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Despite the widespread application of decentralized wastewater treatment (WWT) facilities in China, relatively few research has used the multi-media biological filter (MMBF) facilities to investigate the microorganism characteristics. This study utilizes 16S rRNA high-throughput sequencing (HTS) technology to examine the microbial biodiversity of a representative wastewater treatment (WWT) system in an expressway service area. The pathways of nitrogen removal along the treatment route were analyzed in conjunction with water quality monitoring. The distribution and composition of microbial flora in the samples were examined, and the dominant flora were identified using LEfSe analysis. The FAPROTAX methodology was employed to investigate the relative abundance of genes associated with the nitrogen cycle and to discern the presence of functional genes involved in nitrogen metabolism. On average, the method has a high level of efficiency in removing COD, TN, NH3-N, and TP from the effluent. The analysis of the microbial community identified a total of 40 phyla, 111 classes, 143 orders, 263 families, and 419 genera. The phyla that were predominantly observed include Proteobacteria, Acidobacteria, Chloroflexi, Actinobacteria, Nitrospirae, Bacteroidetes. The results show that the system has achieved high performance in nitrogen removal, the abundance of nitrification genes is significantly higher than that of other nitrogen cycle genes such as denitrification, and there are six nitrogen metabolism pathways, primarily nitrification, among which Nitrospirae and Nitrospira are the core differentiated flora that can adapt to low temperature conditions and participate in nitrification, and are the dominant nitrogen removal flora in cold regions. This work aims to comprehensively investigate the diversity and functional properties of the bacterial community in decentralized WWT processes.
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1. Introduction

Decentralized wastewater treatment (WWT) facilities are prevalent in Japan, North America, and Europe (Dueholm et al., 2022), and are regularly utilized in China for transportation facilities such as expressway service areas, water service areas, and marine vessels (Starkl et al., 2015). While onshore water treatment technologies are commonly used for the domestic WWT process in vessels, recent research frequently utilizes municipal domestic sewage, primary sedimentation pool effluent, and similar sources instead of vessels’ domestic sewage for experimental investigations (Yin et al., 2019; Yasir, 2020; Zhang et al., 2020; Rodriguez et al., 2021). In contrast to municipal-scale WWT facilities, WWT facilities designed for vessels’ domestic wastewater and expressway service areas exhibit distinct characteristics. These include significant fluctuations in water volume, a substantial pollution burden, elevated levels of nitrogen and phosphorus, and a low carbon-to-nitrogen ratio. Moreover, the selection of treatment processes for these facilities should consider the impact on environmental conditions. Additionally, it is essential to consider the benefits of cost reductions, energy conservation, and manageable maintenance when designing such facilities.

Biological nitrogen removal, which is a WWT process driven by microorganisms, has emerged as the predominant technology for nitrogen removal in transportation services. This is mostly attributed to its notable efficiency, cost-effectiveness, and absence of secondary pollutants. Nevertheless, it is crucial to note that microorganisms exhibit optimal performance within a temperature range of 20–35°C (Jankowski et al., 2022). In circumstances of temperatures falling below this range, microbial activity is restricted which consequently affects the performance of biochemical treatment. Therefore, the majority of decentralized WWT processes implemented in transport service facilities interact with challenges in meeting standard emission requirements during the winter season. Recently, there have been extensive studies conducted to enhance the aeration biofilter WWT process. These studies concentrated on various aspects including the development of novel biological carriers, the implementation of exclusive microbial reinforcement, and the incorporation of thermal insulation. Consequently, a novel technology known as the multi-media biological filter (MMBF) WWT was developed, which has been successfully applied in several practical scenarios. The utilization of high-capacity burden, space optimization, reliable operation, improved effluent quality, efficient management, and cost-effectiveness are among the notable advantages (Yang et al., 2021).

The removal rates of pollutants in biochemical treatment systems are typically influenced by the composition of microbial flora (Kristensen et al., 2020). As a consequence, the structure of microbial flora plays an essential part in maintaining the stability of WWT systems. Therefore, investigating the characteristics of microbial flora is crucial for comprehending and forecasting the performance of pollutant removal and degradation metabolism functions. At present, there is a limited number of studies that have employed the MMBF in WWT systems. However, it is significant to consider that the microbial community structure plays a vital role in ensuring the stability of these systems. In addition, it is noteworthy that the influence of various treatment methods on the microbial community structure demonstrates an extent of variability. Therefore, it’s beneficial to explore the attributes of the microbial and microorganism community structure in conventional decentralized WWT systems. This endeavor aims to enhance the treatment process, facilitate the dynamic adjustment of maintenance and management approaches, and confirm the efficiency of treatment.

Technologies such as Illumina Miseq and other high-throughput sequencing (HTS) have undergone rapid development and have been extensively utilized in the analysis of microbial communities in large-scale ecosystems and global WWT plants (Fernandez-Cassi et al., 2018; Rodriguez et al., 2021). These technologies have been employed to investigate microbial functional genes that play a crucial role in material cycling. Consequently, they serve as valuable instruments for exploring the composition and dynamics of microbial community structures in WWT processes. Additionally, they facilitate the identification of functional microflora and microbial genes, as well as the exploration of interactions among microorganisms. Microbial investigations conducted on WWT systems have revealed that the microbial communities present in domestic wastewater exhibit notable distinctions from those found in industrial wastewater, as well as from microbial communities inhabiting air, freshwater, marine, and soil habitats (Zhang et al., 2018). Wastewater features display great diversity, typically manifesting various bacterial community compositions that are representative of various functions (Yang et al., 2020b). The 16S rRNA HTS technology (Dueholm et al., 2022) is commonly used to analyze the composition and diversity of microorganisms in different environments (Jing et al., 2021). By utilizing specific nucleic acid fragments as biomarkers, this sequencing technology has become widely adopted for quantifying functional microorganisms, including nitrifying bacteria, denitrifying bacteria, and Anammox bacteria in activated sludge systems (Lukumbuzya et al., 2020). Additionally, this technology enables the investigation of the microflora structure at various taxonomic levels, such as kingdom, phylum, order, family, genus, and species, in samples from different sources. The characterization of microbiological samples can be achieved by the utilization of various indices such as Shannon, Simpson, Chao, and Ace. These indices offer insights into the structural properties of the microbial community, the relative abundance of functional genes, and the taxonomic affiliation of the species within the microbial samples (Cinà et al., 2019).

The primary objectives of this research are to investigate the variability in microbial flora structure and identify the key organisms involved in denitrification processes within the system. This study involves the collection of microbial samples from MMBFs located in expressway service areas. The samples are then subjected to 16S rRNA HTS to analyze the composition of the microbial community. Additionally, the study investigates the presence of functional genes associated with nitrogen metabolism. The main objective is to comprehensively investigate the diversity and functional traits of microbial flora in decentralized WWT processes. The preliminary results of this research attempt to provide theoretical and empirical evidence to promote the development of efficient decentralized biological treatment systems for wastewater.



2. Materials and methods


2.1. Sampling of water quality


2.1.1. Selection of typical processes

The MMBF process was selected for this study from an expressway service area in Jilin Province, China. The facility was initiated in 2014 with a designed treatment capacity of 60 m3/d which had been operating stably since then, with the average water temperature maintained at 15–23°C. As shown in Figure 1, the process utilized a sequential inlet and aeration intermittently, consisting of anoxic cell (A), aerobic cell 1 (O1) and aerobic cell 2 (O2). The anoxic cell of MMBF utilized micro-aeration, while the aerobic cells utilized regular aeration, with the aeration time of 10-15 min/h under stable operation. In addition, the cells filled with functionalized polyurethane foam carriers, with inoculation of high efficiency microbial organisms initially. During operation, sludge was removed every 2 to 3 years to maintain stable sludge concentration in the system.
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FIGURE 1
 Application of MMBF process (numbers in blue: 1-air pipe, 2-outlet screen, 3-sludge pipe, 4-reinforced square pipe). The facility is consist of anoxic cell (A) using micro-aeration, aerobic cell 1 (O1) and aerobic cell 2 (O2) using regular aeration.




2.1.2. Sample collection and measurement methods

To investigate the pollutant removal effect of the MMBF, water samples were collected quarterly from the A, O1 and O2 cells over the stable operation phase between 2014 and 2019. The sampling sites were located at the terminal, inlet and outlet of each cell in the MMBF. Following the filtration, the concentrations of pH, chemical oxygen demand (COD), total nitrogen (TN), NH3-N, total phosphorus (TP), suspended solids (SS) and other indicators were measured in situ. In addition, to further analyze the effect of nitrogen removal along the process, samples from 2020 were collected to measure NO3−-N, NO2−-N and other indicators concentrations. The pH was measured by glass electrode method, COD by dichromate method, TN by ultraviolet spectrophotometer with alkaline potassium persulphate, NH3-N by salicylic acid spectrophotometer, TP by ammonium molybdate spectrophotometer, NO2−-N by N-(1-Naphthyl)-Ethylenediamine spectrophotometry and NO3−-N by thymol spectrophotometry (Koistinen et al., 2019).




2.2. Sequencing of microbial samples


2.2.1. Microbial sample collection

Considering the progressive character of the WWT process, it is recommended to establish an appropriate sampling interval in order to ascertain the precision of the collected data. In this study, a total of nine sampling sites were randomly selected from the upper (ID:X1), middle (ID:X2), and lower (ID:X3) layers within each cell. These specimens are identified as cell A (sample ID: A1, A2, A3), cell O1 (sample ID: B1, B2, B3), and cell O2 (sample ID: C1, C2, C3). The specimens were obtained and delivered to the laboratory using cryogenic storage techniques (below 0°C). Subsequently, the genomic DNA was extracted and preserved at the temperature of −20°C.



2.2.2. Gene extraction and HTS

The specimens were centrifuged and well mixed subsequent to their melting on ice. Afterward, the quality and concentration of the extracted DNA were assessed by Nano Drop 2000 spectrophotometer (Thermo Scientific). All specimens were subjected to this procedure under standardized experimental conditions in Allwegene lab, with three replicates performed for each specimen. The extracted DNA, amounting to 30 ng, was then utilized for polymerase chain reaction (PCR) using TransGen AP221-02. The amplification of the V3-V4 region of the bacterial 16S rRNA gene was carried out using the TransStart Fastpfu DNA Polymerase, with the application of universal primers sequence 5′-3′: ACTCCTACGGGAGGCAGCAG (Cannon et al., 2019). The PCR outputs derived from the identical specimen were combined and subjected to analysis in order to assess the purity and integrity of the DNA (Yang et al., 2020a). This analysis was carried out using 1% agarose gel electrophoresis technique. Then, the 16S rRNA V3-V4 region was sequenced on the Illumina Miseq PE300 sequencing platform to obtain high-throughput gene data (Liu Y. et al., 2020).



2.2.3. Annotation of gene function

After the data obtained from high throughput sequencing completed assembly and quality filtering, the filtered 16SrRNA gene sequences were submitted to further analysis using the QIIME platform (Bolyen et al., 2019). To ensure data quality, TRIMMOMATIC (Bolger et al., 2014) and PEAR were utilized for data quality control, specifically for the removal of low-quality sequences. Subsequently, optimized sequences were obtained through sequence assembly, filtration, and chimerization processes utilizing FLASH, PEAR, and UCHIME. According to the UPARSE method (Edgar, 2013) and UNOISE3 method (Rognes et al., 2016), the sequences performed clustering and noise reduction processes to generate operational taxonomic units (OTUs), using a similarity criterion of 97%. In the comparative analysis of OTU representative sequences, the taxonomic annotation of OTUs at all levels (kingdom, phylum, class, order, family, genus, species) was performed using the RDP Classifier, UCLUST, and the SILVA database (Quast et al., 2012; Zhang et al., 2019a).




2.3. Methods of data analysis


2.3.1. Measurement on relative abundance of species

In order to identify the microbial species and relative abundance in the specimens, as well as to investigate variations in community structure such as species composition and bacterial concentration at different taxonomic levels (Zhang et al., 2019b), clusters were generated using the R language. These clusters were based on the Unweighted Unifrac distance matrix, and utilized the UPGMA method to analyze the specimens and the genera present at the phylum level. The clustering outcomes were visually represented by displaying the relative abundance of each specimen. Heatmaps were generated at the phylum and genus levels to illustrate the variations in community structure across different levels of the genus, based on the abundance of OUT in each specimen.



2.3.2. Analyses on community diversity

To evaluate the diversity of microorganisms within the context of community ecology, the analysis of alpha diversity was performed. This analysis utilized the QIIME platform (Bolyen et al., 2019) to evaluate the abundance and diversity of microbial communities at the operational taxonomic unit (OTU) level. Various statistical indicators, such as observed species, goods coverage, Shannon index, and Chao1 index, were calculated to examine community abundance, diversity, and coverage, in order to identify species that exhibited variability (Liu Y. et al., 2020). Within this set of indicators, Chao1 is defined as the species abundance indicator, estimating the number of OTUs in the community. Observed species, on the other hand, represent the count of OTUs observed as sequencing depth increases. The goods coverage metric describes the extent to which each specimen database is covered, thereby reflecting the likelihood of detecting sequences within the specimen. Additionally, the Shannon index is applied to assess the diversity of microorganisms within the specimen.



2.3.3. Analyses on core divergent flora

To investigate significantly distinct species serve as biomarkers among different groups based on their abundance, LDA Effect Size (LEfSe) (Segata et al., 2011) was implemented using the R language MICROECO package (Liu C. et al., 2020). The analysis were performed on nine specimens from three cells, utilizing a non-parametric factorial Kruskal-Wallis hierarchical test to identify species with significant differences in abundance across different subgroups. Subsequently, a Wilcoxon hierarchical test was applied to analyze differences within groups. Ultimately, a linear discriminant analysis (LDA) was conducted to reduce the dimension of the data and evaluate the impact of relevant species, as indicated by the LDA score. In this study, a threshold value of 4 was used to determine the significance of the LDA score.



2.3.4. Prediction on the function of the bacterium community

To explore the functional diversity of the bacterial microbial community in the water following WWT, a functional prediction analysis was conducted using the FAPROTAX method (Louca et al., 2016). This method was recognized as high prediction accuracy based on validated literature on culturable bacteria, available for functional prediction of the nitrogen cycle in environmental specimens (Chen et al., 2018). The analysis utilized a classification table of operational taxonomic units (OTUs) based on 16S sequencing, which allowed for the identification of microbial genera and species names. Consequently, the analysis provided annotated predictions of microflora function, which was performed by Tutools platform.1





3. Results


3.1. Characteristics of water quality


3.1.1. Pollutant removal results

Due to significant variations in pedestrian flow at the service area and seasonal differences in water consumption, the influent water quality fluctuates considerably. As a result, the effluent concentrations of COD range from 298.2 to 720.0 mg/L, TN ranges from 48.65 to 108.71 mg/L, and NH3-N ranges from 15.4 to 152.00 mg/L. As shown in Table 1, the COD removal ratio ranges from 84.98 to 97.83%, the NH3-N removal ratio ranges from 92.23 to 97.78%, and the TP removal ratio ranges from 88.86 to 96.50%. The effluent’s average COD, TN, NH3-N and TP concentrations were measured at 28.62, 13.8, 3.17, and 0.66 mg/L, respectively. These values were confirmed in compliance with the applicable standards of regulations. In summary, this process high efficiency in mitigating nitrogen, COD, and TP levels in the wastewater originating from the service area. Moreover, it exhibits remarkable resilience towards fluctuations in load, contributing to stable effluent quality.



TABLE 1 The average results of water quality indicators (unit: mg/L) and contaminants removal (%) quarterly detected in the inlet and outlet of MMBF.
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3.1.2. Nitrogen removal pathway

As presented in Figure 2, the concentrations of NH3-N, NO3−-N, NO2−-N in the effluent were measured as 2.56, 0.01, 2.78 mg/L, respectively. Based on the assessment of nitrogen conversion, the system eliminated 14.41 mg/L of TN and 9.51 mg/L of NH3-N, with no traces of nitrite detected throughout the process. The percentage contributions to TN removal in cell A, O1, and O2 were 68.36, 18.67, and 13.95% respectively, suggesting that the primary removal of TN occurred in cell A. The existence of anaerobic ammonia oxidation (anammox) is postulated. The primary pollutant NH3-N present in the wastewater was initially imported into the anoxic cell of the system, resulting in the removal of 4.71 mg/L. This removal might be attributed to the partial conversion of NH3-N to NO3−-N through nitrification in the micro-aerobic environment, followed by further conversion to N2 through denitrification, resulting in the removal NO3−-N of 4.32 mg/L. Additionally, it facilitates the accumulation of anaerobic ammonia bacteria. When wastewater flows into the aerobic cell, the NH3-N is oxidized further through regular aeration resulting in a significant reduction in the TN concentration, which facilitates the effluent water quality to meet the standard.

[image: Figure 2]

FIGURE 2
 Variation of nitrogen removal pathways along the MMBF system. The variation of NH3-N, NO3−-N, NO2−-N was displayed in different color and bars to reflect the variation of nitrogen concentration along the system.





3.2. Characteristics of the predominant flora


3.2.1. Characterisation on phylum level

The sequences derived from the specimens were subjected to analysis and subsequently organized into a total of 40 phyla, 111 classes, 143 orders, 263 families and 419 genera. The data presented in Figure 3 illustrates the distribution and prevalence of several specimens at the phylum level. The dominant phylum observed in the environment is Proteobacteria, accounting for 49.07% of the total composition. Other significant phyla include Acidobacteria (10.38%), Chloroflexi (8.05%), Actinobacteria (7.31%), Nitrospirae (4.62%), Bacteroidetes (4.53%). The relative abundance of Proteobacteria in samples A, O1, and O2 ranged from 36.01 to 45.6%, 58.57 to 62.66%, and 41.95 to 46.95%, respectively. The abundance of Acidobacteria ranged from 8.71 to 17.99%, 6.8 to 11.74%, and 8.69 to 9% in the respective samples. Chloroflexi exhibited an abundance of 9.01 to 13.64%, 5.3 to 6.51%, and 7.32 to 7.51%, respectively. The abundance of Actinobacteria ranged from 4.54 to 6.12%, 1.42 to 1.77%, and 14.41 to 15.81% in the respective samples. Nitrospirae exhibited abundances of 3.99 to 6.71%, 4.97 to 6.01%, and 2.96 to 3.62%, respectively. Bacteroidetes exhibited abundances of 4.93 to 6.16%, 4.52 to 5.04%, and 2.96 to 3.62% in the respective samples. When considering the unweighted Unifrac distances, an analysis of the microbial communities in cell A (representing the anoxic section), cells O1 and O2 (representing the aerobic section) revealed a statistically significant difference in the composition of flora between the aerobic sections. Based on compositional analysis, it was observed that Proteobacteria and Nitrospirae exhibited an initial increase followed by a subsequent decrease during the treatment process. Conversely, Acidobacteria and Chloroflexi displayed a decrease followed by an increase trend. The downward trend observed in Actinobacteria and Bacteroidetes is likely attributed to the microbial function of nitrification processes.
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FIGURE 3
 Relative abundance and composition of bacterial community at the phylum level. (A) the violin plots shows the distribution characteristic of different flora, of which the relative abundance of the total are more than 1%; (B) the clustered accumulation histograms shows the cluster characteristic between sampling groups; (C) the circle clustered heatmap shows the cluster characteristic between the flora in each sample.




3.2.2. Characterisation on the genus level

The data presented in Figure 4 illustrates the composition and relative abundance of the top 40 genera observed in each specimen. It is evident that in cell A, the prevailing genera were Nitrospira and Woodsholea, with respective abundances ranging from 3.91 to 6.67% and 2.42 to 3.04%. Similarly, in cell O1, the dominant genera were Nitrosomonas, Nitrospira, Leptothrix, with abundances ranging from 9.37 to 10.15%, 4.94 to 5.98%, and 2.98 to 3.44%, respectively. Likewise, in cell O2, the primary genera were Nitrosomonas, Nitrospira and Leptothrix, with abundances ranging from 8.68 to 9.99%, 2.67 to 3.03%, and 2.11 to 2.98%, respectively. The prevalence of the primary genera Nitrospira and Woodsholea in the effluent from the inlet of the WWT facility exhibited a consistent decline throughout the treatment process. In contrast, the abundance of Nitrosomonas and Rhodanobacter displayed significant variation, potentially indicating a correlation with the removal rate of contaminants that impact microbial growth. These findings further support the assumption that the WWT process significantly shapes the composition of the microbial community.

[image: Figure 4]

FIGURE 4
 Relative abundance and composition of the top 40 bacterial community at the genus level. The colored heatmap shows the relative abundance and composition of flora from all specimens in different cells.




3.2.3. Diversity of bacterial communities

Although the three compartments shared numerous predominant bacteria at the phylum level, the analysis at the genus level revealed a distinct community structure from OTUs, as depicted in Figure 5. Following the implementation of PCR and HTS, the number of OTUs observed in the nine samples exhibited a range of 1,475–1,631. Furthermore, the sequencing process achieved a coverage rate exceeding 97% for each sample, indicating the successful detection of the majority of microorganisms present in the samples. Notably, the Shannon index was employed to characterize community diversity, while observed species and the Chao1 index were utilized to evaluate community abundance (Fang et al., 2018). The calculation of those indicators reflected the assessment of variations in the microbial community structure. The findings of the study revealed that the Shannon index exhibited a statistically significant increase in cell A compared to the other cells, suggesting that cell A possessed the greatest microbial diversity. Additionally, the observed species and Chao1 index values obtained from cells A and O2 were significantly higher than those observed in cell O1, indicating an elevated microbial mortality in cell O1 and a rapid proliferation of the microbial community structure in cell O2.

[image: Figure 5]

FIGURE 5
 Diversity index in MMBF WWT. The box plots reflects the variation in the flora diversity in different cells by four diversity indicators.





3.3. Core divergent flora

Significant differences were found in the three cells through the analysis of community characteristics. To further analyze and identify the core differential communities, LEfSe analysis was performed on the samples at multiple taxonomic levels. Figure 6 displays a bar chart illustrating the distinct Biomarkers species that exhibit LDA scores more than 4 across sample groups. This figure provides insight into the influence of the considerably diverse species on cell A, O1, and O2. The visual representation in Figure 7 depicts a series of concentric circles that symbolize taxonomic levels ranging from phylum to genus. Each node within the circles represents a distinct taxonomic unit at a specific level, with the size of the node indicating its relative abundance. Additionally, nodes that are colored signify microbial taxa that make significant contributions within the various taxonomic groups. The findings indicate that there are notable variations in the MMBF treatment system across different groups, including Chloroflexi, Woodsholea (cell A), Proteobacteria, Leptothrix, Caulobacterales, Hyphomonadaceae, Sphingomonadaceae Sphingomonadales, Sphingomonadales, Methylococcaceae, Comamonadaceae, Methylococcales, Burkholderiales, Nitrosomonadales, Nitrosomonadaceae, Nitrosomonas Betaproteobacteria (cell O1), Actinobacteria, Frankiales, Solibacteraceae_Subgroup_3, Solibacterales, Solibacteres, Thermoleophilia, Parcubacteria, Gammaproteobacteria, Actinobacteria, Rhizobiales, Rhodanobacter, Xanthomonadaceae, Xanthomonadales (cell O2).

[image: Figure 6]

FIGURE 6
 Significantly divergent species in MMBF WWT. The colored histogram reflects the dominant species screening by LDA score from the results of LEfSe.


[image: Figure 7]

FIGURE 7
 Significantly divergent levels of species impact in MMBF WWT. The figure shows circles radiating from the inside to the outside representing taxonomic levels from phylum to genus, with each node indicating a taxonomic unit at a different level, its diameter indicating the relative abundance size, and colored nodes indicating microbial taxa contributing significantly in the different groups.




3.4. Function of the bacterium community

The findings presented in Figure 8 demonstrate variations in predicted functional genes across different samples. The predominant bacterial community gene functions observed in all samples were chemoheterotrophy (23.9%), aerobic chemoheterotrophy (17.97%), nitrification (11.13%), aerobic ammonia oxidation (5.95%), aerobic nitrite oxidation (5.18%), and so forth, comprising 65 gene functions. Among the microbial communities analyzed, various metabolic processes were observed to contribute to the overall gene abundance in different cells. Specifically, chemoheterotrophy, aerobic chemoheterotrophy, nitrification, aerobic ammonia oxidation, and aerobic nitrite oxidation accounted for different proportions of the total gene abundance in cell A, cell O1, and cell O2. In cell A, these processes represented 19.58, 14.85, 14.78, 5.27, and 9.51% of the total gene abundance, respectively. In cell O1, the proportions were 19.93, 12.38, 13.03, 8.58, and 4.45%, respectively. In cell O2, the proportions were 29.95, 27.76, 6.01, 2.55, and 3.46%, respectively. Notably, the effluent treatment process had a significant impact on the prevalence of chemoheterotrophy, as significantly increased, while nitrification and aerobic nitrite oxidation gradually decreased. These findings suggest that the relevant gene functions associated with these metabolic processes play a crucial role in the WWT process.

[image: Figure 8]

FIGURE 8
 Differences in predicted gene function of bacterial populations in MMBF WWT. The bubble plot shows the differences in the distribution of functional nitrogen removal genes associated with the nitrogen cycle between different specimens.


The distribution patterns of functional nitrogen removal genes related to the nitrogen cycle indicate that cell A predominantly contains nitrification and aerobic nitrite oxidation processes. On the other hand, aerobic ammonia oxidation, nitrate reduction, and nitrogen fixation processes are primarily associated with cell O1. Additionally, cell O2 is primarily responsible for nitrogen fixation, nitrite respiration, and denitrification processes (including nitrate denitrification, nitrite respiration, and the reduction of nitrates and nitrites). Therefore, it is assumed that there exist six distinct routes involved in nitrogen metabolism, namely nitrification, denitrification, assimilative nitrate reduction, dissimilative nitrate reduction, anammox, and nitrogen fixation.




4. Discussion

The findings from the analysis of the microbial community identified a total of 40 phyla, 111 classes, 143 orders, 263 families, and 419 genera of bacteria. The predominant phylum observed in each cell of the process exhibited similarities to previous studies conducted on urban WWT plants, specifically Proteobacteria, Acidobacteria, Chloroflexi, Actinobacteria, Nitrospirae, Bacteroidetes (Yin et al., 2019; Yasir, 2020; Zhang et al., 2020; Rodriguez et al., 2021). In addition, the number of species in each levels is similar with those in sludge of a WWT plants during winter in Xinjiang, China (Xu et al., 2018), as well as the dominant phyla shared with activated sludge are Proteobacteria, Chloroflexi, Acidobacteria. The composition of the microbial community in the WWT system exhibits a strong correlation with the influent substrate concentration (Pang et al., 2015; Zhang et al., 2019b). Those finding implies that the microbial community composition of decentralized MMBF WWF is comparable to those in conventional WWT plants during cold weather. Notably, the WWT system harbors a diverse and intricate microbial community that adheres to the carrier surface, playing a crucial role in the WWT process.

Through long-term monitoring of the water quality treatment effect, it revealed the process has high removal efficiency of COD, TN, NH3-N and TP in the effluent on average, and has a high capacity of surge resistance, with good treatment effect and stable effluent quality. In conjunction with the physical and chemical indicators at the inlet and outlet, it can be inferred that the observed proliferation of bacterial species is mostly attributed to their consumption of COD, NH3-N, TN and TP. This inference is supported by the observed declining trends of COD, NH3-N, TN, and TP throughout the process flow.

As aimed to examine the spatial distribution of microbial communities in the treatment system and analyze the nitrogen removal pathways along the system, our findings revealed that the anoxic cell made the most substantial contribution (68.36%) to TN removal. Notably, anoxic cell displayed the highest microbial population diversity, with the most abundant genus identified in cell A, O1, and O2 were Nitrospira, Nitrosomonas, and Rhodanobacter, respectively. Those finding suggests that different microbial community diversity between anoxic cell and aerobic cells contributes to the removal of TN, NH3-N in different process through nitrogen removal pathways.

Based on relevant research, Proteobacteria are the main species involved in the degradation of contaminants including bio-denitrogenation and phosphorus removal (Huang et al., 2018). This phylum typically exhibits dominance in urban domestic wastewater settings, as well as in industrial wastewater, including tannery wastewater, and aquaculture water environment (Rose et al., 2020; Jankowski et al., 2022). The Acidobacteria phylum is prevalent in anaerobic ammonia-oxidizing systems and possesses the functional gene nosZ to participate in denitrification (Yang et al., 2021). The abundance of Acidobacteria is significantly affected by pH and appropriate for existence in conditions with low pH (Zhang et al., 2019b; Xie et al., 2021). Chloroflexi has been observed to engage in the process of decomposing organisms within deceased cells (Zhao et al., 2018). Additionally, it has been found to exhibit a preference for metabolizing deceased aerobic ammonia-oxidizing bacteria (AAOB) within anaerobic ammonia-oxidizing systems (Nierychlo et al., 2018), and promote accumulation of AAOB to avoid accumulation of organic waste (Gu et al., 2022). Actinobacteria (Tilahun, 2020) primarily contribute to the degradation of organism, significantly correlated with COD and BOD5, and the abundance is positively correlated with the occurrence of sludge inflation (Jankowski et al., 2022). Nitrospirae plays a crucial role in biological denitrification (Zhang et al., 2019b), as the primary nitrite oxidizing bacterium, and is commonly found in urban WWT systems throughout various seasons. Notably, nitrification activity is typically hindered under cold conditions (Zhou et al., 2018). However, contrary to this trend, the relative abundance of Nitrospirae is higher at lower temperatures (Luo et al., 2020). Bacteroidetes can degrade organic contaminants in wastewater, and can carry functional genes norB and nosZ to participate in denitrification, which are also commonly observed in anammox systems associated with efficient organic matter degradation, as well as fostering sludge (Yang et al., 2020b). Nitrospira is the major nitrite oxidizing bacterium found in WWT plants, converting nitrite to nitrate with a better denitrification capacity as compared to Nitrobacter (Rose et al., 2020). Nitrosomonas is commonly known as an ammonia-oxidizing bacterium, capable of oxidizing ammonia to nitroso-nitrogen in influent water, co-dominant with anaerobic ammonia-oxidizing bacteria to TN removal, and has denitrification-related genes (Wang et al., 2019).

The core differential organisms were subjected to further analysis and identification using the LEfSe method. The process of denitrogenation holds great importance within the WWT system, and the functional genes responsible for nitrogen metabolism play a critical role in this context (Yin et al., 2022). FAPROTAX method provides the investigation of gene abundance in the nitrogen cycle elucidates the presence of six distinct pathways involved in nitrogen metabolism. These routes primarily encompass nitrification, denitrification, anabolic nitrate reduction, anisotropic nitrate reduction, anammox, and nitrogen fixation. The prevalence of nitrification genes within the system surpasses that of other genes associated with the nitrogen cycle, such as denitrification genes. In addition, the assimilatory nitrate reduction and anabolic nitrate reduction pathways encompass a range of ammonia genes. These genes facilitate the conversion of nitrate to nitrite and ammonia, with the latter being assimilated into amino acids to support the synthesis of essential cellular components. Furthermore, anabolic nitrate reduction, which occurs in microorganisms during oxygen-deprived conditions, involves the process of nitrate respiration. Despite the relatively low prevalence of anaerobic genes within the system, certain dominant microbial taxa such as Acidobacteria and Chloroflexi have been found to participate in anammox. This finding partially elucidates the potential occurrence of the anammox process, which facilitates the rapid degradation of total nitrogen in oxygen-depleted compartments. In the denitrification process, denitrification plays a crucial role in reducing nitrate nitrogen to nitrite nitrogen (Wang et al., 2019). Notably, the dominant microbial taxa Acidobacteria, Bacteroidetes, Nitrospira, and Nitrosomonas possess the necessary genetic elements for denitrification, indicating the system’s favorable denitrification performance. Moreover, it is important to acknowledge that maintaining the optimum temperature is crucial for the effectiveness of biochemical treatment (Gu et al., 2022). This can provide challenges in meeting emission regulations during the winter season. Nitrospirae, Nitrospira and other prevalent microbial communities could acclimate to low temperature environment and actively engage in nitrification processes. These organisms serve as the primary denitrification agents in cold conditions. The findings of this study provide confirmation that the MMBF exhibits a notable level of efficiency as a decentralized WWT facility for the purpose of nitrogen removal. This indicates that the MMBF has the potential for broad application in various settings, such as highway service areas and water service areas.



5. Conclusion

This study investigated the microbial community characteristics of a typical decentralized WWT system in expressway service area. The process appears with high removal efficiency of COD, TN, NH3-N and TP in the effluent on average. The results of the microbial community identification revealed 40 phyla, 111 classes, 143 orders, 263 families and 419 genera of microorganisms. The predominant phylum observed are Proteobacteria, Acidobacteria, Chloroflexi, Actinobacteria, Nitrospirae, Bacteroidetes. There are six nitrogen metabolism pathways, primarily nitrification, among which Nitrospirae and Nitrospira are the core differentiated flora participate in nitrification, as the dominant nitrogen removal flora in cold regions. The microbial community composition of decentralized MMBF WWF is similar to those in conventional WWT plants during cold weather. Those results confirm that the MMBF system has achieved high performance in nitrogen removal. This study provides theoretical and data support for the construction of efficient decentralized wastewater biological treatment systems.



Data availability statement

The raw data supporting the conclusions of this article will be made available by the authors, without undue reservation.



Author contributions

XL, YK, and SH designed the study and experiments. SH performed the bioinformatics analyses and wrote the manuscript. SH, XL, and YC analyzed the data. XH and PM performed the sample collection and experiment. SH, XL, and YK edited the manuscript. All authors contributed to the article and approved the submitted version.



Funding

This work was supported by Basic Scientific Research Expenses of Central Public-interest Scientific Institutions (20210603); Science and Technology Program of Gansu Province (21ZD8JA003); National Key Research and Development Program of China (2022YFB2601901); Key Science and Technology Project Inventory of Anhui Provincial Transport Department (2021-KJQD-005); Science and Technology Project of Qinghai Provincial Transport Department (2023–02).



Conflict of interest

XH is employed by Anhui Transportation Holding Group CO., LTD. PM is employed by Qinghai Expressway Maintenance Service CO., LTD.

The remaining authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.



Publisher’s note

All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.



Footnotes

1   https://www.cloudtutu.com



References

 Bolger, A. M., Lohse, M., and Usadel, B. (2014). Trimmomatic: a flexible trimmer for Illumina sequence data. Bioinformatics 30, 2114–2120. doi: 10.1093/bioinformatics/btu170 

 Bolyen, E., Rideout, J. R., Dillon, M. R., Bokulich, N. A., Abnet, C. C., al-Ghalith, G. A., et al. (2019). Reproducible, interactive, scalable and extensible microbiome data science using QIIME 2. Nat. Biotechnol. 37, 852–857. doi: 10.1038/s41587-019-0209-9 

 Cannon, J., Sanford, R. A., Connor, L., Yang, W. H., and Chee-Sanford, J. (2019). Optimization of PCR primers to detect phylogenetically diverse nrfA genes associated with nitrite ammonification. J. Microbiol. Methods 160, 49–59. doi: 10.1016/j.mimet.2019.03.020 

 Chen, W., Wilkes, G., Khan, I. U. H., Pintar, K. D. M., Thomas, J. L., Lévesque, C. A., et al. (2018). Aquatic bacterial communities associated with land use and environmental factors in agricultural landscapes using a Metabarcoding approach. Front. Microbiol. 9. doi: 10.3389/fmicb.2018.02301 

 Cinà, P., Bacci, G., Arancio, W., Gallo, G., Fani, R., Puglia, A. M., et al. (2019). Assessment and characterization of the bacterial community structure in advanced activated sludge systems. Bioresour. Technol. 282, 254–261. doi: 10.1016/j.biortech.2019.03.018 

 Dueholm, M. K. D., Nierychlo, M., Andersen, K. S., Rudkjøbing, V., Knutsson, S., MiDAS Global Consortium , et al. (2022). MiDAS 4: a global catalogue of full-length 16S rRNA gene sequences and taxonomy for studies of bacterial communities in wastewater treatment plants. Nat. Commun. 13:1908. doi: 10.1038/s41467-022-29438-7 

 Edgar, R. C. (2013). UPARSE: highly accurate OTU sequences from microbial amplicon reads. Nat. Methods 10, 996–998. doi: 10.1038/nmeth.2604 

 Fang, H., Zhang, H., Han, L., Mei, J., Ge, Q., Long, Z., et al. (2018). Exploring bacterial communities and biodegradation genes in activated sludge from pesticide wastewater treatment plants via metagenomic analysis. Environ. Pollut. 243, 1206–1216. doi: 10.1016/j.envpol.2018.09.080 

 Fernandez-Cassi, X., Timoneda, N., Martínez-Puchol, S., Rusiñol, M., Rodriguez-Manzano, J., Figuerola, N., et al. (2018). Metagenomics for the study of viruses in urban sewage as a tool for public health surveillance. Sci. Total Environ. 618, 870–880. doi: 10.1016/j.scitotenv.2017.08.249 

 Gu, Y., Li, B., Zhong, X., Liu, C., and Ma, B. (2022). Bacterial community composition and function in a tropical municipal wastewater treatment plant. Water 14:1537. doi: 10.3390/w14101537

 Huang, K., Mao, Y., Zhao, F., Zhang, X.-X., Ju, F., Ye, L., et al. (2018). Free-living bacteria and potential bacterial pathogens in sewage treatment plants. Appl. Microbiol. Biotechnol. 102, 2455–2464. doi: 10.1007/s00253-018-8796-9 

 Jankowski, P., Gan, J., le, T., McKennitt, M., Garcia, A., Yanaç, K., et al. (2022). Metagenomic community composition and resistome analysis in a full-scale cold climate wastewater treatment plant. Environ. Microbiome 17:3. doi: 10.1186/s40793-022-00398-1 

 Jing, G., Zhang, Y., Cui, W., Liu, L., Xu, J., and Su, X. (2021). Meta-Apo improves accuracy of 16S-amplicon-based prediction of microbiome function. BMC Genomics 22:9. doi: 10.1186/s12864-020-07307-1 

 Koistinen, J., Sjöblom, M., and Spilling, K. (2019). Total nitrogen determination by a spectrophotometric method. Methods Mol. Biol., 81–86. doi: 10.1007/7651_2019_206 

 Kristensen, J. M., Nierychlo, M., Albertsen, M., and Nielsen, P. H. (2020). Bacteria from the genus Arcobacter are abundant in effluent from wastewater treatment plants. Appl. Environ. Microbiol. 86:e03044-19. doi: 10.1128/AEM.03044-19 

 Liu, C., Cui, Y., Li, X., and Yao, M. (2020). Microeco: an R package for data mining in microbial community ecology. FEMS Microbiol. Ecol. 97:fiaa255. doi: 10.1093/femsec/fiaa255 

 Liu, Y., Qin, Y., Chen, T., Lu, M., Qian, X., Guo, X., et al. (2020). A practical guide to amplicon and metagenomic analysis of microbiome data. Protein Cell 12, 315–330. doi: 10.1007/s13238-020-00724-8 

 Louca, S., Parfrey, L. W., and Doebeli, M. (2016). Decoupling function and taxonomy in the global ocean microbiome. Science 353, 1272–1277. doi: 10.1126/science.aaf4507 

 Lukumbuzya, M., Kristensen, J. M., Kitzinger, K., Pommerening-Röser, A., Nielsen, P. H., Wagner, M., et al. (2020). A refined set of rRNA-targeted oligonucleotide probes for in situ detection and quantification of ammonia-oxidizing bacteria. Water Res. 186:116372. doi: 10.1016/j.watres.2020.116372 

 Luo, Y., Yao, J., Wang, X., Zheng, M., Guo, D., and Chen, Y. (2020). Efficient municipal wastewater treatment by oxidation ditch process at low temperature: bacterial community structure in activated sludge. Sci. Total Environ. 703:135031. doi: 10.1016/j.scitotenv.2019.135031 

 Nierychlo, M., Miłobędzka, A., Petriglieri, F., McIlroy, B., Nielsen, P. H., and McIlroy, S. J. (2018). The morphology and metabolic potential of the Chloroflexi in full-scale activated sludge wastewater treatment plants. FEMS Microbiol. Ecol. 95. doi: 10.1093/femsec/fiy228 

 Pang, Y., Zhang, Y., Yan, X., and Ji, G. (2015). Cold temperature effects on Long-term nitrogen transformation pathway in a tidal flow constructed wetland. Environ. Sci. Technol. 49, 13550–13557. doi: 10.1021/acs.est.5b04002 

 Quast, C., Pruesse, E., Yilmaz, P., Gerken, J., Schweer, T., Yarza, P., et al. (2012). The SILVA ribosomal RNA gene database project: improved data processing and web-based tools. Nucleic Acids Res. 41, D590–D596. doi: 10.1093/nar/gks1219 

 Rodriguez, E. A., Ramirez, D., Balcazar, J. L., and Jimenez, J. N. (2021). Metagenomic analysis of urban wastewater resistome and mobilome: a support for antimicrobial resistance surveillance in an endemic country. Environ. Pollut. 276:116736. doi: 10.1016/j.envpol.2021.116736 

 Rognes, T., Flouri, T., Nichols, B., Quince, C., and Mahé, F. (2016). VSEARCH: a versatile open source tool for metagenomics. PeerJ 4:e2584. doi: 10.7717/peerj.2584 

 Rose, A., Padovan, A., Christian, K., van de Kamp, J., Kaestli, M., Tsoukalis, S., et al. (2020). The diversity of nitrogen-cycling microbial genes in a waste stabilization pond reveals changes over space and time that is uncoupled to changing nitrogen chemistry. Microb. Ecol. 81, 1029–1041. doi: 10.1007/s00248-020-01639-x 

 Segata, N., Izard, J., Waldron, L., Gevers, D., Miropolsky, L., Garrett, W. S., et al. (2011). Metagenomic biomarker discovery and explanation. Genome Biol. 12:R60. doi: 10.1186/gb-2011-12-6-r60 

 Starkl, M., Kazmi, A. A., and Singh, N. K. (2015). A review on full-scale decentralized wastewater treatment systems: techno-economical approach. Water Sci. Technol. 71, 468–478. doi: 10.2166/wst.2014.413 

 Tilahun, R. (2020). Isolation of antibiotics producing Actinobacteria from biowaste soil samples. Int. J. Microbiol. Biotechnol. 5:203. doi: 10.11648/j.ijmb.20200504.15

 Wang, Y., Lin, Z., He, L., Huang, W., Zhou, J., and He, Q. (2019). Simultaneous partial nitrification, anammox and denitrification (SNAD) process for nitrogen and refractory organic compounds removal from mature landfill leachate: performance and metagenome-based microbial ecology. Bioresour. Technol. 294:122166. doi: 10.1016/j.biortech.2019.122166 

 Xie, N., Zhong, L., Ouyang, L., Xu, W., Zeng, Q., Wang, K., et al. (2021). Community composition and function of Bacteria in activated sludge of municipal wastewater treatment plants. Water 13:852. doi: 10.3390/w13060852

 Xu, S., Yao, J., Ainiwaer, M., Hong, Y., and Zhang, Y. (2018). Analysis of bacterial community structure of activated sludge from wastewater treatment plants in winter. Biomed. Res. Int. 2018, 1–8. doi: 10.1155/2018/8278970 

 Yang, Y., Li, M., Li, H., Li, X., Lin, J., Denecke, M., et al. (2020a). Specific and effective detection of anammox bacteria using PCR primers targeting the 16S rRNA gene and functional genes. Sci. Total Environ. 734:139387. doi: 10.1016/j.scitotenv.2020.139387 

 Yang, Y., Pan, J., Zhou, Z., Wu, J., Liu, Y., Lin, J.-G., et al. (2020b). Complex microbial nitrogen-cycling networks in three distinct anammox-inoculated wastewater treatment systems. Water Res. 168:115142. doi: 10.1016/j.watres.2019.115142 

 Yang, F., Zhang, H., Zhang, X., Zhang, Y., Li, J., Jin, F., et al. (2021). Performance analysis and evaluation of the 146 rural decentralized wastewater treatment facilities surrounding the Erhai Lake. J. Clean. Prod. 315:128159. doi: 10.1016/j.jclepro.2021.128159

 Yasir, M. (2020). Analysis of microbial communities and pathogen detection in domestic sewage using metagenomic sequencing. Diversity 13:6. doi: 10.3390/d13010006

 Yin, X., Deng, Y., Ma, L., Wang, Y., Chan, L. Y. L., and Zhang, T. (2019). Exploration of the antibiotic resistome in a wastewater treatment plant by a nine-year longitudinal metagenomic study. Environ. Int. 133:105270. doi: 10.1016/j.envint.2019.105270 

 Yin, Q., Wu, G., and Lens, P. N. L. (2022). Characterization of the core microbial community governing acidogenic processes for the production of valuable bioproducts. Npj clean. Water 5, 1–14. doi: 10.1038/s41545-022-00180-3

 Zhang, S., Fan, F., and Meng, F. (2020). Seasonality and community separation of Fungi in a municipal wastewater treatment plant. Appl. Environ. Microbiol. 86:e00991-20. doi: 10.1128/AEM.00991-20 

 Zhang, L., Loh, K. C., Lim, J. W., and Zhang, J. (2019a). Bioinformatics analysis of metagenomics data of biogas-producing microbial communities in anaerobic digesters: a review. Renew. Sust. Energ. Rev. 100, 110–126. doi: 10.1016/j.rser.2018.10.021

 Zhang, L., Shen, Z., Fang, W., and Gao, G. (2019b). Composition of bacterial communities in municipal wastewater treatment plant. Sci. Total Environ. 689, 1181–1191. doi: 10.1016/j.scitotenv.2019.06.432

 Zhang, B., Yu, Q., Yan, G., Zhu, H., Xu, X. Y., and Zhu, L. (2018). Seasonal bacterial community succession in four typical wastewater treatment plants: correlations between core microbes and process performance. Sci. Rep. 8:4566. doi: 10.1038/s41598-018-22683-1 

 Zhao, Y., Liu, S., Jiang, B., Feng, Y., Zhu, T., Tao, H., et al. (2018). Genome-centered metagenomics analysis reveals the symbiotic organisms possessing ability to cross-feed with Anammox Bacteria in Anammox consortia. Environ. Sci. Technol. 52, 11285–11296. doi: 10.1021/acs.est.8b02599 

 Zhou, H., Li, X., Xu, G., and Yu, H. (2018). Overview of strategies for enhanced treatment of municipal/domestic wastewater at low temperature. Sci. Total Environ. 643, 225–237. doi: 10.1016/j.scitotenv.2018.06.100 



OPS/xhtml/Nav.xhtml




Contents





		Cover



		Microbial denitrification characteristics of typical decentralized wastewater treatment processes based on 16S rRNA sequencing



		1. Introduction



		2. Materials and methods



		2.1. Sampling of water quality



		2.1.1. Selection of typical processes



		2.1.2. Sample collection and measurement methods









		2.2. Sequencing of microbial samples



		2.2.1. Microbial sample collection



		2.2.2. Gene extraction and HTS



		2.2.3. Annotation of gene function









		2.3. Methods of data analysis



		2.3.1. Measurement on relative abundance of species



		2.3.2. Analyses on community diversity



		2.3.3. Analyses on core divergent flora



		2.3.4. Prediction on the function of the bacterium community















		3. Results



		3.1. Characteristics of water quality



		3.1.1. Pollutant removal results



		3.1.2. Nitrogen removal pathway









		3.2. Characteristics of the predominant flora



		3.2.1. Characterisation on phylum level



		3.2.2. Characterisation on the genus level



		3.2.3. Diversity of bacterial communities









		3.3. Core divergent flora



		3.4. Function of the bacterium community









		4. Discussion



		5. Conclusion



		Data availability statement



		Author contributions



		Funding



		Conflict of interest



		Publisher’s note



		Footnotes



		References



















OPS/images/cover.jpg
' frontiers | Frontiers in Microbiology

Microbial denitrification
characteristics of typical
decentralized wastewater
treatment processes based on
16S rRNA sequencing












OPS/images/crossmark.jpg
(®) Check for updates







OPS/images/logo.jpg
’ frontiers Frontiers in Microbiology






OPS/images/fmicb-14-1242506-g005.jpg
1850 1950 2050

1750

140 142 144 146 148

138

chaotl

observed_species

s
8
8
== :
2
=S il |
3 e
8 S
-]
T T T T
< o @ o
PD_whole_tree shannon
T <
| s | —
@
<
o8
S C
>
2
<
i
T T T ~ T T
< @ o @ o






OPS/images/fmicb-14-1242506-g006.jpg
g__unidentified -
_Chloroflexi-
p__Proteobacteria-

¢_ Befaproteobacteria-
g__Nitrosomonas -
s_unidentified -
f_Nitrosomonadaceae -
o_Nitrosomonadales-
o__Burkholderiales -
o_Methylococcales-
f_Comamonadaceae-

T Methylococcaceae -
0_Sphingomonadales-
f_Sphingomonadaceae -
T__Hyphomonadaceae-
o_ Caulobacterales-
9_Leptothrix-
_Aciinobacteria -

o_ Xanthomonadales-
f_Xanthomonadaceae -
g__Rhodanobacter-
o__Rhizobiales -
c_Actinobacteria-
c__Gammaproteobacteria-
__Parcubacteria-

c_ Thermoleophilia-
c__Solibacteres-
o_Solibacterales-
f_Solibacteraceae_Subgroup_3-
o_Frankiales-.

2 3
LDA score





OPS/images/fmicb-14-1242506-g003.jpg
T






OPS/images/fmicb-14-1242506-g004.jpg
A

Nitrospira - I
Nitrosomonas -
Rhgdanobacter -

Woodsholea - [N
Bradyrhizobum-
Leptothrix-

H16 - I—
Terrimonas -

Sphaerotilus- —

% Relative
Abundance

. 1000

100

P

g3
{11
ELt

Mesorhizol
Anaemmyxabacler-
SMiA02-
Pedomicrobiur-
Fodinicola -
Frigoribaciertur -
Candidatis Micrathrx-
“Albiditerax-
Phasalicysts -
Gaiella-

Haliangium -
DS=100-

Nitrosospira -
SobcomoRse .

et





OPS/images/fmicb-14-1242506-t001.jpg
Index pH Ccob TN TP SS
Inf 687£0.77 49134 £21111 76.55+30.26 58.36+48.8 68281 58.73+44.87
Eff 738£0.46 28621492 1384459 317£251 066+03 257+0.81

Removal (%) 093+0.06 0.78£0.15 0.9240.1 0.89£0.04 0.95£0.03





OPS/images/fmicb-14-1242506-g007.jpg
R —
[ —
[RE——
e ——





OPS/images/fmicb-14-1242506-g008.jpg
wealysis-
sulfurrespiration
sulfaterespiation
respirationofsulfurcompounds-
predatoryorexoparasitc-
phototrophy
photoheterotrophy:
photoautotrophy
oxygenicphotoautotrophy
nirousoxidedentifcation
nitogenrespiration
nitrogenfixation
nitcerespiration
nitrtedenitification
nitrification
nitraterespiration
nitratereduction
nitatedenitifcation
methylotrophy
methantrophy
manganeseoxidation
ironrespiration
intraceluarparasies-
hydrocarbondegradation
fermentation

deniiification
darkoxidationofsulfurcompounds
cyanobaceria
chemoheterotrophy
animalparasitesorsymbionts-
aerobicnititeoxidation
aerobicchemoheterotrophy

aerobicammoniaoxidation

o . . . . . . . .
. . . . . .
. . . o . . . . .
L] L] L ] . . . . . .
. . . . . . . . o
. . . . . . . . .
. . . . . . . . .
. . . . . . . . .
. . . . . . i6 : 4
" 4 & + o 3 . . .
. . . o o . . B .
. . o . . . . . .
: . . + . 4 . . .
i i 4 i { { . . .
[ J L ] L ] ® [ ] [ ] ° ° °
. . . . o . . . .
. o . . . . . . .
| 2 % 1 ¢ { . . .
. . . L ] L] L] . . .
. . . L ] L ] L ] . . .
. . . o . . . g 4
. o . . . . . . .
L] L] L] . . . . . .
. . . L] L] L] . . .
. . o . . . . . .
3 i : < o 5 . . .
. . . . . . . . .
. . . . . . i : .
[ ] [ ] [ ] [ ] [ ] [ ] [}
. . . . . . .
[ ] L] L] . o [ . . .
[ ] ® ° ° ° ° [ ] [ ] [ ]
° L] L] L] @ [ ] . . °
° & ° & & & & g &

Percentage
® 1
[ 4
@





OPS/images/fmicb-14-1242506-g001.jpg
Multi-media biological filter facility

Polyurethane foam carrier

sedimentation
basin






OPS/images/fmicb-14-1242506-g002.jpg
N —#—NO, N

3

—A—NH;-N —#—NO.

T T T T T T T
a = ® o = ~ )

(71/8w)/uonenuaduo) spunodwo)) udagonIN

Eff

Inf





