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Abstract

:

Application of biofloc technology could effectively treat wastewater. However, the effect of influent carbon to nitrogen ratio (C/N ratio) on water quality and microbial community structure evolution in suspended growth bioreactors (SGBRs) through biofloc technology is still unclear. Here, we show that the total ammonia nitrogen (TAN) and nitrite nitrogen in the effluent of the C/N 10 treatment was significantly higher than that in the C/N 15, C/N 20 and C/N 25 treatments (p < 0.05). Higher TAN removal efficiency was obtained in treatments of C/N 15, C/N 20 and C/N 25, and there was no accumulation of nitrite nitrogen and nitrate nitrogen. Increasing the C/N ratio strengthened the elimination ability of total phosphorus and chemical oxygen demand (COD). The concentrations of TAN and COD first dropped to the lowest level and then increased slightly within one cycle in all treatments. The accumulation of biomass in the reactors increased with the increasing C/N ratio, indicating that a higher C/N ratio was conducive to microbial proliferation. The 16S rRNA sequencing revealed that the microbial community diversity in SGBRs was significantly higher than that in the natural wastewater (P0). The predominant phylum were Proteobacteria, Bacteroidetes and Verrucomicrobia, but Saccharibacteria occupied a dominant position in the late period of the experiment. Pathogens, such as Aeromonas, Acidovorax, Flavobacterium, and Malikia were significantly decreased after high C/N ratio simulative wastewater treating natural wastewater in the reactors. In summary, the water quality and biomass concentrations in SGBRs can be improved under the conditions of influent C/N ratio, equal to or greater than 15.
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1. Introduction


Biofloc technology (BFT) has received increasing attention in enhanced water quality and improved products by heterotrophic bacterial growth to assimilate unemployed nitrogen species (most of ammonium) in aquaculture systems and bioreactor systems [1,2,3]. The nitrogen uptake by bacterial growth was promoted through adding an external carbon source to the pond water or elevating carbon content of the feed [1,4]. Avnimelech [5] reported that bacteria require about 20 units of carbon per unit of nitrogen assimilated, while the C/N ratio of most feeds used in pond aquaculture is around 10. Therefore, it is necessary to supplement the carbon source to increase the C/N ratio for bioflocs production in aquaculture systems, especially for treating pond wastewater with high nitrogen concentration [6,7]. Increasing the C/N ratio to promote bioflocs in pond wastewater systems controls water quality through the removal of toxic nitrogen species, such as ammonia [7]. Since bioflocs mainly relies on heterotrophic microbes to perform functions, the faster growth rate and higher microbial biomass yield per unit substrate of heterotrophs than that of nitrifying bacteria means that the fixation of ammonium by heterotrophic bacteria occurs much more fleetly [8]. Therefore, the carbon to nitrogen ratio determines the growth and reproduction of heterotrophic microorganisms in bioflocs [9]. The bacterial protein produced by ammonia nitrogen assimilation showed an adequate protein, lipid, carbohydrate and ash content as a quality aquaculture feed [10,11]. The biomass concentrations reflected the bioaccumulation of bioflocs. Therefore, the different C/N ratios of wastewater would definitely lead to different measurements of biomass concentrations, despite the scarcity of literature on this topic.



In BFT, utilization of a separate biofloc reactor could prevent the decrease of dissolved oxygen in water due to the microbial metabolism for the decomposition of organic matter [12,13]. Dissolved oxygen that is too low is fatal to fish. Previous reports indicated that bioflocs produced suspended growth bioreactors (SGBRs) that can be used as feed [14]. Additionally, the total ammonia nitrogen (TAN) concentration can be controlled and the aquaculture solid waste can be recycled and reused through SGBRs [3,14]. Asaduzzaman [15] showed that 10 mg·L−1 ammonia nitrogen can be completely transformed within five h, while the trend of ammonia nitrogen in one cultural cycle in SGBRs is still unknown, especially under different C/N ratios.



Biofloc consists of microorganisms, particles, organic polymers, colloids and dead cells [16]. The microorganisms are the main component and play a key role in bioflocs. Heterotrophic and autotrophic bacteria are involved not only in the biomass concentrations but also in nitrification and denitrification in aquaculture systems [17,18,19]. The C/N operational parameter of biofloc systems directly influences the composition of the microbial community in the bioflocs [20]. Previous reports indicated that bioflocs protected against bacterial diseases [21]. Comprehending the community structure of bacteria in bioflocs can help in understanding the maximization performance of SGBRs, and different C/N ratios would affect the composition of the microbial community.



In this study, by controlling the C/N ratio of simulative wastewater we observed the effect of TAN removal and measurements of biomass in SGBRs. We used tracking tests to understand the trend in changes of key indicators in SGBRs in one cycle. Additionally, by monitoring the evolution of microbial communities, we sought to understand the changes in functional microbes of bioflocs and provide further research data to improve the performance of bioflocs.




2. Materials and Methods


2.1. Setup of Reactor and Operation


The experiment was carried out in 12 10-L (total volume) lab-scale suspended-growth bioreactors (SGBRs) which were operated in an intelligent artificial climate incubator (Ruihua Instrument & Equipment Co., Ltd., Wuhan, China). Each reactor had a diameter of 20 cm and a liquid filled height of 20 cm (=6 L working volume). The temperature was stable at 26 ± 1 °C in the climate incubator which was thought to be favorable for the growth of bioflocs. In addition, each reactor was supplied with air by means of a porous diffuser at the bottom of the reactor. All the diffusers (cylinder, diameter 2.2 cm, height 2.5 cm, porosity 40%) were connected to a 138 W air pump (Sunsun Group Co., Ltd., Zhejiang, China) which provided full mixing and dissolved oxygen (DO) concentration. The dissolved oxygen was controlled at about 6.0 mg/L via the flow meter (about 200 mL/min) in the reactor. The 12 SGBRs were conducted with a 4 × 3 factorial design with a C/N ratio (w/w) of 10, 15, 20 and 25, respectively. The reactors were subjected to uninterrupted cycles of 24 h which consisted of an aerobic feeding phase of 60 min, a mixing phase of 5 min, 10 min collection of the effluent (mixed bioflocs suspension) and the remaining aeration reaction phase.



After the reactors were set, the nature lake water sample (surface layer, which contained sufficient oxygen to promote microbial growth) was collected from the South Lake, Wuhan city, China (30°28′33″ N–114°21′41″ E) on 11 December 2017. The concentrations of TAN, NO2−N, NO3−N, total nitrogen (TN), total phosphorus (TP) and chemical oxygen demand (COD) were 0.54 mg/L, 0.02 mg/L, 0.2 mg/L, 0.82 mg/L, 0.18mg/L and 15 mg/L, respectively. Then, 6 L of natural lake water from the South Lake (30°28′33″ N–114°21′41″ E), NH4Cl (0.1519 g) and glucose (0.994 g, 1.492 g, 1.989 g, 2.486 g) were added into the natural wastewater and then added into each reactor to obtain the C/N ratios (w/w) of 10:1, 15:1, 20:1 and 25:1. The oxygen was introduced into the reactors to start the operation, then the bioflocs were produced by bioflocculation. In each cycle, effluent water samples (mixed bioflocs suspension) of 0.5 L were collected at 14:00 p.m. every day and then 0.5 L of the simulative was separately injected into each reactor with an identical metering pump at the flow rate of 0.5 L·h−1, in order to keep the working volume at 6 L (if necessary, aeration water was used to supplement volatile water). The 0.5 L influent simulative wastewater consisted of 114.6 mg NH4Cl (i.e., 30.0 mg N), 112 mg KH2PO4 (phosphorus source), 100 mg MgSO4·7H2O, 8 mg CaCl2 and 160 mg NaHCO3 (pH buffer). The glucose (C6H12O6) used as a carbon source was 0.75 g, 1.125 g, 1.5 g and 1.875 g in treatments C/N 10, C/N 15, C/N 20 and C/N 25, respectively. The concentration in the carbon solution depended on the C/N ratio (w/w); here, the amount of glucose to be added was calculated based on the TAN concentration in the influent. The calculations were done by following methods described by Hostins [20]. Moreover, each reactor was supplemented with 1 mL trace element solution every day. The trace element solution contained 3.52 g·L−1 FeCl3·6H2O, 0.36 g·L−1 MnCl2·4H2O, 0.08 g·L−1 CuSO4·5H2O, 0.30 g·L−1 ZnSO4·7H2O and 0.38 g·L−1 CoCl2·6H2O [22].




2.2. Analysis of Water Samples


The 0.5 L effluent was filtered under vacuum pressure through 0.45 μm fiber filter paper then used for water sample analysis. The indices of water samples, including TAN, nitrite nitrogen (NO2−N), nitrate nitrogen (NO3−N), total nitrogen (TN) and total phosphorus (TP) were measured in accordance with the standard methods [23]. COD was determined using a COD analyzer (AQ4001; Thermo, MA, USA). DO, total dissolved solids (TDS), pH and temperature were measured in-situ at 13:40 every day using a multi-parameter YSI Professional Plus handheld water quality sonde (Yellow Spring, OH, USA). All samples were analyzed in triplicate and reported. Statistical analyses were performed using SPSS v19.0. Statistical significance was set at a p-value less than 0.05.




2.3. TAN Removal Tracking Test


In order to observe the conversion of TAN in one cycle and investigate the main ways of removing TAN, the TAN removal tracking test was performed. At the stage of stable growth of bioflocs (day 18), determined according to the accumulation of bioflocs volume (BFV), the TAN removal tracking test was performed. On day 18, after the influent was added to the reactor, 20 mL effluent from each reactor was taken every 3 h in one cycle (24 h) until 14:00 on the following day. Then some indicators were measured, including COD, TAN, nitrite nitrogen (NO2−-N), nitrate nitrogen (NO3−-N), temperature (T) and DO.




2.4. Bioflocs Parameters and Measurement of Biomass


An Imhoff cone (1000-0010, Nalgene) was used to determine the bioflocs volume (BFV) which reflected the volume occupied by the flocs in 1 L of reactor water after 30 min of sedimentation [19]. Total suspended solids (TSS) were analyzed following the standard methods for water and wastewater analysis [23]. After the effluent was filtered, the TSS which contained the complete biomass on the fiber filter paper were reclaimed, air-dried and dried in an oven at 105 °C (constant weight). The protein contents of biomass were determined in order to measure the nutritional indicators of biomass. The sludge volume index (SVI) was defined as the volume in mL occupied by 1 g of TSS after settling. Finally, pooled samples were ground and measured by biochemical composition analysis using standard methods [24].




2.5. DNA Extraction and High-Throughput Sequencing of 16S rRNA


Water samples from the four treatments were collected and analyzed by Illumina MiSeq sequencing of 16S rRNA on day 1 (PP, primeval period, DNA sample named P0), day 9, day 19 and day 29, in order to obtain an entire understanding of the evolvement of the bacterial community structure resulting from different C/N ratios. Therefore, the entire experimental cycle was divided into three periods: grow period (GP): day 1 to day 9; treatment period (TP): day 10 to day 19; finish period (FP): day 20 to day 29. DNA samples were extracted at the end of each period, and named G1–G4, T1–T4 and F1–F4; the sequence of ordinal numbers represents treatments C/N 10, C/N 15, C/N 20 and C/N 25, respectively. Every time the DNA samples were extracted, a total of 12 water samples (approximately 100 mL) from 12 reactors were collected and mixed to 4 samples according to the different treatments. DNA samples from water-dwelling microorganisms were extracted as described by Lu [25]. The concentration and purification of DNA were determined by NanoDrop ND-2000c (Theromo Fisher Scientific, Waltham, MA, USA), and DNA quality was checked by 1% agarose gel electrophoresis. DNA samples were stored at −80 °C for subsequent analysis.



The V3–V4 hypervariable regions of the bacteria 16S rRNA gene were amplified with the forward primers 338F (5′-ACTCCTACGGGAGGCAGCAG-3′) and the reverse primer 806R (5′-GGACTACHVGGGTWTCTAAT-3′) by thermocycler PCR system (GeneAmp 9700, ABI, MA, USA) [26]. The PCR reactions were conducted using the following program: 3 min of denaturation at 95 °C, 30 cycles of 30 s at 95 °C, 30 s for annealing at 55 °C, and 45 s for elongation at 72 °C, and a final extension at 72 °C for 10 min and 10 °C until halted by user. The PCR reactions were performed in triplicate using a 20 μL mixture containing 4 μL of 5× FastPfu buffer, 2 μL of 2.5 mM dNTPs, 0.8 μL of each primer (5 μM), 0.4 μL of FastPfu polymerase and 10 ng of template DNA. The ddH2O was added to keep the final volume at 20 μL. The resulting PCR products were extracted from a 2% agarose gel and further purified using the AxyPrep DNA Gel Extraction Kit (Axygen Biosciences, Union City, CA, USA) and quantified using QuantiFluorTM-ST (Promega, Madison, WI, USA) according to the manufacturer’s protocol. Purified amplicons were pooled in an equimolar manner and paired-end sequenced (2 × 300) on an Illumina MiSeq platform (Illumina, San Diego, CA, USA) according to the standard protocols by Majorbio Bio-Pharm Technology Co., Ltd. (Shanghai, China).




2.6. Microbial Community Diversity Analysis


The raw fastq files were demultiplexed, quality-filtered by Trimmomatic and merged by FLASH with the following criteria. Firstly, the 468-bp (total bacteria) reads were truncated at any site receiving an average quality score <20 over a 50 bp sliding window. Secondly, primers were exactly matched allowing 2 nucleotide mismatching and reads containing ambiguous bases were removed. Thirdly, sequences whose overlap was longer than 10 bp were merged according to their overlap sequence. Reads that could not be assembled were discarded before further analyses. Operational taxonomic units (OTUs) were clustered with 97% similarity cutoff using UPARSE (version 7.1) and chimeric sequences were identified and removed using UCHIME. The diversity indices, species richness (ACE, Chao 1 and Shannon index) and rarefaction curves were determined based on the calculated OTUs [27]. The taxonomy of each 16S rRNA gene sequence was analyzed by the RDP Classifier algorithm against the Silva (SSU123) 16S rRNA database using a confidence threshold of 70%. The raw reads were deposited into the NCBI Sequence Read Archive (SRA) database (accession number: SRP 150395).





3. Results


3.1. Reactor Performance for Treating Simulative Wastewater


The SGBRs were operated for 31 days under conditions of 24 h lighting with daily testing of environmental physical indicators as shown in Table 1. DO levels remained stable around 6 mg·L−1, which was suitable for cultivating bioflocs [12]. The pH decreased at the later stage of the experiment in all treatments. In treatment C/N 10, the TDS was higher than other treatments, presumably due to the relatively high inorganic content (TN, TP) in the effluent.



As shown in Table 1, the effluent TAN in treatments C/N 15, C/N 20 and C/N 25 was significantly lower (p < 0.05) than those in the treatment C/N 10. After the addition of simulative wastewater, the effluent TAN changed significantly; treatments of C/N 20 and C/N 25 showed good TAN removal performance, while the effluent TAN concentrations of 9.33 ± 0.11 and 2.12 ± 0.08 mg·L−1 still remained in treatments C/N 10 and C/N 15 (Figure 1a). This phenomenon was similar to the study of Zhao [6], in which increasing the C/N ratio can effectively reduce ammonia nitrogen levels. The fluctuation of TN was very similar to the change of TAN. The effluent NO2−-N in treatment C/N 10 continued to accumulate throughout the experiment and was significantly (p < 0.05) different from other treatments (Figure 1b). The effluent nitrate nitrogen (NO3−-N) in all treatments was slow to accumulate, and presumably nitrification occurred during bioflocs formation. Throughout the experiment, the TP of effluent fluctuations are shown in Figure 1c. During the first 29 days of the experimental period (stage 1), the simulative wastewater influent followed Table 1; however, after the 29th day, the addition of phosphate was removed until the end of the experiment (stage 2). At stage 1, in all treatments, the addition of phosphate caused continuous fluctuating growth of TP in the effluent. Then, the TP of the effluent unexpectedly dropped at stage 2 in all the treatments. This explained that bioflocs had a great positive effect on the removal of phosphorus compounds, and the growth of heterotrophic microorganisms ingested phosphorus in the reactor water [12]. The COD removal efficiency in treatments C/N 10, C/N 15, C/N 20 and C/N 25 reached 91.15 ± 1.03%, 91.06 ± 0.57%, 95.09 ± 0.91% and 95.53 ± 0.84%, respectively, at the end of the experiment (Figure 1d). This showed the effectiveness of the reactor for organic removal.




3.2. TAN Removal Tracking Test Analysis


The fluctuations in effluent chemical indicators (COD, TAN, NO2−-N, NO3−-N) and environmental indicators (T, DO) during a whole cycle under different C/N ratios are shown in Figure 2 (temperature not shown). In order to compare the performance of different C/N ratio-controlling conditions, an elaborate analysis of the changing trends was implemented. The results exhibited that the varying laws in different C/N ratios treatments were similar. According to the previous research results of Yuan [28], a whole cycle can be divided into a satiation stage (0 h to 6 h) and a hunger stage (6 h to 24 h) according to the characteristic points on TAN and COD.



After the simulative wastewater was added to the SGBRs, adsorption and microbial respiration of heterotrophic microorganisms led to a sharp decrease in organic carbon and TAN in the satiation stage. Simultaneously, DO also declined sharply until it reached the lowest point, and then it turned up. The higher the C/N ratio treated, the more DO decreased. In treatments C/N 20 and C/N 25, TAN was almost completely consumed, while there were some remnants in treatments C/N 10 and C/N 15, which indicated that different C/N ratios have a great effect on the TAN removal process. A large amount of COD was consumed in this stage, which provided nutrition for the growth of heterotrophic microorganisms [28]. During the hunger stage, the TAN in all treatments increased, however, COD was kept at a low level. Throughout the hunger stage, the NO2−-N and NO3−-N content was always kept at a low level. During the entire tracking test, the TAN removal efficiency in treatments C/N 10, C/N 15, C/N 20 and C/N 25 was 88.67%, 94.98%, 100.00% and 100.00%, respectively. The parameters of the latter two treatments were significantly higher than that of the former treatments (p < 0.05).




3.3. Bioflocs Parameters Analysis


Table 2 shows the bioflocs parameters monitored throughout the experiment. The big standard deviations for the TSS can be ascribed to the continuous increase of biomass. The BFV and TSS in treatments C/N 15, C/N 20 and C/N 25 were higher than that in treatment C/N 10, which confirmed the study of Xu [9]. However, for the SVI, there was no significant difference among the four treatment groups (p > 0.05). This fully showed the effect of the C/N ratio on the production of biofloc solids. Interestingly, the BFV in all treatments decreased on day 19 and maintained at a stable level. The TSS concentrations on day 31 reached 466.67 mg·L−1, 624.13 mg·L−1, 652.02 mg·L−1 and 990.73 mg·L−1 in treatments C/N 10, C/N 15, C/N 20 and C/N 25, respectively (Figure 3a). This fully showed the accumulation of biomass. In addition, the concentration of protein followed a similar trend with TSS (Figure 3b), and the steady increase in protein content implied the accumulation of biomass in the SGBRs.




3.4. Microbial Community Dynamics


3.4.1. Preliminary Analysis of 16S rRNA Sequencing


In order to get a deeper insight into changes in the bacterial community structures with different C/N ratio treatments during the experiment, 16S rRNA sequencing was implemented. A total of 1,859,030 high-quality sequencing contigs (average 439 bp) were obtained for 39 samples. These high-quality sequencing contigs were normalized to 32,387 for each sample and were performed for further analysis. At 97% similarity level, these contigs were identified and accurately clustered into 1201 operational taxonomic units (OTUs). All species were covered according to the coverage indices and rarefaction curves (Figure S1 in SM). The Shannon diversity index reflected community diversity in samples; samples P0, T1, F1, F2 had a lower Shannon index than that of other samples indicating community diversity would enhance along with the increasing C/N ratio. The Simpson indices also validated this result (the higher Simpson index values, the lower community diversity) (as shown in Table S1 in SM). The OTUs, Chao1 and ACE in G1–G4, T1–T4 and F2–F4 have a significant difference with P0 (p < 0.05). This showed that the addition of simulative wastewater increases the community richness, because the addition of an extra carbon source stimulated the proliferation of microorganisms, and an elevated C/N ratio increased microbial diversity.




3.4.2. Evolution of Bacterial Community Structure


Within the bacterial community, 24 phyla were found among all samples during the different time-lapse samples. The predominant phyla were shown in Figure 4a. During the entire experiment, the predominant and common shared phyla in the BFT systems were Proteobacteria (22.49%–67.34%), Bacteroidetes (6%–35.26%) and Verrucomicrobia (1.62%–9.51%). The abundance of Proteobacteria and Bacteroidetes in all treatments decreased at the TP and the FP, but in treatments C/N 10 and C/N 15 they decreased more significantly than in treatments C/N 20 and C/N 25 (p < 0.05). The abundance of Verrucomicrobia in treatments C/N 20 and C/N 25 was higher than in other treatments. The abundance of Actinobacteria continued to increase among all samples during the experiment, but the abundance of Cyanobacteria and Chlorobi obviously fluctuated. Unexpectedly, Saccharibacteria appeared in all treatments at the TP, reaching 57.20% in C/N 10 and 19.36% in C/N 15; yet it was relatively less in treatments C/N 20 (2.45%) and C/N 25 (1.39%). However, at the FP, the abundance of Saccharibacteria significantly increased in all treatments (>23.5%). The Saccharibacteria (former candidate division TM7, also called candidate phylum Saccharibacteria) is frequently found in various natural environments and activated sludge which made it a beneficial candidate phylum [29].



As shown in Figure 4b, the bacterial communities at the genus level were investigated in order to better understand microbial diversity in the SGBR systems. Surprisingly, there were many unclassified and no rank sequences at the genus level which explained the complexity and unknown aspects of the microbial communities in the reactors. Some highly abundant bacteria such as unclassified_ f_ Comamonadaceae, norank_c_env.OPS_17 and norank_f_Saprospiraceae were also included and were likely to play significant roles in the SGBR system as the environmental bacteria. The predominant genera were Aquincola, Aeromonas, Flavobacterium, Haliangium, Haliscomenobacter, Nannocystis and Bdellovibrio. Aquincola, Haliangium and Haliscomenobacter were not detected in the P0 sample, but as the experiment progressed, they became dominant genus. In treatments C/N 20 and C/N 25, the abundance of Haliangium and Haliscomenobacter were higher than that in the treatments C/N 10 and C/N 15, but Aquincola seemed to have no significant difference in all treatments. Many pathogens, such as Aeromonas, Acidovorax, Flavobacterium and Malikia were significantly decreased in GP, TP and FP; especially Aeromonas and Flavobacterium, which had an absolute advantage in the P0 sample, but then almost disappeared. Nannocystis had the highest abundance in samples T3 and T4, and low abundance in other samples. Overall, the higher C/N treatments maintained better microbial diversity and stability than lower C/N treatments.




3.4.3. Microbial Community Cluster Analysis


In order to gain a deeper understanding of the evolution of microbial communities in different treatments, principal component analysis (PCA) was implemented to analyze sequencing tags at the OTU level (Figure 5) where each point represented one sample. Along the PC1 vector, similar bacterial communities were observed for samples of T3, T4, PP and GP, while the samples of T1, T2, F1 and F2 were far away. This showed that the cultivation time had a great influence on the microbial community structure of bioflocs. Along the PC2 vector, similar bacterial communities were observed for samples in PP and GP, which shows that the microbial community changes at the beginning of the experiment. As the experiment progresses, the microbial community structure in all treatments gradually changes and then stabilizes. The changes in the TP sample were the most obvious. The microbial community in treatments C/N 15 and C/N 25 were more stable than C/N 10 and C/N 15.






4. Discussion


4.1. Physicochemical Indicators in SGBRs


The performance of SGBRs was constrained by a variety of environmental factors, such as DO, pH and temperature. Adequate DO was essential for aerobic heterotrophic microorganisms which were the main body of the biofloc [1]. Wasielesky [30] investigated the proliferation of a heterotrophic microbial community and determined that as the concentration of carbon dioxide increases in a limited water exchange system, the pH would reduce. In SGBRs, due to the addition of a pH buffer, the difference in pH of treatments in the reactors was not significant and remained stable. Each reactor was operated at a constant stable temperature of 26 ± 1 °C which was thought to be favorable for the growth of bioflocs [6,31]. In SGBRs, increasing the C/N ratio can indeed greatly reduce TAN in wastewater, which accorded with the theoretical prediction made by Avnimelech [5]. However, the removal efficiency of TAN was not significant (p > 0.05) once the C/N ratio exceeds 20; in treatments C/N 20 and C/N 25, the results were 91.3 ± 8.3% and 94.6 ± 3.8%, respectively (Table 1). At the beginning of the experiment, in the case of C/N 10, the heterotrophic microorganisms in the bioflocs were grown and propagated using organic carbon sources, and the biomass increased continuously (the concentration of TSS continued to accumulate). Until the middle of the experiment (about 16 days), the input organic carbon source is insufficient to meet the needs of heterotrophic microorganisms in the C/N 10 treatment, and decomposition of microbial death led to an increase in TAN concentration [32]; since then, the rate of growth of TSS concentration slowed down (Figure 3a). The other treatments had relatively sufficient organic carbon sources, so the TAN concentration was less accumulated. Due to the dependence of carbon, nitrogen removal efficiencies were limited in treatments C/N 10 and C/N 15, but with the increasing C/N ratio, the TAN was the limiting factor. In treatment C/N 10, NO2−-N had obvious accumulation, which may be due to the higher nitrification rate using internal carbon sources than that of denitrification [33,34,35]. Previous research showed that nitrate-reducing bacteria are more competitive with carbon sources than nitrite-reducing bacteria, thus the lack of a carbon source would cease nitrite accumulation [36]. Glucose as the sole carbon source was also an influencing factor. In treatments C/N 15, C/N 20 and C/N 25, when TAN was significantly reduced, there was subtle accumulation of NO2−-N and NO3−-N, and at the same time, TSS grew significantly (Figure 3a). Nitrogen removal in SGBRs was correlated with the bacterial community structure. In this study, the significant increase of diversity in GP, TP and FP suggested significant changes in community structure, which should be responsible for nitrogen removal in SGBRs. These indicated that immobilization of heterotrophic bacteria should be encouraged in high C/N ratio treatments. The SGBRs showed excellent COD removal performance, because the growth of bioflocs consumed the organic matter in the reactor [6]. The results showed that an elevated C/N ratio promoted the removal of TAN and COD. Bioflocs consisted of heterotrophic organisms, algae, protozoa and organic debris [13], therefore, decomposition or proliferation required the provision of organic matter. In addition, the change of TP explained that bioflocs had a great positive effect on the removal of phosphorus compounds [6]. The TP of effluent significantly decreased in stage 2, and its only conversion pathway was the synthesis of biomass in bioflocs. This study, combined with previous literature, observed the reduction in TAN and TP, an obvious result of the bacterial load [5,37,38,39].



The TAN removal tracking test was performed in order to observe the conversion of TAN and COD in one cycle. The respiration of heterotrophic microorganisms in mature bioflocs dramatically reduced organic carbon in the satiation stage. Degradation of organic matter produced CO2 resulting in a decrease in pH and DO in the reactor. Partial TAN was consumed by microorganisms mainly for cell synthesis, because there was no accumulation of NO2−-N and NO3−-N [28]. Asaduzzaman [15] showed that when there is enough C/N ratio, 10 mg·L−1 ammonia nitrogen can be completely transformed through the internal circulation of microorganisms within 5 h, without the accumulation of NO2−-N and NO3−-N. In the hunger stage, because most organic matter was degraded, continuous aeration caused CO2 to escape from the reactors which led to the pH rebound. Insufficient organic carbon sources limited the removal of TAN from wastewater by heterotrophic microorganisms. As the carbon was degraded, a part of bio-nitrogen may have been converted into TAN again [40]. During the entire tracking test, the physicochemical indicators were analogous in all treatments, which provided a phased reference for the effective reduction of TAN in bioflocs.




4.2. Bioflocs Parameters Analysis


BFV is an important indicator to measure the sedimentation properties of bioflocs. The decline of BFV resulted in the breakdown of aggregate particles, which can be interpreted as both the mixing intensity of water and the presence of microbubbles which contribute to break aggregates, thus speeding up its settlement [41] in the later part of the experiment. It was higher than the TSS concentration of approximately 460 mg·L−1 that was suitable concentration for aquatic animals. Previous research demonstrated that superfluous TSS can be harmful to the production of aquatic animals [17]. It is necessary to collect more suspended effluent from the SGBRs to maintain a lower TSS. For the protein concentration, high carbon to nitrogen ratio input to get more protein, which demonstrated the potential of bioflocs as aquafeeds.




4.3. Evolution of Bacterial Community Structure


In this study, the predominant phyla were Proteobacteria, Bacteroidetes and Verrucomicrobia and Actinobacteria, which were the common shared phyla in the BFT systems [19]. Proteobacteria, the most common shared phylum in the BFT systems, played an important role in the assimilation of TAN and the mineralization of organic compounds, especially in the wastewater treatment of bioflocs [42]. Most Proteobacteria are aerobic or facultative. Verrucomicrobia are heterotrophs, which can use various mono, oligo and polysaccharides for growth, which can be multiplied by two divisions and typically found in water or soil [43]. Actinobacteria is regarded as a common probiotic, which can produce beneficial substances in specific environments. Moreover, Actinobacteria helps to decompose the organic matter of dead organisms; they are quite abundant in soil and aquatic sediments where they participate in the decomposition of organic matter [44]. Therefore, the increase of Actinobacteria could be explained by its ability to decompose organic matter which was amplified because of the accumulation of TSS; this may be the reason for the cumulative slowdown of TSS.



Unfortunately, research on the environmental function of Saccharibacteria is insufficient. Saccharibacteria (former candidate division TM7, also called candidate phylum Saccharibacteria) is frequently found in various natural environments and activated sludge which makes it a beneficial candidate phylum [29]. However, Hanada [45] also reported the prevalence of candidate division TM7 in an acidophilic nitrified SBR (sequencing batch reactor) which was added to simulative wastewater made up of ammonium and other salts without a carbon source. Interestingly, Zhao [46] reported that the most suitable salinity for candidate division TM7 is 2%, which is very close to the salinity in the SGBRs. The relative abundance of candidate phylum Saccharibacteria increased with the increasing N content in soil, which illustrated a preference for candidate Saccharibacteria in ammonia-rich environments [47,48]. In our study, the relative abundance of candidate phylum Saccharibacteria was significantly higher in treatments C/N 10 and C/N 15 than that in treatments C/N 20 and C/N 25 (p < 0.05). Combined with the results shown in Figure 1a, this phenomenon is similar to that of Eo and Park’s research [47]. Hence, its abundance increasing along TAN concentrations suggests that the Saccharibacteria becomes the predominant phylum, which is unfavorable for nitrogen removal in bioflocs. In addition, the rapid proliferation of Saccharibacteria also inevitably reduced the diversity of microbial communities and squeezed the living space of other kinds of microorganisms, especially Proteobacteria and Bacteroidetes.



Some predominant genera were found, such as Aquincola, Aeromonas, Haliangium, Nannocystis and Bdellovibrio. These genera were almost heterotrophic and aerobic, and usually found in environmental communities, such as activated sludge [49]. Aquincola occupied a significant proportion in GP and TP of the experiment because it of its agglomerating effect and being strictly aerobic. The relative abundance of Aquincola decreased in FP as a result of the anaerobic zone formed by the relative volume increase of the bioflocs. In addition, Aeromonas, a type of pathogen, gradually disappeared after the experiment started [50]. Probably due to the complexity of water, there were many unclassified and no rank sequences at the genus level in the analysis of microbial communities. However, different C/N ratios had a significant impact on the microbial community structure at the genus level, which explained the selectivity of influent carbon to nitrogen ratio to microbial population. In addition, according to Table S1 in the supplementary data, similar research results also showed that increasing the carbon to nitrogen ratio can increase the diversity of microbial communities [41]. Moreover, as shown in Figure 5, the rate of microbial community structure evolution has gradually slowed down, which indicates the stability of microbial communities in the later stage of the experiment.





5. Conclusions


This study showed that an elevated C/N ratio promoted the removal of TAN and COD, and there was no accumulation of nitrite nitrogen and nitrate nitrogen. All treatments showed the same pattern within one cycle; TAN and COD dropped to the lowest level and then increased slightly. Increasing the C/N ratio in the influent wastewater could effectively augment the accumulation of biomass in the reactor. Elevated C/N ratio increased microbial diversity. The abundance of pathogens in SGBRs was significantly reduced, and surprisingly, Saccharibacteria occupied a dominant position at TP and FP in lower C/N ratio treatments (C/N 10 and C/N 15), which may be related to the accumulation of TAN.
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Figure 1. Changes in total ammonia nitrogen (TAN) (a); nitrite (NO2−-N) (b); total phosphorus (TP) (c); and COD removal efficiency (d) of the suspended growth bioreactors at different C/N ratio (mean ± stand deviation). 
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Figure 2. Dynamics of nitrogen concentrations, COD and dissolved oxygen (DO) in the suspended growth bioreactors (SGBRs) of a whole cycle: (a) C/N 10 treatment; (b) C/N 15 treatment; (c) C/N 20 treatment; (d) C/N 25 treatment. 
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Figure 3. The TSS concentration (a) and concentration of protein (b) in different C/N ratios. 
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Figure 4. Bar profiling graphs of all samples (each bar shows the average of three parallel samples) at phylum (a) level and genus (b) level (dominating phyla >1% in one sample, dominating genus >3% in one sample). P0: day 1; G1–G4: day 9, the sequence of ordinal numbers represents treatments C/N 10, C/N 15, C/N 20 and C/N 25, respectively. Same as below; T1–T4: day 19, F1–F4: day 29. 
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Figure 5. Principal component analysis (PCA) of bacterial community composition (operational taxonomic unit (OTU) level), PP: primeval period; G1 (C/N 10) represents the treatment of C/N 10 in GP, similarly, and so on. 
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Table 1. Water quality parameters of the influent and effluent of the reactors at different C/N ratios (mean ± standard deviation).
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	C/N 10
	C/N 15
	C/N 20
	C/N 25





	Influent TAN (mg N·L−1)
	30 ± 0.6
	29 ± 1.1
	29 ± 0.9
	30 ± 0.7



	Effluent TAN (mg N·L−1)
	8.37 ± 1.30 a
	2.76 ± 1.55 b
	0.84 ± 1.55 c
	0.58 ± 1.45 c



	Effluent NO2−-N (mg N·L−1)
	0.90 ± 0.48 a
	0.12 ± 0.08 b
	0.04 ± 0.06 b
	0.02 ± 0.05 b



	Effluent NO3−-N (mgN·L−1)
	0.24 ± 0.03 a
	0.13 ± 0.04 b
	0.12 ± 0.02 b
	0.12 ± 0.02 b



	Effluent COD (mg·L−1)
	59.38 ± 26.59 a
	83.58 ± 16.26 b
	65.15 ± 23.30 bc
	72.26 ± 22.23 c



	Effluent TN (mg N·L−1)
	9.57 ± 1.86 a
	3.42 ± 1.50 b
	0.97 ± 1.60 c
	0.69 ± 1.54 c



	TAN removal efficiency (%)
	37.4 ± 6.3 a
	68.2 ± 9.9 b
	91.3 ± 8.3 c
	94.6 ± 3.8 c



	pH
	8.31 ± 0.19 a
	8.24 ± 0.19 a
	8.24 ± 0.19 a
	8.21 ± 0.16 a



	DO (mg·L−1)
	6.2 ± 0.5
	5.9 ± 0.8
	6.1 ± 0.6
	6.0 ± 0.7



	TDS (mg·L−1)
	503.7 ± 17.2 a
	485.4 ± 13.3 c
	475.5 ± 9.8 b
	486.6 ± 14.4 c







Different lowercase letters indicate significant differences between treatments at the p < 0.05 level (one-way ANOVA and Tukey’s Honestly Significant Difference (HSD) test) (n = 31). Abbreviations: TAN, total ammonia nitrogen; NO2−N, nitrite nitrogen; NO3−N, nitrate nitrogen; chemical oxygen demand (COD); TN, total nitrogen; DO, dissolved oxygen; TDS, total dissolved solids. 
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