Next-generation sequencing reveals fecal contamination and potentially pathogenic bacteria in a major inflow river of Taihu Lake
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A B S T R A C T
[bookmark: _Hlk41923][bookmark: _Hlk13278289]Taihu Lake is one of the largest freshwater lakes in China and serves as an important source for drinking water. This lake is suffering from eutrophication, cyanobacterial blooms and fecal pollution, and the inflow Tiaoxi River is one of the main contributors. The goal here was to characterize the bacterial community structure of Tiaoxi River water by next-generation sequencing (NGS), paying attention to bacteria that are either fecal-associated or pathogenic, and to examine the relationship between environmental parameters and bacterial community structure. Water samples collected from 15 locations in three seasons, and fecal samples collected from different hosts and wastewater samples were used for bacterial community analysis. The phyla Proteobacteria, Actinobacteria, Bacteroidetes, and Cyanobacteria were predominant in most of the water samples tested. In fecal samples, Bacteroidetes, Firmicutes, and Proteobacteria were abundant, while wastewater samples were dominated by Proteobacteria, Bacteroidetes, Acidobacteria, and Chloroflexi. The cluster analysis and principal coordinate analysis indicated that bacterial community structure was significantly different between water, fecal and sewage samples. Shared OTUs between water samples and chicken, pig, and human fecal samples ranged from 4.5 to 9.8% indicating the presence of avian, pig and human fecal contamination in Tiaoxi River. At genus level, five bacterial genera of fecal origin and sequences of seven potential pathogens were detected in many locations and their presence was correlated well with the land use pattern. The sequencing data revealed that Faecalibacterium could be a potential target for human-associated microbial source-tracking qPCR assays. Our results suggest that pH, conductivity, and temperature were the main environmental factors in shaping the bacterial community based on redundancy analysis. Overall, NGS is a valuable tool for preliminary investigation of environmental samples to identify the potential human health risk, providing specific information about fecal and potentially pathogenic bacteria that can be followed up by specific methods.
Main findings of the work: 
The results from this study indicate that NGS is a valuable tool for preliminary screening of fecal pollution and potential pathogens in lakes and rivers in order to identify the human health risk. 
Highlights
·  Next-generation sequencing (NGS) is applied to investigate fecal contamination and pathogens.
· Host associated fecal and potential pathogenic bacteria are present in Tiaoxi River.
· A number of bacterial genera in feces are suitable for development of fecal contamination markers.
· NGS is effective for analyzing the aquatic environment for fecal contamination and pathogens. 
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1. Introduction
Waterborne diseases cause about 2.2 million deaths annually, with the majority occurring in children under the age of 5 years (WHO, 2015). In China, rapid urbanization, industrialization, and socio-economic development have led to a high degree of pollution in lakes and rivers, and this is regarded as a major challenging environmental issue (Jiang, 2009). Although surface water quality in China has improved rapidly in recent years, it has been reported that nearly 200 million people are still using unsafe water sources and approximately 60,000 people die every year due to water pollution related diseases  (Han et al., 2016; Jiang, 2015). As diarrheal diseases are primarily caused by contamination of water sources with human or animal feces (WHO, 2017), monitoring of fecal contamination and pathogens in waters used for human consumption and recreational activities has become mandatory.
Most conventional fecal monitoring studies rely on the enumeration of fecal indicator bacteria (FIB), and this is considered as the “gold standard” to assess microbiological water quality and pathogen presence in environmental waters (Savichtcheva and Okabe, 2006). However, conventional FIB enumeration methods do not determine the origin of the fecal source, and previous reports have shown little or no correlation between FIB and the presence of pathogenic organisms (Shahryari et al., 2014). Therefore, several qualitative and quantitative “Microbial Source Tracking (MST)” methods have been developed to overcome this limitation, and MST methods have focused on determining the origin of the fecal sources (Green et al., 2014; Kildare et al., 2007; Mieszkin et al., 2009). In addition, several quantitative polymerase chain reaction (qPCR) methods have been widely used to determine the presence and abundance of pathogens (Ahmed et al., 2009; Oster et al., 2014). However, these methods can identify only the targeted pathogens that are specifically chosen for monitoring. As a result, it is a challenge to monitor a wide-range of pathogens in a watershed with culture-based or culture-independent qPCR-based methods. Next-generation sequencing (NGS) methods targeting the 16S rRNA gene have gained attention in order to explore the diversity of bacterial communities and their influence on microbial water quality (Ibekwe et al., 2013; Staley et al., 2013), potentially overcoming the limitations of culture and PCR-based detection protocols. Although community-based NGS methods (OTU comparison between fecal sources and environmental samples) have been proposed for microbial source tracking (Jeong et al., 2011; Unno et al., 2010), they are considered as a qualitative method for assessing fecal pollution since the OTU comparison results show discrepancies depending on  the nature of the fecal OTU library applied (Boehm et al., 2013). However, a Bayesian algorithm based NGS method (SourceTracker) has been developed to predict the quantitative presence of fecal contamination (Knights et al., 2011). Recent reports indicated lower confidence in quantification results and also spatiotemporal limitations of the SourceTracker method indicating the necessity for optimization and validation prior to application in a new geographical area (Ahmed et al., 2015; Brown et al., 2017; Staley et al., 2018; Unno et al., 2018). The NGS based microbial community analysis approach is still considered as a valuable tool for preliminary investigation of water samples to assess public health risk associated with fecal contamination or pathogens (Tan et al., 2015), though such studies are very limited. The NGS method can evaluate bacterial diversity (including fecal and pathogenic bacteria) of water or other environmental samples and their relative abundance, providing valuable information to prioritize specific exposure assessment of suitable targets using quantitative (qPCR) methods (Tan et al., 2015). Most of the NGS studies on monitoring microbial communities in water samples have relied on targeting hypervariable regions of the 16S rRNA gene (Guo et al., 2013). Although 454-pyrosequencing was the commonly used sequencing platform in earlier studies, it has now been discontinued and is superseded by the sequencing of  much larger libraries on the Illumina platform to yield community 16S rRNA based sequence datasets that are orders of magnitude larger and much more informative (Loman et al., 2012; Newton et al., 2015; Sinclair et al., 2015). The commonly used open source software packages for sequence analysis such as QIIME and MOTHUR have also been upgraded to analyze “pair-end” sequence data produced by Illumina sequencers, improving the performance (Caporaso et al., 2010; Kozich et al., 2013). 
Taihu Lake is one of the top five largest freshwater lakes in China and serves as an important source of drinking water in addition to providing fisheries, transportation and flood protection (Chen et al., 2016). Currently, Taihu lake is connected to more than 200 rivers and tributaries, though the main inflow river is limited to thirteen rivers (Qin et al., 2007). Previous reports indicated that the inflow rivers were contributing to eutrophication, cyanobacterial blooms and fecal pollution, particularly Tiaoxi River (Hagedorn and Liang, 2011; Vadde et al., 2018). Although previous studies have addressed the microbial community composition in water and sediment samples of Taihu Lake (Cai et al., 2013; Paerl et al., 2011; Wilhelm et al., 2011; Zhao et al., 2017; Zheng et al., 2017), these have not focused on fecal bacteria and pathogens in the Tiaoxi River. Here, the bacterial community structure and relative abundance of fecal bacteria and pathogens in Tiaoxi River water are determined by the interrogation of large 16S rRNA gene sequence datasets generated by NGS on the Illumina platform. The specific objectives were to i) study the spatial and temporal variations in bacterial diversity in Tiaoxi River water, ii) determine the relative abundance of bacteria and potential pathogens of fecal origin and iii) assess the influence of environmental factors on bacterial diversity. 

2. Methods
2.1. Collection of water and fecal samples
Twenty-five sampling locations were initially selected, covering domestic, agricultural and industrial areas of Tiaoxi river (Taihu watershed) (Fig.1). Based on the detailed physico-chemical and microbiological characterization of the water, 15 locations were identified as pollution hotspots in our earlier study (Vadde et al., 2018) and water samples collected from those locations were used for bacterial community analysis. The details of land use type around the selected sampling locations are provided in Vadde et al. (2018). Sampling at these locations was carried out on three occasions: autumn 2014, winter and summer 2015. Five liters of surface water was collected in sterile polypropylene containers from each location and brought to the laboratory on ice. The samples were processed within 8 hours of collection. Water samples (250 ml) were filtered through 0.22-µm polycarbonate membrane filters (Millipore, UK) and filters were stored at -20oC prior to DNA extraction. 
A total of 120 fresh individual fecal samples from a range of hosts comprising chicken (CK), cow (CW), dog (DG), duck (DU), goose (GO), human (HU), and pigs (PI) in the vicinity of Tiaoxi river and primary effluents (n=6) from a wastewater treatment plant (WWTP) were also analysed. Fresh human fecal samples were provided by healthy volunteers (n=12) aged between 16 and 40 years and the samples were collected in sterile containers by the volunteers. Ethical approval for handling fecal samples in this study was acquired from Xi’an Jiaotong- Liverpool University Research Ethics Committee who also approved the safety guidelines and handling procedures. Individual fecal samples from animal hosts representing pigs (n=28), chicken (n=23), dog (n=21), duck (n=13), goose (n=11) and cow (n=12) were collected from farms located near the Tiaoxi River. All the samples were brought to the laboratory on ice and were stored at -20oC within 6 hours of sample collection. Approximately 0.5 g of different individual fecal samples of a host were pooled together to form a composite sample (in duplicate) used for DNA extractions. Each composite fecal sample was prepared from at least five different individuals of respective host fecal samples (Dubinsky et al., 2016). Primary effluents (500 mL; n=6) from a WWTP located in Suzhou were collected and brought to the laboratory on ice. Biomass from primary influents was collected by centrifugation (4000xg for 10min at 4oC) and the DNA was extracted immediately.
2.2. Physico-chemical and microbiological analyses
The physico-chemical and microbiological analyses of the water samples collected from 25 sampling locations along the Tiaoxi river and the results have been reported in our previous study (Vadde et al. 2018). 

2.3. Extraction of genomic DNA from water and fecal samples
Genomic DNA was extracted from water samples (membrane filters) using the PowerSoil DNA Isolation Kit (MoBio Inc., Carlsbad, CA), following the manufacturer’s instructions. Fecal DNA was extracted in duplicate for each composite fecal/sewage sample using PowerFecal® DNA isolation kit (MoBio, Carlsbad, CA USA) as per the manufacturer’s instructions. 0.25 grams of composite feces or biomass from primary effluent samples were used for DNA extraction and the extraction was carried out for each type of fecal source separately to avoid any cross-contamination with other hosts. The DNA concentrations and quality were assessed using a NanoDrop ND 2000UV spectrophotometer (Thermo Fisher Scientific., Vienna, Austria) and the DNA extracts were stored at -20oC until further analysis.
2.4. Bacterial community analysis by Illumina MiSeq Sequencing (NGS)
The diversity and composition of bacterial communities in water and fecal samples was investigated by NGS using the Illumina MiseqPE250 platform. The NGS was carried out at the Shanghai Majorbio Pharmaceutical Technology Limited, China. The hypervariable region (V4)  of bacterial 16S rRNA genes present in water and fecal DNA samples was amplified by PCR using an universal primer set described previously by Kozich et al. (2013). The barcoded 515F (5’-GTGCCAGCMGCCGCGGTAA-3’) and 806R (5’-GGACTACHVGGGTWTCTAAT-3’) primer set was used for amplification. Triplicate PCR reactions were carried out for each sample with each reaction mixture comprising 4 μL of 5 × FastPfu Buffer, 0.4 μL of FastPfu Polymerase, 2 μL of 2.5 mM dNTPs, 0.8 μL of each primer (5 μM), 10 ng of template DNA and reaction volume was made up to 20 μL with nuclease-free water. PCR amplification conditions used were as follows: 95 °C for 2 min, followed by 30 cycles of 95 °C for 30 s, 55 °C for 30 s, and 72 °C for 30 s with a final extension at 72 °C for 10 min to ensure complete amplification. The amplified PCR products that were separated on 2% agarose gels were extracted and purified using the Gel Extraction Kit (Axygen Biosciences, Union City, CA, USA) following the manufacturer instructions and quantified using QuantiFluor™ -ST (Promega, USA). Purified amplicons were pooled in equimolar concentration and paired-end sequenced (2 × 250) on an Illumina MiSeqPE250 platform according to the standard protocols. 
2.5.  Sequence data processing and analysis
Raw data sequence files from Illumina were de-multiplexed, poor quality sequences were removed, and barcode, adaptor, and primer sequences were trimmed off using QIIME (version 1.17). UPARSE（version 7.1 http://drive5.com/uparse/) was used to cluster Operational Taxonomic Units (OTUs) with 97% similarity cutoff and chimeric sequences were removed using UCHIME to produce high-quality sequences. These sequences (ca. 250bp) were aligned with sequences in SILVA 16S rRNA database and RDP Classifier (http://rdp.cme.msu.edu/) was used for phylogenetic affiliation of each high-quality sequence. The sequence data were normalized and lowest sequence reads of 18640 were used for each sample for further comparison between samples (Ahmed et al., 2015). The sequences obtained in this study were submitted to the National Center for Biotechnological Information (NCBI) Short Read Archive (SRA) database under the succession numbers SAMN09469451 to SAMN09469511. 
2.6. Statistical analysis
The species diversity and richness of bacterial communities within each sample (alpha diversity) were determined by Shannon (H’) and Simpson (D) diversity indices, abundance-based coverage estimator (ACE), and Chao1 richness estimator using MOTHUR (http://www.mothur.org) (Schloss, 2009). Principle Coordinate Analysis (PCoA) and cluster analysis were carried out to compare the bacterial diversity between different samples (beta diversity) by using QIIME (Caporaso et al., 2010; Lozupone and Knight, 2005). The relationship between the environmental parameters and bacterial community in the samples was performed by redundancy analysis (RDA) with the R language vegan package (http://www.R-project.org/ 2013).

3. Results
3.1. Assessment of physico-chemical and microbiological parameters
[bookmark: _Hlk13427637]The detailed results of physico-chemical and microbiological parameters measured in various locations in Tiaoxi river were reported in our earlier study (Vadde et al. 2018). Among the tested parameters, pH and conductivity were found to be within the acceptable limits set by  the Ministry of Environmental Protection (MEP), China (MEP, 2016), however TN was significantly higher than acceptable levels in all the locations and across the three seasons. TP, NH4-N, and NO2-N exceeded the acceptable levels in some locations and the influence of these parameters on bacterial community structure and diversity are discussed in detail in section 3.5. According to the MEP, the fecal coliforms (FC) are included in total coliforms (TC) and the national standards for TC are 10000/1L (1000/100mL). As there were no specific guidelines for FC according to MEP, they were compared to USEPA standards in the current study (USEPA, 2012). The spatial and temporal variation in FC counts across different locations of Tiaoxi River showed that acceptable limits (250 CFU/100mL) were exceeded in 15 locations indicating potential fecal contamination at these locations. Therefore, water samples collected from these 15 locations were selected for NGS in order to characterize the bacterial community and determine relative abundance of bacteria including fecal-associated and potentially pathogenic bacteria.
3.2.  Bacterial diversity and community composition in water and fecal samples
In total, 61 samples (45 water samples collected from 15 locations in three seasons and 14 host-specific fecal and 2 wastewater samples) were used for sequencing and in-depth monitoring of bacterial community composition by NGS. A total of 1,694,935 bacterial 16S rRNA reads were generated from water, wastewater and fecal samples with sequence libraries of size ranging from 18640 to 37367 reads. The rarefaction curves based on the total number of OTUs with normalized sequence reads (n=18640 sequence reads per sample) are presented in Fig. S1. The average number of OTUs, species diversity (Shannon and Simpson) indices and richness (ACE and Chao1) values for bacterial diversity observed in water, wastewater and fecal samples are given in Table S1.1. For water samples (n=45), a total of 39192 OTUs were generated ranging from 564 to 1292 OTUs. The highest diversity and species richness were observed at location 20 (WIW20) and 21 (WIW21) during winter and the lowest at locations 2 (WIW02) and 3 (WIW03) as indicated by OTU richness, Chao and Shannon indices (Table S1.2). Similarly, for fecal samples (n=14), 5254 OTUs were generated ranging from 138 to 640 OTUs and the lowest species diversity and richness was observed for duck, human, dog, and chicken fecal samples compared to pig, goose, and cow fecal samples (Table S1.1).  A total of 2360 OTUs were generated for wastewater samples (n=2) with an average of 1180, and these samples had the highest diversity relative to fecal and water samples (Table S1.1).
[bookmark: _Hlk13581703]The RDP classifier categorized all the OTUs of water into 20 bacterial phyla, however, their relative abundance varied with the type of sample (Fig. 2). Proteobacteria, Actinobacteria, Bacteroidetes, and Cyanobacteria were the predominant phyla accounting for ca. 90% of total relative abundance in all locations except in locations 2 (WIW02) and 3 (WIW03) samples collected in the winter season. In these two samples, Proteobacteria, Firmicutes, Bacteroidetes, and Cyanobacteria were abundant. In Tiaoxi river water samples, 180 different genera were identified, although their relative abundance varied e.g. members of Cyanobacteria and Actinobacteria (hgcI_clade) showed higher relative abundance in all the locations of Tiaoxi River water, except location 2 (WIW02) and 3 (WIW03) samples collected in the winter season (Tables S2.1 to S2.3).  Bacterial genera such as Microcystis, Flavobacterium, Sediminibacterium, and Fluviicola were also relatively abundant in the water samples, however, the focus here is on bacteria that are fecal-associated and/or potentially pathogenic. In fecal samples, only 16 phyla were observed of which Bacteroidetes, Firmicutes, and Proteobacteria had the highest relative abundance together constituting 90% of the dataset (Fig. 2). At the genus level, 143 genera were observed but Prevotella, Bacteroides, and Lactobacillus were the predominant genera in fecal samples (Table S2.4). In wastewater samples, 20 different phyla were observed but the phylum Proteobacteria had the highest relative abundance followed by Bacteroidetes, Chloroflexi, and Acidobacteria. Genera of the Proteobacteria such as Dechloromonas and Arcobacter were relatively abundant in wastewater samples (Table S2.4).
3.3. Comparison of bacterial community structure between water and fecal samples
[bookmark: _Hlk13045327]Hierarchical cluster analysis was performed to identify the similarities between different water and fecal samples (β-diversity). When water samples were compared by season, those from location 2 (WIW02) and 3 (WIW03) collected during winter clustered separately from other water samples indicating that the bacterial composition was different in these samples (Fig. 3A). As stated previously, the phylum and genus level bacterial composition at these locations was significantly different from those of other water samples (Fig. 2 and Table S2.1 to S2.3). The β-diversity analyzed by PCoA also revealed that these two samples clustered separately from other water samples (Fig. 4A). The results of β-diversity analysis also indicated that significant seasonal variation was apparent for water samples that formed distinct seasonal clusters, though few autumn and summer water samples were closely related (Fig. 3A and 4A). When comparison was carried out between water, fecal and wastewater samples, fecal samples clustered separately demonstrating that the bacterial composition of fecal samples is distinct from water and wastewater samples (Fig.3B-D & Fig.4B-D). However, WIW02 and WIW03 water samples clustered close to wastewater (WW) and fecal samples, indicating the strong presence of fecal related microbiota in these samples. 
[bookmark: _Hlk12713929][bookmark: _Hlk13045328]Venn diagram analysis was performed with unambiguous OTUs for better analysis of shared and specific OTUs present in water, wastewater and fecal samples (Fig. 5A-D). When three season water samples were analyzed, the results indicated that 42.7% of OTUs were shared between water samples, however, winter season water samples (WIW) had the highest number of specific OTUs (22.1%) compared to autumn (AUW) (8.4%) and summer (SUW) (7.8%) (Fig. 5A); 39.1%, 41.6%, and 38.7% of OTUs from autumn, winter, and summer season water samples were shared with the OTUs of total fecal samples (Fig.5B), indicating fecal contamination of the watercourse. Similarly, when OTUs from individual fecal sources were compared with total water samples, the results showed that 4.5% from human, 7.1% from pig and 9.8% from chicken fecal samples were shared with OTUs of total water samples (Fig. 5C). The analysis was also performed with fecal and wastewater samples and the results revealed that 14%, 40% and 57% of OTUs were host specific for human, chicken and pig fecal samples (Fig. 5D). These specific OTUs could be useful as potential targets in developing host-specific fecal indicator bacteria or markers for future studies. The wastewater samples showed shared OTUs (17.9%) with the three fecal samples (Fig. 5D). 
[bookmark: _Hlk12267450][bookmark: _Hlk13222010]3.4. Relative abundance of fecal-associated or potentially pathogenic bacterial genera in Tiaoxi River water samples
[bookmark: _Hlk13207113]Although 180 different genera were recognized in Tiaoxi River water samples, this study was mainly focused on the genera that are associated with fecal sources and/or potential pathogens in nature. The fecal-associated genera detected in Tiaoxi River water samples are Bacteroides, Prevotella, Blautia, Faecalibacterium, Dorea, and Macellibacteroides. Bacteroides and Prevotella, which are Gram-negative obligate anaerobic bacteria that are in the human and animal gut (Layton et al., 2006; Lee et al., 2011), were the most frequently detected fecal associated bacteria (39 and 35 samples out of 45 samples tested) in Tiaoxi River water samples (Fig. 6A &B). The relative abundance of Bacteroides was comparatively high in the winter season and the highest was observed at WIW02 (2.6%) and WIW03 samples (2.4%) (Fig. 6A), while the highest relative abundance of Prevotella was observed at location 16 during the autumn season (Fig.6B). Similarly, Blautia and Faecalibacterium, which are obligate anaerobic Gram-positive bacteria that are primarily present in mammalian gut (Garcia-Mazcorro et al., 2012; Miquel et al., 2013), were detected in several samples (26 and 19 out of 45 samples tested) of Tiaoxi River water and the highest relative abundance of each detected in WIW02 (0.10 and 0.038%) and WIW03 (0.11 and 0.028%) samples (Fig. 6C&D). The genus Dorea, which comprises Gram-positive obligate anaerobic bacteria present mainly in human feces (Taras et al., 2002), was detected in 14 out of 45 water samples of Tiaoxi River and the highest relative abundance was detected at WIW02 (0.06%) and WIW03 (0.04%) water samples (Fig. 7A). Additionally, a few more human-associated fecal bacteria such as Parabacteroides and Bifidobacterium were also detected with low relative abundance at different locations of Tiaoxi River (Tables S2.1 to S2.3) indicating potential human contamination at these locations. Finally, Macellibacteroides that belongs to Bacteroidales and comprises strict anaerobic Gram-positive bacteria mostly isolated from WWTPs (Jabari et al., 2012), were also detected in many locations (27 out of 45 samples) (Fig. 7B). However, Macellibacteroides has been detected in goose fecal samples of the current study (Table S2.4) and more frequently detected at locations 4, 5, 6 and 16 of Tiaoxi River in all seasons. Furthermore, the sequence data from fecal sources in this study revealed that the genus Faecalibacterium is abundantly present in human fecal samples, as opposed to Bacteroides that are abundant in both humans and animals, suggesting that Faecalibacterium would be a useful target for designing human-specific MST markers. 
The sequence data were further analyzed to assess the presence of potentially pathogenic bacterial genera in Tiaoxi River water samples by comparing with known pathogenic bacteria from the database of Pathosystems Resource Integration Center (PATRIC) (Wattam et al., 2014). In total, 14 potentially pathogenic bacterial genera were detected in the water samples (Table S2.1 to S2.3). However, only seven (Acinetobacter, Aeromonas, Arcobacter, Brevundimonas, Enterococcus, Escherichia-Shigella, and Streptococcus) showed relative abundance greater than 0.1 at different locations, and these data are presented in Table 1. Although the sequences were not reliably classified to species level, the highest relative abundance of Acinetobacter was observed at location 2 and Aeromonas at location 5 and as specified earlier, these locations have higher levels of human and animal associated fecal bacterial genera. The genus Arcobacter detected in this study showed 97% identity to A. cryaerophilus, which is an emerging enteropathogen for humans and animals (Fernandez et al., 2015). Arcobacter was one of the most frequently (9 out of 15 locations with above 0.1% relative abundance) detected pathogens in Tiaoxi River and the highest relative abundance (1.3%) was observed at location 12. Brevundimonas was the most commonly detected potential pathogen in Tiaoxi River. It was found with higher relative abundance (>0.10) at 10 monitoring locations and the highest relative abundance (3.9%) was detected at location-1 (Taihu Lake) during the winter season. The sequences of this genus were identified as Brevundimonas alba, B. bullata and B. vesicularis, of which the latter is an opportunistic pathogen associated with bacteremia (Ryan and Pembroke, 2018; Zhang et al., 2012). Although Enterococcus and Escherichia-Shigella were detected with high relative abundance at several locations, and Streptococcus in a few locations, they were not reliably classified to species level with 97% similarity cutoff. However, all the seven potential pathogenic bacterial genera with relative abundance >0.1 were detected at location 3 and six of these with higher abundance were observed at location 2 and 4 emphasizing that these locations could constitute a human health risk. 
3.5. Relationship between environmental parameters and bacterial community composition
RDA analysis was carried out to determine the influence of environmental parameters (pH, temperature, conductivity, TN, TP, NO2-N and NH4-N) on the bacterial community composition observed at different locations and seasons.  For autumn 2014, RDA1 and RDA2 explained 26.92% and 14.72% of the total variation respectively and the RDA biplot indicated that pH, temperature, conductivity, TP, and TN had major influence on the bacterial community composition (Fig. 8A). In particular, bacterial community composition at locations 3 and 12 was mainly influenced by pH, conductivity, and TP. In winter 2015, the pattern was different and the bacterial community composition was mainly influenced by pH and conductivity. The RDA1 and RDA2 contributed 44.7% and 16.4% of the total variation during winter 2015 (Fig. 8B). The RDA biplot pattern was entirely different for samples collected during summer 2015 (Fig. 8C).  The RDA1 and RDA2 contributed 41.9% and 10.2% of total variation in the community composition, with temperature, conductivity, pH, NH4-N, and NO2-N as the major influencing environmental factors. The overall analysis indicated that pH, conductivity and temperature were the main environmental factors that showed strong influence on the bacterial community composition, although some of the nutrients showed seasonal variation. 
4. Discussion
[bookmark: _Hlk13045331]Recent advances in NGS technologies coupled with reduced cost has enabled the application of microbial community analysis for monitoring of microbial quality and diversity in the aquatic environment and profiling the microbiota associated with fecal samples (Ley et al., 2008; Marti et al., 2017; Newton et al., 2011; Vierheilig et al., 2015). In this study, bacterial communities in water, fecal and wastewater samples were studied by Illumina sequencing by targeting the V4 hypervariable region of the 16S rRNA genes. The average read length generated by Illumina sequencing after trimming was about 250bps and reads were processed for assigning taxonomy. The diversity indices for bacterial communities associated with chicken, dog, duck, and human fecal samples were lower compared to other fecal, wastewater and Tiaoxi River samples (Table S1.1) due to the abundance of a relatively small number of taxa (Jeong et al., 2011). In chicken and duck fecal samples, Proteobacteria and Firmicutes were dominant and represented >90% of taxa; in dog and human fecal samples, Bacteroidetes and Firmicutes accounted for 90% of bacterial taxa.  Ley et al. (2008) also reported the dominance of these bacterial taxa in fecal samples, with carnivores and omnivores (human, dog, duck, and chicken) having less diverse gut microbiomes compared to herbivores. The high diversity values observed in wastewater samples here are consistent with previous studies (Newton et al., 2013; Shanks et al., 2013) as diverse bacteria from human feces and other environmental sources are released into wastewater (Newton et al., 2013). Moreover, the wastewater contains high amount of nutrients, which support the growth of diverse microbial populations (Arfken et al., 2015; McLellan et al., 2013). Although the hierarchal cluster analysis results indicated that human fecal samples are closely related to dog fecal samples (Fig. 3B-D), the Venn diagram analysis of human fecal samples with pig and chicken fecal samples (as they are common livestock in the study area) revealed that human fecal samples harbor microbes that are closely related to those in pig feces (Fig.5D). This could be due to more shared OTUs from the genera Bacteroides and Prevotella present in human and pig fecal samples (Dick et al., 2005). 
[bookmark: _Hlk13229936][bookmark: _Hlk13229821]Many species of Bacteroides, Prevotella, and Blautia are abundant in the mammalian gut and have been advocated as fecal indicators (Newton et al., 2011; Savichtcheva and Okabe, 2006). Newton et al. (2011) studied the bacterial community in sewage samples by NGS based 16S rRNA gene sequencing, and the results revealed the presence of the human fecal-associated bacterial genus Blautia in the samples. Species of Bacteroides have host specificity and limited survival in the environment, making them ideal indicators of recent fecal contamination and they are often used for microbial source tracking (MST) (Bernhard and Field, 2000; Layton et al., 2006). In the present study, the Bacteroides detected in Tiaoxi River water samples were classified to species level; Bacteroides plebeius, B. propionicifaciens, B. massiliensis, B. graminisolvens, B. nordii, B. stercoris, B. caccae, and B. paurosaccharolyticus. B. caccae and B. plebeius have all been isolated from human feces (Kitahara et al., 2005; Wei et al., 2001) and their presence is therefore indicative. These species were frequently detected with high relative abundance (OTUs) at location 2 and 3 of Tiaoxi River (Tables S3.1 to S3.3) and the highest was observed in the samples collected during winter (WIW02 and WIW03 samples). During winter sampling (Jan/Feb 2015), the rainfall was relatively low (only 66 mm precipitation, NBSC (2016)) and fecal contamination at these locations could be due to direct discharge of sewer and septic waste rather than runoff (Ohad et al., 2015). The samples collected at location 3 were close to a fishing village where people live on boats without proper sanitation facilities (Vadde et al., 2019) and the high relative abundance of Bacteroides could be associated with the entry of sewage at this location. Based on land use pattern, the presence of Bacteroides with higher relative abundance at location 2 could be associated with the transport of these bacteria from location 3 (Marti et al., 2013). The presence of Parabacteroides merdae at locations 2 and 3 also confirms potential human fecal contamination at these locations (McLuskey et al., 2016). In the present study, B. propionicifaciens was found only in goose and duck fecal samples and its frequent detection at location 6 of the Tiaoxi River water samples indicates avian fecal contamination. The presence of B. massiliensis, B. nordii and B. stercoris with high relative abundance at location 2 and 3 points to potential human risks, as these species are associated with anaerobic bacteremia and abdominal infections (Fenner et al., 2005; Otte et al., 2017; Song et al., 2004).  B. graminisolvens and B. paurosaccharolyticus were frequently detected at location 4, 5, 15 and 16  which are located close to WWTPs (Zheng et al., 2017). Therefore, these data can be added to previous studies, which reported that these Bacteroides species originate from effluents of WWTPs (Nishiyama et al., 2009; Ueki et al., 2011), although we can now add that avian (goose) fecal contamination is an additional source. Overall, the species level identification of Bacteroides matches with the land use pattern in the current study. 
[bookmark: _Hlk13425142]The remaining fecal associated bacterial genera (Prevotella, Blautia, Faecalibacterium, and Dorea) detected in this study were not reliably classified to species level due to the limitations of using short reads of 16S rRNA generated by NGS (Nguyen et al., 2016). However, Prevotella was detected at 7 locations (location 4, 5, 6, 12, 14, 16 and 21) in three seasons (Fig. 3.5B) indicating that these locations are potentially polluted with human or animal fecal contamination (Lee et al., 2011). Locations 4, 5 and 16 are situated near WWTPs (Zheng et al., 2017) and at location 6 and 21, several household backyard and commercial farms for poultry and pigs were observed during sampling. Locations 12 and 14 are urban or suburban areas and the presence of Prevotella at these locations could be due to sewage entry or transport of bacteria from upstream locations such as location 13 where poultry and pigs farms are located (Vadde et al., 2018). While studying the fecal contaminations in an urban River, Newton et al. (2011) noticed an increase in fecal indicators and human-associated sequences after heavy rainfall and triggering of combined sewer overflows (CSOs). The fecal indicator bacteria Blautia, Faecalibacterium and Dorea were higher at locations 2 and 3 during the winter season (Figs. 6C, D & 7A), highlighting the presence of fecal contamination at these locations again. Overall, the presence of fecal indicator bacteria at different locations of Tiaoxi River water emphasizes the need for application of MST techniques to determine the source of fecal pollution at Tiaoxi River. Additionally, analysis of the sequence data of fecal samples from this study suggests that Faecalibacterium could be a useful target for designing human-specific MST markers. A recent study (Sun et al., 2016) also provided initial evidence to support the use of Faecalibacterium as a human-specific MST marker. Therefore, development of MST qPCR assay targeting this genus could provide a more specific human-associated MST assay. Furthermore, Macellibacteroides species, which were isolated from WWTPs in previous studies (Jabari et al., 2012), were also identified in goose fecal samples (Table S2.4), indicating geese as an additional source of these genera.
[bookmark: _Hlk13277461]As fecal indicator bacteria were observed at several locations, further analysis was performed to detect potentially pathogenic bacteria, and Acinetobacter, Aeromonas, Arcobacter, Brevundimonas, Enterococcus, Escherichia-Shigella, and Streptococcus were accordingly found to be present in Tiaoxi River water (Table 1; Tables S3.1 to 3.4). Several species of Acinetobacter and Aeromonas are considered as opportunistic pathogens causing nosocomial infections and gastroenteritis (Khosravi et al., 2015; Laukova et al., 2018). However, Acinetobacter has more than 20 species, only three of which are considered as pathogens (Shamsizadeh et al., 2017); Aeromonas has 21 species of which three are mainly considered as pathogens (Janda and Abbott, 2010). Therefore, the sequence data were carefully examined again and only two could be identified to species level: A. cryaerophilus and B. vesicularis. The former causes acute to chronic diarrhea in humans and was frequently detected at locations 12 and 16.  In the case of A. cryaerophilus, they are often confused with C. jejuni and therefore unambiguous monitoring methods such as virulence gene detection or quantification of these bacteria are required for accurate identification (Figueras et al., 2014). With respect to B. vesicularis, very few OTUs were observed in Tiaoxi River water (Tables S3.1 to S3.3) and the remaining potentially pathogenic genera such as Acinetobacter, Aeromonas, Enterococcus, Escherichia-Shigella, and Streptococcus were not classified to species level at 97% similarity. However, most of these potential pathogenic bacterial genera were detected with higher relative abundance (>0.1) at locations 2, 3 and 4, which were highly contaminated with feces. Therefore, NGS has proved to be very useful for preliminary assessment of a wide-range of fecal and potentially pathogenic bacteria present in environmental samples. Application of this technology enables prioritization of samples for further in-depth quantification of MST markers and genes of bacterial pathogens by methods such as qPCR in order to establish the risk to human health. 
5. Conclusions
A total of 20 different phyla were observed in most of the water samples of Tiaoxi River and wastewater samples, while only 16 phyla were detected in fecal samples. Hierarchical cluster analysis and PCoA performed for fecal, wastewater and water samples showed that fecal and wastewater samples clustered separately from water. Venn diagrams revealed that chicken fecal samples (9.8%) shared the highest number of OTUs with total water samples, followed by pig (7.1%), and human samples (4.5%) indicating the presence of avian, pig and human fecal contamination in Tiaoxi River. Presence of five bacterial genera associated with fecal sources (Bacteroides, Prevotella, Blautia, Faecalibacterium, and Dorea) at several locations indicates human and animal fecal contamination in these locations. Similarly, the presence  of seven potentially pathogenic genera (Acinetobacter, Aeromonas, Arcobacter, Brevundimonas, Enterococcus, Escherichia-Shigella, and Streptococcus) at relative abundance >0.1 in several locations of Tiaoxi river indicates potential health risk. Overall, the results indicate that 16S rRNA genes targeted NGS is a valuable tool to screen for a wide variety of bacteria including pathogens and those of fecal origin as an initial step to identify human health risk and to prioritize sites for further assessment using more specific methods. 
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Figure Legends 
Fig. 1. Map of sampling locations in Tiaoxi river (Taihu watershed).

Fig. 2. Relative abundance of different bacterial phyla in Tiaoxi River water (AUW-Autumn Water; WIW=Winter Water; SUW-Summer Water), fecal (CK-Chicken; CW-Cow; DG-Dog; DU-Duck; GO-Goose; HU-Human; PG-Pig) and wastewater (WW) samples.

Fig. 3.  Cluster analysis showing similarity in bacterial diversity in water samples collected in three seasons (A) and in combinations of diversity in water, fecal and wastewater samples (B, C, D).  (AUW-Autumn Water; WIW=Winter Water; SUW-Summer Water; CK-Chicken; CW-Cow; DG-Dog; DU-Duck; GO-Goose; HU-Human; PG-Pig; WW-Wastewater).

Fig. 4. Visualization of β-diversity among water, fecal and wastewater samples by principal coordinate analysis (PCoA). (A) Comparison between autumn, winter and summer water samples (B) Comparison of water samples (autumn and winter) with all fecal and wastewater samples (C) Comparison of water samples (autumn and summer) with all fecal and wastewater samples, (D) Comparison of water samples (winter and summer) with all fecal and wastewater samples (AUW-Autumn Water; WIW=Winter Water; SUW-Summer Water; FEC-Fecal samples; CK-Chicken; CW-Cow; DG-Dog; DU-Duck; GO-Goose; HU-Human; PG-Pig; WW-Wastewater).

Fig. 5. Venn diagrams showing shared and unique OTUs identified when the sequences were compared between Autumn, Winter and Summer water samples (A), between water samples collected during three seasons and pooled fecal samples (B) and between pooled water samples and individual fecal samples (human, pig, and chicken) (C) and between fecal and wastewater samples (D) (AUW-Autumn Water; WIW=Winter Water; SUW-Summer Water; WW-Wastewater; CK-Chicken; HU-Human; PG-Pig).

Fig. 6. Relative abundance of fecal-associated genera (A) Bacteroides, (B) Prevotella, (C) Blautia (D) Faecalibacterium observed at different sampling locations in Tiaoxi River.

Fig. 7. Relative abundance of fecal and sewage associated genera: (A) Dorea, (B) Macellibacteroides observed at different locations in Tiaoxi River.


Fig. 8. Redundancy analysis (RDA) showing a correlation of physico-chemical parameters with microbial community composition at different locations during three seasons: (A) Autumn 2014, (B) Winter 2015 and (C) Summer 2015. (AUW-Autumn Water; WIW=Winter Water; SUW-Summer Water).



Table 1. Range (Relative abundance percentage) of potential pathogenic bacterial genera detected in different locations of Tiaoxi River during three sampling occasions.
	Location
	Acinetobacter
	Aeromonas
	Arcobacter
	Brevundimonas
	Enterococcus
	Escherichia-
Shigella
	Streptococcus
	No. of Potential pathogens (>0.1 abundance)

	L-1
	0.01-0.02
	0.00-0.02
	0.00-0.05
	0.00-3.96
	0.00-0.01
	0.00-0.03
	0.00-0.01
	1

	L-2
	0.02-0.30
	0.00-0.03
	0.01-0.18
	0.00-0.18
	0.00-0.28
	0.01-0.63
	0.00-0.11
	6

	L-3
	0.01-0.13
	0.01-0.11
	0.01-0.21
	0.00-0.36
	0.00-0.40
	0.00-0.52
	0.00-0.15
	7

	L-4
	0.01-0.12
	0.04-0.16
	0.04-0.46
	0.00-0.28
	0.00-0.13
	0.02-0.23
	0.00-0.04
	6

	L-5
	0.02-0.07
	0.06-1.33
	0.15-0.28
	0.00-0.03
	0.00-0.05
	0.01-0.40
	0.00-0.01
	3

	L-6
	0.01-0.04
	0.01-0.06
	0.01-0.14
	0.00-0.06
	0.01-0.12
	0.02-0.20
	0.01-0.03
	3

	L-8
	0.01-0.09
	0.01-0.05
	0.00-0.02
	0.01-0.05
	0.00-0.05
	0.01-0.08
	0.00-0.02
	0

	L-10
	0.01-0.09
	0.01-0.08
	0.01-0.02
	0.00-0.03
	0.00-0.03
	0.01-0.03
	0.00-0.01
	0

	L-12
	0.01-0.05
	0.01-0.31
	0.01-1.36
	0.00-0.24
	0.00-0.03
	0.03-0.05
	0.01-0.01
	3

	L-13
	0.01-0.07
	0.00-0.07
	0.01-0.22
	0.00-0.07
	0.00-0.01
	0.01-0.09
	N.D
	2

	L-14
	0.00-0.06
	0.00-0.20
	0.00-0.06
	0.00-0.24
	0.00-0.05
	0.01-0.02
	0.00-0.01
	2

	L-15
	0.01-0.17
	0.01-0.15
	0.00-0.04
	0.01-0.10
	0.03-0.10
	0.01-0.05
	0.00-0.01
	4

	L-16
	0.04-0.05
	0.05-0.19
	0.15-0.75
	0.01-0.43
	0.00-0.01
	0.01-0.36
	0.00-0.01
	4

	L-20
	0.01-0.07
	0.01-0.02
	0.00-0.02
	0.00-0.01
	0.00-0.70
	0.00-0.03
	N.D
	1

	L-21
	0.01-0.09
	0.01-0.07
	0.00-0.11
	0.00-0.15
	0.01-0.22
	0.01-0.05
	N.D
	3
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Fig. 1. Map of sampling locations in Tiaoxi River (Taihu watershed).
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[bookmark: _Hlk12529743]Fig. 2. Relative abundance of different bacterial phyla in Tiaoxi River water (AUW-Autumn Water; WIW=Winter Water; SUW-Summer Water), fecal (CK-Chicken; CW-Cow; DG-Dog; DU-Duck; GO-Goose; HU-Human; PG-Pig) and wastewater (WW) samples.
[image: ]
[bookmark: _Hlk13487007][bookmark: _Hlk12530533]Fig. 3. Cluster analysis showing similarity in bacterial diversity in water samples collected in three seasons (A) and in combinations of diversity in water, fecal and wastewater samples (B, C, D).  (AUW-Autumn Water; WIW=Winter Water; SUW-Summer Water; CK-Chicken; CW-Cow; DG-Dog; DU-Duck; GO-Goose; HU-Human; PG-Pig; WW-Wastewater).
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[bookmark: _Hlk13487191][bookmark: _Hlk12530068]Fig. 4. Visualization of β-diversity among water, fecal and wastewater samples by principal coordinate analysis (PCoA). (A) Comparison between autumn, winter and summer water samples (B) Comparison of water samples (autumn and winter) with all fecal and wastewater samples (AUW-Autumn Water; WIW=Winter Water; SUW-Summer Water; FEC-Fecal samples; CK-Chicken; CW-Cow; DG-Dog; DU-Duck; GO-Goose; HU-Human; PG-Pig; WW-Wastewater).
 [image: ][image: ]
[bookmark: _Hlk12527474][bookmark: _Hlk13487358][bookmark: _Hlk12536491]Fig. 4. Visualization of β-diversity among water, fecal and wastewater samples by principal coordinate analysis (PCoA). (C) Comparison of water samples (autumn and summer) with all fecal and wastewater samples, (D) Comparison of water samples (winter and summer) with all fecal and wastewater samples (AUW-Autumn Water; WIW=Winter Water; SUW-Summer Water; FEC-Fecal samples; CK-Chicken; CW-Cow; DG-Dog; DU-Duck; GO-Goose; HU-Human; PG-Pig; WW-Wastewater).
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[bookmark: _Hlk13487453][bookmark: _Hlk13487419]Fig. 5. Venn diagrams showing shared and unique OTUs identified when the sequences were compared between Autumn, Winter and Summer water samples (A), between water samples collected during three seasons and pooled fecal samples (B) and between pooled water samples and individual fecal samples (human, pig, and chicken) (C) and between fecal and wastewater samples (D) (AUW-Autumn Water; WIW=Winter Water; SUW-Summer Water; WW-Wastewater; CK-Chicken; HU-Human; PG-Pig).
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Fig.6.  Relative abundance of fecal-associated genera: (A) Bacteroides, (B) Prevotella, (C) Blautia, (D) Faecalibacterium observed at different sampling locations in Tiaoxi River. 
[image: ]
[bookmark: _Hlk13487569]Fig. 7. Relative abundance of fecal and sewage associated genera: (A) Dorea, (B) Macellibacteroides observed at different locations in Tiaoxi River.
[image: ]
Fig. 8. Redundancy analysis (RDA) showing a correlation of physico-chemical parameters with microbial community composition at different locations during three seasons: (A) Autumn 2014, (B) Winter 2015 and (C) Summer 2015. (AUW-Autumn Water; WIW=Winter Water; SUW-Summer Water).
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