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Abstract

:

Algal–bacterial granular sludge technology is a new type of wastewater treatment and resource regeneration process, which has received widespread attention due to its excellent nitrogen and phosphorus removal performance, and energy-saving and emission reduction effects. Although algal–bacterial granular sludge technology has achieved an ideal nutrient removal ability, some pol-lutants in wastewater might affect the symbiotic relationship between algae and bacteria. This study investigated the impact of coexisting Pb(II) on the symbiosis of algal–bacterial granular sludge. It was found that 2.5–10.0 mg/L of Pb(II) exposure increased the relative abundance of Pro-teobacteria. In addition, more protein in extracellular polymeric substances (EPS-PN) was secreted at 2.5 mg/L of Pb(II) exposure while EPS-PN content reduced at a rate of 5.0–10.0 mg/L of Pb(II). Under different concentrations of Pb(II), the damage degree of algal–bacterial granular sludge was exacerbated, evidenced by increased malondialdehyde (MDA) content. To cope with these adverse circumstances, the antioxidant enzyme activity of both super-oxide dismutase (SOD) and peroxidase dismutase (CAT) was boosted. With the help of these adaptive strategies, the symbiosis of algal–bacterial granular sludge was stable. Moreover, the performance of algal–bacterial granular sludge in treating COD, ammonia-N and phosphate-P was kept at above 95%. This study approved that a Pb(II) concentration less than 10.0 mg/L had little effect on the performance of algal–bacterial granular sludge in wastewater treatment. It is hoped that this study can provide useful information for an improved engineering feasibility of algal–bacterial granular sludge process.
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1. Introduction


With the rapid development of industries such as electroplating, mining, fertilizer, tanning and papermaking, as well as the extensive use of products like batteries and pesticides, the direct and indirect discharge of heavy metal-containing wastewater into the environment has been increasing [1]. Heavy metals have high toxicity, are resistant to microbial degradation and can easily accumulate in organisms. They not only disrupt the ecological environment of water bodies but also pose risks of toxicity and carcinogenicity to organisms through the food chain [2,3]. Divalent lead (Pb(II)), in particular, has received much attention due to its wide application in industries, and its inherent toxicity [4,5,6]. As one of the nonessential metal elements with biomagnification ability, excess intake of Pb(II) in the human body damages the central nervous system and causes organ failures [7]. The concentrations of total lead in polluted water are reported to be in the range of 3–35 mg/L [8], which is significantly higher than the specified threshold of 0.1 mg/L for municipal wastewater discharge [9] and 0.01 mg/L for drinking water quality [10] in China.



The increased amount of Pb(II) discharged into the water environment has become a significant threat to the ecological environment. By causing deficiencies or altering the distribution in biological cells, Pb(II) can disrupt membrane permeability and mineral nutrient balance, affect the catalytic activity of many enzymes and thereby interfere with biological growth and development [11,12]. Research has shown that Pb(II) has affected the morphology, physiological characteristics and biochemical functions of plants, and inhibited root growth and synthesis of photosynthetic pigments [13]. In addition, the toxic effects of Pb(II) on plants weakened their antioxidant stress capacity, leading to lipid peroxidation of chloroplast membranes and even cell damage. It was found that Pb(II) inactivated enzymes involved in photosynthesis, inhibited chlorophyll synthesis and even disrupted chloroplast integrity [14]. Moreover, the chlorophyll in plants and algae was easily degraded by Pb(II) exposure in the growth environment [15].



As a new type of biotechnology for wastewater treatment, algal–bacterial granular sludge achieves the purpose of wastewater purification or remediation by combining the powerful nutrient uptake function of non-cellular structures (e.g., prokaryotic cyanobacteria, eukaryotic algae, diatoms, etc.) and the efficient degradation ability of bacteria (e.g., nitrifying bacteria, denitrifying bacteria, polyphosphate bacteria, etc.) towards pollutants [16,17,18,19]. Compared to traditional wastewater treatment technologies (e.g., activated sludge process), algal–bacterial granular sludge relies on the symbiotic relationship between algae and bacteria, where aerobic bacteria use the oxygen released by algae photosynthesis to convert organic carbon into carbon dioxide, while algae use inorganic nitrogen and phosphate for photosynthesis to synthesize intracellular components for their own growth and reproduction [20].



In theory, the synergistic cycle between algae and bacteria in algal–bacterial granular sludge can result in effectively improved removal efficiency of nutrients and reduced energy consumption and greenhouse gas emissions for actual wastewater treatment. However, up to now, the application of algal–bacterial granular sludge is still in its initial stages since some components (e.g., heavy metals, persistent organic pollutants and microplastics) in wastewater affect the symbiosis of microalgae and bacteria. Previous research has found that the coexistence of Cd(II) exerts toxic effects on microorganisms in algal–bacterial granular sludge, leading to changes in community structure and poor wastewater treatment efficiency [21]. Further studies have approved that algal–bacterial granular sludge exhibits a good adsorption capacity and can effectively treat Cr(VI)-containing wastewater through mechanisms of bio-reduction and bio-adsorption with a total removal efficiency of 89.1% [22,23]. In the symbiosis of microalgae and bacteria, algae can adsorb heavy metals, and bacteria are able to biotransform them to low toxicity forms [24]. The algal–bacterial granular sludge process has exhibited effective remediation efficiency for heavy metals and is hopeful to be widely used to treat heavy metal-containing wastewater. Currently, the heavy metal removal technology used for wastewater treatment has not yet focused on the algal–bacterial granular sludge process. Purebred algae are suitable for complex wastewater environments with cell breakage, and low concentrations of heavy metals cannot be highly selected. In addition, the actual application of the algal–bacterial granular sludge process is not widespread or accepted. Therefore, it is of vital importance to study the heavy metal-loaded algal–bacterial granular sludge process.



So far, most studies have focused on Pb(II) removal techniques [8]. Many researches have reported that filtration, precipitation, adsorption, ion exchange and electrodialysis could be applied as effective methods to remove Pb(II) in wastewater [8]. The detailed removal mechanisms have been thoroughly studied. On the other hand, the algal–bacterial granular sludge process has been expected to be a new type of biotechnology in treating municipal wastewater [18]. However, limited information regarding the effect of Pb(II) exposure on the removal efficiency of nutrients (e.g., COD, ammonia nitrogen and phosphates) and the corresponding metabolic responses is available. Further research is necessary to address this knowledge gap. The main objective of this experimental study is to investigate the influence of Pb(II) on the treatment efficiency of algal–bacterial granular wastewater, and analyze its impact mechanism regarding metabolic reactions and microbial community structure. It is hoped that this study can provide more information for future research on the engineering feasibility of algal–bacterial granular technology.




2. Materials and Methods


2.1. Synthetic Wastewater and Algal–Bacterial Granular Sludge


The synthesized wastewater used in this study was simulated domestic sewage, which was composed of 527 mg/L of NaAc (CH3COONa·3H2O), 114.6 mg/L of NH4Cl, 10 mg/L of KH2PO4, 10 mg/L of CaCl2, 10 mg/L of MgSO4·7H2O, 10 mg/L of FeSO4·7H2O and 1 mL/L of trace elements. The trace solution contained 10 g/L of EDTA, 150 mg/L of H3BO3, 100 mg/L of MnSO4·H2O, 30 mg/L of CuSO4·5H2O, 120 mg/L of ZnSO4·7H2O, 60 mg/L of Na2MoO4·2H2O, 180 mg/L of KI and 150 mg/L of CoCl2·6H2O.



In this study, algal–bacterial granular sludge was prepared from the sludge of a wastewater treatment plant in Wuhan, China, using aerobic granular sludge cultivated using the calcium salt method as raw materials [25]. Briefly, aerobic granules fed with the synthetic wastewater described above were exposed to a light-emitting diode (LED) light at a photosynthetic photon flux density (PPFD) of 10,000 lux under aerobic conditions. After one month of cultivation, algal–bacterial granular sludge was gradually matured with a typical green color, and an average size of 2 mm. Mature algal–bacterial granular sludge with a 5 min sludge volume index (SVI5) of 77.25 mL/g was obtained [20,21,26]. The harvested mature algal–bacterial granular sludge was used in subsequent experiments.




2.2. Experimental Design


In this study, in a 60 mL glass serum bottle with a height/diameter of 2, 5 g of fresh algal–bacterial granular sludge was added to 30 mL of synthetic wastewater. The volatile suspended solids (VSS) concentration was 17.6 ± 0.2 g/L. A series of certain volumes of 500 mg/L of Pb(II) nitrate stock solution were added to obtain 2.5, 5.0, 7.5 and 10.0 mg/L of Pb(II) in stimulated wastewater. No additional Pb(II) was set as the control. The pH of the stimulated wastewater was kept at 6.4 ± 0.2. The experimental light intensity provided by an LED was controlled at 10,000 lux; the light cycle was 8 h of light and 16 h of dark to simulate natural lighting. Since nutrient removal efficiencies peaked at the end of the daytime, sampling was carried out at 8 h. The influent and effluent water samples were filtered through a 0.45 μm filter membrane for further analysis.




2.3. Analysis Methods


In this study, COD, ammonia-N, phosphate-P and VSS were determined according to the standard methods [27]. The pH of the solution was measured using a PHS-3E (INESA Scientific Instrument Co., Shanghai, China) pH meter. The concentration of total lead in the water samples was determined by an AAnalyst 800 atomic absorption spectrometry (Perkin Elmer, Waltham, MA, USA). Chlorophyll in algal–bacterial granular sludge was extracted using 95% ethanol according to the following procedures. Firstly, 0.2 g of fresh algal–bacterial granular sludge was placed in a 10 mL centrifuge tube. Then, 5 mL of 95% ethanol was added and the centrifuge tube was urgently wrapped in tin foil to prevent light transmission. The tube was then placed in a dark refrigerator at 4 °C for 24 h, followed with centrifugation at 4000 rpm/min for 10 min. The total chlorophyll (total Chl) content, including chlorophyll a (Chl a) and chlorophyll b (Chl b), was extracted using an acetone extraction method [28].



Extracellular polymeric substances (EPS) were extracted by a modified heat extraction method [29]. Briefly, 0.5 g of algal–bacterial granular sludge was placed into a 50 mL centrifuge tube, followed with washing with deionized water three times. Sodium chloride solution (0.05%, 10 mL) was added to suspended algal–bacterial granular sludge in the solution. The centrifuge tube containing the above solution was placed in an ultrasonic cleaning machine and sonicated at 20 KHz for 3 min and then heated at 60 °C in a water bath for 30 min. Finally, the centrifuge tube was frozen and centrifuged at 12,000× g for 30 min. The supernatant was collected and filtrated with a 0.45 μM membrane for the following determination. The extracted EPS was measured using a DM4000B LED fluorescence microscope (Leica, Heidelberg, Germany), with an emission wavelength of 250–600 nm and an excitation wavelength of 250–550 nm. The polysaccharide concentration was measured by the phenol–sulfuric acid method with glucose as the standard [30] and the Lowry–Folin method was used for protein determination [31].



After being frozen in liquid nitrogen, algal–bacterial granular sludge was ground to a paste using a high-speed grinder and mixed with 0.2 mol/L of phosphate buffer (pH 7.8) (1:9), followed with centrifugation (4 °C, 4000 r/min) for 10 min to obtain a crude enzyme solution from the supernatant for enzyme activity measurement. The activities of superoxide dismutase (SOD), peroxidase dismutase (CAT) and malondialdehyde (MDA) were tested by using kits purchased from Nanjing Jiancheng Bioengineering Institute (Nanjing, China).



The algal–bacterial granular sludge samples were collected after 90-day culture for microbial community analysis. DNA in samples was extracted using the E.Z.N.A.® Soil DNA Kit (Omega Bio-Tek, Norcross, GA, USA) according to the manufacturer’s instructions. The quality of total DNA was checked by 0.8% agarose gel electrophoresis and further quantified. The 16S rRNA and 18S rRNA genes were amplified using 515F/907R prokaryotic primers targeting the V4–V5 region of the 16S rRNA gene and 528F/706R eukaryotic primers targeting the V4 region of the 18S rRNA gene, respectively [21]. The purified amplicons were collected in an equimolar manner on the Illumina MiSeq platform and sequenced by Meiji Biopharmaceutical Technology Co., Ltd. (Shanghai, China).




2.4. Statistical Analyses


In this study, all experiments were performed in three replicates. All measurements were repeated three times, and the data were represented as mean ± standard deviation (SD). The SPSS V19.0 (IBM, New York, NY, USA) software was used to conduct one-way analysis variance, and p < 0.05 stands for statistical significance.





3. Results and Discussion


3.1. Changes in Microbial Communities


The microbial community of eukaryote at species level in algal–bacterial granular sludge after 90-day culture is shown in Figure 1a. Eukaryote were mainly composed of Fungi_unclassified, Ascomycota and Leucosporidiella, accounting for 98.6%, 0.5% and 0.5% in the control. In the presence of Pb(II) from 2.5 to 10.0 mg/L, the relative abundance of Fungi_unclassified decreased from 97.8% to 61.4%, while the relative abundance of Ascomycota increased from 0.5% to 36.4%. In addition, the relative abundance of Leucosporidiella was kept at 0.9–1.7%. As reported, Ascomycota were highly tolerant to heavy metals [32,33]. The increased relative abundance of Ascomycota might be a way for microorganisms in algal–bacterial granular sludge to adapt to Pb(II). As seen in Figure 1b, prokaryotic diversity at the phylum level in microbial communities of algal–bacterial granular sludge was mainly composed of Proteobacteria, Chloroflexi, Bacteroidota, Cyanobacteria and Firmicutes, accounting for 51.8%, 31.1%, 2.8%, 7.8% and 1.3%, respectively. After a 90-day culture with 2.5–10.0 mg/L of Pb(II), the relative abundance of Proteobacteria increased from 62.0% to 77.8%. As a Pb-resistant strain, Proteobacteria was tolerant to Pb(II). Therefore, when algal–bacterial granular sludge was exposed to Pb(II) for a long time, the relative abundance of Proteobacteria increased [34].



The algae in the algal–bacterial granular sludge used in this study were cyanobacteria. It was found that the relative abundance of cyanobacteria in prokaryotic diversity was 7.8% in the control, which reduced to 0.7% with an increased Pb(II) concentration of 10.0 mg/L. In fact, photosynthetic pigments are one of the most commonly used indicators to determine the algae. Heavy metals can impair the biosynthesis of photosynthetic pigments in algae with varying degrees. As seen in Figure 2, insignificant chlorophyll a content was shown with a Pb(II) concentration of 0–7.5 mg/L during 60-day culture (p > 0.05). However, chlorophyll a content was reduced from 60–to 90 days. At 90 days, chlorophyll a content was 21.39 ± 0.48, 17.86 ± 0.22, 16.25 ± 0.14 and 13.58 ± 0.49 mg/g VSS, respectively. As for the 10.0 mg/L of Pb(II) concentration, chlorophyll a content decreased from 21.39 ± 0.48 mg/g VSS to 11.32 ± 0.41 mg/g VSS at 90 days. As the only chlorophyll in cyanobacteria, chlorophyll a was an index of cyanobacteria biomass [35]. However, when the concentration of heavy metals in the environment where cyanobacteria live was high, the growth of cyanobacteria was affected and the biomass was reduced [36]. It was reported that heavy metals may affect the electron transfer reaction of the photosystem through irreversible combination with intracellular components, which led to the obstruction of the photoreaction stage and seriously impacted photosynthesis [37].




3.2. Extracellular Polymeric Substance Content


Extracellular polymeric substances (EPS) are macromolecular polymers secreted by microorganisms, mainly consisting of proteins, polysaccharides and a small amount of nucleic acid [38]. EPS can form a protective barrier for cells to resist the adverse effects of the external environment. The proteins in EPS play an important role in the bioremediation of heavy metals [39,40]. The changes in the content of EPS-PN and EPS-PS in algal–bacterial granular sludge is shown in Figure 3. It was found that more EPS-PN was secreted at 2.5 mg/L of Pb(II) exposure while EPS-PN content reduced at 5.0–10.0 mg/L of Pb(II). Take the 2.5 mg/L Pb(II)-exposure concentration as an example, EPS-PN content increased from 63.11 ± 2.37 mg/g VSS in the control to 68.93 ± 1.13 mg/g VSS after 30 days. At a Pb(II)-exposure concentration of 5.0–10.0 mg/L, EPS-PN content decreased from 53.69 ± 3.26 mg/g VSS to 20.01 ± 3.13 mg/g VSS after 30 days. Similar trends for EPS-PS change were observed. At a 2.5 mg/L of Pb(II)-exposure concentration after 90 days, EPS-PS content increased from 74.92 ± 4.93 mg/g VSS in the control to 94.27 ± 1.93 mg/g VSS while EPS-PN content reduced from 69.37 ± 3.86 mg/g VSS to 18.71 ± 5.79 mg/g VSS at 5.0–10.0 mg/L of Pb(II).



According to the changes in EPS-PN and EPS-PS content, low concentrations of Pb(II) (0–2.5 mg/L) promoted algal–bacterial granular sludge to secrete more EPS, while high concentrations of Pb(II) (5.0–10.0 mg/L) inhibited EPS secretion, presenting a phenomenon of low concentration promotion–high concentration inhibition. It was concluded that algal–bacterial granular sludge synthesized more EPS to cope with this adverse environment under low concentrations of Pb(II), while cell activity was inhibited to some extent under high concentrations of Pb(II).



To further verify the changes in the types and concentrations of organic substances in EPS, EPS samples from the experimental and control groups were measured using a three-dimensional fluorescence spectrometer. Figure 4 shows the fluorescence spectra of EPS from samples exposed under different Pb(II) concentrations. All the spectra showed two obvious characteristic peaks, namely peak A (Ex/Em = 290/335–338) and peak B (Ex/Em = 360/420). Peak A belonged to tryptophan protein substances and peak B was attributed to humic substances [41]. An insignificant shift in the positions of the two characteristic peaks of EPS indicated no change in the organic components in EPS of algal–bacterial granular sludge exposed to 2.5–10.0 mg/L of Pb(II). It should be noted that the fluorescence intensity of peak A increased from 19,549 in the control to 27,897, and then decreased to 10,570. The intensity of peak B decreased from 20,268 to 745 at 0–10.0 mg/L of Pb(II). Studies have shown that decreased fluorescence intensity can be attributed to fluorescence quenching [42,43]. The experimental results indicated that humic substances formed complexes with Pb(II), leading to a decrease in fluorescence intensity of peak B.




3.3. Antioxidant Enzyme Activities and MDA Content Analysis


It was reported that cells produced active free radicals under adverse environment, including superoxide free radicals, carboxyl free radicals and hydrogen peroxide. The existence of these free radicals could disrupt the balance of intracellular oxidation, leading to permanent dysfunction and cell death [44]. In addition, the massive production of these reactive oxygen species could trigger or intensify the membrane lipid peroxidation, causing serious damage to the membrane system. The product of the membrane lipid peroxidation, MDA, could be used as an indicator to reflect the oxidative pressure faced by algae cells [45]. As seen in Figure 5, MDA content was insignificantly different at 1–7.5 mg/L of Pb(II) exposure concentration (p > 0.05) while increased at 10.0 mg/L of Pb(II)-exposed concentration (p < 0.05) at 30 days. A similar trend was obtained at 60 and 90 days. It was found that MDA content was increased from 167.48 ± 11.27 nmol/mgprot in the control to 325.47 ± 16.59, 355.68 ± 10.79, 418.23 ± 16.71 and 453.79 ± 18.53 nmol/mgprot at 2.5, 5.0, 7.5 and 10.0 mg/L of Pb(II) exposure concentration, respectively. These results indicated that the damage degree caused by Pb(II) to algal–bacterial granular sludge was exacerbated with the cultivation time and exposure concentration.



To cope with the oxidative damage caused by Pb(II) and ensure the normal metabolism of cells, several enzyme activities (e.g., SOD and CAT) could form an antioxidant enzyme system. The presence of antioxidant enzymes can effectively remove the accumulated active free radicals in organisms, ensuring the normal life activities of cells. SOD is the primary antioxidant enzyme that plays a role in scavenging free radicals in cells. Its role is to catalyze the disproportionation of free radicals and convert them into hydrogen peroxide (H2O2) and superoxide radicals. The accumulation of H2O2 further promotes the synthesis of CAT, which catalyzes H2O2 to decompose into H2O and O2 [46,47,48]. Figure 6 shows the antioxidant enzyme activity of SOD and CAT. At 30 days, insignificant differences in SOD activity at 0–10.0 mg/L of Pb(II) exposure concentration (p > 0.05) can be seen. SOD activity increased from 217.75 ± 14.57 U/mgprot in the control to 380.78 ± 17.11 U/mgprot at 10.0 mg/L of Pb(II) exposure concentration at 60 days. A similar trend for SOD activity was observed at 90 days. On the other hand, CAT activity increased with Pb(II) exposure concentration. The maximum CAT activity (i.e., 49.37 ± 2.63 U/mgprot) was obtained at 60 days with 10.0 mg/L of Pb(II). However, CAT activity decreased at 90 days. This phenomenon was similar to previous research. Algal–bacterial granular sludge effectively eliminates the free radicals produced by oxidative stress through antioxidant enzymes in the cells to maintain the metabolic balance of reactive oxygen species.




3.4. Performance in Treating Municipal Wastewater


With different concentrations of Pb(II) exposure, insignificant differences in the removal rate of COD between the experimental groups and the control group were observed (p > 0.05), and both had stable removal rates of about 95%. After 90-day culture, the average COD removal rates were 95.83%, 95.51%, 95.41%, 95.09% and 95.08%, respectively, at a Pb(II) exposure concentration of 0–10.0 mg/L (Figure 7a). Moreover, algal–bacterial granular sludge maintained a high removal rate of ammonia-N, which was stable at around 97% with an insignificant difference among environmental groups (p > 0.05). After 90-day culture, average ammonia-N removal rates were 97.72%, 97.44%, 97.33%, 97.39% and 97.48%, respectively (Figure 7b). A similar trend was observed in the removal rate of phosphate-P, which remained around 94% (p > 0.05). After 90-day culture, the average phosphate-P removal rates were 94.79%, 94.06%, 94.04%, 93.55% and 93.68%, respectively (Figure 7c).



It could be concluded that no inhibition of COD, ammonia-N and phosphate-P removal occurred with Pb(II) exposure less than 10.0 mg/L after 90-day culture. Unlike the presence of Cd(II) [21] and Cr(VI) [22], the synergistic effect of microalgae and bacteria could eliminate the toxic effects of Pb(II) on microorganisms and resist the adverse impact of Pb(II), evidenced by the almost unchanged nutrient removal abilities. COD, ammonia-N and phosphate-P from the control were 15, 0.80 and 0.26 mg/L, respectively, meeting the water quality standards for China, which were 75, 10 and 1 mg/L [9]. At a Pb(II) concentration of 10.0 mg/L, COD, ammonia-N and phosphate-P concentrations in the effluent water were 17, 0.88 and 0.32 mg/L, which were less than the specified threshold. Based on these results, 0–10.0 mg/L of Pb(II)-containing wastewater could be handled by the algal–bacterial granular sludge process and meet the discharge requirements. Therefore, the algal–bacterial granular sludge process could be considered as an alternative approach for treating low concentration of Pb(II)-containing wastewater.



The variations in Pb(II) removal by algal–bacterial granular sludge across 90 days of operation were obtained. It was found that 88.5%, 89.9%, 90.5% and 89.1% of Pb(II) (2.5–10.0 mg/L) was removed from the solution. In fact, the Pb(II) ions formed a stable compound, lead acetate, with sodium acetate in the feed. Lead acetate is easily soluble in water and generally generates lead hydroxide precipitates under alkaline conditions with a pH above 12. It was found that the pH of the solution varied in the range of 6.4 ± 0.2–8.5 ± 0.3, therefore Pb(II) was unlikely to be removed in the form of precipitation. The removal of Pb(II) may be attributed to electrostatic interaction with EPS, ion exchange with metal ions and bonding to functional groups [8]. Therefore, algal–bacterial granular sludge was able to effectively adsorb Pb(II) to meet the discharge requirements and could be considered as an alternative approach for treating Pb(II)-containing wastewater.





4. Conclusions


This study demonstrated the performance and the adaptive strategies of algal–bacterial granular sludge technology in wastewater treatment. Under Pb(II) stress for 90 days, algal–bacterial granular sludge secreted more EPS, which could adsorb Pb(II) through the rich negatively charged functional groups in EPS. In addition, the activities of SOD and CAT enzymes in microbial cells showed an upward trend to eliminate reactive oxygen species produced in cells. Both enzymes alleviated the oxidation burden by removing excess free radicals. In addition, the performance of algal–bacterial granular sludge maintained efficient COD, ammonia-N and phosphate-P removal capabilities. This article elaborates upon the response of algal–bacterial granular sludge to cope with Pb(II) exposure in the environment, and proposes a new and feasible approach for treating wastewater containing Pb(II).
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Figure 1. Distributions of eukaryotic diversity at species level (a) and prokaryotic diversity at phylum level (b) in microbial communities of algal–bacterial granular sludge after 90-day culture. The others named in the figures indicated the minority fractions that the sum of different eukaryotic species and prokaryotic phylum accounted for less than 1% of its total sequences in each sample. 
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Figure 2. Chlorophyll a content in algal–bacterial granular sludge. 
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Figure 3. Content of EPS-PN (a) and EPS-PS (b) in algal–bacterial granular sludge. Different letters mean significant difference between treatments (p < 0.05). 






Figure 3. Content of EPS-PN (a) and EPS-PS (b) in algal–bacterial granular sludge. Different letters mean significant difference between treatments (p < 0.05).



[image: Water 15 03833 g003]







[image: Water 15 03833 g004] 





Figure 4. 3D-EEM spectra of EPS from algal–bacterial granular sludge after 90 day-culture in the presence of Pb(II) (a)—0; (b)—2.5 mg/L; (c)—5.0 mg/L; (d)—7.5 mg/L; (e)—10.0 mg/L) and the fluorescence spectra parameters (f). 
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Figure 5. Antioxidant enzyme activity of MDA. Different letters mean significant difference between treatments (p < 0.05). 
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Figure 6. Antioxidant enzyme activity of SOD (a) and CAT (b). Different letters mean significant difference between treatments (p < 0.05). 
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Figure 7. Removal profiles of COD (a), ammonia-N (b) and phosphate-P (c) across ninety days of operation. The symbols of ‘□’ and ‘*’ in the figures stand for average value and outside point, respectively. 
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