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Abstract
[bookmark: OLE_LINK129][bookmark: OLE_LINK130][bookmark: OLE_LINK131][bookmark: OLE_LINK219][bookmark: OLE_LINK220][bookmark: OLE_LINK1][bookmark: OLE_LINK2][bookmark: OLE_LINK35][bookmark: OLE_LINK36][bookmark: OLE_LINK43][bookmark: OLE_LINK76][bookmark: OLE_LINK77][bookmark: OLE_LINK55][bookmark: OLE_LINK68][bookmark: OLE_LINK69][bookmark: OLE_LINK15][bookmark: OLE_LINK16][bookmark: OLE_LINK26][bookmark: OLE_LINK31][bookmark: OLE_LINK84][bookmark: OLE_LINK85][bookmark: OLE_LINK155][bookmark: OLE_LINK156][bookmark: OLE_LINK163][bookmark: OLE_LINK164][bookmark: OLE_LINK157][bookmark: OLE_LINK158][bookmark: OLE_LINK56][bookmark: OLE_LINK110][bookmark: OLE_LINK58][bookmark: OLE_LINK59][bookmark: OLE_LINK165][bookmark: OLE_LINK166]Although the distribution of ammonia/nitrite oxidizers had been profiled in different habitats, current understanding is still limited regarding their niche differentiation in the integrated biofilm reactors, the symbiotic associations of ammonia/nitrite oxidizers, as well as the parasitic interaction between viruses and those functional organisms involved in the nitrogen cycle. Here, the integrated metagenomics and metatranscriptomics are applied to profile the ammonia/nitrite oxidizers communities and transcriptional activities changes along the flowpath of a concatenated full-scale rotating biological contactor (RBC) (frontend Stage-A and backend Stage-B). 19 metagenome-assembled genomes (MAGs) of ammonia/nitrite oxidizers were recovered by using a hybrid assembly approach, including four ammonia-oxidizing bacteria (AOB), two ammonia-oxidizing archaea (AOA), two complete ammonia oxidation bacteria (comammox), eight nitrite-oxidizing bacteria (NOB), and three anaerobic ammonium oxidation bacteria (anammox). Diverse AOB and anammox dominated Stage-A and collectively contributed to nitrogen conversion. With the decline of ammonia concentration along the flowpath, comammox and AOA appeared and increased in relative abundance in Stage-B, accounting for 8.8% of the entire community at the end of this reactor, and their dominating role in nitrogen turnover was indicated by the high transcription activity of their corresponding function genes. Moreover, the variation in the abundance of viruses infecting ammonia and nitrite oxidizers suggests that viruses likely act as a biotic factor mediating ammonia/nitrite oxidizer populations. This study demonstrates that complex factors shaped niche differentiation and symbiotic associations of ammonia/nitrite oxidizers in the RBC and highlights the importance of RBCs as model systems for the investigation of biotic and abiotic factors affecting the composition of microbiomes.
[bookmark: OLE_LINK116][bookmark: OLE_LINK117]Keywords: Ammonia/nitrite oxidizers, RBC, Niche differentiation, Symbiotic associations, Phage

1. Introduction
[bookmark: OLE_LINK125][bookmark: OLE_LINK126][bookmark: OLE_LINK11][bookmark: OLE_LINK12][bookmark: OLE_LINK50][bookmark: OLE_LINK51][bookmark: OLE_LINK147][bookmark: OLE_LINK148][bookmark: OLE_LINK159][bookmark: OLE_LINK160]Aerobic chemolithoautotrophic nitriﬁcation, as one crucial process involved in the nitrogen cycle, is the earliest and most commonly adopted approach for nitrogen removal in engineered systems (McCarty, 2018). This process is mediated by universal ammonia-oxidizing bacteria (AOB), ammonia-oxidizing archaea (AOA), nitrite-oxidizing bacteria (NOB), as well as the recently discovered complete ammonia oxidizer (comammox) (Daims et al., 2015; van Kessel et al., 2015). In addition to aerobic ammonia oxidation, the anaerobic ammonium oxidation (anammox) process also plays a vital role in global nitrogen cycling, which has been estimated to account for 50% of N2 production in marine environments and contribute to efficient nitrogen removal in some freshwater systems (Wang et al., 2021a). As one of the most energy-efficient biotechnologies for nitrogen removal, anammox process has been widely applied in wastewater treatment works (Lackner et al., 2014; Lawson et al., 2017). Remarkably, both nitrification and anammox processes in the engineered systems are commonly achieved in microbial cell aggregates, either in the form of flocs, granules, or biofilms, as they enable the higher biomass retention times that are necessary for the slow-growing ammonia/nitrite oxidizers (Kuenen, 2008; Navada et al., 2020; Nicolella et al., 2000). Moreover, distinctive niches created by the substrate or oxygen gradients in the cell aggregates correspond to ecological niche differentiations and enable several microbial guilds to coexist (Navada et al., 2020; Yang et al., 2020a; Yang et al., 2020b).

[bookmark: OLE_LINK261][bookmark: OLE_LINK262][bookmark: OLE_LINK107][bookmark: OLE_LINK108][bookmark: OLE_LINK23][bookmark: OLE_LINK25][bookmark: OLE_LINK168][bookmark: OLE_LINK169]Among the cell aggregation ecosystems mentioned above, some specific biofilm wastewater treatment systems, such as the rotating biological contactor (RBC) and sand filters, are of larger substrate gradients in both the layered biofilm and along the overall flowpath, and this may facilitate the colonization of more diverse N-metabolizing microorganisms with distinct substrate affinities (Fowler et al., 2018; Freeman et al., 2020). Co-occurrence and distribution of AOA, AOB, and NOB in the RBC had been characterized in our previous study (Peng et al., 2014). With declining ammonium and nitrite concentrations in the latter stages of the RBC reactor, an increment in Nitrospira abundance was observed, and we speculated that a portion of these Nitrospira populations might be comammox. Distribution of comammox Nitrospira and accompanied by other ammonia oxidizers, e.g., AOB and AOA, has been reported in the biofilm of RBC reactor (Spasov et al., 2020). Although the community structure and ecological role of microbes related to the nitrogen cycle in WWTPs have been explored in previous studies, systematic investigation of the distribution and symbiotic interactions have received little attention in the biofilm-associated ecosystems.

Beyond the aforementioned microbes directly involved in nitrogen metabolism, viruses may also play a crucial role in the nitrogen cycle by mediating the metabolism of their hosts in the WWTPs (Chen et al., 2021). Viruses infecting AOB and NOB have been reported in previous studies (Chen et al., 2021; Coutinho et al., 2020), however, less information is available about the viruses infecting AOA, anammox, and comammox. The vast microbial diversity in the biofilm ecosystems implies that there might also be higher diversity of viruses, and the relatively high abundance of microorganisms involved in nitrogen cycling harbored by biofilm may also lead us to uncover some related viruses (Peng et al., 2014; Spasov et al., 2020). 

[bookmark: OLE_LINK75][bookmark: OLE_LINK89][bookmark: OLE_LINK57][bookmark: OLE_LINK74]With the research questions illustrated above, the distribution, transcriptional activities, and symbiotic interactions of ammonia/nitrite oxidizers in a full-scale RBC treating domestic wastewater were investigated through integrated metagenomics and metatranscriptomics approaches. Biofilm samples collected from different spatial locations along the flowpath were employed for the investigation. Additionally, specific virus DNA extraction and identification approaches were applied to establish the virus catalogue, profile the distribution of viruses and predict the potential interactions between viruses and their hosts. The detailed profiles of the ammonia/nitrite oxidizers and associated viruses enable us to have a more comprehensive understanding on their niche distribution, interactions, and metabolic capacities within the biofilm-associated ecosystem.

2. Materials and methods
2.1 Sample collection, nucleotide extraction, and sequencing 
The studied RBC reactor, operated at Ma Wan Sewage Treatment Plant of Hong Kong, is composed of two concatenated stages, defined as Stage-A and Stage-B, respectively. Nine biofilm samples were collected using clean brushes from the RBC train on March 19, 2020, covering Stage-A (four sampling points defined as A1, A2, A3, and A4) and Stage-B (five sampling points defined as B1, B2, B3, B4, and B5) (Fig. 1a). Samples were flash frozen in liquid nitrogen immediately after collection, delivered to the lab and preserved at -80 °C for subsequent DNA and RNA extraction and sequencing. The detailed information on nucleotide extraction, metagenomic (including Illumina short-read and Nanopore long-read sequencing), and metatranscriptomic sequencing was described in the Supplementary Information. The detailed chemical parameters of different sampling points are listed in Table S1.

2.2 Metagenomic analysis
[bookmark: OLE_LINK19][bookmark: OLE_LINK20][bookmark: OLE_LINK209][bookmark: OLE_LINK210][bookmark: OLE_LINK53][bookmark: OLE_LINK54][bookmark: OLE_LINK99][bookmark: OLE_LINK100][bookmark: OLE_LINK254][bookmark: OLE_LINK255][bookmark: OLE_LINK199][bookmark: OLE_LINK200][bookmark: OLE_LINK371][bookmark: OLE_LINK372]The iterative haplotype-resolved hierarchical clustering-based hybrid assembly (HCBHA) approach was employed to reconstruct high-quality genomes from highly complex metagenomes in the present study (Liu et al., 2021). The recovered metagenome-assembled genomes (MAGs) were dereplicated using dRep (v2.6.2) (Olm et al., 2017) with an average nucleotide identity (ANI) cutoff of 99% and minimum completeness of 50%. CheckM (v1.1.3) (Parks et al., 2015) was used to estimate the quality of the MAGs, and only those MAGs with ≥50% completeness and ≤10% contamination were selected for the subsequent analyses. The relative abundance of the recovered MAGs was calculated using CoverM (v0.4.0) (https://github.com/wwood/CoverM) with the parameters of 90% read-percent-identity and 80% read-aligned-percent. Prodigal (v2.6.3) (Hyatt et al., 2010) was used for open reading frames (ORFs) prediction from the recovered MAGs. To quantify the abundance of metabolic genes involved in nitrogen metabolism, metagenomic reads were mapped to the predicted and annotated ORFs from all recovered MAGs. The gene abundance was expressed as genes per million (GPM), the mapped read counts were first divided by the gene length to get reads per kilobase (RPK), then the RPK values in a sample were summed up and divided the number by 1,000,000 leading to GPM (Niederdorfer et al., 2021). The MAGs discussed in this study have been deposited in the NCBI database under BioProject accession number PRJNA817718, and the genome accession numbers are listed in Table S2.

2.3 Phylogenetic analysis and MAGs annotation
[bookmark: OLE_LINK134][bookmark: OLE_LINK135][bookmark: OLE_LINK70][bookmark: OLE_LINK71][bookmark: OLE_LINK138][bookmark: OLE_LINK139][bookmark: OLE_LINK140][bookmark: OLE_LINK141][bookmark: OLE_LINK193][bookmark: OLE_LINK194][bookmark: OLE_LINK86][bookmark: OLE_LINK95][bookmark: OLE_LINK177][bookmark: OLE_LINK178]GTDB-Tk (v1.3.0, reference data version r95) (Chaumeil et al., 2019; Parks et al., 2018) was used for the taxonomic classification of the recovered MAGs and the construction of the anammox, comammox, and AOA phylogenetic tree with reference genomes/MAGs (downloaded from NCBI database) with a concatenated set of 120 bacteria-specific and 122 archaea-specific conserved marker genes, respectively. FastTree (v2.1.10) (Price et al., 2010) was used to infer the genome tree, which was then imported into the Interactive Tree of Life (iTOL) (https://itol.embl.de) for tree annotation and interpretation (Letunic and Bork, 2021). The ANI and average amino acid identity (AAI) between newly recovered MAGs and reported genomes/MAGs were determined using FastANI (v1.2) (Jain et al., 2018) and CompareM (v0.1.1, https://github.com/dparks1134/CompareM) with default parameters, respectively. The genes and metabolic traits of the newly recovered MAGs were annotated using the Kyoto Encyclopedia of Genes and Genome (KEGG) GhostKOALA (Kanehisa et al., 2016). In addition, the metabolic functional traits of both the newly recovered and reference genomes were also profiled by METABOLIC (v4.0) (Zhou et al., 2020) with default parameters. 

2.4 Metatranscriptomic analysis
[bookmark: OLE_LINK213][bookmark: OLE_LINK214]SortMeRNA (v4.0.0) (Kopylova et al., 2012) was applied to remove non-coding RNA sequences from the metatranscriptomic data based on the multiple rRNA databases for bacterial, archaeal, and eukaryotic sequences. The transcription activity of individual MAGs was calculated by mapping the metatranscriptomic reads to the MAGs using CoverM (v0.4.0) with the parameters of 90% read-percent-identity and 80% read-aligned-percent. Transcripts per million (TPM) values calculated by RSEM (Li and Dewey, 2011) were employed in this study to profile the gene expression. 

[bookmark: OLE_LINK150][bookmark: OLE_LINK151]2.5 Viral sample collection, treatment, and DNA processing 
[bookmark: OLE_LINK72][bookmark: OLE_LINK73]The samples used for phage catalogue establishment were taken from the same RBC reactor simultaneously. Biofilms were randomly collected from RBC trains at different locations using sterilized brushes and Milli-Q water. Composite samples were collected from Stage-A and Stage-B, respectively. In addition, a total of 5 L liquor sample was also collected from Stage-A and Stage-B simultaneously (Fig. 1a). The detailed sample filtration and purification processes were described in the Supplementary Information. DNA was extracted from processed liquid samples with enriched viral particles using phage DNA isolation kit (Norgen Biotek Corp., Canada) with Proteinase K following the manufacturer’s instructions. DNA concentrations were measured using NanoDrop (Thermo Fisher Scientific, USA) and DNA samples were stored at -80 °C for subsequent metagenomic sequencing.

[bookmark: OLE_LINK78][bookmark: OLE_LINK79]2.6 Metagenomic viral contigs identification, classification, and annotation	
[bookmark: OLE_LINK80][bookmark: OLE_LINK81][bookmark: OLE_LINK64][bookmark: OLE_LINK65]The sequencing data from three phage metagenomes were de novo co-assembled using metaSPAdes (v3.13.0) (Nurk et al., 2017), and subsequently assembled contigs were processed for downstream viral sequence identification. Two different approaches were employed for viral sequence identification, a) VirSorter2 (v2.1) (Guo et al., 2021); and b) a modified vHMM DNA virus detection pipeline (Paez-Espino et al., 2017). The detailed identification process and filtering criteria are described in the Supplementary Information. Metagenomic viral contigs identified by these two pipelines were merged and dereplicated for further analyses. The taxonomy classification of retrieved viruses was conducted based on gene-sharing network clustering using vConTACT2 (Jang et al., 2019) with the database version ‘ProkaryoticViralRefSeq201-Merged’. Prediction and annotations of auxiliary metabolic genes (AMGs) encoded by viral contigs were performed by DRAM-v, the viral mode embedded in DRAM (Shaffer et al., 2020). 

2.7 Host prediction of viruses
[bookmark: OLE_LINK60][bookmark: OLE_LINK61][bookmark: OLE_LINK62][bookmark: OLE_LINK63]To identify the broad host-virus associations, the viral contigs were searched against the manually curated CRISPR-Cas spacer database established by our group (Chen et al., 2021). In addition, the host-virus interactions were specifically investigated on the MAGs of ammonia/nitrite oxidizers retrieved from nine metagenomes of this RBC reactor, to be specific, four AOB MAGs, three anammox MAGs, two AOA MAGs, two comammox MAGs, and eight NOB MAGs. A combination approach of CRISPR-spacer matches (BLASTn-short, ≥97% identity, ≥90% coverage, and ≤1 mismatch) (Chen et al., 2021) and genome sequence matches (>90% identity over >500 bp) (Nayfach et al., 2021) was implemented. CRISPR spacers were identified in these recovered MAGs using CRISPR Recognition Tool (CRT) (Bland et al., 2007). 

3. Results
[bookmark: OLE_LINK7][bookmark: OLE_LINK8]3.1 Ammonia/nitrite oxidizers occupy different ecological niches along the RBC flowpath
The sampling points, substrates concentrations, and presence of microbiotas related to the nitrogen cycle are shown in Fig. 1. Ammonium concentrations in the wastewater decreased along the RBC flowpath, and a noticeable decrease trend (from 34.7 mg/L to 3.8 mg/L) was observed at Stage-B (Fig. 1b). The nitrite concentration exhibited low variation (ranging from 0.1 mg/L to 1.6 mg/L) at a relatively low level across all locations, albeit with a slight increase along the flowpath. Except for point A1, the concentration of nitrate increased along the flowpath. Such concentration gradients observed in the different N chemicals may correlate to the prevalence of varying N-metabolizing microbes along the RBC flowpath.

[bookmark: OLE_LINK149][bookmark: OLE_LINK152]As expected, variations in chemical and physical conditions along the RBC flowpath corresponded to a shift in ammonia- and nitrite-oxidizing communities (Fig. 1c) that were represented by the high-quality MAGs (Fig. 2a and Table S2) recovered from this complex biofilm system, including four AOB, two AOA, two comammox, eight NOB and three anammox. Prevalence of AOB was observed at all locations (Fig. 1a and 1c), albeit an extremely low abundance of AOB was observed at A1. With the appearance of AOB, anammox bacteria were first found at A2 and relatively high abundance was observed in both Stage-A and the front part of Stage-B. NOB was first detected at A2 (Fig. 1c) and then colonized the entire flowpath after that. Intriguingly, distinct nitrifying guilds (i.e., AOA and comammox) were found in the backend RBC train (Stage-B). The prevalence and colonization of diverse ammonia/nitrite oxidizers suggested that the biofilm-associated system is vital for us to explore the distribution pattern and symbiotic interactions of these microorganisms. 

3.2 Shifts in abundance and transcriptional activity of ammonia/nitrite oxidizers along the RBC flowpath
[bookmark: OLE_LINK183][bookmark: OLE_LINK184]The four AOB organisms represented by the obtained MAGs were all affiliated with the genus Nitrosomonas but had distinct distribution patterns along the RBC flowpath. AOB1 and AOB4 colonized all locations with stable transcriptional activities, while the dominating (in abundance) species were shifted to the other two AOB organisms (especially AOB2) at Stage-B (Fig. 2b, 2c and Table S3). Intriguingly, lower activities of AOB2 were observed at Stage-B, which was not consistent with its higher abundance. Together with the prevalence of AOB, three anammox were first detected at A2 and their relative abundances gradually increased before B1 (Fig. 2b). The sum of the relative abundances of these three anammox bacteria in the community increased from 0.16% to 1.27% (Fig. 2d) and the portion in transcripts increased from 0.21% to 1.46% (Fig. 2e), which were in line with the increasing trend of AOB relative abundance from 0.33% (A2) to 0.85% (A4) (Fig. 2d). At Stage-B, the cumulative relative abundance of anammox bacteria decreased obviously, albeit relatively high cumulative abundance of AOB were observed.

[bookmark: OLE_LINK179][bookmark: OLE_LINK180]Compared to Stage-A, Stage-B harbors more diverse ammonia/nitrite oxidizers. The transcriptional activities of eight recovered NOB organisms (Fig. 2c) were in line with their relative abundance at each location (Fig. 2b). These NOB had distinct distribution patterns although they colonized at all points of Stage-B. In addition to the canonical NOB, two comammox, i.e., COM1 and COM2, also dominated in Stage-B (Fig. 2b), especially from B3 to B5, with the cumulative relative abundance of 4.50-6.63% (Fig. 2d). Remarkable decreases in both the cumulative relative abundance and transcriptional activity of NOB were observed from B3 while the relative abundance of comammox started to increase. Furthermore, two AOA organisms were first detected at B3 (AOA2) and B4 (AOA1) (Fig. 2b), respectively. The relatively high transcriptional activities of these two AOA were observed at the end of this RBC reactor, in particular, which represented a major proportion (0.46%) in the transcripts at B5.
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3.3 Collaboration of novel anammox bacteria and AOB at Stage-A
[bookmark: OLE_LINK185][bookmark: OLE_LINK186][bookmark: OLE_LINK265][bookmark: OLE_LINK266]The consistent trend in the relative abundance and transcriptional activities of anammox and AOB indicated that they could be the collaborators involved in the nitrogen metabolism at Stage-A. Phylogenetic analysis showed that all four AOB were affiliated with the same genus Nitrosomonas with 77.6-97.2% ANI, while diverse anammox bacteria affiliated to different genera were discovered. Among the three retrieved anammox MAGs, AMX1 might affiliate to a novel genus because it could only be assigned to the family level based on the GTDB-Tk annotation result. And the phylogenetic analysis based on concatenated bacterial core protein alignments and 16S rRNA gene sequences of published anammox genome representatives showed a consistent phylogenetic relationship of AMX1, which formed a distinct branch relatively close to Candidatus Kuenenia stuttgartiensis, whereas the other two anammox formed a separate clade with the representative anammox genomes retrieved from the marine environment and represent two novel species in the genus of SCAELEC01 (Fig. 3a and Fig. S1). AMX1 had a 93% similarity of 16S rRNA gene with its phylogenetically closely related Candidatus Kuenenia stuttgartiensis, also indicating that AMX1 may represent a novel genus considering the commonly accepted cut-off of 95% at genus-level (Schloss and Handelsman, 2005). Based on the annotation of metabolic pathways (Fig. S2), the distinct metabolic traits of AMX1 and other anammox species were observed.

[bookmark: OLE_LINK267][bookmark: OLE_LINK268][bookmark: OLE_LINK269][bookmark: OLE_LINK270][bookmark: OLE_LINK271]Regarding the ammonia oxidation capacity and metabolic divergence of these microbes, the abundances and expressions profiles of the amoABC and hao genes of AOB1 and AOB4 (had 97.2% of ANI) indicated that they were the primary nitrite producer at Stage-A (Fig. 3b). Surprisingly, the extremely low expressions of the key genes in AOB2 were observed, albeit their relative higher abundances. Different from the above three AOB species, the ammonia oxidation genes in AOB3 were more active at Stage-B. Based on the distribution patterns and transcriptional activities of these key genes, it could be speculated that nitrite generated by AOB1 and AOB4 was transported to the anammox cells through the highly expressed nitrite transporters encoded by AMX1 and AMX2 (Table S4) to mediate anammox reaction at Stage-A.

[bookmark: OLE_LINK41][bookmark: OLE_LINK42][bookmark: OLE_LINK37][bookmark: OLE_LINK38][bookmark: OLE_LINK87][bookmark: OLE_LINK88]No nirS or nirK genes mediating nitrite reduction were discovered in these three recovered anammox MAGs, whereas multiple hao-like genes with high transcriptional activity were identified (Fig. 3c), suggesting that some of these hao-like genes might encode physiological nitrite reductases that reduce nitrite to nitric oxide (Kartal et al., 2013). The highly expressed hzs complex and hdh genes of AMX1 and AMX2 at Stage-A were consistent with their transcriptional activities at the genome level. On the contrary, the high expression of these key metabolic genes encoded by AMX3 was observed at Stage-B, especially at B1. In addition, the cyanase-encoding gene (cynS) was identified and transcribed in AMX3 (Table S4), implying that this anammox species is capable of converting the cyanate to ammonia directly, serving as the alternative substrate. The active expression of genes involved in ammonia oxidation suggested that the cooperation of AOB and anammox contributed to the nitrogen conversion at Stage-A.

3.4 Abundant and active comammox Nitrospira and canonical NOB at Stage-B
[bookmark: OLE_LINK9][bookmark: OLE_LINK10][bookmark: OLE_LINK66][bookmark: OLE_LINK67][bookmark: OLE_LINK226][bookmark: OLE_LINK227]The two comammox Nitrospira MAGs (COM1 and COM2) recovered in the present study were affiliated with clade A, and clustered together with four comammox Nitrospira MAGs (RBC083, RBC001, RBC047, and RBC021) previously retrieved from an RBC reactor (Spasov et al., 2020) and two comammox Nitrospira MAGs (WS110 and WS238) retrieved from a WWTP (Yang et al., 2020a), forming a basal monophyletic lineage (Fig. 4a). COM1 had 98.3% of ANI between it and COM2, indicating that they may affiliate to the same species (ANI species-level cutoff: ~95%) (Jain et al., 2018); and COM1 and COM2 had 89.3% and 89.1% ANI to phylogenetically closest WS110, respectively. The phylogenetic analysis based on AmoA amino acids sequences confirmed the phylogenetically closed relationships among these genomes (Fig. S3). Of the eight canonical NOB MAGs, three of them were classified within the Nitrospira A genera of the Nitrospiraceae family, and the others affiliated to the same family of UBA8639 (taxonomy classification based on GTDB-Tk) (Table S2). 
[bookmark: OLE_LINK5][bookmark: OLE_LINK6]
The nearly complete comammox Nitrospira (COM1) encoded all key enzymes (AMO, HAO, and NXR) for complete ammonia oxidation. The abundances and expressions of amoABC genes increased along the flowpath except for B4, which were consistent with the abundances and activities at the genome level (Fig. 4b). Intriguingly, the transcript numbers of amoB gene were higher than that of amoA and amoC genes, although the abundance of genes was comparable. Notably, the relatively highly expressed genes encoding urease (ureABC) and urea transporters (urtABCDE) were also identified in these two comammox MAGs (Table S4), suggesting that the urea may be an additional ammonia source for comammox in wastewater. 

[bookmark: OLE_LINK201][bookmark: OLE_LINK202]Genes encoding nitrite oxidoreductase (NXR) were prevalent in all newly recovered comammox and canonical NOB MAGs, except the nxrB, which was missing in COM2 and NOB5. The abundance and transcripts of nxr genes (Fig. 4c, Fig. S4, and Table S4) in comammox MAGs increased along the flowpath, and the highest expression was observed at B5. For canonical NOB, the active expression of nxr genes was only observed in NOB6, NOB7, and NOB8 at Stage-A. Different scenarios were shown at Stage-B, high expressions of nxrA and nxrB genes (especially NOB2) were observed in almost all NOB except NOB3 and NOB5. 

3.5 Active ammonia-oxidizing archaea at the end of RBC
[bookmark: OLE_LINK272][bookmark: OLE_LINK273][bookmark: OLE_LINK91][bookmark: OLE_LINK92][bookmark: OLE_LINK45]The two newly recovered AOA MAGs were phylogenetically clustered with the recently reported Group I.1b WWTP AOA (Ca. Nitrosocosmicus hydrocola) (had a maximum AAI of 56.3% and 72.6%, respectively), they all affiliated with the genus Nitrosocosmicus (Fig. 5). In addition, AOA2 was phylogenetically close to the Ca. Nitrosocosmicus sp. SS belongs to the soil group I.1b Thaumarchaeota (AAI:  98.7%) (Liu et al., 2019). Intriguingly, the phylogenetic relationship was distinct between the newly recovered AOA MAGs and the recently reported WWTP AOA belonging to Group I.1a (Ca. Nitrosopumilus sp. ST1, Ca. Nitrosarchaeum sp. ST2, and Ca. Nitrosarchaeum sp. ST3) by our group (Wang et al., 2021b). The high abundance and active expression of amoABC genes (Table S4) indicated that AOA were active ammonia oxidizers at the end of Stage-B, which well correlated with the abundance and transcriptional activity at the genome level. Moreover, the relatively highly expressed genes that encode urease (ureABC) were also identified in these two AOA MAGs (Table S4). Hao gene was not identified in these two recovered AOA genomes, which was consistent with the previous report (Reyes et al., 2020). 

3.6 Novel phages infect ammonia/nitrite oxidizers
[bookmark: OLE_LINK24][bookmark: OLE_LINK39][bookmark: OLE_LINK82][bookmark: OLE_LINK83]Spacer-based searching results reported ten phages that might infect the studied microbes (anammox (1), comammox (2), NOB (3), AOA (4)) (Table S5). In addition, the homology match-based searching results uncovered four phages infecting AOA (2) and comammox (2). Only the viruses that had direct interactions with the hosts that recovered from this reactor (i.e., AMX1 (1), NOB8 (1), comammox (4), AOA2 (2)) were selected for downstream analyses (Fig. 6a and 6b). Results demonstrated that abundant anammox-associated phages were identified in both the enriched viral metagenomes (Stage-A and liquor) and the biofilm metagenomes (A3 and A4). Additionally, the phages associated with NOB, comammox, and AOA were detected to be dominant in both the enriched and biofilm metagenomes of Stage-B, which was consistent with their hosts’ prevalence and abundance. 

[bookmark: OLE_LINK17][bookmark: OLE_LINK18][bookmark: OLE_LINK111][bookmark: OLE_LINK136][bookmark: OLE_LINK29][bookmark: OLE_LINK30][bookmark: OLE_LINK274][bookmark: OLE_LINK27][bookmark: OLE_LINK28]The taxonomy classification results indicated that these viruses had not been clustered together with taxonomically known viromes from the database, indicating that this ecosystem harbors novel viruses (Table S5). Additionally, only the genome of the COM1-associated phage was complete, and the other four were medium-quality, low-quality, and not-determined tiers (Table S5). Nonetheless, all these phages encode the vital structural genes and viral-like genes based on the annotation results of DRAM-v (Fig. 6c). Some putative AMGs were identified from these phage genomes, including one AMG belongs to the sulfotransferases family was predicted in the AMX2-associated phage, which was associated with sulfation that contributes to the transfer reaction of sulfate groups and potentially plays a central role in some biological processes such as cell communication and growth (Zhong et al., 2021). Furthermore, one AMG encoding the ribonucleoside-diphosphate reductase was predicted in the AOA2-associated phage, which could provide the precursors necessary for DNA synthesis, catalyzing the biosynthesis of deoxyribonucleotides from the corresponding ribonucleotides (Dwivedi et al., 2013). Moreover, two phages infect NOB and AOA (based on widespread host search), carrying the AMG encoding the dCTP deaminase, an enzyme that supplies deoxyuridine monophosphates to thymidylate synthetase and is thought to regulate the levels of dNTP required for phage DNA synthesis (Šulčius et al., 2019). However, AMGs involved in nitrogen metabolism have not been identified in these phages.

4. Discussion
In this study, variations in chemical and physical conditions along the RBC flowpath corresponded to a shift in the compositions of four types of reported ammonia oxidizers as well as diverse canonical NOB, suggesting the biofilm-associated system is a great habitat for us to explore the distribution pattern, symbiotic interactions, and metabolic potential of these microorganisms in the wastewater treatment systems. 

[bookmark: OLE_LINK114][bookmark: OLE_LINK115][bookmark: OLE_LINK98][bookmark: OLE_LINK103][bookmark: OLE_LINK161][bookmark: OLE_LINK162]Physicochemical factors had been proposed as the main factors that affect the diversity and distribution of the autotrophic ammonia/nitrite oxidizers in the RBC reactor (Sauder et al., 2012; Spasov et al., 2020). Ammonium is presumed to be the primary biological substrate for ammonia oxidizers in this RBC reactor, so the impact of the ammonium concentration on community structure shifts was not surprising. The occurrence of diverse AOB and anammox bacteria with relatively high ammonium concentrations at Stage-A was consistent with a previous report (Shen et al., 2016). The higher ammonium concentration creates an environment favorable for the growth of AOB and anammox bacteria. While the absence or lower abundance of NOB at Stage-A may be explained by the high residual ammonium concentration and reduced oxygen accessibility. Some reports have demonstrated that residual ammonium facilitates NOB suppression via favoring AOB in the oxygen competition within the biofilm (Pérez et al., 2014; Wang et al., 2022). In addition, the lower oxygen Monod half saturation constant of AOB improves their competitiveness for oxygen within the oxygen limit conditions (Yang et al., 2020b). Subsequently, the decreased ammonium concentration along the RBC flowpath resulted in the prevalence and dominance of comammox and AOA at the end of Stage-B. The verified high substrate affinities of comammox and AOA enable them to grow under lower substrate concentration (Jung et al., 2021; Kits et al., 2017), and endow them with stronger competitiveness than canonical NOB and AOB under the decreased substrate concentration. In addition, the layered structure of the RBC biofilm enables the colonization of these diverse microbes with different oxygen affinities. The anoxic zone formed inside biofilm layers provides suitable living conditions for anammox bacteria. The large surface area for attached growth may be an important factor explaining the dominance of comammox bacteria, in which comammox might maintain high abundance due to their higher growth yield and oxygen affinity (Kits et al., 2017; Koch et al., 2019; Lawson and Lücker, 2018). Similarly, in addition to a high substrate affinity, the higher oxygen affinity of AOA may explain its dominance at the end of Stage-B (Freeman et al., 2020).

[bookmark: OLE_LINK112][bookmark: OLE_LINK113][bookmark: OLE_LINK153][bookmark: OLE_LINK154]In addition, the mutualism or competition among microbes may be biotic factors that determine the ecological niche differentiations among ammonia/nitrite oxidizers (Faust and Raes, 2012; Gracia-Lázaro et al., 2018). As has been demonstrated above, AOB and anammox co-occurred at Stage-A, and the lower concentration of nitrite (0.16 mg/L) in influent (A1) implied that nitrite assimilated in the anammox process was mainly contributed by AOB, the only observed representative aerobic ammonia oxidizers at Stage-A. Subsequently, the decreased cumulative relative abundance of anammox bacteria and shift of preponderant anammox species at Stage-B indicated the intense competition for ammonia and nitrite from other microbes related to nitrogen cycling, e.g., comammox, AOB, NOB, or even denitrifiers. Furthermore, the relatively high relative abundance and expression of canonical NOB at Stage-B suggest that nitrite generated by comammox Nitrospira, AOB, and AOA may support the growth of NOB at Stage-B, implying the close connections and metabolites exchange between organisms in this system.

Furthermore, the high relative abundance and transcriptional activity of AMX3 at Stage-B (especially B1) are considered to be relevant to the genomic traits that allow them to occupy different ecological niches. AMX3 found in this ecosystem was affiliated to the genus Scalindua derived from the marine environment, mainly introduced by the seawater toilet flushing practice in Hong Kong. The marine anammox bacteria adapt to growth in the anoxic zone with lower substrate concentrations or substrate-limited conditions, as well as the identified cynS coding gene in AMX3 might contribute to the ammonia supply when the competition increased at Stage-B (Ganesh et al., 2018). Moreover, the two AOA species, dominating the end of this RBC reactor (B4 and B5), were all affiliated to the genus Nitrosocosmicus having the lowest afﬁnity for both ammonia and total ammonium among all characterized AOA (Jung et al., 2021; Lehtovirta-Morley et al., 2016; Nicol et al., 2019). As metabolically versatile microorganisms, AOA have been verified to utilize some organic matters, such as antibiotics or petroleum, suggesting that the relatively high abundance of AOA might not only result from autotrophic growth but also their metabolic versatility (Zheng et al., 2021). Therefore, the metabolic versatilities and adaptive mechanisms of AOA organisms are of great interest to be further investigated in the future.

[bookmark: OLE_LINK109][bookmark: OLE_LINK118]Numerous studies have presented that viruses are capable of adjusting the microbial community by mediating the recycling of organic matter in the habitats through bacterial killing and affecting the physiology and metabolism of their hosts during infection (Coutinho et al., 2020; Dion et al., 2020; Howard-Varona et al., 2020). In this study, a more comprehensive virus catalogue was established through an enriched extraction approach, which could potentially improve the integrity of the virus database and further contribute to the deep understanding of the host-virus connections. The consistent pattern regarding the prevalence and coverage of studied phages and their hosts implies their close connection and the probability that the phage infection might affect the abundance and metabolism of the microbial population. AMGs mainly responsible for cell communication and growth were identified in this study, suggesting that phages might modulate host growth and metabolism through auxiliary metabolism. However, no AMGs involved in the nitrogen cycle have been predicted in these phages. Viruses influence microbial nitrogen cycle, as well as other hydrocarbon biodegradation and sulfur cycling via auxiliary metabolism, have been reported previously (Gazitúa et al., 2021; Kieft et al., 2021; Li et al., 2021), suggesting that the auxiliary metabolism of these phages in biofilm systems requires further study. Additionally, the CRISPR-Cas spacers identified in most ammonia/nitrite oxidizers indicated the prevalence of phage infection (Table S2), suggesting that understanding and exploration of the host-virus associations in this ecosystem requires more contributions and knowledge. 

[bookmark: OLE_LINK48][bookmark: OLE_LINK49][bookmark: OLE_LINK145][bookmark: OLE_LINK146]The distribution pattern and symbiotic interactions of these microbes contributed to the efficient nitrogen conversion process in this RBC reactor. The highly expressed key genes involved in the anammox reaction and abundant transcripts of ammonium and nitrite transporters implied that the anammox reaction was active at Stage-A, although the potential nitrite competitors (i.e., NOB) and key genes mediating the nitrite oxidation process were identified and expressed. Notably, AOB play an important role in providing nitrite at Stage-A. Distinct from the transcriptional activities of microbes at Stage-A, the abundant transcripts of ammonia oxidation genes (amoABC) encoded by AOA and comammox suggested that they acted as the primary ammonia oxidizers, especially at the end of this RBC reactor. Moreover, the highly expressed nxrA and nxrB genes encoded by comammox indicated that they also play a crucial role in the nitrite oxidation at the end of this RBC reactor. Theoretically, the coupling of ammonia and nitrite oxidation of comammox could potentially decrease the production of the greenhouse gas nitrous oxide and may become the energy- and cost-effective alternative to the conventional biological nitrogen removal processes (Annavajhala et al., 2018). Therefore, many studies focused on the potential of comammox capabilities in different natural and engineered systems have been conducted (Sun et al., 2021; Yang et al., 2020a; Yang et al., 2020b; Yuan et al., 2021). Furthermore, the highly expressed UreABC gene highlights the potential of comammox Nitrospira and AOA in urea utilization, the generated ammonia can be used for ammonia oxidation in some ammonia-limited environments. Collectively, these microbes occupied different ecological niches and cooperated well to achieve autotrophic nitrogen conversion, anammox and AOB contributed to nitrogen turnover at Stage-A, and comammox and AOA play a pivotal role in the nitrogen conversion at Stage-B, especially at the end of this RBC reactor. 

5. Conclusions
[bookmark: OLE_LINK127][bookmark: OLE_LINK128][bookmark: OLE_LINK137][bookmark: OLE_LINK142][bookmark: OLE_LINK278][bookmark: OLE_LINK279][bookmark: OLE_LINK44][bookmark: OLE_LINK46]In this RBC reactor, the physicochemical factors associated with the variations of substrate concentration along the RBC flowpath, characteristics of the biofilms, and symbiotic interactions were linked to significant and disciplinary shifts in the spatial distribution and transcriptional activities of ammonia/nitrite oxidizers (including anammox, AOB, AOA, comammox, and NOB), as well as the distribution of phages associated with these microbes. The nontrivial collaboration of ammonia/nitrite oxidizers at different treatment stages contributed to efficient nitrogen conversion in this ecosystem, and the comprehensive interpretation of the spatial distribution and transcriptional activity highlighted the potential of comammox and AOA capacities in engineered systems. Furthermore, ammonia/nitrite oxidizers-associated phages may modulate the host growth and metabolism via auxiliary metabolism, thereby affecting the nitrogen cycle in this system. Overall, our work may contribute substantially to the understanding of the niche distribution, symbiotic relationships, and metabolic capacity of ammonia/nitrite oxidizers in a full-scale rotating biological contactor. Furthermore, the metabolic versatilities and adaptive mechanisms of these microbes are of great interest to be investigated in further studies.
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Figure legends: 
Fig. 1 Project design, water parameters, and occurrence of ammonia/nitrite oxidizers at different spatial locations. a) The detailed sampling design in the present study. b) The concentrations of ammonium, nitrite, and nitrate at different spatial locations. c) The occurrence of ammonia/nitrite oxidizers along the RBC flowpath. The intensity of the color indicates the abundance. The white indicates the absence of that microbe type. 

[bookmark: OLE_LINK97][bookmark: OLE_LINK101][bookmark: OLE_LINK143][bookmark: OLE_LINK144]Fig. 2 The relative abundance and transcriptional activity of ammonia/nitrite oxidizers at different spatial locations. a) The estimated completeness of the newly recovered MAGs. b) The relative abundance of ammonia/nitrite oxidizers. c) The transcriptional activities of ammonia/nitrite oxidizers. d) The cumulative relative abundance of each type of microbe is calculated based on the relative abundance of the individual microbe. e) The transcriptional activity of each type of microbes is calculated based on the transcriptional activity of the individual microbe. See the Methods section for calculation details.

[bookmark: OLE_LINK102][bookmark: OLE_LINK104][bookmark: OLE_LINK189][bookmark: OLE_LINK190][bookmark: OLE_LINK191][bookmark: OLE_LINK192]Fig. 3 Phylogenetic analysis and ammonia oxidation capacity of collaborated AOB and anammox. a) The phylogenetic analysis of the three recovered anammox MAGs (red) and representative anammox genomes downloaded from the NCBI database. The lower-left and upper-right triangles of the matrix indicate the ANI and AAI of the different pairs of these genomes, respectively, where gray values in the lower-left indicate below the calculation threshold (70% identity) of ANI. b) The abundance (GPM) and expression (TPM) of genes involved in the ammonia oxidation process in the recovered AOB MAGs. If the reaction step could be catalyzed by multiple copies of an enzyme, the values of GPM or TPM were summed. c) The abundance (GPM) and expression (TPM) of genes involved in the anammox reactions in the recovered anammox MAGs. If the reaction step could be catalyzed by multiple copies of an enzyme, the values of GPM or TPM were summed.  
 
[bookmark: OLE_LINK105][bookmark: OLE_LINK106][bookmark: OLE_LINK197][bookmark: OLE_LINK198][bookmark: OLE_LINK259][bookmark: OLE_LINK260][bookmark: OLE_LINK232][bookmark: OLE_LINK236]Fig. 4 Phylogenetic inference and nitrogen metabolism of comammox Nitrospira and canonical NOB. a) The phylogenetic analysis of the recovered comammox MAGs and canonical NOB. The two recovered comammox MAGs in this study are colored in red, and three complete genomes are colored in blue. Canonical NOB are colored in green. b) The abundance (GPM) and expression (TPM) of key genes involved in the ammonia oxidation process in comammox Nitrospira. If there are multiple copies of a gene in the MAG, the summed GPM or TPM values were adopted. c) The abundance (GPM) and expression (TPM) of the nxrA gene involved in the nitrite oxidation process of comammox Nitrospira and canonical NOB. If there are multiple copies of a gene in the MAG, the summed GPM or TPM values were adopted.

[bookmark: OLE_LINK233][bookmark: OLE_LINK234][bookmark: OLE_LINK119][bookmark: OLE_LINK133]Fig. 5 Phylogenetic inference of AOA genomes. The reference genomes and MAGs were downloaded from the NCBI database. The two recovered AOA MAGs in this study are colored in red, and two reported WWTP AOA are colored in blue.

[bookmark: OLE_LINK120][bookmark: OLE_LINK121]Fig. 6 The prevalence, coverage, and genomic context of viruses associated with ammonia/nitrite oxidizers. a) The occurrence and coverage of phages in enriched samples collected from Stage-A, Stage-B, and liquor, respectively. Coverage calculation is based on the mapping of metagenomic reads to viral contigs. b) The occurrence and coverage of phages in the biofilm metagenomes of different spatial locations. Coverage calculation is based on the mapping of metagenomic reads to viral contigs. The coverage > 0.1 was plotted. c) Genetic map of the viral contigs infecting AMX2, NOB8, and COM1, where the viral gene with a hit to the VOGDB or NCBI Viral RefSeq database was defined viral-like gene. 
