (Yuan et al., 2011; Zhao et al., 2013). More recent studies, however, started to report more influences from the industrial and agricultural lands (Sunagawa et al., 2015). This might be the result of urbanization and improvement of domestic wastewater treatment systems in this area. The local government could thus pay more attention to hidden illegal discharges of industrial wastewater to minimize point-source pollution. Standardising agricultural activities and animal farming around the river is the best way to reduce non-point source pollution. Providing guidance to the farmers for more environmentally friendly choices of fertilizers and reducing excessive use of fertilizer could be helpful in maintaining healthy water ecosystems.
5 CONCLUSION
Overall, this study focused on the relationship between bacterial community structure, water physicochemical properties, and land-use patterns around ten major inflow rivers of Taihu Lake. The bacterial communities were profiled by 16S rRNA gene sequencing, and the alpha and beta diversities of the communities were analysed. Significant spatial and seasonal variations were observed in bacterial communities in the studied rivers. For the water quality, statistical analyses were conducted, and evident seasonal and spatial variations were found. EC, TN, NH4-N, NO3-N, PO4-P, TC, and FC were identified as the major contributors to the changes in water quality in the inflow rivers. The land-use pattern and clustering analyses showed the land-use composition and its potential relationships to water quality and bacterial communities. The rivers located in the northwest, especially R1-R4, were more eutrophic than those in the southwest. The high percentages of industrial land and semi-artificial (agricultural) land were identified as the probable causes of high nutrient levels and altered microbial community structures in these rivers. Industrial waste and agricultural land runoff are undoubtedly the major pollution sources in this area. For other lakes around the world with multiple main estuaries, management of the inflow river water quality could also be essential. It would be beneficial for local management departments to understand the impacts of land-use patterns on water quality and microbial ecology. The methods used in this study could be widely and routinely applied as part of water quality evaluation and management strategies. Similar investigations could also target other sample types such as underground water, soil, and sediment.
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