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Abstract

:

The black-odor phenomenon has been widely reported worldwide and recognized as a global ecological risk for aquatic environments. However, driving factors for black-odor-related microorganisms and potential self-remediation strategies are still poorly understood. This study collected eight water samples (sites A–H) disturbed by different factors from the Jishan River located in Jinmen, Hubei Province, China. Black-odor-related environmental factors and functional bacterial structure were further measured based on the basic physicochemical parameters. The results indicated that different types of disturbed conditions shape the distribution of water quality and microbial community structures. Site B, which was disturbed by dams, had the worst water quality, the lowest abundance of functional microbes for Mn, Fe, and S biotransformation, and the highest abundance of functional microbes for fermentation. The natural wetlands surrounding the terminus of the river (site H) were keys to eliminating the black-odor phenomenon. Potential black-odor-forming microorganisms include Lactococcus, Veillonella, Clostridium sensu stricto, Trichococcus, Rhodoferax, Sulfurospirillum, Desulfobulbus, and Anaeromusa-Anaeroarcus. Potential black-odor-repairing microbes include Acinetobacter, Mycobacterium, and Acidovorax. pH and COD were paramount physiochemical factors contributing to blackening-odor-related microorganisms. This study deepens our understanding of driving factors for black-odor-related microorganisms and provides a theoretical basis for eradicating the black-odor phenomenon.
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1. Introduction


With rapid urbanization and industrialization, excessive pollutants have been released into river ecosystems. These increased anthropogenic pollutants dramatically exceeded the capacity of the river system for self-purification and further led to black-odorous rivers [1,2,3]. Waterbodies with unpleasant colors and malodor smell not only reduce the aesthetic value of landscapes but also destroy the ecological balance and raise severe hygienic problems. The black-odor phenomenon occurs worldwide in developing and developed countries, such as the meromictic Lower Mystic Lake in the United States, the Emscher River in Germany, and the Ganges River in India [1,4]. In China, more than 2000 urban rivers in 295 cities were recognized as black and odorous [5,6]. The black-odor phenomenon poses risks to the aquatic environment and residents’ health [4].



An interaction between physicochemical and biological factors causes the formation and remediation of black-odor phenomena in waterbodies [1,7]. According to the issuance of the Chinese Ministry of Housing and Urban–Rural Development, the definition of black-odorous water contains the value of oxidation reduction potential (ORP) < 50 mV [1,8]. Anaerobic microbial reactions are dominant in overlying water where the ORP is less than 50 mV. The proliferation, growth, and respiration of anaerobic microorganisms are associated with the decomposition and fermentation of pollutants, which enhance the production of gas substances with a foul odor, such as hydrogen sulfide (H2S), volatile organic sulfur compounds (thioethers and thiols), β-cyclocitral, β-ionone, and amines [9,10]. In addition, sulfate is eventually reduced to sulfide (S2−) by sulfate-reducing bacteria and further combined with reductive metals, such as Fe(II) and Mn(II), to form a blackish precipitate, which leads the water to turn black [11,12]. Suspended particles and floating materials absorb large amounts of negative colloids (FeS and MnS) in the overlying water, threatening the local water quality and the health of the inhabitants. In addition to inorganic compounds, chromophoric dissolved organic matter (CDOM) is a significant optical fraction of dissolved organic matter and is an important contributor to the blackening of waterbodies [3,13]. CDOM, which leaches from decaying macrophytes, comprises optically active substances, such as polysaccharides, amino acids, aromatic proteins, humic acid, and antibiotics [13,14]. There are different approaches to deal with polluted water and avoid the black-odor-forming microbes, such as the current developed solar-driven interfacial evaporation technique, photocatalysis, and the combination of these two techniques with antibacterial function [15,16,17]. These new technologies have achieved excellent wastewater treatment results [18,19,20]. In addition to this, microorganism (probiotics) application has been considered an economical, highly efficient, and eco-friendly treatment for remediating black-odor waterbodies [21]. Microorganisms, such as Mn(II)-oxidizing bacteria, Fe(II)-oxidizing bacteria, sulfur compound-oxidizing bacteria, and aerobic chemo-heterotrophic bacteria, have been applied directly to alleviate and eradicate the problem of black-odor waterbodies [22,23]. However, what kinds of microorganisms involved in the formation and remediation of black-odor waterbodies are unclear and require further research.



The primary sources of organic and inorganic contaminants are anthropogenic activities involving industrial discharges, domestic sewage, agricultural runoff, and aquacultural wastewater. Previous studies have revealed that the influx of different anthropogenic pollution types into rivers significantly affect chemical properties, microbial community structure, and nutrient element metabolism [24,25,26]. However, the contributions of different environmental disturbances to forming black-odor rivers have not been adequately addressed. Moreover, blackening occurs initially at the sediment-water interface and transfers to the water body [1]. The various contaminants absorbed into sediment further dynamically diffuse into the overlying water [27]. Therefore, it is necessary to investigate the harmful components and their metabolic processes in overlying water in direct contact with humans.



In this study, eight water samples were collected from the Jishan River [28], a typical black-odor river surrounded by concentrated anthropogenic activities. Black-odor-related environmental factors and functional bacterial structure were further detected based on the basic physicochemical parameters. The main objectives of this study were (1) to explore the contributions of different environmental conditions to the formation and remediation of the black-odor phenomenon; (2) to elucidate the important bacterial taxonomic genera related to the black-odor phenomenon in river overlying water; and (3) to identify the predominant water quality parameters affecting microbes contributing to blackening-odor formation and remediation of this river. The results can facilitate a complete biomechanism of the black-odor phenomenon and provide theoretical support for water quality restoration.




2. Materials and Methods


2.1. Study Site and Sampling


In this study, eight overlying water samples were collected from the Jishan River (Figure 1), located in Jimen, Huibei Province, China (30°47′ N, 112°18′ E), in March 2021. The sampling sites were divided into six different types of natural and anthropogenic disturbances: industrial effluent (A), dam (B), the confluence (C, D, and F), aquacultural sewage (E), domestic wastewater (G), and wetland (H). At each sampling point, sampling and in situ water quality measurements were performed from the center and left and right sides of the river (1.5 m from the river bank).



Water profiles were detected in situ by measuring water temperature (T), pH, total dissolved solids (TDS), redox potential (ORP), electrical conductivity (EC), and dissolved oxygen (DO) using pre-calibrated hand-held Hach LDOTM HQ10 multiprobe meters. All operations were repeated three times, and the mean values were finally represented as the overall water quality condition of the sampling site.



Overlying water was collected under the surface of river (0.5 m). Specifically, the water samples were collected from the three control points at each sampling cross-section, and subsequently were mixed in equal volumes; part of the mixed water samples were stored (−20 °C) in 1000 mL sterile polyethylene bottles for molecular analysis; the other mixed water samples were filtered in the presence and stored (4 °C) in 2000 mL polyethylene bottles for the determination of the other physicochemical parameters.




2.2. Physicochemical Analysis


The contents of ammonium nitrogen (NH4+-N), nitrite nitrogen (NO2−-N), nitrate nitrogen (NO3−-N), total nitrogen (TN), total phosphorus (TP), chemical oxygen demand (COD), and chromaticity were detected as previously described under the guidance of standard methods (Chinese National Environmental Protection Agency 2002). Sulfate (SO42−) was measured using sulfate–barium chromate spectrophotometry, while sulfide (S2−) was determined in situ using a HACH colorimeter [29]. UV–visible spectra of chromophoric DOM (CDOM) in water were recorded from 250 to 750 nm with a dual beam UV–VIS spectrophotometer (SHIMADZU 2550 Series, Kyoto, Japan) with quartz cells (path length, 10 cm) and Milli-Q water as a blank [30]. The spectral slope ratio SR (S275–295/S350–400) and a254 (m−1) were used to describe the quality and quantity of CDOM, respectively [31]. The spectral slope ratio SR has been used to represent the molecular weight, source, and exposure to photochemical degradation of CDOM in natural waters [32], and a254 (m−1) was proposed as an indicator of the relative CDOM concentration [33]. The Mn(II) and total Mn concentrations were determined with flame atomic absorption spectrophotometry and manganese–formaldehyde oxime spectrophotometry, respectively. The Fe(II) and total Fe concentrations were detected using the 1,10-phenanthroline method [34].




2.3. DNA Extraction and High-Throughput Sequencing


Water samples (500 mL) were filtered through 0.22 μm polycarbonate membranes (Shanghai Bandao Industrial Co., Ltd.). DNA was extracted from each filter using the DNeasy® PowerSoil® Kit (100T, Qiagen, Düsseldorf, Germany) according to the manufacturer’s instructions. The primers 338F (-ACTCCTACGGGAGGCAGCAG) and 806R (GGACTACHVGGGTWTCTAAT) were used to amplify the V3/V4 regions of the 16S rRNA gene. PCR amplicons were extracted from 2% agarose gels, purified using the QIAquick PCR purification kit (Qiagen, Düsseldorf, Germany), and quantified using a NanoDrop ND-1000 spectrophotometer (Thermo Scientific, Wilmington, USA). Purified products were pooled in equimolar amounts and paired-end sequenced on an Illumina MiSeq PE250 platform following the manufacturer’s guidelines at Majorbio Technology Co., Ltd. (Shanghai, China).




2.4. Statistical Analysis


Spearman correlation analyses (vegan package in R) demonstrated the correlations between physiochemical parameters, dominant black-odor-related microorganisms, and microbial metabolic functions. The Mantel test (linkET package in R) [24] delineates the relationship between physiochemical factors and black-odor-related microorganisms. A heatmap was drawn by the “pheatmap” package of R. Through the R packages “tidyverse”, “ggplot2”, and “corrplot”, correlation combination figures were generated to show the relationships between black-odor-related microorganisms and physiochemical factors. Redundancy analysis (RDA) was performed using the R language vegan package for analyzing the effect of physicochemical parameters on the microbial community. The experimental data were statistically analyzed, calculated, and plotted using Origin 2021b, IBM SPSS 22 (SPSS, Chicago, USA), and ArcGIS 10.2.





3. Results and Discussion


3.1. Characteristics of Black-Odor Factors at Different Sampling Sites


The physicochemical characteristics of the overlying water samples are revealed in Table S1. The results illustrated that the water quality of the Jishan River is classified as Grade V according to Environmental Quality Standards for Surface Water for China (GB 3838-2002) [35]. High concentrations of COD (39.52–1138 mg/L), TN (3.25–24.68 mg/L), TP (0.49–2.39 mg/L), and NH4+-N (0.64–13.69 mg/L) were detected in all overlying water samples. According to the classifications and standards for the degree of pollution in urban black-odor waterbodies, the Jishan River was defined as a typical black-odor water body [36]. To date, those standards have focused only on basic water quality parameters. However, previous studies have proven that biotransformations associated with the Mn, Fe, S, and C cycles significantly contribute to blackening, odor formation, and remediation [1,5]. Therefore, detecting these key black-odor factors at different sampling sites is necessary.



Figure 2 shows the distribution and concentration of different black-odor factors at different sampling sites. The SO42− values ranged from 2.8 to 104.0 mg/L, averaging 48.8 mg/L. The S2− concentrations were 0–11.17 mg/L (mean 4.07 mg/L), much higher than the maximum allowable limit of S2− (0.02 mg/L), according to the International Standards For Drinking Water [37]. The dissolved concentrations of SO42− and S2− were similar to other black-odor rivers in China, such as the Jinchuan River, Taihu Lake, and Dihe River [4,38,39]. The SR and a254 varied from 0.01–1.38 (mean 0.53) and 16.3–95.55 m−1 (mean 39.15 m−1), respectively. High total Fe (0.007–2.434 mg/L) and total Mn (0.012–1.234 mg/L) concentrations were measured, indicating heavy metal contamination (the maximum allowable levels of Fe and Mn in the national life potable water are 0.5 mg/L and 0.3 mg/L, respectively, according to the hygienic standard of drinking water in China). Thus far, in waterbodies that are not influenced by the black-odor phenomenon, Fe(II) concentrations are normally less than 0.05 mg/L [38], while Mn(II) concentrations are normally less than 0.3 mg/L [40]. In contrast, excessive Fe(II) and Mn(II) concentrations were detected, with averages of 0.40 mg/L and 0.17 mg/L, respectively. When these heavy metal contaminations accumulate and biomagnify to a certain degree in human bodies, they destroy human health through various diseases [41]. Excessive Mn can threaten the nervous system and cause IQ deficits, and high Fe can lead to tissue damage and neurodegenerative diseases [42].




3.2. Distribution and Diversity of Black-Odor-Related Microorganisms


The main blackening and odor formation and restoration mechanisms are shown in Table 1. Microorganisms associated with Mn, Fe, S, and C may be involved in the phenomena of blackening and odorization in waterbodies, such as Mn(IV)-reducing bacteria (MRBs), Fe(III)-respirating bacteria (FRBs), different sulfur compound-respirating bacteria (SRBs), and fermentative bacteria (FBs) (Figure 3). In contrast, microorganisms involved in restoring the self-purification ability and ecosystem health of waterbodies may contain Mn(II)-oxidizing bacteria (MOBs), Fe(II)-oxidizing bacteria (FOBs), sulfur compound-oxidizing bacteria (SOBs), and aerobic chemo-heterotrophic bacteria (ACBs) (Figure 3). Tables S2–S4 summaries the reported black-odor-related microorganisms from the literature. By alignment with Tables S2–S4 and literature confirmation, there are 14,19, 32, and 100 bacterial genera associated with the Mn, Fe, S and C biotransformation, respectively, based on 16S rRNA gene sequence data [4,43]. Within the bacterial community structures observed (Figure 4), bacterial genera associated with Mn, Fe, S, and C biotransformation accounted for 4.53–44.64, 0.61–15.03, 0.63–39.03, and 25.80–94.71%, respectively. The relative abundance of MRBs, FRBs, SRBs, and FBs ranged from 0.21–8.49, 0.60–14.46, 0.38–12.54, and 3.10–94.32%, respectively. However, the relative abundance of MOBs, FOBs, SOBs, and ACBs varied at 0.06–44.29, 0.01–9.42, 0.07–38.65, and 0.40–56.34%, respectively. Site B had the lowest abundances of functional microbes for Mn, Fe, and S biotransformation and the highest abundances for fermentation. As shown in the abundances and observed richness (Sobs) of different black-odor-related bacterial genera in Table S1, site B possessed the highest abundances and lowest diversities. Biodiversity, which increases the resistance of communities to environmental perturbations and allows the restoration of microbial functions after pollution, is the key to ecological insurance [44]. Moreover, combined with the physiochemical parameters, site B, which was disturbed by dams, had the worst water quality. This result revealed that dams could alter the hydrological and environmental conditions of natural rivers, reshape the structures of microbial communities, and destroy the self-purification ability, thereby deteriorating river water quality. It is interesting to find that site H, surrounded by natural wetlands, has self-remediation potentials (Figure 2). Site H showed relatively high levels of microbes with metal oxidation, oxidation of sulfur compounds, and aerobic heterotrophic growing abilities (Figure 4). The results suggested that natural wetlands possess potentials to reduce the black-odor phenomenon. Therefore, we should spare no effort to protect against wetland degradation and improve wetland ecosystem health.



As shown in Figure 4, apparently dominant metal-reducing bacteria and sulfate-reducing bacteria, such as Rhodoferax (0–6.63%), Sulfurospirillum (0.002–1.84%), Desulfobulbus (0–1.52%), and Anaeromusa-Anaeroarcus (0–2.23%), are the primary genera contributing to the precipitation of black metal sulfide. Moreover, fermenting bacteria, such as Lactococcus (0.24–91.34%), Veillonella (0–10.96%), Tolumonas (0–4.82%), Clostridium sensu stricto (0.08–8.36%), and Trichococcus (0.096–8.19%), play a vital role in CDOM and odor formation. Previous studies have reported that Clostridium sensu stricto, Rhodoferax, and Desulfobulbus are commonly found in alga-induced black-odor waterbodies and sediments [2,5]. In addition, the genus Clostridium sensu stricto can participate in the anaerobic degradation of Micocystis blooms, thus producing CDOM [51]. The genus Lactococcus has a significant correlation with bovine mastitis and fish lactococcal disease and has been regarded as a biomarker for the microecological balance and health of river systems [25]. In contrast, metal sulfide-oxidizing bacteria and aerobic chemo-heterotrophic bacteria (Tables S2 and S3), such as Acinetobacter (0.01–34.27%), Mycobacterium (0.004–7.91%), and Acidovorax (0.005–5.22%), are significantly related to eliminating the black-odor phenomenon of this river. Among these genera, Acinetobacter and Acidovorax have been reported to degrade refractory organics in the restoration process [8,52,53]. The genus Mycobacterium, which can utilize morpholine, a chemical industry pollutant, as its sole source of carbon, nitrogen, and energy, has been recognized as an ecological indicator of its pollution [25].



The relationships between black-odor-related microorganisms and physiochemical parameters were investigated by redundancy analysis (RDA). The results (Figure 5) revealed that black-odor-related microorganisms were significantly correlated with physiochemical parameters. Fe(II), NO3−-N, pH, and TP were primary drivers in black-odor-forming microbes. The association between physiochemical parameters and dominant black-odor-forming microbes demonstrated that the distributions of Lactococcus, Clostridium sensu stricto, Tolumonas, Veillonella, and Desulfobulbus were negatively correlated with pH but positively associated with TN, TP, Fe(II), and Mn(II) (Figure S1). RDA also indicated that total manganese (TMn), TP, S2−, and pH were the environmental factors that shaped the black-odor-repairing microbes. Correlation analysis demonstrated that dominant black-odor-repairing microbes, including Arenimonas, Acidovorax, Acinetobacter, Mycobacterium, and Pseudomonas, were negatively related to all detected physiochemical factors except pH and SO42− (Figure S1). This suggested that relatively higher pH and lower nutrient levels might facilitate the recruitment of microorganisms for black-odor remediation. However, further investigation of other key factors that could contribute to the formation and remediation of black-odor waterbodies in different ecosystems is still necessary.




3.3. Paramount of Physiochemical Factors Contributing to Black-Odor of Jishan River


Correlation analysis (Figure 5 and Figure 6) showed that TP was positively correlated with chromaticity, NO3−-N, total Fe, S2−, and a254. Previous study has demonstrated that the reduction of Fe(III) oxyhydroxides and the competitive adsorption of dissolved organic matter to minerals are the primary factors in the release of phosphorus from sediments to pore water [54]. Chromaticity positively correlated with total Fe, S2−, a254, and SR. The formation of black color in water is accompanied by an increase in S2− concentrations, which combines with Fe(II), forming black metal sulfides (FeS). Moreover, the qualitative and quantitative characteristics of CDOM could be used to identify and monitor black-odor phenomena [55]. Total Fe was significantly positively associated with S2−, a254, and SR. The reductive dissolution of Fe oxyhydroxides promotes the release of CDOM and Fe(II) into overlying water. Fe(II) then rapidly combines with S2− to form black precipitates of FeS [7]. In addition, pH disturbance significantly affected black and odor issues by changing the concentration of other water quality parameters. Previous studies have reported that acidic water environments promote the release of organic matter and the dissolution of minerals, leading to the enrichment of heavy metals and high concentrations of nutrient elements [6,41,56], such as sulfur, nitrogen, and phosphorus [56]. These substances have been reported to be the main component in blackening and the odor formation of waterbodies.



The Mantel test (Figure 6) was performed to discriminate the predominant water quality parameters affecting microbes contributing to blackening-odor formation and remediation of this river. The results illustrated that pH had a significant correlation with black-odor-related microorganisms. pH has been considered a primary factor in driving microorganisms’ distribution and function in different ecosystems. It can change the ionization state of metabolites via the change in the charge of their functional groups, which may lead to metabolic alteration [56]. Meanwhile, excessively low pH might also lead to further activation of heavy metals and organic compounds to the ionic state, which could inhibit or transform biochemical processes by affecting enzyme activity [56]. COD was observably associated with black-odor-related microorganisms. Since COD is an index reflecting organic matter when the inorganic reductant is limited, organic matter is the primary contributor to the black-odor water [5,57]. The excess organic matter would cause microbes to utilize the dissolved oxygen in water rapidly, thereby leading the waterbodies to remain anaerobic. Moreover, organic matter served as an electron donor during fermentation, while high-valence metals and sulfur served as electron acceptors, and sulfide was then combined with metal ions to form black suspended substances (metal sulfide complexes). Similarly, this electron transfer mechanism (via sulfate reduction) in anaerobic digestion also reduced effluent treatment efficiency and exacerbated the difficulty of biogas purification [58,59]. Fortunately, according to the recent report from Tsui et al., the production of hydrogen sulfide could be effectively inhibited by direct injection of conductive materials (e.g., biochar) into the anaerobic digestion system [44], with approximately 26.6% of the total electrons being migrated from hydrogen sulfide production back to methane generation [58]. It provided a highly important contribution to the prevention and treatment of black smelly waterbodies. This study also probed that organic matter was a key factor related to the self-remediation of black-odor water. The biological removal of sulfides is mainly based on chemo-lithotrophic or photoautotrophic sulfur-oxidizing bacteria [60]. The equation for the reaction of this process is 2 CO2 + 2 H2S + 2 H2O → 2 (CH2O) + 2 H++ SO42−. Sulfur-oxidizing bacteria can oxidize sulfide into sulfate using CO2 produced by aerobic chemo-heterotrophic processes as an electron acceptor. Therefore, organic matter as a substrate for aerobic chemo-heterotrophic processes could also influence the black-odor remediation process. Physiochemical factors, such as TP, Fe2+, and S2− were significantly correlated with black-odor-forming microbes. Previous studies have reported that phosphorus could alter the occurrence of black-odor water by reducing the activity of organic matter decomposers [57]. The activity of Fe2+ is higher than that of Mn2+, Cu2+, and other metal ions; hence, Fe2+ promptly combines with S2− to precipitate iron sulfide (FeS), which has been proven to be the predominant contributor to black water. Therefore, pH and COD were paramount physiochemical factors contributing to blackening-odor-related microorganisms, while TP, Fe2+, and S2− were flagship parameters linked to black-odor-forming microbes.





4. Conclusions


This study used several approaches to reveal the effects of different disturbance conditions on black-odor-related microorganisms and establish driving factors for environmental management. Different types of disturbed conditions shape the distribution of water quality and microbial community structures. Site B, disturbed by dams, had the worst water quality, the lowest abundance of functional microbes for Mn, Fe, and S biotransformation, and the highest abundance of functional microbes for fermentation. Natural wetlands surrounded by the terminus of the river (site H) were keys to restoring the self-purification ability and eliminating the black-odor phenomenon. Potential black-odor-repairing microbes, including metal sulfide-oxidizing bacteria and aerobic chemo-heterotrophic bacteria, such as Acinetobacter, Mycobacterium, and Acidovorax, are significantly related to eliminating the black-odor phenomenon of this river. The Mantel test showed that pH and COD were paramount physiochemical factors contributing to blackening-odor-related microorganisms, while TP, Fe2+, and S2− were flagship parameters to black-odor-forming microbes. A relative higher pH and lower levels of other chemical factors could be beneficial for recruiting black-odor-repairing microbes. Notably, only a typical black smelly river was selected as the subject of this study; although, these results aid our knowledge of the biological mechanisms contributing to the formation and remediation of black-odor waterbodies and provide a theoretical basis for bioremediation. However, to obtain more scientific, rigorous, and accepted conclusions, the research scenarios and sample amounts should be further added in next step.
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Figure 1. Location of the study area and sampling points. (a) Geographical location of the study area in China; (b) Sampling sites in the Jishan River, the sampling sites were divided into six different types of disturbance conditions: industrial effluent (A), dam (B), the confluence (C, D, and F), aquacultural sewage (E), domestic wastewater (G), and wetland (H). 
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Figure 2. The distribution and concentration of different black-odor factors at different sampling sites. Variation in (a) sulfide (S2−) and sulfate (SO42−); (b) SR and a254; (c) Mn(II) and total Mn; (d) Fe(II) and total Fe. A, B, ..., H represent the corresponding eight points in Figure 1. 
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Figure 3. A schematic showing Mn, Fe, S, and C biotransformation and biological mechanisms of black-odor formation and remediation in overlying water. The black arrows represent the black-odor formation processes, while the white solid arrows represent the black-odor remediation processes. The full name of functional bacteria that were not mentioned in text was provided in the follow, MOB, Mn(II)-oxidizing bacteria that can oxidize Mn(II) to Mn(IV); MRB, Mn(IV)-reducing bacteria that can reduce Mn(IV) to Mn(II); FOB, Fe(II)-oxidizing bacteria that can oxidize Fe(II) to Fe(III); FRB, Fe(III)-respirating bacteria that can reduce Fe(III) to Fe(II); SOB, sulfur compound-oxidizing bacteria that can oxidize different types of sulfur compounds; SRB, sulfur compound-respirating bacteria that can reduce different types of sulfur compounds; ACB, aerobic chemo-heterotrophic bacteria that can utilize organic matter as an electron donor and oxygen as an electron acceptor under aerobic conditions to produce carbon dioxide and water. 






Figure 3. A schematic showing Mn, Fe, S, and C biotransformation and biological mechanisms of black-odor formation and remediation in overlying water. The black arrows represent the black-odor formation processes, while the white solid arrows represent the black-odor remediation processes. The full name of functional bacteria that were not mentioned in text was provided in the follow, MOB, Mn(II)-oxidizing bacteria that can oxidize Mn(II) to Mn(IV); MRB, Mn(IV)-reducing bacteria that can reduce Mn(IV) to Mn(II); FOB, Fe(II)-oxidizing bacteria that can oxidize Fe(II) to Fe(III); FRB, Fe(III)-respirating bacteria that can reduce Fe(III) to Fe(II); SOB, sulfur compound-oxidizing bacteria that can oxidize different types of sulfur compounds; SRB, sulfur compound-respirating bacteria that can reduce different types of sulfur compounds; ACB, aerobic chemo-heterotrophic bacteria that can utilize organic matter as an electron donor and oxygen as an electron acceptor under aerobic conditions to produce carbon dioxide and water.



[image: Sustainability 15 00521 g003]







[image: Sustainability 15 00521 g004 550] 





Figure 4. The distribution and diversity of black-odor-related microorganisms. The relative abundance of (a) Mn-related functional bacterial genera, containing Mn(II)-oxidizing bacteria and Mn(IV)-reducing bacteria; (b) Mn-related functional bacterial genera, containing Fe(II)-oxidizing bacteria and Fe(III)-respirating bacteria; (c) S-related functional bacterial genera, containing sulfur compound-oxidizing bacteria and different sulfur compound-respirating bacteria; (d) C-related functional bacterial genera, containing fermentative bacteria and aerobic chemo-heterotrophic bacteria. A, B, ..., H represent the corresponding eight points in Figure 1. 
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Figure 5. Redundancy analysis (RDA) of the effect of physiochemical parameters on (a) black-odor-forming microbes and (b) black-odor-repairing microbes. 
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Figure 6. The Mantel test was performed to discriminate the predominant water quality parameters affecting microbes contributing to blackening-odor formation and remediation of this river. Significant difference was denoted with ** p < 0.01, * p < 0.05. 
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Table 1. The formation and remediation reactions contributing to black-odor waterbodies.
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Mechanisms

	
Reaction Names

	
Dominant Type

	
Reaction Equation

	






	
Blackening of waterbodies

	
Sulfate respiration

	
Biology

	
8 H+ + SO42− + 8 e− → S2− + 4 H2O

	
(Hausmann et al., 2018) [9]




	
Sulfite respiration

	
Biology

	
6 H+ + SO32− + 6 e− → S2− + 3 H2O

	
(Hausmann et al., 2018) [9]




	
Thiosulfate respiration

	
Biology

	
6 H+ + S2O32− + 8 e− → S2− + 3 H2O

	
(Dahl, 2020) [45]




	
Sulfur respiration

	
Biology

	
S + 2 e− → S2−

	
(Dahl, 2020) [45]




	
Fe(III) reduction

	
Biology/Chemistry

	
3 H+ + FeOOH+e− → Fe2+ + 2 H2O

	
(Lovley, 1991) [46]




	
Mn(IV)-reduction

	
Biology/Chemistry

	
2e− + MnO2 + 4 H+ → Mn2+ + 2 H2O

	
(Lovley, 1991) [46]




	
Metal sulfide precipitation

	
Chemistry

	
Fe2 + +S2− → FeS

	
(Lewis, 2010) [47]




	

	
Mn2 + +S2− → MnS

	
(Lewis, 2010) [47]




	
Fermentation

	
Biology

	
Organic matter → CDOM (Polysaccharides, Amino acids, Aromatic proteins, Humic acid, Antibiotics)

	
(Cao et al., 2020) [1]




	
Sulfate reducation

	
Biology

	
10 H+ + SO42− + 8 e− → H2S + 4 H2O

	
(Hausmann et al., 2018) [9]




	
Sulfite respiration

	
Biology

	
8 H+ + SO32− + 6 e− → H2S + 3 H2O

	
(Hausmann et al., 2018) [9]




	
Thiosulfate respiration

	
Biology

	
8 H+ + S2O32− + 8 e− → H2S + 3 H2O

	
(Hausmann et al., 2018) [9]




	
Sulfur respiration

	
Biology

	
2H+ + S + 2 e− → H2S

	
(Hausmann et al., 2018) [9]




	
Remediation for black-odor waterbodies

	
Sulfite oxidation

	
Biology/Chemistry

	
4 OH− + H2S − 8 e− → SO42− + 6H+

	
(Dahl, 2020; Hausmann et al., 2018) [9,45]




	
Fe(II) oxidation

	
Biology/Chemistry

	
FeS + 6 H2O − 9 e− → 11 H+ + FeOOH + SO42−

	
(Zhang et al., 2012) [48]




	
Mn(II) oxidation

	
Biology/Chemistry

	
MnS + 6 H2O − 10 e− → 12 H+ + MnO2 + SO42−

	
(Tebo et al., 2004) [49]




	
Aerobic chemo-heterotrophy

	
Biology/Chemistry

	
Organic matter → CO2 + H2O

	
(Seager et al., 2012) [50]
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