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Introduction: The expanded granular sludge bed (EGSB) is a major form of anaerobic digestion system during wastewater treatment. Yet, the dynamics of microbial and viral communities and members functioning in nitrogen cycling along with monthly changing physicochemical properties have not been well elucidated.

Methods: Here, by collecting the anaerobic activated sludge samples from a continuously operating industrial-scale EGSB reactor, we conducted 16S rRNA gene amplicon sequencing and metagenome sequencing to reveal the microbial community structure and variation with the ever-changing physicochemical properties along within a year.

Results: We observed a clear monthly variation of microbial community structures, while COD, the ratio of volatile suspended solids (VSS) to total suspended solids (TSS) (VSS/TSS ratio), and temperature were predominant factors in shaping community dissimilarities examined by generalized boosted regression modeling (GBM) analysis. Meanwhile, a significant correlation was found between the changing physicochemical properties and microbial communities (p <0.05). The alpha diversity (Chao1 and Shannon) was significantly higher (p <0.05) in both winter (December, January, and February) and autumn (September, October, and November) with higher organic loading rate (OLR), higher VSS/TSS ratio, and lower temperature, resulting higher biogas production and nutrition removal efficiency. Further, 18 key genes covering nitrate reduction, denitrification, nitrification, and nitrogen fixation pathways were discovered, the total abundance of which was significantly associated with the changing environmental factors (p <0.05). Among these pathways, the dissimilatory nitrate reduction to ammonia (DNRA) and denitrification had the higher abundance contributed by the top highly abundant genes narGH, nrfABCDH, and hcp. The COD, OLR, and temperature were primary factors in affecting DNRA and denitrification by GBM evaluation. Moreover, by metagenome binning, we found the DNRA populations mainly belonged to Proteobacteria, Planctomycetota, and Nitrospirae, while the denitrifying bacteria with complete denitrification performance were all Proteobacteria. Besides, we detected 3,360 non-redundant viral sequences with great novelty, in which Siphoviridae, Podoviridae, and Myoviridae were dominant viral families. Interestingly, viral communities likewise depicted clear monthly variation and had significant associations with the recovered populations (p <0.05).

Discussion: Our work highlights the monthly variation of microbial and viral communities during the continuous operation of EGSB affected by the predominant changing COD, OLR, and temperature, while DNRA and denitrification pathways dominated in this anaerobic system. The results also provide a theoretical basis for the optimization of the engineered system.
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1. Introduction

The bioavailable forms (e.g., ammonium and nitrate) of nitrogen is rare in natural environments, however, the rapid growth and development of human society make wastewater the largest possible source of nutrient (e.g., reactive nitrogen) in the environment, resulting in the eutrophication problems that could be experienced by receiving water bodies and ecosystems (Kuypers et al., 2018). Hence, reactive nitrogen treatment in wastewater is considered of key importance. The expanded granular sludge bed (EGSB) reactor is a developed anaerobic granular sludge technology involving the breakdown of biomass by a wide range of microorganisms in the anaerobic condition (Abdelgadir et al., 2014), which is a promising method for the treatment of various organic pollutants due to its energy effectiveness, limited nutrients requirements, and low sludge production (Xu et al., 2018). However, the performance of EGSB was reported to be strongly affected by the environmental parameters including high loading COD concentration and temperature (Cruz-Salomón et al., 2019). It is key important to monitor the changing physicochemical properties of the anaerobic sludge inside of the reactor in the long-term operation of an industrial-scale EGSB.

The microbial community in anaerobic sludge underpins wastewater treatment processes, from organic matter degradation and bioenergy generation to the removal of contaminants and recovery of nutrients such as nitrogen and phosphorus (Nielsen, 2017). Previous studies pointed out that the biological nitrogen removal-related pathways could be mainly divided into several pathways: nitrate reduction, denitrification, nitrification, anaerobic ammonium oxidation (Anammox), denitrifying anaerobic methane oxidation (DAMO), and ammonia assimilation (Welte et al., 2016; Holmes et al., 2019; Yang et al., 2020). The microbial taxa, which transform nitrogen compounds could be classified as nitrifiers, denitrifiers, diazotrophs, anaerobic ammonium oxidation (Anammox) microbiota, ammonia-oxidizing microbiota, or DAMO microbiota (Holmes et al., 2019; Madeira and de Araújo, 2021). For example, Nitrosomonas, Nitrosospira, and Nitrosococcus are reported as autotrophic ammonia-oxidizing bacteria (Anjali and Sabumon, 2022), while Nitrobacter, Nitrospina, and Nitrotoga are capable of chemolithoautotrophic nitrite oxidation (Daims et al., 2016). The composition and variation of the functional groups are thought to contribute to promoting process stability, sludge settling, and nutrient removal (Chen et al., 2017). Hence, research of the species and functional dynamics of microbial communities in anaerobic sludge underlying continuous operation of an EGSB contributes to a deep understanding of the spontaneously gathering mechanisms, which further guide the optimization of the engineered systems by deciphering the functional members and mainly metabolism pathways that appeared in it.

Since the advances in deep metagenomic sequencing and bioinformatics, the recovery of near-complete metagenome-assembled genomes (MAGs) directly from in situ environment has shed light on the myriad of important functions of microbiota. For instance, by direct inoculation of the exogenous anammox pellets and metagenomics binning, Yang et al. identified the anammox bacteria and reconstructed the overall microbial nitrogen-cycling networks in aeration tanks and deep oxidation ditches (Yang et al., 2020). Moreover, Meng et al. recently recovered multiple Candidatus Brocadia species in a full-scale swine wastewater treatment system and deciphered their co-occurring mechanisms in nitrogen metabolism (Meng et al., 2023). As known, engineered systems harbor diverse microenvironments with ever-changing chemical composition, exerting strong effects on population enrichment and co-occurrence. Previous research reported that along with the successive operation of wastewater treatment reactors, the microbial communities might occur a population shift due to niche overlap or nutrient consumption (Sun et al., 2021). Nevertheless, the research about the dynamics of functional members that participated in nitrogen cycling along with the long-term operation of an EGSB is scarcely limited.

Furthermore, studies suggested that the high biomass and sufficient nutrient in activated sludge formed a suitable habitat for viruses, in which the number of viruses might be 10 to a 1,000 times that in a natural aquatic ecosystem (Otawa et al., 2007). Recent research pointed out that viruses were widely distributed in wastewater treatment plants, which could lyse microbial cells or reprogram host metabolism exerting unknown but steady influences on the wastewater treatment processes (Li et al., 2021). However, research about the viral variation and the linkage with the host during the continuous operation of an EGSB is much less explored.

Here, 16S rRNA gene amplicon sequencing, high-throughput metagenome sequencing, and bioinformatics analysis were applied for anaerobic sludge collected monthly. We aimed to (i) reveal the composition and monthly variation of microbial communities, and viruses, (ii) investigate the nitrogen-related functional potentials and pathways, and (iii) elucidate the co-occurring mechanisms of different populations and physicochemical properties during a whole year of continuous operation of an industrial-scale EGSB. By monitoring the composition, function, variation, and interaction of microbial communities in the EGSB, we expanded our knowledge of the dynamic change of key members and nitrogen-related genes in this anaerobic system.



2. Materials and methods


2.1. Sampling site description and sample collection

An industrial-scale wastewater treatment plant is located in Guangdong Province, China (113°34′E, 22°56′N), which is designed to treating with municipal and industrial wastewater. The expanded granular sludge bed (EGSB) is set as the reactor of anaerobic active sludge and is operated at room temperature (Supplementary Figure S1), in which the sewage samples were collected from the upper, middle, and bottom layers of the EGSB at the end of each month from January to December 2020. All processes were repeated three times and finally, 108 samples were collected and immediately transferred to the laboratory on dry ice and stored at −40°C before the subsequent DNA extraction. Meanwhile, the influent wastewater from the hydrolysis acidification unit and the effluent wastewater from the EGSB were also collected each month for subsequent physiochemical analysis.



2.2. Physicochemical analysis

The pH and temperature were monitored monthly using a pH meter (Sartorius PB-10) and a thermometer separately. The different organic loading rates (OLRs) were achieved by various chemical oxygen demand (COD) concentrations at a fixed hydraulic retention time (HRT). The COD, total suspended solids (TSS), and volatile suspended solids (VSS) were measured according to standard methods (Rice et al., 2012). Biogas production was monthly monitored and the CH4 percentage was determined by Gas Chromatography (SRI 8610 C). The ammonium nitrogen and total nitrogen concentration were determined by the SmartChem Discrete Auto Analyzer (Smartchem200, AMS-Westco, Italy) and Shimadzu TOC Analyzer (TOC-Vcsh; Shimadzu), respectively.



2.3. DNA extraction, 16S rDNA, and metagenomics sequencing

The 108 genomic DNA were extracted from the sewage using the Qiagen PowerSoil DNA Kit (Qiagen) according to the manufacturer’s instructions. The extracted DNA was then transferred on dry ice to Guangdong Magigene Biotechnology Co., Ltd. (Guangzhou, China) for 16S rDNA and metagenomics sequencing. Briefly, the universal primer set 515F/806R was used for targeting the V4 region of 16S rDNA according to the method published previously (Zheng et al., 2022). The final amplicons were sequenced using a 2 × 250 bp paired-end method by the Illumina MiSeq platform. Other DNA samples for metagenomics were constructed libraries (with the insert size of 350 bp) and sequenced using a 2 × 150 bp paired-end method by the Illumina NovaSeq 6000 platforms. The amount of raw sequence data was ~12 Gb (40,828,360 paired-end sequences) per sample. The amplicon sequences and the metagenome sequences were deposited at NCBI Short Read Archive (SRA) under Bioproject accession No.: PRJNA896246.



2.4. Amplicon analysis, metagenome assembly, and annotation

The 16S raw paired-end reads were first conducted quality control by FASTP (Chen et al., 2018) and merged by FLASH v1.2.11 (Magoč and Salzberg, 2011). Then, clean sequences were analyzed according to the QIIME2 (Bolyen et al., 2019). Briefly, sequences were clustered into amplicon sequence variants (ASVs) of 100% similarity by q2-dada2.1 The ASVs table was rarified to the lowest sequence number (53,270) among all samples and the SILVA123 database was used for ASVs’ taxonomic assignment. The alpha diversity [Chao1, phylogenetic distance (Faith_PD), and Shannon indices] was then calculated for each sample. The Bray-Curtis distance-based PCoA was calculated for group dissimilarities.

The raw metagenome sequences were first conducted quality preprocessing by Trimmomatic (Bolger et al., 2014) for reads and adapter trimming with the following options: –Leading: 3 –Trailing: 3 –Slidingwindow: 4:15 –Minlength: 100. Then, the MegaHit (Li et al., 2015) was used for reads assembly with a k-mer of 21–99 in step of 6 and minimum contig length of 500 bp. Prodigal v2.6.3 (Hyatt et al., 2010) was used for gene prediction and a non-redundant gene set was constructed by CD-hit-est v4.6.6 (Fu et al., 2012) with parameters “–T 24 –M 0 –c 0.95 –G 0 –aS 0.9 –g 1 –d 0.” KOBAS 3.0 (Bu et al., 2021) was used for KEGG annotation (threshold−e 10–5).



2.5. Metagenome binning, annotation, and phylogenetic analysis

The MetaWrap pipeline (Uritskiy et al., 2018) invoking three independent packages (i.e., CONCOCT, metaBAT2, and MaxBin2) was applied for contigs binning, and MAGs de-replication was conducted according to the average nucleotide identity (ANI) > 95%, and the genome coverage >80%. Then, CheckM (Parks et al., 2015) was used to determine the genome quality, including the contamination, completeness, and strain heterogeneity of each obtained metagenome-assembled genome (MAG) based on the collocated sets of genes that are ubiquitous and single-copy within a phylogenetic lineage. The taxonomic identification of each MAG was evaluated by combining four independent methods including CheckM, GTDB-TK (Chaumeil et al., 2022), Taxator-TK (Dröge et al., 2015), and PhyloPhlAn 3.0 (Asnicar et al., 2020). ANI was calculated among MAGs and reference genomes downloaded from the NCBI RefSeq database using FastANI (Jain et al., 2018) by pairwise genomic comparisons, in which 95% ANI cutoff is the most frequently used standard for species demarcation and 70% ANI cutoff for the genus. The genome coverage is also set as an aligned fraction (AF) for assessment of similarity. The Prodigal was applied for gene prediction of individual genomes and KOBS 3.0 was used for KEGG annotation (threshold -e 10–5). KEGG Mapper (Kanehisa and Sato, 2020) was used for mapping the gene sets to the KEGG pathway and we calculated the presence or absence of genes involved in nitrogen pathways by the local script.



2.6. Viral sequences identification and host prediction

Vibrant v1.2.1 (Kieft et al., 2020) was used to detect and recover viral contigs longer than 5 kb. The complete circular viral contigs and the high-quality draft viral contigs were maintained. The predicted viral contigs were further examined by CheckV v0.8.1 (Nayfach et al., 2021) and removed the contigs set not determined. Cd-hit v4.7 (Fu et al., 2012) was applied to remove the redundancy of viral contigs (parameter: -c 0.95 -n 5 -g 1 -aS 0.8). Prodigal v2.6.3 (Hyatt et al., 2010) was used to predict viral genes. DRAMv v1.2.4 (Shaffer et al., 2020) was used for viral gene annotation. The virus-host linkage analysis was done following the two methods previously reported (Gao et al., 2022). Briefly, viral contigs were compared with the recovered MAGs using BLASTn (E-value ≤ 10–3, bit score ≥ 50, alignment length ≥ 2.5 kb, and identity ≥ 70%). The metaCRT (Rho et al., 2012) was applied for CRISPR spacers recovery from MAGs (parameters: default), while the spacers were compared to viral contigs by BLASTn (E-value ≤10–10 and no mismatches).



2.7. Statistical analysis

All statistical analyses were performed by R v4.0.3. Briefly, the phylogenetic tree of recovered population genomes was constructed by PhyloPhlAn 3.0 (Asnicar et al., 2020), and beautified by iTOL v5.5.1 (Letunic and Bork, 2021). The principle component analysis (PCA) and redundancy analysis (RDA) were analyzed using the vegan package. The significant difference (p < 0.05) among groups was analyzed using the Kruskal-Wallis test. The Procrustes analysis was conducted by the Vegan R package to compare the congruence between two different data sets based on the goodness of fit (M2) p value calculated by the Procrustes test and verified by the Mantel test. p < 0.05 was considered a significant difference.




3. Results


3.1. Performance of EGSB during continuous operation

The local industrial-scale EGSB reactor was applied for treating esterification wastewater. The EGSB was operated monthly with different organic loading rate (OLR) concentrations ranging from 17.31 to 48.16 kg COD/m3/d with the constant hydraulic retention time (HRT) of 64 h resulting in the biogas production ranging from 259.27 to 456.07 l/kg COD. The percentage of methane was ranging from 73 to 86% of total biogas. The COD removal efficiency was ranging from 64.11 to 97.34% (Figure 1A) with the maximum efficiency achieved in February at the OLR of 45.20 kg COD/m3/d. Besides, the inner temperature of the reactor was ranging from 8 to 39°C and the pH of the anaerobic activated slugged remained slightly alkaline (7.08 ± 0.14). The ratio of volatile suspended solids (VSS) to total suspended solids (TSS; VSS/TSS ratio) was ranging from 50.07 to 65.55%. Detailed information about the operation parameter could be found in Table 1. Specifically, the average TN of anaerobic sludge was ranging from 62.67 ± 9.18 to 123 ± 6.68, with a removal rate ranging from 73.2 to 96.9% (Figure 1B), while the average NH3-N was ranging from 58 ± 8.5 to 118 ± 6.24, with the removal rate ranging from 75 to 98.7% (Figure 1C).
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FIGURE 1
 The changing trends and removal rate of nutrients in the expanded granular sludge bed (EGSB) reactor during 12 months. The concentration and removal rate (%) of (A) COD, (B) NH3-H, and (C) TN among different months.




TABLE 1 The detailed information about the operation parameter of EGSB.
[image: Table1]



3.2. Monthly variation of microbial composition and diversity in anaerobic-activated sludge

A total of 108 samples generated 17,149,173 high-quality amplicons with 158,789 per sample, and samples were rarified to the same sequencing depth (53,270) for normalization. By clustering based on 100% sequence similarity, 232,352 amplicon sequence variants (ASVs) were obtained and the average number of ASVs was 2151.41 ± 515.25 per sample. First, based on the Bray-Curtis distance PCoA constructed from the ASVs table, we observed that samples could be finely clustered according to the same sampling month, while different sampling layers exhibited little effects on group dissimilarities (Figure 2A). Surprisingly, we noticed the obvious seasonal variation among samples, indicating the potential effects of the ambient temperature on EGSB.

[image: Figure 2]

FIGURE 2
 Overview of the composition, diversity, and variation of microbial communities with the changing physicochemical properties during the continuous operation of EGSB. (A) PCoA of bacterial communities in anaerobic activated sludge based on Bray–Curtis distances. Different color represents the sampling month and different symbol represents the sampling layer of the reactor. (B) Distribution of alpha indices (Chao1, Shannon, and Faith_PD) over 12 months. (C) Microbial community compositions at the phylum level across 12 months. Samples are collapsed and colored by month and clustered based on their Bray–Curtis distances. (D) Procrustes analysis of the changing physicochemical properties and the abundance of ASVs. Both the Procrustes test and the Mantel test are used for evaluating whether the association is significant and p < 0.05 is considered a significant correlation. (E) The relative contributions of different physicochemical properties to the group dissimilarities are determined by GBM analysis. (F) The ordination plot of redundancy analysis (RDA) for the microbial community. The relative variance explained by each axis was labeled in the axis title.


Then, we found that the species richness (Chao1 index) varied among months ranging from 1180.95 ± 147.78 to 3132.2 ± 382.2 with the highest value in January and the lowest in May. The whole species diversity (Shannon index) was ranging from 6.93 ± 0.43 to 9.06 ± 0.07 with the highest diversity in December and the lowest in April. The phylogenetic diversity (Faith_PD index) was ranging from 149.85 ± 18.67 to 428.23 ± 157.19 with the highest in December and the lowest in June (Figure 2B). Moreover, we examined the significant difference in alpha indices (Chao1, Shannon, and Faith_PD) among different seasons (Table 2). The result indicated that samples in winter owned the significantly highest species richness (Chao1) and the largest phylogenetic distances (Faith_PD), while the significantly lowest Chao1 and Faith_PD appeared in summer. The Shannon was significantly higher in autumn and winter compared with spring and summer. Besides, generalized boosted regression modeling (GBM) analysis indicated that the OLR was the major factor in regulating both Chao1 and Faith_PD, while VSS/TSS ratio showed the biggest influence on Shannon (Supplementary Figure S2).



TABLE 2 Calculation of significant differences of alpha indices among different seasons.
[image: Table2]

By taxonomic classification of ASVs, we found that Proteobacteria (24.84% ± 5.75%), Firmicutes (12.32% ± 7.77%), Bacteroidetes (8.85% ± 2.89%), Chloroflexi (7.35% ± 2.85%), Spirochaetes (6.31% ± 8.26%), and Euryarchaeota (3.97 ± 2.46%) were main abundant phyla within the anaerobic sludge samples (Figure 2C), while the successive variation of species composition was also observed along the year timeline. Interestingly, the abundance of Firmicutes was dramatically higher in August, while Spirochaetes occupied a larger proportion in April both compared with other months.

Further, the Procrustes analysis indicated that the alteration of changing physicochemical properties was significantly correlated with the variation of microbial communities (Figure 2D). Meanwhile, COD concentration, VSS/TSS ratio, CH4, and temperature explained over 70% of the total community variation by GBM analysis (Figure 2E). Moreover, by redundancy analysis (RDA), multiple factors showed different effects on sample variation (Figure 2F). For instance, temperature showed the most significant positive effects on samples in May, June, July, August, and September. COD and pH were significantly positively associated with samples in February, March, and April. The VSS/TSS ratio, CH4 percentage, and OLR showed significant positive correlations with samples from January, December, November, and October.



3.3. Composition and fluctuation of nitrogen-cycling genes

Metagenome sequencing of 36 activated sludge samples generated nearly 440 Gb raw data with 12 Gb data per sample. Through reads assembly, we obtained 11,790,544 contigs, resulting in 8,866,059 non-redundant genes, in which 3,439,726 genes could be successfully assigned to the KEGG database and 27,815 non-redundant genes could be annotated into 18 key types of genes covering nitrate reduction pathway, denitrification pathway, nitrification pathway, and nitrogen fixation pathway (Figure 3A). Unfortunately, no hits for the key hydrazine dehydrogenase gene (hdh) and hydrazine synthase gene (hzs) involved in the anammox pathway were searched, which indicated the possible loss of such biological nitrogen removal pathway in our dataset. We found that the dissimilatory nitrate reduction to ammonia (DNRA), denitrification, and nitrification pathways were the three most abundant pathways in our dataset by examining the total abundance of key genes involved in the complete pathways (Figure 3B).

[image: Figure 3]

FIGURE 3
 Overview of the key nitrogen-related genes and pathways in this anaerobic-activated sludge. (A) Key genes in the nitrogen cycling pathways. A solid box of genes represents the gene present and a dashed box of genes represents the gene absent in this EGSB system. (B) The stacked bar chart displays the proportions of the nitrogen cycling pathways represented by different months. Months are color-coded. (C,D) show the relative abundance of the most highly abundant genes narGH/nxrAB and nrfABCDH among each month, respectively, and their taxonomic assignment.


Moreover, we calculated the abundance of each nitrogen-related gene and analyzed the contribution and composition of the main phyla, which the functional genes derived from. Among these genes, the nitrate reductase gene (narGH) or nitrite oxidoreductase gene (nxrAB) functioning in the transformation of nitrate with nitrite had the highest abundance (181.93 ± 59.21) in samples and was significantly highest in both July and August and significantly lowest in both March and April (all p < 0.05; Figure 3C). Approximately 37.83% of total narGH/nxrAB was assigned to Proteobacteria, followed by 9.46% to Chloroflexi and 9.34% to Nitrospirae. The second highly abundant nitrite reductase gene (nrfABCDH; 167.02 ± 21.62), functioning in the DNRA pathway, mainly came from Chloroflexi (20.58%), Proteobacteria (12.92%), and Bacteroidetes (12.22%; Figure 3D) and was significantly lowest in April (p < 0.05). Besides, the following abundant genes hydroxylamine reductase gene (hcp; 154.06 ± 28.89), nitrogenase molybdenum-iron gene (nifDHK; 126.41 ± 21.76), and nitrite reductase (NADH) gene (nirBD; 115.70 ± 18.94) showed capacity in ammonium formation or nitrogen reduction and all significantly higher in April (Supplementary Figure S3). Proteobacteria (43.44%) and Nitrospirae (13.64%) were mainly responsible for nirBD, while Euryarchaeota, Proteobacteria, and Firmicutes were the three predominant phyla that contributed to nitrogen fixation by nifDHK and hydroxylamine reduction to ammonium or nitric oxide reduction to nitrous oxide by hcp. Besides, the genes involved in the denitrification pathway including the nitrite reductase (NO-forming) gene (nirK/nirS; 75.17 ± 21.23), nitric oxide reductase gene (norBC; 100.01 ± 19.41), and nitrous-oxide reductase gene (nosZ; 52.79 ± 14.69) ranked top 10 abundant and were all significantly higher in July and August (Supplementary Figure S3). Proteobacteria (37.77%) and Chloroflexi (33.05%) accounted for over 70% abundance of nirK/nirS in regulating nitrite reduction to nitric oxide, while the compositions of main phyla were similar for norBC and nosZ that Proteobacteria and Bacteroidetes all contributed over 50% of the total abundance of them. Additionally, most of the genes participating in assimilatory nitrate reduction pathways were extremely low abundant (e.g., NR, narB, nirA, and NIT-6). Detailed information could be found in Table 3.



TABLE 3 Abundance of the nitrogen-related genes within 36 metagenomes.
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Importantly, we observed a significant correlation between the changing trends of the physicochemical properties and the total variation of nitrogen-related genes during the operation of this EGSB (Figure 4A). We further applied GBM analysis to reveal the relative influence of physicochemical properties on each highly abundant nitrogen-related gene. The result showed that seven environmental factors (COD, CH4, biogas production, VSS/TSS ratio, temperature, and OLR) mainly accounted for the variance of the top 10 abundance of nitrogen-related genes. Briefly, the concentration of COD exerted a predominant influence on nrfABCDH, and nirK/nirS, while OLR showed the biggest influence on hcp, nirDHK, and napAB. The temperature was the dominant factor on narGH, norBC, and nosZ.

[image: Figure 4]

FIGURE 4
 Correlation between the physicochemical properties and the nitrogen-related genes. (A) Procrustes analysis of the changing physicochemical properties and the abundance of nitrogen-related genes. Both the Procrustes test and the Mantel test are used for evaluating whether the association is significant and p < 0.05 is considered a significant correlation. (B) The relative contributions of different physicochemical properties to the top 10 highly abundant genes are determined by GBM analysis.




3.4. Nitrogen-cycling-related populations

To better link the specific taxa and nitrogen function, we recovered 172 non-redundant and high-quality MAGs (MAG1 to MAG172) with completeness higher than 90% and contamination lower than 5%. The genome size varied from 1.08 to 8.21 Mbp among these MAGs with 3.52 ± 1.32 Mbp per MAG, while the GC content was 56.3% on average. Detailed information could be found in Supplementary Table S1. By phylogenetic placement, four MAGs could not be classified at the phylum level, while 168 MAGs could be successfully classified into 29 phyla (Supplementary Figure S4), mainly including Proteobacteria (31 MAGs), Bacteroidetes (26 MAGs), and Planctomycetes (20 MAGs). Specifically, 11 MAGs were annotated as Archaea. Moreover, the result of the ANI calculation by FastANI indicated that most of the MAGs showed a divergent phylogenetic distance from the known reference genomes (Supplementary Table S2), indicating that the majority of the MAGs recovered from the anaerobic-activated sludge seemed to be new with a high degree of novelty. By gene prediction and functional annotation, 171 MAGs contained one or more functional nitrogen-related genes (Supplementary Table S3), and multi-MAGs owned full genes in regulating the nitrate reduction to ammonium, denitrification, and nitrogen fixation pathways.

Briefly, 24 MAGs owned nasA and 11 MAGs owned nirA, the two key genes in the assimilatory nitrate reduction pathway. For the DNRA pathway successively catalyzed by narG and nirBD or by napA and nrfAH, 26 MAGs had the narG and 48 MAGs owned nirBD, while 19 MAGs annotated the napA gene and 48 MAGs annotated the nrf. Five MAGs and 18 MAGs had full capacities in the assimilatory nitrate reduction and DNRA pathways, respectively. In keeping with the functional taxonomic assignment at the gene level, MAGs belonging to Planctomycetota, Proteobacteria, Acidobacteria, and Nitrospirae could conduct nitrate reduction directly to ammonium (Figure 5). Most of the MAGs belonging to Planctomycetota were significantly higher in spring (March, April, and May) and winter (December, January, and February), but dramatically lower in summer (June, July, and August). MAGs belonging to Acidobacteria significantly downregulated in the colder month (spring and winter) compared with the warmer month (summer and autumn). The phylum Nitrospirae MAG102 and MAG103 showed the highest abundance in autumn (September, October, and November). The phyla Proteobacteria contained seven MAGs, which varied disorderedly among four seasons, however, most of their abundance showed a decrease in the latter half of the year. The Firmicutes MAG96 (Sporomusa sp.) was significantly lower in autumn, while the Caldiserica MAG50 (Cryosericum sp.) showed no significant difference among the four seasons.

[image: Figure 5]

FIGURE 5
 Phylogenetic tree of the recovered MAGs in nitrate reduction to ammonium and significant difference among the four seasons of each MAG. Different lowercase letters indicate significant differences among different seasons (Kruskal-Wallis test, p < 0.05).


Five MAGs had full capacities in denitrification pathways by directly catalyzing nitrite to nitrogen, which all belonged to the phyla Proteobacteria (Supplementary Figure S5). They were complete denitrifiers, whereas they showed different trends among seasons. Briefly, MAG126 (Pinisolibacter sp.) and MAG147 (Rhizobiales bacterium) had a similar abundance pattern along with 12 months, while MAG149 (Thauera sp. K11) and MAG134 (Rhodobacteraceae bacterium) were much closer. Besides, among the 172 MAGs, 26 MAGs could conduct nitrogen fixation, including nine Proteobacteria, six Firmicutes, six Euryarchaeota, two thermoplasmatota, one Bacteroidetes, one Fusobacteria, and one Elusimicrobia. MAGs showed different patterns within a year and no obvious trends were found between MAGs belonging to the same phylum (Supplementary Figure S6).

Another essential process in nitrogen cycling in this dataset reflected by gene level was the nitrification pathway. Only MAG161 (unclassified Thaumarchaeota) owned amo gene to catalyze ammonia to hydroxylamine, while MAG132 (Nitrosomonas nitrosa) and MAG72 (Elusimicrobia bacterium) had the hao gene to catalyze the hydroxylamine to nitrite. A total of 27 MAGs (excluding MAG161, MAG132, and MAG72) could conduct nitrite oxidation with the nxrAB gene. However, none was identified as complete ammonia oxidizes (Comammox) owning all three key enzymes in this anaerobic active sludge.



3.5. Composition and variation of viral communities in anaerobic active sludge

A total of 3,360 non-redundant putative viral sequences with lengths ranging from 5 to 505 kb were finally obtained in this dataset, while Siphoviridae (35.91 ± 7.84%), Podoviridae (13.35 ± 4.54%), and Myoviridae (10.44 ± 2.54%) were three main viral families all belonged to the order Caudovirales (Figure 6A). Specifically, we found that the viral family Siphoviridae was significantly higher in the colder months (spring and winter). The Podoviridae was significantly lower in autumn and winter, while the Myoviridae showed the opposite trend (Supplementary Figure S7).
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FIGURE 6
 Overview of the viral communities in the EGSB. (A) Composition of the viral community-based at family and genus level. Samples are collapsed and colored by month and clustered based on their Bray–Curtis distances. (B) Phylogenetic tree based on the terL gene of Caudovirales. The Viral family-specific protein marker terL gene is used to construct phylogenetic trees with references downloaded from viral RefSeq for Caudovirales. Light yellow, light blue, light pink, and gray nodes and circles outside represent Myoviridae, Siphoviridae, Podoviridae, and unclassified Caudovirales, respectively. The branches of undetermined viruses are colored red. (C) PCoA of viral communities in anaerobic activated sludge based on Bray–Curtis distances. Different color represents the sampling month and different symbol represents the sampling layer of the reactor.


Besides, T4virus (4.74 ± 2.41%), P22virus (2.94 ± 1.45%), Lambdavirus (2.63 ± 0.68%), and P12024virus (2.21 ± 0.40%) were the main classifiable viral genera (Figure 6A), whereas the majority of the viruses remained unknown. Protein sequences of 227 terminase large subunits (terL) were extracted from the viral set followed by constructing the phylogenetic tree (Figure 6B); indicating a great diversity and novelty of the viruses compared with the known reference proteins from NCBI RefSeq. Then, we examined the distribution patterns of viral populations among 36 samples by PCA. Interestingly, the result was consistent with the distribution trends of microbial communities. Briefly, samples from the same month shared similar viral compositions and were separated clearly along with the different seasons (Figure 6C), whereas no obvious trends in different layers of the tank were found.



3.6. Linkages between the viral contigs and the MAGs

The viral abundances showed a significantly positive correlation with the abundance of 172 MAGs within 36 samples determined both by Procrustes (M2 = 0.66, p = 0.001) and the Mantel test (r = 0.96, p = 0.001; Figure 7A), indicating that the coupling between the viral communities and the recovered MAGs in active sludge is significantly strong in different seasons throughout the year. To reveal the potential viral-host linkages, we detected the CRISPR-Cas spacers in host genomes, while 30 spacers were found in 12 MAGs (Supplementary Table S4). The 172 high-quality MAGs were also conducted for genomic alignment with viral sequences. As a result, 198 viral sequences were successfully linked to 72 MAGs forming 206 linkages, among which six viral sequences could match two different loci on the same host separately (Supplementary Table S5). The hosts spanned 19 phyla mainly including Proteobacteria (20 MAGs), Planctomycetes (15 MAGs), Firmicutes (seven MAGs), Chloroflexi (seven MAGs), and Acidobacteria (four MAGs), while the viruses contained 33 known different types of viral genera belonging to six known viral families with a big proportion of unclassified Caudovirales (Figure 7B).
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FIGURE 7
 Correlation between the viruses and recovered MAGs. (A) Procrustes analysis shows the correlation between the abundance of viral community and the abundance of nitrogen-related genes. Both the Procrustes test and the Mantel test are used for evaluating whether the association is significant and p < 0.05 is considered a significant correlation. (B) Sankey diagram shows the linkages of viral sequences and the hosts based on CRISPR-Cas and genomic similarity blasting with MAGs.


Importantly, the predicted viral genes were annotated against the eggNOG database, in which the genes in categories C, E, F, G, H, I, and P were broadly considered auxiliary metabolic genes (AMGs; Chen et al., 2021). We filtered four viruses-owned genes that contributed to nitrogen metabolism. Briefly, U_ctg467926 (Cd119virus) had an hcp gene in reducing ammonium hydroxide to ammonium, which could interact with MAG89 (Peptococcaceae bacterium). U_ctg7461252 (unclassified Myoviridae) had a nifU gene related to nitrogen fixation and had a linkage with MAG68 (Cyanobacteria bacterium). U_ctg6130193 (unclassified Caudovirales) had an npd gene for nitronate monooxygenase and can interact with MAG134 (Rhodobacteraceae bacterium). U_ctg1124074 (unclassified Caudovirales) had an uncharacterized protein involved in response to NO and can interact with MAG126 (Pinisolibacter sp.).




4. Discussion

Anaerobic activated sludge system, a unique artificial microbial ecosystem with abundant diversity and high biomass concentration, efficiently aggregates the functional microbial groups to guarantee stable and good performance of biological wastewater treatment, in which the functional groups play key roles in the ecological biogeochemical cycle and elements energy flow (Saunders et al., 2016; Zhang and Zhang, 2022). The expanded granular sludge bed (EGSB) reactor has been widely applied in wastewater treatment, which is deemed to be low energy consumption and a type of clean energy producer (Castrillón Cano et al., 2020). In the present study, an industrial-scale EGSB reactor was set at room temperature and continuously running for a year dealing with the esterification wastewater, which generated methane-rich biogas monthly (Table 1).

By 16S rRNA gene sequencing, we observed a clear monthly and seasonal variation of microbial communities (Figure 2A). In line with our result, previous studies suggested that ambient temperature was an important driver for microbial diversity patterns including population synchrony and shifts in broad phylogenetic abundance (Griffin and Wells 2017), and revealed the seasonal dynamics of the microbial communities in activated sludge, especially between the warmer and colder months (Cai et al., 2020; Sun et al., 2021). Although, the sludge flocs contain a heterogeneous structure (Han et al., 2020) and laboratory-scale research previously reported the distributions of microbial communities among different sampling sections of the anaerobic reactor (Ambuchi et al., 2016), no obvious clustering patterns existed among different layers of the EGSB tank in this study.

Further, we found that the changing physicochemical properties had significant associations with the variations of microbial communities; especially the COD, VSS/TSS ratio, and temperature were predominant factors in shaping community dissimilarities among months (Figures 2D,E). Specifically, microbial diversity (Chao1 and Shannon) was significantly higher in winter (December, January, and February) and autumn (September, October, and November; Figure 2B; Table 2). Most months from winter and autumn had higher biogas production, COD removal efficiency, and nitrogen removal efficiency (Table 1; Figure 1), which were accompanied by relatively higher OLR, higher VSS/TSS ratio, and lower temperature. The result was similar to the previous report (Maleki et al., 2018). GBM analysis revealed the major influences of OLR on Chao1 and PD (Supplementary Figure S2), especially in samples from winter determined by RDA analysis (Figure 2F), while the organic loading rate (OLR) is deemed to play a pivotal role in the removal of nutrients from wastewater (Al Ali et al., 2020). Further increased OLR showed positive effects on microbial diversity of the EGSB reactor (Huang et al., 2019; Zhao et al., 2019), and the biodegradable organics could stimulate the proliferation of heterotrophic bacteria under anoxic conditions, which would degrade the toxic organic compounds and improve the nitrogen removal efficiency in the long-term operation of wastewater reactors (Li et al., 2020).

Besides, by taxonomic classification of ASVs, Proteobacteria, Firmicutes, and Bacteroidetes were highly abundant phyla across samples in this anaerobic-activated sludge, which were reported as the popular dominant phyla in the anaerobic digestion and are responsible for complex organic matter degradation and fermentation (Resende et al., 2016; Zhao et al., 2019), providing favorable substrates for methanogenic processes (Pu et al., 2022). The formation of microbial communities in this system was highly diverse in different months. Specifically, Firmicutes and the less abundant Spirochaetes occupied larger proportions in August and April compared with the other months, respectively (Figure 2C). Nevertheless, the species richness (Chao1) was similar in April and August, while a dramatic reduction of Shannon happened in April (Figure 2B). The microbial communities of samples in April seemed to be more influenced by the maldistribution of the dominant phyla than in August. Moreover, the result of RDA indicated that temperature was the major factor in shaping the microbial community structure of samples from August (owning the highest temperature: 39°C), while pH significantly contributed to the formation of microbial composition in April (owning the highest pH value: 7.4; Figure 2F). By the previous research, higher temperatures caused the transition from Bacteroidetes/Proteobacteria to Firmicutes (Hupfauf et al., 2018), while Spirochaetes seemed to prefer weakly basic conditions (Lee et al., 2013).

It is noteworthy that nitrogen removal underlying the anaerobic system is important for wastewater treatment, especially metabolic pathways with energy efficiency and environmentally friendly. The traditional biological reactive nitrogen treatment processes including the DNRA and denitrification primarily appeared in this anaerobic digestion system, which were two competing microbial nitrate-reduction processes. Previous research suggested that the DNRA bacteria generally appeared in anoxia and electron donor-rich environments (Van Den Berg et al., 2015), while the denitrifying bacteria often showed stronger competition for substrates in activated sludge than them (Wang et al., 2020b). Studies reported the spontaneous enrichment of anammox bacteria in the engineered systems and the frequent co-existing of the DNRA and anammox pathways during the anaerobic degradation (Han et al., 2020; Sui et al., 2021; Meng et al., 2023), however, the key genes underlying this ammonium consumption pathway were completely absent in our dataset (Table 3). It might be due to a shortage of anammox inoculum or inhibitory effects in activated sludge on the ANAMMOX process (e.g., substrate, pH, and temperature; Jianlong and Jing, 2005).

The enriched DNRA pathway in EGSB was mainly contributed by the highly abundant key genes involved in it, including narGH, nrfABCDH, and nirBD, which mainly originated from Proteobacteria, Chloroflexi, Nitrospirae, and Bacteroidetes (Figures 3A,B). Previous research suggested that the same functional groups may occupy different niches with different combinations of functional enzymes (Lee and Francis, 2017). We observed that the narGH and nrfABCDH involved in the DNRA pathway were significantly lower in April (Figures 3C,D), whereas the nirBD coupled to narGHIJ in DNRA (Stolz and Basu, 2002) were significantly higher in April (Supplementary Figure S3). Moreover, the species with similar genomes (functional capacities) will tend to occupy the same ecological niche, exist in substrate competition, and hence compete with each other (Aristide and Morlon, 2019). In the present study, compared with the highly enriched DNRA pathway, the abundances of most genes participating in assimilatory nitrate reduction pathways were extremely low.

The gene hcp was ranked the top three highly abundant genes in this EGSB, which is commonly deemed to participate in hydroxylamine reduction (Tu et al., 2019). However, the abundances of the key genes (amoABC and hao) in the nitrification pathway were extremely low (Table 3), which resulted in less formation of the substrate hydroxylamine for hcp. Interestingly, it is also considered a high-affinity NO reductase participating in the denitrification pathway (Yu et al., 2020), especially under nitrosative (Balasiny et al., 2018) and oxidative stress (Almeida et al., 2006), which meant in this study, the gene hcp mainly participated in the denitrification pathway (Supplementary Figure S3).

A significant positive correlation between the total variation of nitrogen-related genes and the physicochemical properties existed among samples (Figure 4A). The concentration of COD and OLR showed the main influence on genes in the DNRA and denitrification pathways (Figure 4B), while previous research pointed out that both DNRA bacteria and denitrifies could use the organic carbon substances from removed COD as electron donors (Zhou et al., 2022).

Having abundant microbial communities, activated sludge is the residence of“microbial dark matters” (MDMs), which play necessary ecological roles but is restricted to being isolated (Zhang and Zhang, 2022). To better determine the composition and nitrogen cycling potential, we conducted metagenome binning and successfully isolated 172 high-quality species genomes covering the reported primary phyla (e.g., Proteobacteria, Planctomycetes, and Bacteroidetes; Supplementary Figure S4). Consistent with gene annotation, the number of MAGs functioning in the DNRA was more than in the assimilatory nitrate reduction pathway, while the MAGs were mainly classified into six phyla (Figure 5). The phylum Planctomycetota were significantly higher in the colder month (spring and winter), while Acidobacteria showed the opposite trend. Two DNRA bacteria belonging to Nitrospirae were significantly higher in autumn. Ali et al. previously reported that in the wastewater treatment plants, populations from the Planctomycetes and Bacteroidetes were enriched during the colder, while Chloroflexi and Nitrospirae had enriched during the warmer months (Al Ali et al., 2020). We found that six denitrifying bacteria recovered in this EGSB all belonged to Proteobacteria (Supplementary Figure S5), which was the predominant denitrifier in different types of wastewater treatment plants (Heylen et al., 2006). Meanwhile, MAG126 (Pinisolibacter sp.) was significantly lower in summer, while MAG147 (Rhizobiales bacterium) was significantly higher in colder months. A previous study also observed that the Rhizobiales were especially enriched in cold seasons (Shi et al., 2022b) indicating they might be psychrophilic bacteria. In addition, dinitrogen can be converted to ammonia by nitrogen fixation microbes in activated sludge (Rose et al., 2021), while we found 26 MAGs were diazotrophs with anfG or nifDHK, in which eight were archaea. No obvious distribution patterns of each phylum were found among seasons (Supplementary Figure S6).

The majority of underexplored viruses have been recovered from wastewater treatment systems (Shi et al., 2022a), which could affect functional microbiota in nutrient removal and element cycle (Chen et al., 2021). We obtained 3,360 non-redundant putative viral sequences from the anaerobic activated sludge and found the Siphoviridae, Podoviridae, and Myoviridae were the three main viral families, which was consistent with the previous studies (Jankowski et al., 2022; Lin et al., 2022). Great diversity and novelty were observed in viral communities, while their variation among different seasons showed a similar pattern to the microbial communities (Figure 6). Wang et al. also observed the viral regular variations among seasons in wastewater treatment plants (Wang et al., 2020a). The previous study suggested the far more important roles of viruses in the dynamics of the engineered system (Brown et al., 2019). In this study, we confirmed the strongly significant associations between the abundance of recovered populations and viral communities among months, meanwhile, the significant correlations of specific functional members with viral compositions between the colder and warmer months were observed (Figure 7A). However, the viruses and hosts underlying the host-virus linkages were mostly unidentified (Figure 7B), which may lead to the extremely complex and difficult phage-bacterial host system prediction in activated sludge (Du et al., 2021).



5. Conclusion

In summary, our study demonstrated that the environmental factors and operation parameters including ambient temperature, COD, OLR, and VSS/TSS ratio mainly contributed to the monthly and seasonal variation of total microbial communities in composition and function. The higher alpha diversity combined with higher VSS/TSS ratio and OLR in relatively low temperatures often leads to higher biogas production and nitrogen removal efficiency. DNRA and denitrification pathways were prime nitrogen removal pathways in this dataset, which were mainly exerted by Proteobacteria, Planctomycetota, and Nitrospirae with great novelty. Besides, the great diversity and novelty of viral communities were also detected in EGSB, which had similar monthly and seasonal abundant variation. Further research should focus on the active populations and active nitrogen cycling genes to better depict the real interactions during changing properties. Meanwhile, the absence of an energy-conserving anammox pathway in the present study should be considered in the future for optimization of the EGSB system.
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SUPPLEMENTARY TABLE S1 | Detailed genomic information of the recovered high-quality MAGs.
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SUPPLEMENTARY FIGURE S1 | Sampling schematic diagram of the EGSB reactor.



SUPPLEMENTARY FIGURE S2 | The relative contributions of different physicochemical properties to the alpha indices (Chao1, Faith_PD, and Shannon) are determined by GBM analysis.



SUPPLEMENTARY FIGURE S3 | The relative abundance of the highly abundant genes hcp, nifDHK, nirBD, nirKS, norBC, and nosZ among each month and their taxonomic assignment.



SUPPLEMENTARY FIGURE S4 | Phylogenetic placement of 172 recovered MAGs. Different colors represent the primary different phyla.



SUPPLEMENTARY FIGURE S5 | Phylogenetic tree of the recovered MAGs in denitrification and significant difference among the four seasons of each MAG. Different lowercase letters indicate significant differences among different seasons (Kruskal-Wallis test, p < 0.05).



SUPPLEMENTARY FIGURE S6 | Phylogenetic tree of the recovered MAGs in nitrogen fixation and significant difference among the four seasons of each MAG. Different lowercase letters indicate significant differences among different seasons (Kruskal-Wallis test, p < 0.05).



SUPPLEMENTARY FIGURE S7 | The significant difference in the relative abundance of Siphoviride, Podoviridae, and Myoviridae among seasons. Different lowercase letters indicate significant differences among different seasons (Kruskal-Wallis test, p < 0.05).




Footnotes

1   https://github.com/qiime2/q2-dada2


References

 Abdelgadir, A., Chen, X., Liu, J., Xie, X., Zhang, J., Zhang, K., et al. (2014). Characteristics, process parameters, and inner components of anaerobic bioreactors. Biomed. Res. Int. 2014:841573. doi: 10.1155/2014/841573

 Al Ali, A. A., Naddeo, V., Hasan, S. W., and Yousef, A. F. (2020). Correlation between bacterial community structure and performance efficiency of a full-scale wastewater treatment plant. J. Water Process Eng. 37:101472. doi: 10.1016/j.jwpe.2020.101472

 Almeida, C. C., Romão, C. V., Lindley, P. F., Teixeira, M., and Saraiva, L. M. (2006). The role of the hybrid cluster protein in oxidative stress defense. J. Biol. Chem. 281, 32445–32450. doi: 10.1074/jbc.M605888200 

 Ambuchi, J. J., Liu, J., Wang, H., Shan, L., Zhou, X., Mohammed, M. O., et al. (2016). Microbial community structural analysis of an expanded granular sludge bed (EGSB) reactor for beet sugar industrial wastewater (BSIW) treatment. Appl. Microbiol. Biotechnol. 100, 4651–4661. doi: 10.1007/s00253-015-7245-2

 Anjali, G., and Sabumon, P. (2022). “Diversity and versatility of ammonia-oxidizing bacteria” in Development in Wastewater Treatment Research and Processes. eds. M. P. Shah and S. Rodriguez-Couto (Radarweg, Amsterdam, Netherlands: Elsevier), 319–345.

 Aristide, L., and Morlon, H. (2019). Understanding the effect of competition during evolutionary radiations: an integrated model of phenotypic and species diversification. Ecol. Lett. 22, 2006–2017. doi: 10.1111/ele.13385 

 Asnicar, F., Thomas, A. M., Beghini, F., Mengoni, C., Manara, S., Manghi, P., et al. (2020). Precise phylogenetic analysis of microbial isolates and genomes from metagenomes using PhyloPhlAn 3.0. Nat. Commun. 11, 2500–2510. doi: 10.1038/s41467-020-16366-7 

 Balasiny, B., Rolfe, M. D., Vine, C., Bradley, C., Green, J., and Cole, J. (2018). Release of nitric oxide by the Escherichia coli YtfE (RIC) protein and its reduction by the hybrid cluster protein in an integrated pathway to minimize cytoplasmic nitrosative stress. Microbiology 164, 563–575. doi: 10.1099/mic.0.000629 

 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 

 Brown, M., Baptista, J., Lunn, M., Swan, D., Smith, S., Davenport, R., et al. (2019). Coupled virus-bacteria interactions and ecosystem function in an engineered microbial system. Water Res. 152, 264–273. doi: 10.1016/j.watres.2019.01.003 

 Bu, D., Luo, H., Huo, P., Wang, Z., Zhang, S., He, Z., et al. (2021). KOBAS-i: intelligent prioritization and exploratory visualization of biological functions for gene enrichment analysis. Nucleic Acids Res. 49, W317–W325. doi: 10.1093/nar/gkab447 

 Cai, X., Mao, Y., Xu, J., Tian, L., Wang, Y., Iqbal, W., et al. (2020). Characterizing community dynamics and exploring bacterial assemblages in two activated sludge systems. Appl. Microbiol. Biotechnol. 104, 1795–1808. doi: 10.1007/s00253-019-10279-2

 Castrillón Cano, L., Londoño, Y. A., Pino, N. J., and Peñuela, G. A. (2020). Effect of Benzophenone-3 on performance, structure and microbial metabolism in an EGSB system. Environ. Technol. 41, 3297–3308. doi: 10.1080/09593330.2019.1606287 

 Chaumeil, P.-A., Mussig, A. J., Hugenholtz, P., and Parks, D. H. (2022). GTDB-Tk v2: memory friendly classification with the genome taxonomy database. Bioinformatics 38, 5315–5316. doi: 10.1093/bioinformatics/btac672 

 Chen, Y., Lan, S., Wang, L., Dong, S., Zhou, H., Tan, Z., et al. (2017). A review: driving factors and regulation strategies of microbial community structure and dynamics in wastewater treatment systems. Chemosphere 174, 173–182. doi: 10.1016/j.chemosphere.2017.01.129 

 Chen, Y., Wang, Y., Paez-Espino, D., Polz, M. F., and Zhang, T. (2021). Prokaryotic viruses impact functional microorganisms in nutrient removal and carbon cycle in wastewater treatment plants. Nat. Commun. 12, 1–11. doi: 10.1038/s41467-021-25678-1

 Chen, S., Zhou, Y., Chen, Y., and Gu, J. (2018). fastp: an ultra-fast all-in-one FASTQ preprocessor. Bioinformatics 34, i884–i890. doi: 10.1093/bioinformatics/bty560 

 Cruz-Salomón, A., Ríos-Valdovinos, E., Pola-Albores, F., Lagunas-Rivera, S., Meza-Gordillo, R., Ruíz-Valdiviezo, V., et al. (2019). Expanded granular sludge bed bioreactor in wastewater treatment. Glob. J. Environ. Sci. Manag. 5, 119–138. doi: 10.22034/gjesm.2019.01.10

 Daims, H., Lücker, S., and Wagner, M. (2016). A new perspective on microbes formerly known as nitrite-oxidizing bacteria. Trends Microbiol. 24, 699–712. doi: 10.1016/j.tim.2016.05.004 

 Dröge, J., Gregor, I., and Mchardy, A. C. (2015). Taxator-tk: precise taxonomic assignment of metagenomes by fast approximation of evolutionary neighborhoods. Bioinformatics 31, 817–824. doi: 10.1093/bioinformatics/btu745 

 Du, B., Wang, Q., Yang, Q., Wang, R., Yuan, W., and Yan, L. (2021). Responses of bacterial and bacteriophage communities to long-term exposure to antimicrobial agents in wastewater treatment systems. J. Hazard. Mater. 414:125486. doi: 10.1016/j.jhazmat.2021.125486 

 Fu, L., Niu, B., Zhu, Z., Wu, S., and Li, W. (2012). CD-HIT: accelerated for clustering the next-generation sequencing data. Bioinformatics 28, 3150–3152. doi: 10.1093/bioinformatics/bts565 

 Gao, S., Paez-Espino, D., Li, J., Ai, H., Liang, J., Luo, Z., et al. (2022). Patterns and ecological drivers of viral communities in acid mine drainage sediments across southern China. Nat. Commun. 13, 1–12. doi: 10.1038/s41467-022-30049-5

 Griffin, J. S., and Wells, G. F. (2017). Regional synchrony in full-scale activated sludge bioreactors due to deterministic microbial community assembly. The ISME journal 11, 500–511. doi: 10.1038/ismej.2016.121

 Han, X., Peng, S., Zhang, L., Lu, P., and Zhang, D. (2020). The co-occurrence of DNRA and Anammox during the anaerobic degradation of benzene under denitrification. Chemosphere 247:125968. doi: 10.1016/j.chemosphere.2020.125968 

 Heylen, K., Vanparys, B., Wittebolle, L., Verstraete, W., Boon, N., and De Vos, P. (2006). Cultivation of denitrifying bacteria: optimization of isolation conditions and diversity study. Appl. Environ. Microbiol. 72, 2637–2643. doi: 10.1128/AEM.72.4.2637-2643.2006 

 Holmes, D. E., Dang, Y., and Smith, J. A. (2019). Nitrogen cycling during wastewater treatment. Adv. Appl. Microbiol. 106, 113–192. doi: 10.1016/bs.aambs.2018.10.003

 Huang, W., She, Z., Gao, M., Wang, Q., Jin, C., Zhao, Y., et al. (2019). Effect of anaerobic/aerobic duration on nitrogen removal and microbial community in a simultaneous partial nitrification and denitrification system under low salinity. Sci. Total Environ. 651, 859–870. doi: 10.1016/j.scitotenv.2018.09.218 

 Hupfauf, S., Plattner, P., Wagner, A. O., Kaufmann, R., Insam, H., and Podmirseg, S. M. (2018). Temperature shapes the microbiota in anaerobic digestion and drives efficiency to a maximum at 45 C. Bioresour. Technol. 269, 309–318. doi: 10.1016/j.biortech.2018.08.106 

 Hyatt, D., Chen, G.-L., Locascio, P. F., Land, M. L., Larimer, F. W., and Hauser, L. J. (2010). Prodigal: prokaryotic gene recognition and translation initiation site identification. BMC Bioinformatics 11, 1–11. doi: 10.1186/1471-2105-11-119

 Jain, C., Rodriguez-R, L. M., Phillippy, A. M., Konstantinidis, K. T., and Aluru, S. (2018). High throughput ANI analysis of 90K prokaryotic genomes reveals clear species boundaries. Nat. Commun. 9, 1–8. doi: 10.1038/s41467-018-07641-9

 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. Microb. 17, 1–20. doi: 10.1186/s40793-022-00398-1

 Jianlong, W., and Jing, K. (2005). The characteristics of anaerobic ammonium oxidation (ANAMMOX) by granular sludge from an EGSB reactor. Process Biochem. 40, 1973–1978. doi: 10.1016/j.procbio.2004.08.001

 Kanehisa, M., and Sato, Y. (2020). KEGG mapper for inferring cellular functions from protein sequences. Protein Sci. 29, 28–35. doi: 10.1002/pro.3711 

 Kieft, K., Zhou, Z., and Anantharaman, K. (2020). VIBRANT: automated recovery, annotation and curation of microbial viruses, and evaluation of viral community function from genomic sequences. Microbiome 8, 1–23. doi: 10.1186/s40168-020-00867-0

 Kuypers, M. M., Marchant, H. K., and Kartal, B. (2018). The microbial nitrogen-cycling network. Nat. Rev. Microbiol. 16, 263–276. doi: 10.1038/nrmicro.2018.9

 Lee, J. A., and Francis, C. A. (2017). Spatiotemporal characterization of San Francisco Bay denitrifying communities: a comparison of nirK and nirS diversity and abundance. Microb. Ecol. 73, 271–284. doi: 10.1007/s00248-016-0865-y 

 Lee, S.-H., Park, J.-H., Kang, H.-J., Lee, Y. H., Lee, T. J., and Park, H.-D. (2013). Distribution and abundance of Spirochaetes in full-scale anaerobic digesters. Bioresour. Technol. 145, 25–32. doi: 10.1016/j.biortech.2013.02.070 

 Letunic, I., and Bork, P. (2021). Interactive tree of life (iTOL) v5: an online tool for phylogenetic tree display and annotation. Nucleic Acids Res. 49, W293–W296. doi: 10.1093/nar/gkab301 

 Li, X., Cheng, Z., Dang, C., Zhang, M., Zheng, Y., and Xia, Y. (2021). Metagenomic and viromic data mining reveals viral threats in biologically treated domestic wastewater. Environ. Sci. Ecotechnol. 7:100105. doi: 10.1016/j.ese.2021.100105 

 Li, J., Li, J., Peng, Y., Wang, S., Zhang, L., Yang, S., et al. (2020). Insight into the impacts of organics on anammox and their potential linking to system performance of sewage partial nitrification-anammox (PN/a): a critical review. Bioresour. Technol. 300:122655. doi: 10.1016/j.biortech.2019.122655 

 Li, D., Liu, C.-M., Luo, R., Sadakane, K., and Lam, T.-W. (2015). MEGAHIT: an ultra-fast single-node solution for large and complex metagenomics assembly via succinct de Bruijn graph. Bioinformatics 31, 1674–1676. doi: 10.1093/bioinformatics/btv033 

 Lin, X., Yang, S., Gong, Z., Ni, R., Shi, X., and Song, L. (2022). Viral community in landfill leachate: occurrence, bacterial hosts, mediation antibiotic resistance gene dissemination, and function in municipal solid waste decomposition. Sci. Total Environ. 853:158561. doi: 10.1016/j.scitotenv.2022.158561 

 Madeira, C. L., and De Araújo, J. C. (2021). Inhibition of anammox activity by municipal and industrial wastewater pollutants: a review. Sci. Total Environ. 799:149449. doi: 10.1016/j.scitotenv.2021.149449 

 Magoč, T., and Salzberg, S. L. (2011). FLASH: fast length adjustment of short reads to improve genome assemblies. Bioinformatics 27, 2957–2963. doi: 10.1093/bioinformatics/btr507 

 Maleki, E., Catalan, L. J., and Liao, B. (2018). Effect of organic loading rate on the performance of a submerged anaerobic membrane bioreactor (SAnMBR) for malting wastewater treatment and biogas production. J. Chem. Technol. Biotechnol. 93, 1636–1647. doi: 10.1002/jctb.5533

 Meng, Y., Wang, D., Yu, Z., Yan, Q., He, Z., and Meng, F. (2023). Genome-resolved metagenomic analysis reveals different functional potentials of multiple Candidatus Brocadia species in a full-scale swine wastewater treatment system. Front. Environ. Sci. Eng. 17, 1–13. doi: 10.1007/s11783-023-1602-7

 Nayfach, S., Camargo, A. P., Schulz, F., Eloe-Fadrosh, E., Roux, S., and Kyrpides, N. C. (2021). CheckV assesses the quality and completeness of metagenome-assembled viral genomes. Nat. Biotechnol. 39, 578–585. doi: 10.1038/s41587-020-00774-7 

 Nielsen, P. H. (2017). Microbial biotechnology and circular economy in wastewater treatment. Microb. Biotechnol. 10, 1102–1105. doi: 10.1111/1751-7915.12821 

 Otawa, K., Lee, S. H., Yamazoe, A., Onuki, M., Satoh, H., and Mino, T. (2007). Abundance, diversity, and dynamics of viruses on microorganisms in activated sludge processes. Microb. Ecol. 53, 143–152. doi: 10.1007/s00248-006-9150-9 

 Parks, D. H., Imelfort, M., Skennerton, C. T., Hugenholtz, P., and Tyson, G. W. (2015). CheckM: assessing the quality of microbial genomes recovered from isolates, single cells, and metagenomes. Genome Res. 25, 1043–1055. doi: 10.1101/gr.186072.114 

 Pu, Y., Tang, J., Zeng, T., Hu, Y., Yang, J., Wang, X., et al. (2022). Pollutant removal and energy recovery from swine wastewater using anaerobic membrane bioreactor: a comparative study with up-flow anaerobic sludge blanket. WaterSA 14:2438. doi: 10.3390/w14152438

 Resende, J. A., Godon, J.-J., Bonnafous, A., Arcuri, P. B., Silva, V. L., Otenio, M. H., et al. (2016). Seasonal variation on microbial community and methane production during anaerobic digestion of cattle manure in Brazil. Microb. Ecol. 71, 735–746. doi: 10.1007/s00248-015-0647-y 

 Rho, M., Wu, Y.-W., Tang, H., Doak, T. G., and Ye, Y. (2012). Diverse CRISPRs evolving in human microbiomes. PLoS Genet. 8:e1002441. doi: 10.1371/journal.pgen.1002441 

 Rice, E.W., Baird, R.B., Eaton, A.D., and Clesceri, L.S. (2012). Standard Methods for the Examination of Water and Wastewater. Washington DC: American Public Health Association

 Rose, A., Padovan, A., Christian, K., Van De Kamp, J., Kaestli, M., Tsoukalis, S., et al. (2021). 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 

 Saunders, A. M., Albertsen, M., Vollertsen, J., and Nielsen, P. H. (2016). The activated sludge ecosystem contains a core community of abundant organisms. ISME J. 10, 11–20. doi: 10.1038/ismej.2015.117 

 Shaffer, M., Borton, M. A., Mcgivern, B. B., Zayed, A. A., La Rosa, S. L., Solden, L. M., et al. (2020). DRAM for distilling microbial metabolism to automate the curation of microbiome function. Nucleic Acids Res. 48, 8883–8900. doi: 10.1093/nar/gkaa621 

 Shi, L., Cai, Y., Shi, X., Zhang, M., Zeng, Q., Kong, F., et al. (2022b). Community structure of aerobic anoxygenic phototrophic bacteria in algae-and macrophyte-dominated areas in Taihu Lake, China. J. Oceanol. Limnol. 40, 1855–1867. doi: 10.1007/s00343-022-1348-2

 Shi, L.-D., Dong, X., Liu, Z., Yang, Y., Lin, J.-G., Li, M., et al. (2022a). A mixed blessing of viruses in wastewater treatment plants. Water Res. 215:118237. doi: 10.1016/j.watres.2022.118237 

 Stolz, J. F., and Basu, P. (2002). Evolution of nitrate reductase: molecular and structural variations on a common function. Chembiochem 3, 198–206. doi: 10.1002/1439-7633(20020301)3:2/3<198::AID-CBIC198>3.0.CO;2-C 

 Sui, Q., Zheng, R., Zhang, J., Di, F., Zuo, F., Zhang, Y., et al. (2021). Successful enrichment of anammox consortium in a single-stage reactor at full-scale: the difference in response of functional genes and transcriptional expressions. Chem. Eng. J. 426:131935. doi: 10.1016/j.cej.2021.131935

 Sun, C., Zhang, B., Ning, D., Zhang, Y., Dai, T., Wu, L., et al. (2021). Seasonal dynamics of the microbial community in two full-scale wastewater treatment plants: diversity, composition, phylogenetic group based assembly and co-occurrence pattern. Water Res. 200:117295. doi: 10.1016/j.watres.2021.117295 

 Tu, Q., Lin, L., Cheng, L., Deng, Y., and He, Z. (2019). NCycDB: a curated integrative database for fast and accurate metagenomic profiling of nitrogen cycling genes. Bioinformatics 35, 1040–1048. doi: 10.1093/bioinformatics/bty741 

 Uritskiy, G. V., Diruggiero, J., and Taylor, J. (2018). MetaWRAP—a flexible pipeline for genome-resolved metagenomic data analysis. Microbiome 6, 1–13. doi: 10.1186/s40168-018-0541-1

 Van Den Berg, E. M., Van Dongen, U., Abbas, B., and Van Loosdrecht, M. (2015). Enrichment of DNRA bacteria in a continuous culture. ISME J. 9, 2153–2161. doi: 10.1038/ismej.2015.26 

 Wang, S., Liu, C., Wang, X., Yuan, D., and Zhu, G. (2020b). Dissimilatory nitrate reduction to ammonium (DNRA) in traditional municipal wastewater treatment plants in China: widespread but low contribution. Water Res. 179:115877. doi: 10.1016/j.watres.2020.115877 

 Wang, H., Neyvaldt, J., Enache, L., Sikora, P., Mattsson, A., Johansson, A., et al. (2020a). Variations among viruses in influent water and effluent water at a wastewater plant over one year as assessed by quantitative PCR and metagenomics. Appl. Environ. Microbiol. 86, e02073–e02080. doi: 10.1128/AEM.02073-20

 Welte, C. U., Rasigraf, O., Vaksmaa, A., Versantvoort, W., Arshad, A., Op Den Camp, H. J., et al. (2016). Nitrate-and nitrite-dependent anaerobic oxidation of methane. Environ. Microbiol. Rep. 8, 941–955. doi: 10.1111/1758-2229.12487

 Xu, H., Liu, Y., Gao, Y., Li, F., Yang, B., Wang, M., et al. (2018). Granulation process in an expanded granular sludge blanket (EGSB) reactor for domestic sewage treatment: impact of extracellular polymeric substances compositions and evolution of microbial population. Bioresour. Technol. 269, 153–161. doi: 10.1016/j.biortech.2018.08.100 

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

 Yu, Z., Pesesky, M., Zhang, L., Huang, J., Winkler, M., and Chistoserdova, L. (2020). A complex interplay between nitric oxide, quorum sensing, and the unique secondary metabolite tundrenone constitutes the hypoxia response in Methylobacter. MSystems 5, e00770–e00719. doi: 10.1128/mSystems.00770-19

 Zhang, Y., and Zhang, T. (2022). Culturing the uncultured microbial majority in activated sludge: a critical review. Crit. Rev. Environ. Sci. Technol. 53, 1–32. doi: 10.1080/10643389.2022.2146981

 Zhao, L., Su, C., Chen, S., Ye, Z., Wei, X., Yao, T., et al. (2019). Expanded granular sludge blanket reactor treatment of food waste at ambient temperature: analysis of nitrogen compositions and microbial community structure. Bioresour. Technol. 294:122134. doi: 10.1016/j.biortech.2019.122134 

 Zheng, L., Xu, Y., Geng, H., and Dai, X. (2022). Enhancing short-term ethanol-type fermentation of waste activated sludge by adding saccharomycetes and the implications for bioenergy and resource recovery. J. Environ. Sci. 113, 179–189. doi: 10.1016/j.jes.2021.06.005 

 Zhou, L., Zhao, B., Lin, Y., Shao, Z., Zeng, R., Shen, Y., et al. (2022). Identification of dissimilatory nitrate reduction to ammonium (DNRA) and denitrification in the dynamic cake layer of a full-scale anoixc dynamic membrane bioreactor for treating hotel laundry wastewater. Chemosphere 307:136078. doi: 10.1016/j.chemosphere.2022.136078 



Glossary

[image: image]
 


OPS/images/fpsyg-14-1107839-g002.jpg
35

20

-2

-1 0
Pleasantness





OPS/xhtml/Nav.xhtml




Contents





		Cover



		Monthly dynamics of microbial communities and variation of nitrogen-cycling genes in an industrial-scale expanded granular sludge bed reactor



		1. Introduction



		2. Materials and methods



		2.1. Sampling site description and sample collection



		2.2. Physicochemical analysis



		2.3. DNA extraction, 16S rDNA, and metagenomics sequencing



		2.4. Amplicon analysis, metagenome assembly, and annotation



		2.5. Metagenome binning, annotation, and phylogenetic analysis



		2.6. Viral sequences identification and host prediction



		2.7. Statistical analysis









		3. Results



		3.1. Performance of EGSB during continuous operation



		3.2. Monthly variation of microbial composition and diversity in anaerobic-activated sludge



		3.3. Composition and fluctuation of nitrogen-cycling genes



		3.4. Nitrogen-cycling-related populations



		3.5. Composition and variation of viral communities in anaerobic active sludge



		3.6. Linkages between the viral contigs and the MAGs









		4. Discussion



		5. Conclusion



		Data availability statement



		Author contributions



		Funding



		Conflict of interest



		Publisher’s note



		Supplementary Material



		Footnotes



		References



















OPS/images/fpsyg-14-1107839-g001.jpg
TYPEFACES WITH ROUND/ROUNDED SHAPES

Graparal Pro

FG April Tral

Matida

Bombaz greje za pusta
hladno flago vina.

Mozic v gozdu spete

fantu boljsi ruh.

Pobegli dihur znova $¢ipa
moj cufast kozuh.

V pegici s filtrom disijo

Tmes newroman 2&ANCIH brez kruha.

TYPEFAGES WITH ANGULAR/POINTED SHAPES

Al Nova

Nogomet

Sans Forgetica

Verdana

Hud $kofov prst Zuga
zajcem bole€ine.

Postenjak je s frato mize zadel
vohuna v gobec.

Zakai ie priut s fizolovim
blebeenr drugaten?

Firbec ne poslusaj
¢udeznih zgodb kmetov.





OPS/images/fpsyg-14-1107839-g004.jpg
Reading time per character (ms)

Number of regressive saccades

H

£

300

200

100

H Age
(@5% C)
-+ Student
# Child
' H
Roundrounded  Angularpoinied
Typeface shape
i
4 Age
i (95% CI)
i * Student
# Child
Roundiounded  Angularponted

Typeface shape





OPS/images/fpsyg-14-1107839-g003.jpg
Age
(95% Cl)
& Student

& Child

Pleasantness.

Roundirounded Angularipointed
Typeface shape

Age
(95% Cl)
& Student

# Child

Roundrounded Angularipointed
Typeface shape





OPS/images/fmicb-14-1125709-t004.jpg
EGSB
vss

Tss

VSS/TSS ratio
OLR
cop
HRT
ASVs
GBM
RDA

PCA
MAGs
AMGs

AR
DNRA
Anammox
hdh

hzs
narGHInxrAB
nfABCDH
nifDHK
hep

nirBD
nirKinirS
norBC
nosZ.
narlf
napAB
nasAB
amoABC
nirA

hao

AnfG

NR

nar
NIT-6

terl.

Expanded granular sludge bed
Volatile suspended solids
“Total suspended solids

‘The ratio of volatile s

spended solids (VSS) to total suspended solids (TSS)
Organic loading rate

Chemical oxygen demand

Hydraulic retention time

Amplicon sequence variants

Generalized boosted regression modeling
Redundancy analysis
Principle component analysis

Metagenome-assembled genomes

Auxiliary metabolic genes

Aligned fraction

Dissimilatory nitrate reduction to ammonia
‘Anaerobic ammonium oxidation

Hydrazine dehydrogenase gene

Hydrazine synthase gene

Nitrate reductase/nitrite oxidoreductase gene
Nitrite reductase gene

Nitrogenase molybdenum-iron gene
Hydrosylamine reductase gene

Nitrite reductase (NADH) gene

Nitrite reductase (NO-forming) gene

ic oxide reductase gene

trous-oxide reductase gene

Nitrate reductase molybdenum cofactor assembly chaperone
Nitrate reductase (cytochrome)

Assimilatory nitrate reductase

Ammonia monooxygenase

Ferredo: rite reductase

Hydroxylamine dehydrogenase
Nitrogenase delta subunit
Nitrate reductase (NAD(P)H)

Ferredoxin

rate reductase
Nitrite reductase (NAD(P)H)

Terminase large subunits





OPS/images/fmicb-14-1125709-t003.jpg
Abbreviation Mean+SD (TPM)
Nitrate reductase/Nitrite oxidoreductase narGHINXTAB 1819325921
Nitrite reductase (cytochrome ¢-552) nifABCDH 167.02221.62
Hydroxylamine reductase hep 154062889
Nitrogenase molybdenum-iron protein nifDHK 126412176
Nitrite reductase (NADH) nirBD 115701894
Nitric oxide reductase norBC 100.01%19.41
Nitrate reductase molybdenum cofactor assembly chaperone narl] 857941757
Nitrite reductase (NO-forming) nirkinirS 751742123
Nitrous-oxide reductase nosz 527941469
Nitrate reductase (cytochrome) napAB 45.12£10.30
Assimilatory nitrate reductase nasAB 323941207
Methane/ammonia monooxygenase amoABC 13.20£13.53
Ferred: trite reductase nird 7712553
Hydroxylamine dehydrogenase hao 5644316
Nitrogenase delta subunit AnfG 1102100
Nitrate reductase (NAD(P)H) NR 096085
Ferredoxin-nitrate reductase narB 0.6620.41
Nitrite reductase (NAD(P)H) NIT-6 0.25£0.17
Hydrazine dehydrogenase hdh 0
Hydrazine synthase has 0

Values are represented as mean £ (1= 36).





OPS/images/cover.jpg
& frontiers | Frontiers in Psychology

Influence of letter shape on readers’
emotional experience, reading
flfl ency, and text comprehension
and memorisation












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







OPS/images/logo.jpg
' frontiers Frontiers in Psychology






OPS/images/fmicb-14-1125709-g005.jpg
M Planctomycetota

P

MAGT1Z]

‘..‘;‘.‘é_%

W Acidobacteria

.

e R

W Nitrospirae

o -

WAGT38

leL%

o

MAGTS3)"

1PN,






OPS/images/fmicb-14-1125709-g006.jpg
Genus
Moo Wz B BEns
[ L o
e B mesve ] Obers B Ungeated

W

Rolate sburdance in famiy level (%) Reldbve abondance n ganus level ()

Month
®Jan
® Feb
Mo
®Apr
® May
©.dun
®ul

© Aug
©Sop.
®0ct

o 3

@ e
'

classified Caudovirales
hoviridae
= Iyoviridae

* Podoviridae
Tree scale: 1——

]

i explained 18,67 %

Spring
‘Summer
Autumn

PO2-Paroantvarator
>

&
»

o % oy
PC1-Percent variation explained 27.68 %





OPS/images/fmicb-14-1125709-g003.jpg
Monih
o0 n
B
M
1 e
T M
F om. o
i
e I Ay
Noy [l LTS NHYNH i Sep
it oods] 07 " rngn s Mo«
T o
= mwwl (F=2) | — iii e
Sasimietry Cissmiaiory Denieaton Nariaaon Nogan Taaion
L Bl koW i reducion st oducton
N
s Assimitory e recucion | ——» Denuffcaion —— Nirogen faton Nitrogen cycling pathways
~———+ Dissimilatory nhtrate reduction ~——= Nitrification == Anammox (incomplete) og 4 9P §
ft
D
narGH / nxrAB nrfABCDH|

31.95%
Unclassified

300
L 200

PR \‘:8\ PP S P KPR §@* o 9 SX R S

2001

TPM
TPM

1004

o

o






OPS/images/fmicb-14-1125709-g004.jpg
Procrustes test
M:=0.709; P=0.001

Mantel test
r=0.466; P=0.001

Dimension 2

o
O Physicochemical properties |g Nov
A Nirogen-rlaed gones _lg e

ED el 0 w2 T
Dimension 1
RE of NH,-N _nrfABCDH] hep|{®™= nirDHK| [® i
EE %EH narGH/nxrAB - = Pl nirBD
of 1 1 ] 1 1
NHG?N 1 - - . =
1
COD | e— — | — E—
CHa(m ] — —
Biogas — = —
] — ] = =]
Temperatuﬁ EEE— - — ) —
— - — — —
OLR | s — — [E—] —
0 10 20 30 0 10 20 30 0 10 20 0 10 20 o 10 20
Relative influence (%) Relative influence (%) Relative influence (%)Relative influence (%) Relative influence (%)
RE of NH,-N[T ] i - ;
ofNHN | norBC narlJ nirks | nosZ napAB
RE of COD{! 1 I
N .- | .-
CoD{x — — - —
CHa { mm ] - = —
Biogas | = ] - - —
VSS/TSS | - — ] ]
Temperaturﬁ " — E—— —
— — - —
OLR | EEE— - ——

0 10 20 30 0 0 10 20 30 40 0 10 20 30 40 0 5 10 15 20 25
Relative TnUeiics (%) Relative Inflionce (%) RAlGHv Noncs (%) REAive mfiuenes (%) RE/atie I onay (%)





OPS/images/fmicb-14-1125709-t002.jpg
Alpha indices Spring Summer Winter
Chaol 2239.04 £ 837.89 be. 2193.47+483.15¢ 2635.55+505.98 ab 2721.94£629.18a
Faith_PD 219.11£36.57b 184.06:£29.02 ¢ 205.14+18.03b 296.52+133.53a
Shannon 7.59£0.55b 7.69£0.67b 8.87£0.17a 87240452

Values are represented as mean £ SD (1=27).
Different lowercase letters within the same row indicate significant differences among different seasons (Kruskal-Wallis, p < 0.05).






OPS/images/fmicb-14-1125709-g007.jpg
Dimensian 2

[Procrustes

M-

664; P=0.001

Mantel test
1=0.96; P=0.001

T MAGs
A Virus

® Spring
® Summer
® Autumn
® Winter

DAnenein

Host phylum
—Bdelovirionota

= Verrugomcraia

[Jpostnses

—Elusincrobla

T iEunyarcnasola
= Grenarcaaeoln
[Fimioues
—Gyerphactri
ot

= Airnsianaetes

Acidobacteria
mChorfiex

S

Phactera
’haumlwhaemﬂ

Viral genus

—phunavius

Viral family

Podoviidas |
=Lt

Myoviidad)
[Hunciassified Siphoviridac o |
—Vegasinis
unclassified genus

v Siphoviidas
R

unciassified Caudovirales

Bacucuridae —
Pandorauridao—

‘Staboviida

—Spbetavins





OPS/images/fmicb-14-1125709-t001.jpg
OLR Biogas production

Inner temperature VSS/TSS

*(kg COD/m3/d)  °(l/kg COD) il ) <(%)
Jan. 40.64 456.07 79% 694 8°C 62.19%
Feb. 45.20 37435 82% 7.21 10°C 61.15%
Mar. 48.16 320.28 83% 6.95 25°C 59.19%
Apr. 27.90 275.27 80% 74 32°C 56.79%
May. 1731 297.79 77% 7.23 34°C 54.91%
Jun. 23.10 259.27 73% 711 35°C 50.07%
Jul. 21.66 265.92 82% 692 38°C 63.01%
Aug. 37.34 305.91 82% 6.95 39°C 61.43%
Sep. 34.62 378.35 84% 711 37°C 62.11%
Oct. 38.36 313.46 86% 7.8 30°C 61.61%
Nov. 3111 388.47 85% 6.97 28°C 65.55%
Dec. 40.25 400.65 84% 7.01 20°C 61.51%

‘Organic loading rate; " biogas production is given in lters per kg COD eliminated for EGSB; ‘volatle suspended solids (VSS)/total suspended solids (TSS). The hydraulic retention time (HRT) and
the solid retention time (SRT) were constant and fixed at 64 h and 350days, respectively.





OPS/images/fmicb-14-1125709-g001.jpg
g

g

COD (mglL)

g

w I
Pl
@ —_
75 g =
S
5 E
«Z £
g =z
T b
s~ I
I Rz
o P

[CAE L] Tel\oujaa

Jan Feb Mar Apr May Jin Jul Alg Sép Oct Nov Dec Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec

[+

50

TN (mg/L)
z
(%) ew:Temuuea

2 o
Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec






OPS/images/fmicb-14-1125709-g002.jpg
Dimencion2

22-Percen ariston gl 1037 %

PO1-Parosnt variston exclsined 27 6

Procustcs test
WP=0818; P=0.001

Mantel test
0592; P=0.001

i St

S
o

RE of NH~N-
RE of TN
RE of COD
NH,-N
‘TN
coD
CHa
Biogas
VSSTSS
Temperature

o © 2
Relative influence (%)
on beta diversity

RDA2 17.43%

7

A

G4

2 oo 02
RDA1 27.09%






OPS/images/fpsyg-14-1107839-M1.jpg
Y =Dy + by * Age + by « Typeface shape
+b3 » Age x Typeface shape + ( Intercept|Participant) (1)
+(Typeface Shape|Participant )





OPS/images/fpsyg-14-1107839-g005.jpg
Age
(95% Cl)
* Student

* Child

Comprehension

Roundiounded  Angularpeinied
Typeface shape

Age
(95% CI)
& Student

* Chid

Memorisation

Roundirounded Angularipointed
Typeface shape





OPS/images/fpsyg-14-1107839-t001.jpg
95% Cl forb  95% Cl for b
SE, lower upper
bound bound

Source of

(e i variability

34 Pleasantness rating

I1CC=0.028, LRT(2)=0397, p

820, BE for the full model =889.50

Intercept 341 007 327 354 4765 366

Typeface shape ~0.78 013 -105 -053 ~5.96 183 510071

Age 029 014 001 057 201 366 057

Typeface shape x Age 0.23 026 -028 075 0.89 1183 0.48
3B Pupil size (mm)

ICC=0.874, LRT(2)=0.048, p =0.976, BF for the full model =0.08

Intercept 276 003 269 283 7928 330

Typeface shape ~002 001 ~004 ~000 -211 285 0.66

Age -002 007 -0.15 012 —0.26 330 074

Typeface shape x Age ~0.003 002 ~004 003 ~016 285 022
4A Reading time per character (ms)

ICC=0.802, LRT(2) =133, p <0.001, BF for the full model =540.71)

Intercept 7121 32 64.90 7751 213 330

“Typeface shape 485 172 148 822 282 330 520

Age 30.98 643 1837 4359 4.82 330 408.44

‘Typeface shapex Age 071 344 603 745 021 330 029
B Number of regressive saccades

I1CC=0.587, LRT(2)=0.412, p =0.814, BF for the full model =0.02

Intercept 8648 794 7093 1020 1090 330

Typeface shape 174 454 -716 106 038 2076 018

Age 847 1587 -2264 396 053 330 043

Typeface shape x Age -255 9.08 ~2035 153 ~028 2076 022
54 ‘Text comprehension

ICC=0.135, LRT(2) = 10.00, p =0.007, BF for the full model =0.13

Intercept 087 003 082 092 3266 352

Typeface shape -009 004 -0.17 ~0.00 202 532 085

Age -009 005 -020 001 -176 352 067

Typeface shape x Age 0.00 0.08 -0.16 017 0.05 532 0.23
5B “Text memorisation

I1CC=0.072, LRT(2)=0.53, p =0.764, BF for the full model =0.02

Intercept 262 004 253 270 6228 33
Typeface shape -009 007 -022 0.04 -133 1236 028
Age ~008 0.08 -025 008 ~097 33 028
Typeface shape x Age -005 013 -032 021 ~040 1236 023

Cor. figure = corresponding figure number. LRT shows whether including the random slope in the model (.., random effect o typeface shape on the outcome variable, in other words the
cariabilty of the typeface shape effect across participants) improves the fit of the model, with all other model parameters held constant. BE shows the Bayes factors for the tested models with fixed
efects and random effects (random slopes and intercepts) against the reference models with random effects only. BF larger than 1 indicates that the model with fixed effects was preferred, that is
that the examined fixed effect was present, and BF smaller than 1 indicates that the model with random effects only was preferred, ., that no notable fixed effect was present.





