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Abstract

:

Sodium hypochlorite was widely used as a supplementary disinfectant in reclaimed water (RW) production during the COVID-19 epidemic. It is well known that the chlorination of RW results in a relatively high bacterial regrowth potential in pipeline systems. However, the algal growth and algal–bacterial interactions would be another concern in RW-replenished surface water with light irradiation. In this study, microcosmic experiments were used to explore the impact of hypochlorite on the algae–bacteria community, including the influence of hypochlorite on algal–bacterial regrowth, microbial community structure, and the specific bacteria that can survive chlorination. Results demonstrated that algal growth potential could be promoted after chlorination of the RW, and bacteria abundance increased along with an increase in algal density, which is probably related to DOM decomposition by chlorine oxidation. Additionally, the characteristics of the bacterial community were altered. It is more likely that phytospheric bacteria will survive chlorination. It was discovered that the secondary risks of chlorine disinfection include the growth of algae in addition to bacterial regeneration, which is an extension of the common perception. As a consequence, when chlorinated reclaimed water is used as a supplement for urban landscape ponds, particular attention should be paid to controlling bio-available organic matter induced by reactive chlorine, as well as the algal bloom, to decrease the risk of pathogen transmission.
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1. Introduction


Reclaimed water (RW) replenishing of landscape ponds is a promising and economical way to improve urban landscape quality and reduce regional pressure on water resources. However, since the outbreak of the COVID-19 epidemic, sodium hypochlorite (NaClO) disinfection has been widely supplemented at the end of RW production in many wastewater treatment plants (WWTPs). Investigations have shown that the concentrations of residual chlorine in WWTP effluents in China during the epidemic were 0.09 to 8.5 mg/L with an average value of 1.12 mg/L, and the majority form of which was free chlorine [1,2]. Residual chlorine entered the landscape water system [3,4], which may potentially impact microbial ecology and induce uncertain ecological risks.



Chlorine disinfection could lead to an increase in assimilable organic carbons (AOC) in RW, and probably exacerbate the regrowth the pathogenic bacteria [5,6,7]. On the other hand, active chlorine could oxidize the residual organic matters in reclaimed water, which theoretically could alter the growth of algae due to mixotrophy mechanisms [8,9]. Consequently, the characteristics of microbial community may be affected due to algae–bacteria interactions [10,11]. Thus, compared with the dark systems (e.g., the water distribution system and cooling water system), which primarily focus on bacterial regrowth, the light systems (e.g., landscape water) need to consider more about algae–bacteria interactions and algal mixotrophy mechanisms, especially when using chlorinated RW for water replenishment.



However, much less was known about the characteristics of the microbial community structure in such situations. The identification of their characteristics in the chlorinated RW replenished aquatic ecosystem would be fundamental for further research on the deeper mechanisms of the chlorinated RW’s impact on the microbial community structure and pathogenic bacteria risks in landscape ponds. Therefore, a microcosmic system was established for a 42-day observation, with the aim of assessing the influence of hypochlorite on algal growth, the characteristics of the bacterial regrowth potential, the microbial community structure, and the specific bacteria that could survive chlorination. It was hoped that would illustrate the characteristics of algal–bacterial regrowth and reveal the uncertain ecological risks in the urban landscape ponds replenished by chlorinated RW when the algal bloom problem is involved.




2. Materials and Methods


2.1. The Basic Information of the Water for Experiments


RW was collected from a WWTP after tertiary treatment, which met the city’s class-A water quality standard (DB12/599-2015). The WWTP is located at the northeast corner of the Binhai New Area in Tianjin. Its tertiary effluent was discharged into a nearby landscape pond with a flow rate of ~60,000 m3/d and then went downstream. However, there was a short flow between the upstream and downstream of the pond, which resulted in a large area of hydraulic dead zone. For the dead zone of the pond, the hydraulic retention time would be over weeks, which had potential ecological risks because of long retention. Landscape water (LW) was collected from different sites of the pond and mixed. Water qualities of the RW and the LW are shown in Table S1. The corresponding water quality standard of the RW is also presented in Table S1.




2.2. Microcosmic Experiment


Microcosmic experiment were useful for intractable ecology problems, such as the responses of ecosystem community and function to environmental factors [12]. The experiment for the microbial regrowth was performed in a set of 250 mL Erlenmeyer flasks. In order to simulate the RW in replenishing landscape water, 20% RW was added to the LW, with a small amount of sterile water with different nitrate and phosphate concentrations to adjust the nutrients’ level, marked as N1~N6. They were set as control groups in order to compare the effects of nutrient and chlorine on the downstream microbial ecology. A blank, marked as “NC”, was also prepared with totally distilled water.



Then, the mixtures with a specific nutrients’ level (i.e., TN was about 10 mg/L, while TP was about 0.3 mg/L) were treated with 1% NaClO solution to final chlorine concentrations of 0.1, 0.5, 1.0, 3.0, and 5.0 mg-Cl/L, respectively, and marked as D1~D5. The chlorine dosage referred to the recommendation of CRB evaluation by Luo et al. [13] This level of nutrient was adopted because it most closely corresponded to the water quality of the effluent outlet on site. The detailed experimental grouping and conditions are shown in Table 1. The setting of nutrient levels in the experiments was to simulate the characteristic of relatively high nutrients in landscape water replenished by RW.



All the mixtures of different conditions were prepared in triplicate to ensure the reliability of the results. The mixtures were placed in a light incubator (Boxun, shanghai, China) at 28 ± 1 °C and a 14:10 h light–dark cycle with 6000 lux illumination, equal to photosynthetically active radiation of ca. 95 μmol·(m2·s)−1. The mixtures were shaken twice a day to ensure their uniformity.




2.3. Chemical Analysis


The characteristics of dissolved organic matters (DOM) under chlorine oxidation were determined using a series of indicators, including SUVA254, E254/E204 and SR, detected by the ultraviolet-visible spectrophotometer (Hach DR 6000, Ames, OH, USA). The method and description of these indicators were listed in Table 2. Residual chlorine was analyzed following the DPD method [14].




2.4. Monitoring of the Algal Growth


The algal density was measured by spectrophotometry using OD685, calibrated by algal cell counting. The method detection limit (MDL) and the sensitivity (S) were evaluated before tests (Figure S1). The maximum algal density (Nmax) and the specific growth rate of algae (rm) were calculated based on fitting by the logistic growth model. The algal density data during the decline phase was rejected in the fitting process to reduce its interference with the parameter calculation.


    d N   d t   =  r m  × N ×    N  m a x   − N    N  m a x      



(1)




where, N represents the algal density at different sampling time, Nmax and rm are the parameters of the algal growth characteristics, which have been described above.




2.5. Analysis of Microbial Community


2.5.1. Sample Preparation


At the post-stationary phase of algae growth, which means the time algal density had reached to the top but not declined yet, a sample of 115 mL (35 mL from each replicate) was collected in each group. Samples were treated by low-tensity ultrasonic concussion (40 W, 5 min) to disperse the bacteria. Because chloroplast could produce garbage data in the sequencing process [19], algae cells were then removed by a 3 μm membrane (HainingYibo, Jiaxing, China) [20]. Bacteria in the filtrate were collected on 0.22 μm membrane (MF-Millipore, US). The membranes were placed into the sterile tubes individually, briefly stored in a −20 °C environment and sent to undergo sequencing processing.




2.5.2. 16S rDNA Sequencing and Data Processing


The bacterial DNA was extracted from the membrane using a TransStart® TopTaqDNA Polymerase kit (Transgen, Beijing, China) according to the manufacturer’s instructions. Primers 341F (5′-CCTACGGGNGGCWGCAG-3′) and 805R (5′-GACTACHVGGGTATCTAATCC-3′) were applied to amplify the bacterial 16S rRNA gene by PCR targeting the V3–V4 region.



The spike-in standards, nine synthetic sequences, were added to the sample DNA pools for the quantitative analysis of bacterial abundance based on the internal standard method [21]. They were amplified along with the extracted DNA. Then, the sequencing was performed on an Illumina MiSeq PE250 sequencer. The data processing followed the specifications of a previous study [22]. Taxonomy assignment was performed using the RDP database (version 11.5) using the classify-sklearn method.




2.5.3. Downstream Analysis


The absolute abundance of bacteria in each sample, indicated by the amplicon sequence variant (ASV) numbers, was counted based on a standard curve of read counts versus spike-in DNA copy numbers.



A non-metric multidimensional scaling (NMDS) method was employed to compare the similarity of microbial communities among the groups. The NMDS results were generated using the software R (version 4.0.5) based on genera-level data, with the Anosim (analysis of similarity) method used to investigate the statistical significance among the groups.



The interaction networks were established based on pairwise correlation analysis using Pearson’s method. The data of relative abundance at the class level were adopted in this part. Data of bacteria abundance within each class were filtered to ensure that above 60% of the data within all groups were non-zero values. The correlation matrix and p-values were then obtained using the function “rcorr” in RStudio. Data visualization was achieved by Cytoscape 3.8.2.






3. Results


3.1. Raw Water for the Experiment


The characteristics of algal growth under different chlorination conditions were compared, and the non-chlorinated groups with different nutrient levels were set as the controls (Figure 1). Maximum algal density (Nmax) was largely influenced by total phosphorus within tested nutrient levels, whereas nitrate concentrations had little effect on Nmax (Figure 1a). N1~N3 (TP was ~0.15 mg/L) had an average Nmax of 2.74 ± 0.05 106 cells/mL, whereas N4~N6 (TP was ~0.3 mg/L) had an average value of 3.91 ± 0.04 106 cells/mL.



Algal growth was not completely inhibited by NaClO (Figure 1b). NaClO prolonged the lag phase of algae growth, and as the dosage of NaClO increased from 0.1 to 5.0 mg-Cl/L, the occurrence of algal bloom was delayed from the 4th to the 28th day. The variations in free chlorine concentrations suggested that the delayed algal growth was probably associated with chlorine decay (Figure 1c). Additionally, the Nmax was also increased as NaClO dosage was increased. The Nmax of D1 was 2.92 ± 0.09 106 cells/mL, comparable to N1~N6. In comparison, Nmax values of D2~D4 were 5.83 × 106~6.72 × 106 cells/mL, and Nmax of D5 reached 9.60 × 106 cells/mL.



By microscopy through morphology comparison with standard images in the global algal database (www.algaebase.org, accessed on 13 June 2022), most of the regrown algae among the groups were identified as Chlorococcales and Sphaeropleales in phylum Chlorophyta. The specific growth rates of algae (rm) in these groups showed minor differences (Figure 1d), which implied that chlorination had no significant effect on the cell reproduction rate of algae but indirectly influenced the environmental capacity for algal density.



Nutrients level failed to explain the remarkable increase in algal density seen in this study. Additionally, the biotoxicity was probably not the main cause, since it had a greater effect on the growth rate [23,24], which was not significantly changed in this test (Figure 1d). We then characterized the change in DOM under the oxidation pressure of hypochlorite (Figure 2). The results showed that the average molecular weight and aromaticity of DOM, indicated by SR and SUVA254, were significantly lowered after 12 h contact. The amount of hydrotropic substance was also slightly decreased. Thus, it could be inferred that the addition of hypochlorite induced aromatic ring cleavage and other degradation reactions. The formation of these low-molecular substances, rather than the nutrients or biotoxic effects, would be a strong explanation for the blooming of algal density, based on the heterotrophic algal growth mechanism [25,26].




3.2. Microbial Community


3.2.1. The Characteristics of Bacterial Composition and Abundance


As the algae outbreak period often represents the most unfavorable ecological period, microbial characteristics during this period play a key role in understanding ecological function and risk. Therefore, sequencing analysis was performed on samples at the algal bloom period (i.e., the post-stationary phase) under different experimental conditions. The composition of microbial communities in different conditions could be divided into three gradients based on NMDS analysis (Figure 3a). The low dosage of chlorine (D1 and D2, less than or equal to 0.5 mg-Cl/L) induced little shift in the composition of bacteria compared to those with no chlorine addition (N1 ~ N6). When chlorine usage was larger than 0.5 mg-Cl/L (D3~D5), a clear division in the composition of microbial communities emerged.



In addition to the composition, the absolute abundance of bacteria increased after contact with increased chlorine dosages (Figure 3b). The absolute abundances of bacteria in N1~N6 were similar, with an average abundance of 2.02 × 108 ASV/mL. In contrast, the absolute abundances of bacteria in D1~D5 were changed from 1.08 × 108 to 1.43 × 109 ASV/mL, indicating that the bacteria regrowth potential was remarkably increased after chlorination.



Additionally, a supplementary test was performed to investigate whether the effect of chlorine on organic compounds in RW or the symbiosis between algae and bacteria promoted the regrowth of bacteria (Figure S2). The results showed that the bacteria did not regrow to the above levels after being contacted with chlorine in the dark environment, suggesting that algal growth plays a more significant role in bacterial regrowth potential as algae provided a pleasant symbiotic environment. Therefore, it could be inferred that a high bacteria abundance was indirectly influenced by RW chlorination through algal growth promotion.




3.2.2. The Responses of Microbial Community to the Chlorine Concentrations


Alphaproteobacteria and Bacteroidetes contributed to the largest increment of the bacterial abundance in the chlorinated groups (Figure 3b). Additionally, a difference in dominant bacteria was found in groups treated with different concentrations of chlorine (Figure 4). The abundance of Alphaproteobacteria in D1 to D4 were 3.16 × 107, 2.31 × 108, 7.17 × 108, and 7.39 × 108 ASV/mL, respectively. It dropped to 3.40 × 108 ASV/mL in D5. At the same time, Bacteroidetes became dominant in D5, with an abundance of 7.38 × 108 ASV/mL.



The responses of relative abundance at phyla (or class) levels to the chlorine dosage were different (Figure 4). They could be roughly divided into three patterns, (1) one that survived with initial chlorine ≤ 0.5 mg/L but was remarkably inhibited or eliminated under high concentrations of chlorine, such as Chloroflexi and Betaproteobacteria; (2) one that obtained its maximum relative abundance under a chlorine concentration of 0.5~3 mg/L, while relative abundance got lower or even zero when the chlorine concentration was out of this range, such as Alphaproteobacteria, Verrucomicrobia, and Planctomycetes; and (3) one that became abundant after contact with a high concentration of chlorine (5.0 mg/L), such as Bacteroidetes and Actinobacteria.



Some opportunistic pathogens had a higher occurrence potential in commensal niches [27], which implies extra attention would be required to the occurrence of these potentially pathogenic bacteria (PPB) in algal bloom circumstances.



The PPB were picked out based on the reference lists [28,29]. The characteristics of identified PPB are shown in Figure 4d,e. Results showed that PPB, such as Bacillus, Legionella, and Leptospira, were inhibited or eliminated in the chlorine-treated groups. However, PPB, such as Mycobacterium, Rhizobium, Pseudomonas, and Sphingomonas, maintained high relative abundance or even higher (Figure 4d). The genus Mycobacterium showed proliferation in relative abundance (from 0.028% to 1.69%). It became the most dominant PPB, while the genus Pseudomonas and Legionella were the dominant genera (0.042% and 0.040%, respectively) under non-chlorinated conditions.



The interaction network of bacterial communities revealed that the complexity of microbial communities was reduced after chlorination compared with that in non-chlorination conditions (Figure S3). The average number of neighbors (Avg. N) of bacteria at class level was 18.0 in chlorinated conditions, while it was 23.0 in non-chlorinated conditions. The number of edges in the network of chlorinated conditions was 171, significantly lower than 276, calculated in the network of non-chlorinated conditions. Thus, the stability of microbial community was probably decreased by chlorination due to a reduction in network complexity [30].





3.3. Microbial Community


Figure 5a shows the relation between the total bacterial abundance and the Nmax of algae. The bacterial abundance was positively correlated with the algal density (r = 0.87, p < 0.001, n = 18). Combining this result with the bacterial regrowth characteristics under dark-culture conditions (Figure S2), it is reasonable to infer that algal symbiosis was the main driving factor for the remarkable increase in bacterial abundance.



Figure 5b shows the genus that has a significantly correlated with algal density. Eleven genera were selected following the certain rules (Pearson’s r > 0.6, p < 0.05, and the relative abundance > 0.1%). Their functions are shown in Table 3. Bacteria in genera Algoriphagus and Flavobacterium were chemoorganotrophs, often found in the phycosphere [31,32,33], which means that they could live on the algal cells. Flavobacterium and Rhizobium were known to stimulate the growth of algae [34,35]. Gemmobacter was potentially involved in symbiosis with algae [36]. Some genera, such as Fluviicola, were poorly understood in the context of environmental microbial functions. Alishewanella and Rheinheimera belong to the family Chromatiaceae of purple sulfur bacteria, which were found to be symbionts with algae [37]. According to their properties, the bacteria within these genera could probably benefit from the algae through multiple pathways. This may be an important reason these bacteria could regrow in large numbers after being affected by a high chlorine concentration.





4. Discussion


4.1. The Algal and Bacterial Regrowth Potential with Chlorinated RW


The result revealed a significant increase in algal regrowth following the addition of NaClO to RW-replenished landscape water (Figure 1a). However, the underlying mechanism remains unclear. Most studies relating to chlorine and algae were focused on investigating chlorine’s short-term removal of algae cells, elimination of algal toxins, and the specific disinfection byproducts, but little attention was paid to the algae regrowth after disinfection and the characteristics of algae in water [38,39,40,41]. Probable mechanisms could be oxidization of inhibitory chemicals or chemical exchanges with the remaining bacteria, which would need to go further using analytical chemistry methods to elucidate the mutualistic interactions between microalgae and bacteria under chlorine stress.



Bacterial regrowth was promoted as the algal density increased (Figure 3a). Several mechanisms have been proposed to explain why the abundance of bacteria was higher with higher algae biomass in aquatic environments. The presence of high algae biomass has been found to protect bacteria from UV radiation [42]. However, the illuminant in this study produces a negligible amount of UV radiation. Therefore, UV radiation cannot be responsible for the difference in bacterial regrowth. As an alternative, it was also suggested that algae could support the population of specific functional bacteria through oxygen supply or syntrophism (i.e., “cross-feeding”) [43,44].



Consequently, the regrowth potential of chlorinated RW, characterized by the maximum algal density and the absolute bacterial abundance, were 2.5-times and 10-times higher, respectively, compared with that of non-chlorinated RW. In the practice of replenishing landscape water with reclaimed water, this phenomenon should be taken into account.




4.2. The Characteristics of Bacteria Regrew within Chlorinated RW


According to the current research and review, bacteria in the phyla of Bacteroidetes, Firmicutes, as well as alpha-, beta-, and gamma-Proteobacteria, were often presented as the dominant bacteria under chlorination disinfection process [45,46]. Acharya et al. [45] reported that beta- and gamma-proteobacteria were the predominant bacteria when the initial dose of chlorine was up to 3 mg-Cl/L, while the predominant bacteria changed to alphaproteobacteria at a higher chlorine dose of 5 mg-Cl/L. Luo et al. [13] reported tens of typical genera of CRB, including Pseudomonas, Bacillus, Mycobacterium, Legionella, Aeromonas, Sphingomonas, Acinetobacter, etc.



In comparison, the bacteria that were symbiotic with algae were identified as primarily belonging to the orders Cytophagales, Flavobacteriales, Rhodobacterales, Hyphomicrobiales (syn. Rhizobiales), and Sphingomonadales within class Alphaproteobacteria and phylum Bacteroidetes (Table S2). These bacteria were commonly reported to survive by exchanging infochemicals or nutrients with algae, and decomposing algal debris [47]. Here, we are not attempting to discuss the biochemical mechanisms deeply but to analyze the phylogenetic overlap between the chlorine-resistant bacteria (CRB) and the phycospheric bacteria (PB), revealing the relationship between the microbial functions and the assembly of the bacterial community.



Based on the summary of putative CRB and PB (Table S2), the bacteria that were both chlorine-resistant and symbiotic with algae (i.e., the overlapping region) are shown in Figure 6. The typical genera included Flavobacterium, Rhizobium, Bradyrhizobium, Agrobacterium, Sphingomonas and Vibrio, which partially occurred in our results. The bacteria in the overlapping region may probably have a higher occurrence rate of regrowth in chlorinated RW coupled with algal bloom. However, some genera in the results, for example, Mycobacterium, were less reported. Considering that the diversities of CRB and PB have not been extensively identified and summarized, with insufficient data from globally diverse environments and a lack of functional gene identification, the bacteria that can survive from chlorination and regrowth with algae bloom could be underestimated. Therefore, the bacteria involved in this study with unknown mechanisms deserve further attention, including Devosia, Orientia, Rheinheimera, and Alishewanella (Figure 5).




4.3. Ecological Risks Associated with Pathogenic Bacteria in Chlorinated RW


Opportunistic pathogens are microorganisms that do not normally cause disease but can become pathogenic following a perturbation to their host (e.g., disease, wound, medication, prior infection, immunodeficiency, and aging) [48]. Some opportunistic pathogens, which are facultative parasites called “environmental opportunists”, persist and grow in the outside host environment, and opportunistically invade host individuals. Thus, they were often affected by environmental variations [49,50].



As we discussed above, chlorination promoted the algal density and further supported a higher bacterial population, which may also raise the risk of exposure to some “environmental opportunists”. The combined effect of chlorination and algal bloom probably would reshape the characteristics of the pathogenic bacteria community. The results indicated that the bacteria within the genus of Mycobacterium, Rhizobium, Pseudomonas, and Sphingomonas survived chlorination. These bacteria were basically in the category of “environmental opportunists” [49], and most of them were also reported as phycospheric bacteria (Table S3). Many of these bacteria could exhibit a particle-attached life state and live in a symbiotic way to obtain nutrient resources from algae [51]. Therefore, they have a higher chance of surviving chlorination. In contrast, the bacteria within the genus Legionella, Bacillus, Leptospira, Streptococcus, and Pseudonocardia were remarkably inhibited after chlorination and algae regrowth. They were usually commensal with humans or other higher animals rather than algae. Due to a lack of protection and nutrient supply, they were more susceptible to being eliminated by the active chlorine in the aquatic environment.





5. Conclusions


This study focused on the algal–bacterial community in landscape water replenished with chlorinated RW. Results indicated that the algal growth was significantly promoted after the chlorination of reclaimed water. The most powerful explanation for this phenomenon was the formation of low-molecular substances from DOM oxidized by active chlorine. The total abundance of bacteria was also increased along with algal blooms. Algae supported phycospheric bacteria survival against chlorine disinfection, which resulted in a transmission risk of pathogens that could live in phycosphere. These results suggest that the secondary risks of chlorine disinfection include not only the bacteria regeneration, as most researchers have known, but also the promotion of algal growth. Therefore, when chlorinated reclaimed water is used for supplementing urban landscape ponds, attempts should be made to reduce the risk of pathogen transmission by controlling the bio-available organic carbons formed by reactive chlorine oxidation as well as the algal blooms.
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Figure 1. Characteristics of algal growth and chlorine decay. (a) Algal density in non-chlorinated groups, (b) algal density in chlorinated groups, (c) concentrations of free chlorine, and (d) the specific growth rate (rm) of algae, the "ns" indicates no significant change. 
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Figure 2. The characteristics of DOM under chlorine oxidation. (a) The change of average molecular weight of DOM (SR Value). (b) The hydrophobicity of DOM (E254/E204 value). (c) The aromaticity of DOM (SUVA254). 
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Figure 3. (a) Non-metric multidimensional scaling (NMDS) ordination of bacterial communities of all taxa, showing the differences of bacterial communities among 11 experimental treatments, which could be divided into three categories: “N” represents groups with different nutrient levels (i.e., N1~N6), “LD” represents groups with low dosages of NaClO (i.e., D1 and D2), “HD” presents groups with high dosages of NaClO (i.e., D3~D5). (b) Changes in the abundance of dominant phyla (>0.5%) among 11 treatments. The phylum Proteobacteria was subdivided into the class level. 
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Figure 4. Relation between the chlorine addition and the bacterial response. (a) Dominant bacteria at phyla level, (b) rare bacteria at phyla level, and (c) bacteria in phylum Proteobacteria. (d) Heatmap analysis of the relative abundance of potentially pathogenic bacteria identified in the experiment under different conditions. The raw data were processed with logarithmic transformation. (e) The relative abundance of the potentially pathogenic bacteria, and the values represent the maximum abundance among groups. 
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Figure 5. The relation of algae and bacteria in the systems. (a) Pearson correlation between Nmax of algae and absolute abundance of bacteria. (b) Typical bacteria that were positively related to algal growth. The star mark (*) means p < 0.05 and the double star mark (**) means p < 0.01. 
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Figure 6. The characteristics of overlapping regions of the putative chlorine-resistant bacteria (CRB) and phycospheric bacteria (PB) and the typical genera. 
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Table 1. The initial conditions and grouping of the experiments.
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Groups

	
Index




	
TN a

(mg/L)

	
    N O  3 −   −N a

(mg/L)

	
    N H  4 +   −N

(mg/L)

	
TP a

(mg/L)

	
SRP b

(mg/L)

	
CODcr

(mg/L)

	
Chlorine

(mg-Cl/L)

	
pH

	
TDS

(mg/L)

	
ORP

(mV)






	
NC

	
2.13 ± 0.04

	
2.04 ± 0.02

	
<0.1

	
<0.01

	
<0.01

	
N.D.

	
0

	
7.5~7.8

	
1200~1400

	
195~215




	
N1

	
5.91 ± 0.10

	
4.43 ± 0.05

	
0.61 ± 0.11

	
0.15 ± 0.01

	
0.05 ± 0.01

	
21.3 ± 1.0




	
N2

	
10.6 ± 0.13

	
9.33 ± 0.09




	
N3

	
14.3 ± 0.22

	
13.1 ± 0.11




	
N4

	
5.79 ± 0.08

	
4.52 ± 0.07

	
0.30 ± 0.02

	
0.18 ± 0.02




	
N5

	
10.3 ± 0.15

	
9.55 ± 0.09




	
N6

	
14.2 ± 0.28

	
12.9 ± 0.15




	
D1

	
10.4 ± 0.20

	
9.43 ± 0.11

	
0.61 ± 0.11

	
0.30 ± 0.02

	
0.18 ± 0.02

	
19.2 ± 1.5

	
0.1




	
D2

	
0.5




	
D3

	
1.0




	
D4

	
3.0




	
D5

	
5.0








Notes: a Concentration gradients of TN and nitrate were achieved by adding sodium nitrate; TP gradients was adjusted by adding monopotassium phosphate. The ammonia concentration remained as it was. b SRP: Soluble reactive phosphorus. N.D.: Not detectable.
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Table 2. The method and description of DOM indicators.
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	Indicators
	Quantification Methods
	Environmental Meanings
	Reference





	SR
	The ratio of spectral slopes in the band of 275~295 nm and 350~400 nm.
	To characterize the molecular weight of DOM; A higher value indicates a smaller molecular weight.
	[15,16]



	E254/E204
	The ratio of α254 to α204; α254 and α204 are the absorption coefficients of the sample at 254 nm and 204 nm, respectively.
	To characterize the hydrophobic property of DOM; A higher value indicates a higher hydrophobicity.
	[17]



	SUVA254
	The ratio of α254 to DOC; α254 is the absorption coefficients of the sample at 254 nm, and the DOC is the concentration of dissolved organic carbons.
	To characterize the aromaticity of DOM; A higher value indicates a higher aromaticity.
	[18]
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Table 3. The taxonomic and putative functions of the bacteria associated with algae.
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Genus

	
Taxonomic Annotation

	
Putative Eco-Functions




	
Order

	
Class

	
Phylum






	
Algoriphagus

	
Cytophagales

	
Cytophagia

	
Bacteroidetes

	
Degradation of high molecular organic matters




	
Mycobacterium

	
Corynebacteriales

	
Actinomycetia

	
Actinobacteria

	
Unclear




	
Gemmobacter

	
Rhodobacterales

	
Alphaproteobacteria

	
Proteobacteria

	
Dissimilatory nitrate reduction




	
Flavobacterium

	
Flavobacteriales

	
Flavobacteriia

	
Bacteroidetes

	
Degradation of complex organic matters




	
Fluviicola

	
Flavobacteriales

	
Flavobacteriia

	
Bacteroidetes




	
Rhizobium

	
Hyphomicrobiales

	
Alphaproteobacteria

	
Proteobacteria

	
lysis of algal cells and its toxin degradation




	
Devosia

	
Hyphomicrobiales

	
Alphaproteobacteria

	
Proteobacteria

	
Unclear.

Probably Nitrogen-fixing




	
Rheinheimera

	
Chromatiales

	
Gammaproteobacteria

	
Proteobacteria

	
Anoxygenic photosynthesis and symbionts with algae




	
Alishewanella

	
Chromatiales

	
Gammaproteobacteria

	
Proteobacteria




	
Orientia

	
Rickettsiales

	
Alphaproteobacteria

	
Proteobacteria

	
Unclear
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