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Abstract

:

One of the major challenges in detecting waterborne pathogens is the low concentration of the target bacteria in water. In this study, we applied the coagulation and foam concentration method to obtain DNA from water samples collected from upstream, near an estuary. The DNA samples were analyzed using 16S rRNA gene sequencing to clarify the microbial community shifts and to identify potentially pathogenic bacteria. Bacterial communities changed as the river flowed downstream, most likely influenced by land use and human activities such as the discharge of wastewater-treatment plant effluent. Based on the 16S rRNA gene amplicon sequencing, potentially pathogenic bacteria were detected with greater than 0.1% of their relative abundances. Among these, Yersinia ruckeri and Pseudomonas alcaligenes were widely detected in the river water. In addition, digital PCR (dPCR) was used to quantify major waterborne pathogens. Shiga toxin-producing Escherichia coli (STEC), Shigella spp., and Campylobacter jejuni were all below the limit of detection. In contrast, general E. coli, which has the beta-D-glucuronidase gene (uidA) were detected by dPCR (copies/100 mL) at similar levels to those measured using the culture-based method (as colony forming units/100 mL). These results suggest that the coagulation and foam concentration method is useful for concentrating microbes and obtaining DNA from river water samples for environmental monitoring.
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1. Introduction


Waterborne diseases, which are caused by various pathogenic microorganisms present in polluted water, pose a serious threat to the world’s public health. The World Health Organization [1] estimates that such infectious diseases account for 3.6% of all infections worldwide, causing 1.5 million deaths each year. In Japan, water supply and sewerage treatment systems are widespread (with coverage rates of 98.0% and 79.7%, respectively); however, waterborne infectious diseases still occur frequently [2]. Natural systems such as rivers, lakes, and coastal areas can harbor various pathogens [3,4,5,6]. Land use and human activities such as animal feedlots, manure application to agricultural fields, and the effluent discharge from sewage treatment plants could also influence the occurrence of pathogens in the United States (Arizona, California, and Florida) [7]; however, the occurrences of waterborne pathogens in a river that flows along various land-use patterns are still unclear.



Quantitative PCR (qPCR) is frequently used to detect specific pathogens in various matrices including water samples [8]. Digital PCR (dPCR) is also becoming popular to quantify specific genes, because it is more sensitive and accurate in quantifying low-abundance genes than qPCR [9]. Quantification with dPCR is also less affected by PCR inhibitors than that with qPCR [9]. Another approach to the detection of potential pathogens is to analyze the entire microbial population by sequencing thousands to millions of the PCR amplicons of the 16S rRNA gene fragment, and identify potentially pathogenic taxa afterward [10].



Despite the recent and ongoing technological advancements, one of the major challenges to detecting pathogenic bacteria in natural waterbodies is the low concentrations of the target bacteria, often below the detection limit of PCR analysis [8,11,12]. Therefore, to detect these bacteria in water samples, it is necessary to concentrate them. While membrane filtration is most frequently used to concentrate bacteria in water samples [12], filters could be clogged with various suspended solids present in water samples, hindering the processing of large volumes of water. Another method to concentrate microbes is to make aggregates of cells and recover them by centrifugation; however, it requires 1 to 16 h to process [13,14,15]. Previously, we developed the coagulation and foam concentration method to concentrate bacteria from environmental water samples. This method is fast, simple, and efficient [16]. By using the coagulation and foam concentration method, it is possible to concentrate bacterial cells from 5 L of river water samples, from which 100 µL of DNA can be extracted [17]. The resulting DNA can be used to quantify target pathogens with dPCR, although this method has not been used with sequencing-based pathogen detection.



In this study, based on our previous study [16,17], we carried out a survey from upstream to downstream of an actual river basin with varied water quality, and enlarged the sample volume. The objectives of this study were to (1) apply the coagulation and foam concentration method to concentrate microbial cells and recover DNA from river water samples, and (2) use the DNA samples for dPCR and 16S rRNA gene amplicon sequencing. The water samples were collected along a river that flows from forest to agricultural and urban areas in Japan; we expected to detect the impacts of human activities on the occurrences of pathogens and microbial community structures. This field study is a practical trial of this method for a natural river.




2. Materials and Methods


2.1. Water Sample Collection


Water samples were collected from the Kiyotake River, a 28.8 km-long river that flows in the forest, agricultural areas, and urbanized areas in Miyazaki, Japan (Figure 1) on 12 November 2017, and 18 September 2018. Eight sampling sites (S1–S8) were established along the river. Site S1 is the uppermost stream of the river, and the catchment area mostly covers forests. Sites S2 to S5 are adjacent to forest or agricultural forest areas. There is a local community (population 11,000) between sites S3 and S4. Sites S6 to S8 pass through the urban areas in Miyazaki City. In addition, there are two sewage treatment plants: one between S3 and S4 and the other between S7 and S8. Based on the land use patterns, eight sampling sites were divided into three groups (upper, middle, and lower regions). The S1, S4, and S8 sites were selected as the representatives of each group. A total of 20 samples were collected from the eight sites. At Site S1, three samples were collected per sampling event to analyze the variation due to water sampling at the same site. One sample was collected per sampling event at each of the other sites.



At each site, water samples were collected from the river surface (<30 cm depth) and stored in a 10-L sterile polyethylene bottle. The sample bottles were placed in a heat retaining box, to prevent sample-temperature changes. The samples were transported to the laboratory within 2 h after collection.




2.2. Analysis of General Water Quality


A bench-top pH/water-quality analyzer (LAQUA; Horiba, Japan) was used to measure the pH and electrical conductivity of the water samples. Turbidity was determined using a turbidity meter (SEP-PT-706D; Mitsubishi Kagaku, Japan). The concentrations of total organic carbon (TOC) in the samples were determined using a TOC analyzer (TOC-V Model, Shimadzu Co., Kyoto, Japan). Total coliforms and E. coli were enumerated by using CHROMagar ECC agar plates (CHROMagar, France). In brief, 10 or 100 mL of water samples were filtered through a sterile 0.45-μm-pore mixed cellulose membrane filter (47 mm diameter, Advantec, Japan). The membrane filters were incubated on CHROMagar ECC agar plates for 24 h at 37 °C. Blue colonies were counted as E. coli, while mauve colonies were counted as other coliform bacteria. Enterococcus were enumerated by using the membrane filter method [18], with membrane-Enterococcus indoxyl-β-d-glucoside (mEI) agar plates. The mEI plates were prepared within a week prior to the survey, and stored in a refrigerator for preparation. The samples (10 or 100 mL) were individually passed through a membrane filter, and the filters were incubated on mEI agar plates for 24 h at 41 °C. Blue colonies were counted as Enterococcus. Bacterial counts were expressed in units of colony-forming units (CFU) per 100 mL. The fecal indicator recovery assay was carried out in triplicate.




2.3. Bacterial Cell Concentration and DNA Extraction


Bacterial cells were concentrated by using the coagulation and foam concentration method, as described previously [17]. In brief, the water sample (5 L) was rapidly mixed with a quantity of coagulant (stock solution, 10 g/L FeCl3 in 0.01 M HCl; final concentration, 5 mg-Fe/L.) at 150 rpm for 3 min, using a jar tester (MHS-8; Miyamoto Co., Japan). After coagulation, the stock casein solution (10 g/L milk casein dissolved in 0.01 M NaOH) was added to the samples at a final concentration of 10 mg/L. Each sample was rapidly mixed at 150 rpm for 1 min, and transferred to a cylindrical column (height 100 cm, diameter 9 cm, volume 5000 mL) of a batch flotation device. Dispersed air was supplied from the bottom of the column at 1 L/min for 3 min, to generate foam. Foam generated on the water surface was drawn into a trap bottle, using an aspirator. The recovered foam was defoamed in a suction tube and transferred to a 50 mL centrifuge tube. The tubes were centrifuged at 10,000× g for 10 min, to collect the coagulation flocs (orange pellets). All reagents and materials used were sterile. The column and tarp bottle were washed using alkali detergent for laboratory ware (Clean Ace, AS ONE Corporation, Japan), rinsed with sterile water and 70% ethanol, and dried before use.



The pellets recovered from the foam were resuspended in 2 mL sterile physiological saline (0.85% NaCl) by using a vortex for 1 min, and filtered through a 0.45-μm-pore membrane filter. DNA was extracted from the membrane filters using a PowerWater DNA Isolation Kit (MoBio Laboratories, Carlsbad, CA, USA), according to the manufacturer’s instructions. A final DNA elution volume of 100 µL was used. The DNA concentrations were measured using a Quantus fluorometer (Promega, PA, USA). The efficiency of DNA extraction from the coagulated flocs is high (>87.5% as a relative DNA recovery efficiency obtained from bacteria-spiked test) [16].




2.4. 16S rRNA-Gene Sequencing


To analyze the microbial communities, the V3–V4 region of the bacterial 16S rRNA gene was amplified with an adaptor and index-tagged primers, as described previously [19]. The PCR products were purified using Agencourt AMPure (Beckman Coulter), and sequenced using a MiSeq platform (Illumina) with the v3 Reagent kit (Illumina) for sequencing. The sequencing data were analyzed using Qiime ver. 1.9.0 [20]. The merged reads were clustered into operational taxonomic units (OTUs) at 97% sequence identity by the Qiime analysis. The taxonomic identity of the representative sequence for each OTU was identified using the EzBioCloud 16S database [21]. The raw sequence reads have been deposited in the DDBJ Sequence Read Archive under DRA014560, and DRA014561.




2.5. Digital PCR


Four pathogen genes were quantified using dPCR, including the Shiga toxin genes (stx1 and stx2) of Shiga toxin-producing E. coli (STEC), the invasion plasmid antigen gene (ipaH) of enteroinvasive E. coli (EIEC) and Shigella spp., and the hippuricase gene (hipO) of Campylobacter jejuni. In addition to the genes for pathogens, the beta-D-glucuronidase gene (uidA) of general E. coli was also included. The dPCR reaction mixture (15 µL) contained 1 × QuantStudio 3D Digital PCR Master Mix (Applied Biosystems), primers and TaqMan probes and 2 µL DNA temperate solution. The primer and probe sequences and the PCR conditions are shown in Table S1. Digital PCR was carried out using the QuantStudio 3D Digital PCR system (Thermo Fisher) with a QuantStudio 3D Digital PCR 20K Chip (Thermo Fisher), as described previously [17]. The conditions used for the PCR reactions are shown in Table S1. We used the default settings in the QuantStudio 3D Digital PCR System and QuantStudio 3D Analysis Suite software (Thermo Fisher) to identify the threshold fluorescence intensity necessary to discriminate between positive and negative wells. The measurements were carried out in triplicate and reported as mean copies per mL of water.




2.6. Statistical Analysis


Statistical significances in the quantitative data obtained in this study were tested using R version 4.0.2. Relationships between DNA concentration and total coliforms, E. coli, and Enterococcus counts were examined, based on Pearson’s correlation coefficient after verifying that the data were normally distributed by the Shapiro test. Differences in the bacterial relative abundances among sites and groups were analyzed with the Kruskal–Wallis test. Microbial community structures were analyzed, using R with vegan [22] and phyloseq packages [23]. Principal coordinates analysis (PCoA) with Bray–Curtis distance matrices was used to visualize the dissimilarities in microbial communities among sites and years. Differences in microbial community structures were tested using permutational multivariate analysis of variance (PERMANOVA). Canonical analysis of principal coordinates (CAP) was carried out using Bray–Curtis distance matrices to identify environmental variables associated with the patterns in microbial communities [24]. Variables for the CAP models were selected by the forward selection method, using the ordistep function of vegan.





3. Results and Discussion


3.1. General Water Quality


The water quality of the Kiyotake River is summarized in Table 1. The pH ranged from 6.9 to 7.8, which is a typical river pH [25]. The EC in the water upstream of the Kiyotake River was less than 100 µS/cm, and it increased as the river went downstream. The turbidity ranged from 0.41 to 1.97 degrees. The mean numbers of total coliforms, E. coli, and Enterococcus were extremely low at sites S1 and S2 upstream, ranging from 1.6 × 102 to 7.4 × 102 CFU/100 mL, 3 × 10−1 to 5.0 × 100 CFU/100 mL, and 1.3 × 100 to 3.7 × 100 CFU/100 mL, respectively. These bacterial counts increased as the river went downstream. The concentration of total organic carbon (TOC) was also investigated in 2017; TOC was 0.21 to 0.44 mg-C/L at the sites S1 to S8, which was extremely low compared with the water quality standard for drinking water in Japan [2]. Based on these water quality measurements, the influence of the pollution load is small in the Kiyotake River, although it flows through some urban areas.




3.2. DNA Concentrations along the River


To examine the influence of our coagulation and foam concentration procedure on the DNA concentration, we collected triplicate samples at the same site and used them for cell concentration and DNA extraction. The variation in the DNA concentration due to our sample processing was small: the mean ± SD (standard deviation) DNA concentration in the river water was 125 ± 9.98 ng/L (coefficient of variation 7.96%) and 109 ± 13.8 ng/L (12.7%) at site S1 in 2017 and 2018, respectively. The concentration of DNA changed as the river went downstream (Figure S1), probably reflecting the abundance of bacteria and other small organisms in the river’s suspended components. The mean DNA concentration in the upper sites S1 and S2 was 101 ng/L, and the fluctuation was small. The difference in the DNA concentration was particularly large between sites S3 and S4 (>500 ng/L at S4) and between sites S7 and S8 (>1000 ng/L at S8). A similar trend was also seen in the Tama River that passes through the big city of Tokyo, Japan; the DNA concentration was the lowest (150 ng/L) in the uppermost stream, whereas that in the middle stream after the discharge of treated sewage was high (2830 ng/L) [26]. The DNA concentration of the Kiyotake River in this study was lower than that of the Tama River, most likely reflecting the land use and human activities around the river.



We observed that the DNA concentration significantly correlated with the total coliform count (r = 0.733, p < 0.05) and the E. coli count (0.760, p < 0.05) (Figure S2), further supporting the impact of sewage-treatment effluent on the DNA concentration. This also suggests that the change in the number of coliforms and the number of E. coli was related to the DNA concentration. On the other hand, no significant correlation was found between the DNA concentration and the number of Enterococcus (p > 0.05), probably because of the different growth/survival kinetics of Enterococcus compared with those of coliform bacteria and E. coli [27].



The amount of DNA concentration obtained by using the coagulation and foam concentration method ranged from 375 to 144,000 ng in the final 100 µL extract, which is enough for next-generation sequencing and dPCR.




3.3. Detection of Pathogen Genes


Four pathogen genes (hipO, stx1, stx2, and ipaH) and one E. coli gene (uidA) were quantified by dPCR in the DNA samples obtained from the S1, S4, and S8 sites collected in 2017 and 2018. These sites represent the land-use patterns of the river studied. We used the coagulation and foam concentration method to concentrate 5000 mL of river water to 100 µL (i.e., concentrate at 5 × 104 times). However, all of the target pathogen genes were below the detection limit (the detection limit: hipO, 8 copies; stx1, 13 copies; stx2, 6 copies; ipaH, 21 copies [17]). These pathogens were also not detected by the 16S rRNA gene sequencing approach. Taken together, these results suggest that the occurrences of STEC, Shigella spp, and Campylobacter jejuni, the waterborne bacterial pathogens of most concern, were negligible in the Kiyotake River, even though it receives effluent from two wastewater treatment plants. In contrast, uidA of E. coli was detected from all sites, except from the S1 site collected in 2017, with a range of 27.1 to 90.1 copies/100 mL. These values were relatively similar to the culture-based E. coli counts, indicating that E. coli present in the river were mostly viable.




3.4. Changes in the Bacterial Community along the River


Bacterial community structures were assessed by the 16S rRNA gene-sequencing analysis. A total of 471,244 reads (21,044–57,981 and 19,562–26,749 per sample in 2017 and 2018, respectively) were clustered into OTUs and used for taxonomic assignment. The phyla Proteobacteria and Bacteroidetes predominated the bacterial communities at all sites (Figure 2), although the relative abundance of Bacteroidetes was larger in the lower and middle sites (S4–S8) than in the upper sites (S1–S3) (p < 0.01 by the Kruskal–Wallis test). In both 2017 and 2018, the phyla Acidobacteria, Planctomycetes, and OP3 were only detected in the upper sites (S1–S3), whereas Actinobacteria were only detected in the middle (S4–S6) and lower sites (S7 and S8). Similarly, Cyanobacteria were only detected in the upper and middle sites. Parcubacteria (also kwon as OD1) were detected in all regions (i.e., upper, middle, and lower sites), but their relative abundance was larger in the upper sites than in the middle and lower sites (p < 0.05 by the Kruskal–Wallis test). This shift may reflect the change in the land use of the river catchment from forest to the agricultural and urban environment [28]. Change in the river bacterial community structures was also shown by the PCoA (Figure 3). The difference in the bacterial community structures by site (group) and year was supported by the PERMANOVA (p < 0.05). The CAP analysis showed that the DNA concentration, turbidity, and E. coli levels were strongly associated with the patterns in microbial communities (Figure 4). As discussed above, DNA concentrations and the levels of E. coli might have been influenced by the effluent from the sewage treatment plants located between the S3 and S4 sites and upstream of the S8 site. Therefore, the changes in the bacterial community structures along the river were at least in part influenced by the sewage effluent.




3.5. Occurrence of Potential Pathogens


The influence of sewage-treatment effluent raises a concern about the presence of potentially pathogenic bacteria. Therefore, we extracted the genera that contain potential human pathogens from our OTU data, based on the list of 145 pathogenic bacterial genera presented by Fang et al. (2018) [29]. A total of 87 and 73 potentially pathogenic genera were detected in 2017 and 2018, respectively (Figure S3). They accounted for 1.36–4.52% and 1.15–6.97% of the total bacterial populations detected in 2017 and 2018, respectively. Among those, 16 genera occupied a relatively large fraction (>0.1%) of the population (Figure 5). Acinetobacter, Aeromonas, Pseudomonas, and Sphingomonas were frequently detected across the sites in both 2017 and 2018. In particular, Aeromonas was detected most frequently (4.83% of the population) at the S6 site in 2018. Although Acinetobacter and Aeromonas are not frequently detected in human feces, they are abundant in sewage, soil, and surface water [30,31,32]. Therefore, the potential sources of these bacteria in the river water studied might include sewage and soil. Similarly, Pseudomonas spp. are ubiquitous in various environments including soil, water, and humans [33]. Pseudomonas spp. in the Kiyotake River may originate from these sources. Our previous study also detected P. aeruginosa in various locations along the Kiyotake River, with the concentration ranging from 2 to 25 CFUs per 100 mL [34]. Similar to this study, Sphingomonas has been detected in various water environments such as freshwater [35] and natural mineral water [36]. Legionella was only detected in the upstream sites. Since Legionella is widely distributed in natural environments such as moist soil [37], the potential source of this bacterium would be soil or sediment in the catchment. On the other hand, Arcobacter was frequently detected in the downstream sites. The detection of Arcobacter may be related to the discharge of sewage effluent, because Arcobacter is one of the major genera found in sewage [38]. The influence of human activities such as sewage effluent is also supported by the high levels of E. coli found in the downstream sites. Although these 16 genera were consistently detected both in the 2017 and 2018 samples, their relative abundances to the total population were variable between the two years, probably because of the differences in environmental conditions such as temperature and precipitation. Future research is needed to clarify the factors influencing their abundance. It is also important to note that these data show relative abundances. The absolute abundances of these genera (i.e., copies of bacteria per L water) may be different. For example, the relative abundances of potentially pathogenic genera were relatively low in the S8 site, but these samples had the highest DNA concentration, which means they had the highest biomass. Therefore, the absolute abundances of these genera in the S8 site may be larger than in the other sites.



In addition to the genus level, we tried to detect potentially pathogenic species at the species level by using the list of 538 pathogenic bacterial species [39]. Eighteen potentially pathogenic bacterial species were detected in our OTU data (Figure S4). Among these, Yersinia ruckeri had the highest abundance (up to 0.41%) and was widely detected both in the upstream and the downstream sites over the two years. Pseudomonas alcaligenes was also widely detected, with the highest relative abundance (0.055%) seen at the uppermost S1 site in 2018. These results suggest that Y. ruckeri and P. alcaligenes likely originated from natural environments (e.g., forest soils) in the catchment. In contrast to the genus-level analysis, Acinetobacter spp., Aeromonas spp., and Sphingomonas spp., were not identified at the species level based on the OTU data, most likely because it is difficult to identify these species based on the V3–V4 region of the bacterial 16S rRNA gene information alone. Longer 16S rRNA gene fragments may need to be sequenced to obtain species-level information [40].





4. Conclusions


This study applied the coagulation and foam concentration method to concentrate the DNA from river water to analyze the bacterial community structures and the occurrence of potential pathogens. Our 16S rRNA gene-sequencing analysis indicates the impact of land use and human activities on bacterial communities in the river water. While we did not detect target pathogens (STEC, Shigella spp, and Campylobacter jejuni), E. coli were constantly detected by dPCR in this study. Although 16S rRNA gene information alone cannot distinguish some human pathogens from others (e.g., E. coli O157 vs. general E. coli), this approach is still useful to assess the overall community change and to detect potentially pathogenic bacteria. These results suggest that the coagulation and foam concentration method is useful for environmental monitoring because this method is simple, fast, and easy to use. To further enhance detection sensitivity, it might be necessary to process a larger volume of water (e.g., >10 L). Given the simple nature of this method, we expect that it is relatively easy to achieve, both in the laboratory and on-site [41]. To obtain information on the river environment for improving public health, further research is needed, including the application of this method to investigate various river basins with different characteristics.
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Figure 1. Sampling sites in the Kiyotake River watershed. Land-use patterns (urbanized area, densely inhabited district, forest area, and agricultural area) and the location of wastewater treatment plants are also shown. 
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Figure 2. Relative abundance of bacterial phyla that are present at >2% in the populations at each site. 
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Figure 3. Principal coordinate analysis (PCoA) plots showing the Bray–Curtis dissimilarities among the bacterial communities. Sites were divided into three groups based on the land-use patterns: the upper sites (S1–S3), the middle sites (S4–S6), and the lower sites (S7 and S8). 
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Figure 4. Canonical analysis of principal coordinates (CAP) plots showing the associations between environmental variables and the patterns in bacterial communities. Microbial communities were analyzed using Bray–Curtis distance matrices. All environmental variables shown in the plots had significant effects (p < 0.05) on the microbial community patterns, based on PERMANOVA. Sites were divided into three groups based on the land-use patterns: the upper sites (S1–S3), the middle sites (S4–S6), and the lower sites (S7 and S8). 
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Figure 5. The relative abundances of the 16 potentially pathogenic bacterial genera at each site. Only major genera that were present at >0.1% of the population are shown. 
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Table 1. Water qualities at each sampling site in 2017 and 2018.
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Site

	
Water

Temperature

	
pH

	
Electric

Conductivity

	
Turbidity

	
TOC

	
Fecal Bacteria (Mean CFU/100 mL) **




	
(°C)

	
(-)

	
(μS/cm)

	
(Degree *)

	
(mg/L)

	
Total Coliforms

	
Escherichia coli

	
Enterococcus




	
2017

	
2018

	
2017

	
2018

	
2017

	
2018

	
2017

	
2018

	
2017

	
2017

	
2018

	
2017

	
2018

	
2017

	
2018






	
S1

	
17.5

	
22.4

	
7.10

	
7.49

	
75.8

	
93.2

	
0.49

	
1.55

	
0.33

	
1.6 × 102

	
7.4 × 102

	
5.0 × 100

	
3 × 10−1

	
3.7 × 100

	
2.0 × 100




	
S2

	
16.8

	
23.0

	
7.01

	
7.64

	
77.4

	
86.7

	
0.57

	
0.74

	
0.21

	
1.8 × 102

	
6.3 × 102

	
1.0 × 100

	
4.0 × 100

	
1.3 × 100

	
3.3 × 100




	
S3

	
16.1

	
24.0

	
6.98

	
7.80

	
87.6

	
87.0

	
0.71

	
1.14

	
0.21

	
3.5 × 102

	
1.4 × 103

	
4.0 × 100

	
4.0 × 100

	
2.9 × 101

	
5.8 × 101




	
S4

	
17.2

	
25.2

	
6.94

	
7.79

	
100.8

	
105.6

	
0.41

	
1.21

	
0.33

	
1.6 × 103

	
5.0 × 103

	
5.8 × 101

	
3.1 × 101

	
5.7 × 101

	
7.4 × 101




	
S5

	
17.0

	
25.2

	
7.10

	
7.80

	
109.1

	
119.1

	
0.71

	
1.19

	
0.37

	
1.1 × 103

	
4.9 × 103

	
4.6 × 101

	
4.1 × 101

	
4.2 × 101

	
8.0 × 101




	
S6

	
18.3

	
26.4

	
7.03

	
7.78

	
123.9

	
132.7

	
0.89

	
1.01

	
0.40

	
1.3 × 103

	
6.8 × 103

	
9.0 × 101

	
1.9 × 101

	
2.0 × 101

	
8.2 × 101




	
S7

	
19.4

	
26.8

	
7.22

	
7.68

	
123.4

	
128.1

	
1.22

	
1.04

	
0.36

	
1.4 × 103

	
4.2 × 103

	
5.3 × 101

	
4.7 × 101

	
1.2 × 102

	
1.1 × 102




	
S8

	
19.1

	
27.4

	
6.87

	
7.56

	
720.0

	
166.0

	
1.07

	
1.97

	
0.44

	
1.0 × 103

	
2.0 × 103

	
5.7 × 101

	
2.0 × 101

	
1.9 × 101

	
1.6 × 101








Note: *: Turbidity as kaolin unit: 1.0 mg/L of kaolin clay suspension = 1.0 degree as kaolin unit. **: Mean of three replicates.
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