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Supplementary Methods
[bookmark: OLE_LINK184]Characteristics of WWTP
The full-scale hybrid MBBR is part of Stanley Sewage Treatment Works (Stanley STW) located in Hong Kong, which is a secondary sewage treatment works built in caverns. It serves a population of over 27,000 and currently produces around 9,000 cubic meters of sewage per day. The treatment system under study is comprised of four compartments. The initial compartment functions as an anoxic denitrification zone, followed by a compartment containing activated sludge and carrier materials (25-millimeter diameter multi-faceted plastic particles) operating as a hybrid MBBR. Subsequently, two aerobic compartments without carriers are utilized (refer to Fig. S1 for details).

[bookmark: OLE_LINK94][bookmark: OLE_LINK97]Phage enrichment processes
The initial step involves releasing phage particles into the liquor and separating the biomass and liquor. For the activated sludge sample, a 15-minute sonication was performed to detach viruses, followed by centrifugation at 4500 rpm for 20 minutes to collect supernatants. For the carrier sample, the biofilm was first brushed off, and then the biofilm slurry was homogenized using glass beads at 150 rpm for two hours. After homogenization, the biofilm slurry was divided into 50 mL tubes and sonicated for 3 minutes (interrupted by 30 seconds of manual shaking each minute), and centrifuged at 4500 rpm for 20 minutes to separate biomass particles. Supernatants were collected, and the biomass pellets from the initial extraction were resuspended in deionized water. The procedure was repeated twice, and supernatants from these three extractions were combined and subjected to subsequent processes. The following steps include phage particle enrichment and purification processes, which can be found in our previous works [1, 2]. In brief, supernatants from the previous step were filtered through 0.45 μm membranes (Advantec MFS, USA) and 0.22 μm Sterivex filters (Merck Millipore, USA) to remove cellular debris and other contaminants. The filtrate was iron-chloride flocculated, collected on 0.22 μm polycarbonate filters (Merck Millipore, USA), and resuspended in an oxalate solution. PEG was subsequently added to precipitate viruses. To eliminate the contamination of eukaryotic, prokaryotic, and extracellular nucleic acids, Turbo DNase (Thermo Fisher Scientific, USA) was added to remove unencapsidated nucleic acids. Liquor samples with enriched viral-like particles (VLPs) were used for the subsequent extraction procedure.

Assembly of putative phage contigs
[bookmark: OLE_LINK29][bookmark: OLE_LINK30]Three different assembly approaches were used in this study, including short-read assembly, Flye assembly, and OPERA-MS assembly. For short-read assembly, the five enriched metaviromes were co-assembled using metaSPAdes (v3.10.1) [3] with default settings to get the candidate contigs for phage sequence prediction. For the Flye assembly process, Porechop (v0.2.4) (https://github.com/rrwick/Porechop) was employed to remove the adapter sequence of based-called Nanopore reads. The filtered long reads were then assembled using Flye (v2.9-b1768) [4] with the “--meta” option, followed by mapping of the short reads generated from VLPs-enriched samples to the resulting contigs using bwa (v0.7.17-r1188). Mapped reads were then used for error correction through Pilon (v1.24) [5], and the polishing process underwent three rounds. Finally, the OPERA-MS (v0.8.3) [6] assembler was also used for the viral contigs construction. The contigs from the short-read assembly were combined with filtered long reads and then overlayed with long-read information to construct an assembly graph of all contigs.

[bookmark: OLE_LINK109][bookmark: OLE_LINK110][bookmark: OLE_LINK228][bookmark: OLE_LINK229]Hi-C library sequencing and subsequent host-phage linkage matching
The Hi-C library was prepared using the ProxiMeta Hi-C v4.0 Kit from Phase Genomics, following the guidelines provided by the manufacturer [7]. Briefly, the crosslinked AS and biofilm samples were simultaneously digested using the Sau3AI and MlucI [8] restriction enzymes. Biotinylated nucleotides were used to proximity-ligate the digested fragments, producing chimeric molecules that consisted of fragments from various genome regions that were physically close in vivo. The proximity-ligated DNA molecules were isolated using streptavidin beads and processed into an Illumina-compatible sequencing library. Sequencing was performed on the Illumina NovaSeq platform, generating PE150 read pairs.
After obtaining the Hi-C data, the Hi-C reads were then aligned to the assembly containing both phage and prokaryotic contigs, adhering to the Hi-C kit manufacturer's recommendations (Aligning and QCing Phase Genomics Hi-C Data). In brief, BWA-MEM Version 0.7.17 [9] was utilized for alignment, specifying the -5SP options, while maintaining all other options at their default settings. SAMBLASTER Version 0.1.24 [10] was used to flag PCR duplicates, which were subsequently excluded from the analysis. Alignments were then filtered with samtools Version 1.17 [11] using the -F 2304 filtering flag to remove non-primary and secondary alignments. The ProxiMeta platform [12] was then used to perform host-finding.
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Fig. S1 The diagram of the different sampling tanks.





[image: ]
[bookmark: OLE_LINK142][bookmark: OLE_LINK143]Fig. S2 The relative abundance of bacteria, archaea, and eukaryota in AS and biofilm, which was profiled by mapping the metagenomic 16S and 18S rRNA gene reads to the SILVA SSU rRNA reference database.
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[bookmark: OLE_LINK31][bookmark: OLE_LINK32]Fig. S3 The phylogenetic tree of the retrieved 453 bacterial MAGs. The retrieved single archaeal MAG was not included in this tree. The genomes are shaded by phylum. The inner circular heatmap represents the genome completeness, and the outer circular heatmaps (inner-to-outer circular heatmap) indicate the relative abundance of individual MAGs in A, B, TB-c, C, and D metagenomes. Stars represent high-quality genomes classified based on the criteria defined by MIMAG standards.
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[bookmark: OLE_LINK185]Fig. S4 Microorganisms involved in carbon, nitrogen, and sulfur cycling in this system. The numbers in parentheses indicated the number of genomes recovered capable of carrying out that metabolic step. 
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[bookmark: OLE_LINK7][bookmark: OLE_LINK8]Fig. S5 Comparison of phage community diversity between activated sludge and carrier biofilm. a Principal coordinate analysis (PCoA) based on Bray–Curtis dissimilarities calculated from phage coverage showing compositional differences of phage communities in metaviromes. b Principal coordinate analysis (PCoA) based on Bray–Curtis dissimilarities calculated from phage coverage showing compositional differences of phage communities in metagenomes. c Shannon diversity of phage communities in metaviromes (blue) and metagenomes (green). d Simpson diversity of phage communities in metaviromes (blue) and metagenomes (green).
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Fig. S6 Host-phage associations were predicted using multiple approaches, including Hi-C sequencing (solid line), homology alignment (double solid line), spacer searching (dashed line), and tRNA searching (arrows). Circles represent the predicted hosts, and the colors of the circles indicate the phyla of the hosts.
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Fig. S7 Phylogenetic distribution of bacterial hosts at the phylum level. The phylogenetic tree was inferred based on a concatenated alignment of 120 bacterial single-copy marker genes. The green circle indicates that the bacteria affiliated with this phylum were predicted to be the hosts of phages. The number near the circle represents the number of phages that could infect this phylum. The white circle represents the phylum without associated phages.
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[bookmark: OLE_LINK83][bookmark: OLE_LINK84]Fig. S8 Spearman correlation analysis between host and phage coverage at the host phylum level
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Fig. S9 Variations in phage/host ratios over time at the phylum level
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[bookmark: OLE_LINK60][bookmark: OLE_LINK61]Fig. S10 Spearman correlation analysis between phage/host ratio and phage coverage at the host phylum level
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[bookmark: OLE_LINK87][bookmark: OLE_LINK88]Fig. S11 Spearman correlation analysis between host coverage and virulent phage ratio at the host phylum level
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