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Abbreviations used in this study

UWS: urban water system

ARG: antibiotic resistance gene

ARB: antibiotic-resistant bacteria
WWTP: wastewater treatment plant
HGT: horizontal gene transfer

INF: influent

AS: activated sludge

EFF: effluent

RU: upstream of receiving water

RS: outlet site of receiving water

RD: downstream of receiving water

SW: source water

DO: dissolved oxygen

COD: chemical oxygen demand

TP: total phosphorus

NHs-N: ammonia nitrogen

SMX: sulfamethoxazole

SMZ: sulfamethazine

ERM: erythromycin

RTM: roxithromycin

NOR: norfloxacin

OFX: ofloxacin

TET: tetracycline

OTC: oxytetracycline

BAC: benzalkonium chloride

PCMX: para-chloro-meta-xylenol
MAGs: metagenome-assembled genomes
ACCs: ARG-carrying contigs

LFE: lactose-fermenting Enterobacteriaceae
NMDS: non-metric multidimensional scaling
PCoA: principal coordinates analysis
PLS-SEM: partial least squares structural equation modeling

MLS: macrolides-lincosamide-streptogramin
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OPA: other peptide antibiotics
ACGCs: ARG-carrying gene cassettes

S5



Supplementary Method 1 | Quantification of antibiotics, disinfectants,
antidepressants, and trace metals

Before analysis, the water samples were prepared by solid-phase extraction.
Specifically, 1 L of each sample was filtered through a 0.45 um glass fiber filter. The
pH was then adjusted to 3 with 1 mol/L hydrochloric acid. To chelate metal ions and
reduce interference with target analytes, 0.5 g of Na2EDTA was added, followed by
thorough vortex mixing'?. An HLB cartridge (6 mL, 150 mg; Beckman, USA) was then
primed for use with 6 mL of methanol and 6 mL of acidified water (pH 3). The prepared
sample was percolated through the cartridge at a flow rate of 10 mL/min using a
peristaltic pump. After sample loading, the cartridge was rinsed with 30-50 mL of
acidified water to ensure the removal of any residual eluent. Subsequently, the sample
was subjected to vacuum drying for 20 minutes. The final elution was performed using
6-mL methanol, and the eluate was collected in a 10 mL glass centrifuge tube and stored
at —20°C until analysis. Quantitative analysis was performed using liquid
chromatography-tandem mass spectrometry (LC-MS/MS) with the Ultimate 3000
UHPLC-Q Exactive system (Thermo Scientific, USA) equipped with an Eclipse Plus
C18 column (100 mm % 4.6 mm, 5 pm).

The concentrations of metal ions (Mg, Al, Fe, Mn, Cu, and Zn) were determined
using an inductively coupled plasma mass spectrometer (ICP-MS; Agilent 8900, USA).
Prior to analysis, each water sample was filtered through a 0.45 um aqueous filter
membrane. Then, 5 mL of the filtered sample was accurately pipetted into a digestion
tube, and 2.5 mL of concentrated nitric acid (HNOs, 65-70% w/w, trace metal grade)
was added. The mixture was subsequently digested in a microwave digestion system at
100°C for 1 h. After digestion, the solution appeared clear and transparent with no
visible precipitates. After cooling to room temperature, the sample was diluted with

deionized water to a predetermined volume and analyzed by ICP-MS.

Supplementary Method 2 | 16S rRNA gene sequencing and bioinformatics analysis

The 16S rRNA gene was amplified by PCR targeting the V3-V4 regions with
primers  338F  (5-ACTCCTACGGGAGGCAGCAG-3') and 806R  (5'-
GGACTACHVGGGTWTCTAAT-3"). The thermal cycling protocol consisted of an

initial denaturation step at 95°C for 3 min, followed by 35 cycles of 95°C for 20 s, 52°C
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for 15 s, and 72°C for 1 min, with a final extension at 72°C for 10 min. A PE300 library
preparation strategy was adopted and sequenced on the Illumina MiSeq platform
(Majorbio, Shanghai, China). This ensured that each sample generated no fewer than
40,000 reads for the 16S rRNA genes. High-throughput sequencing results from this
amplification product were applied for microbial diversity analysis. Specifically,
bioinformatics analysis of the 16S rRNA genes was conducted using Vsearch (v2.22.1)*
The raw sequencing data were processed with Vsearch’s fastx filter and
derep fulllength parameters to trim primers, perform quality control, and remove
redundancies. To exclude or correct erroneous sequences and select high-abundance,
reliable sequences as representative, this study employed the unoise3 parameter in
Usearch (v11.0)° for sequence denoising, followed by the construction of an ASV table
using Vsearch. Alpha and beta diversity indices were calculated using the alpha div
plugin and the “vegan” package®. Taxonomic classification was performed using the

RDP reference database (v11)’.

Supplementary Method 3 | Identification and quantification of ARGs

All clean reads after quality control were subjected to a search for ARGs against
the SARG (v3.0) database®, employing UBLAST strategies with an e-value threshold
of <1077. A sequence was classified as an ARG-like fragment if its optimal BLASTX
alignment with the ARG sequence in the referenced database exhibited a similarity of
> 80% and an alignment length of > 75%. This study employed the unit “copy per cell”
as it represents the most widely adopted and recommended standard for ARG profiling
among researchers globally”; More importantly, it facilitates the further examination of
the microscopic mechanisms (e.g., vertical transmission and horizontal transfer)
associated with the proliferation and dissemination of AMR determinants in UWS!°.

The detailed calculation formula is presented as follows”:

N ARG-lik dsXLread/LARG
ARG Abundance (Copy/cell) — Z‘;} lke reads C?;el;lnumbe:eferenceSequence (Sl)

where N4rG-iike reads 1 the number of ARG-like reads annotated to one specific ARG
reference sequence, L,eqs indicates the clean read length, LirG reference sequence 18 the
nucleotide sequence length of the corresponding ARG reference sequence, n is the

number of mapped ARG reference sequences attributed to the ARG type or subtype,
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and Cell number is the cell number estimated by mapping against an essential single-

copy marker gene database®.

Supplementary Method 4 | Construction of the Class 1 Integrase Database

The class 1 integrase (intl1) reference database was constructed based on publicly
available sequences deposited in the National Center for Biotechnology Information
(NCBI) database and the INTEGRALL database'!. Briefly, annotated in¢l1-related
sequences were retrieved from NCBI using the keywords “infl1” and “class 1 integrase”,
with searches restricted to the Gene and Protein categories, and complemented with
curated class 1 integrase sequences obtained from INTEGRALL. After further
dereplication and validation by comparing against Pfam and CDsearch database, 148
sequences were retained, composing the preliminary infl1 database'2. To further expand
sequence diversity, the preliminary infl1 database was used as a query to search against
the NCBI non-redundant protein database (nr) using BLASTP, with an E-value cutoff
of 1 x 1075, Candidate sequences were filtered based on sequence similarity (> 80%),
and alignment coverage (= 50%). Duplicate or partial sequences were excluded. The
retained candidates were subjected to an additional round of validation against the Pfam
and CDsearch databases to exclude non-integron tyrosine recombinases. The resulting
high-confidence sequences (n = 424) constituted the final class 1 integrase (intll)

reference database used for downstream analyses.

Supplementary Method 5 | Detection of integron gene cassettes by PCR and
Nanopore sequencing

The PCR amplification targeting the gene cassettes of class 1 integron was
performed using specific primer sequences and reaction conditions. The forward primer
sequence was 5'-GGCATCCAAGCAGCAAG-3', and the reverse primer sequence was
5'-AAGCAGACTTGACCTGA-3'"3. The reaction protocol included an initial
denaturation step at 94°C for 5 minutes, followed by 30 cycles of denaturation at 94°C
for 1 minute, annealing at 55°C for 45 seconds, and extension at 72°C for 5 minutes. A
final extension was carried out at 72°C for 10 minutes to ensure complete amplification
of the target region. This reaction setup was optimized to ensure high specificity and

amplification efficiency under standard PCR conditions.
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Following amplification, a series of quality control steps were implemented to
ensure the reliability of integron gene cassette sequences prior to downstream analyses.
First, PCR amplicons were examined by agarose gel electrophoresis to verify
amplification specificity and confirm expected fragment sizes, and subsequently
purified using a commercial silica membrane-based DNA purification kit (QIAGEN)).
The purified amplicons were then subjected to Nanopore sequencing following a
stringent workflow for library preparation, sequencing, and quality control. Low-
quality reads, chimeric sequences, and reads with excessive base-calling errors were
filtered using chopper (v0.8.0)!* prior to further analyses. Open reading frames (ORFs)
were predicted using Prodigal (v2.6.3), with only complete and high confidence gene
predictions retained. ORFs lacking intact start or stop codons, or those flagged as partial
or truncated, were excluded to minimize artefacts arising from fragmented DNA

sequences.

Supplementary Method 6 | Detection of high-risk ARGs on unbinned
metagenomic contigs

To complement the MAG-based resistome risk assessment and to evaluate the
potential underrepresentation of clinically relevant ARGs caused by assembly and
taxonomic binning limitations, unbinned contigs (= 1,000 bp) were extracted from each
metagenomic assembly. ORFs on these unbinned contigs were predicted using Prodigal
(v2.6.3)!°. The predicted ORFs were then searched against the SARG (v3.0) database
using DIAMOND (v2.0.15), with an e-value threshold of < 1 x 10~'°, a minimum amino
acid identity of 80%, and a query coverage of > 70%, to identify ARG-like ORFs'®. To
assess the potential association between ARGs and mobile genetic elements (MGEs),
ORFs annotated as ARGs were further examined for spatial proximity to MGE-related
genes on the same contig. All ORFs were screened against the MobileGeneticElement
database!” using DIAMOND with the same alignment criteria to identify MGE-related
genes. An ARG was considered potentially mobilizable if an MGE-related gene was
located within a 5 kb flanking region upstream or downstream on the same contig!®.
Subsequently, these unbinned contigs harboring both ARGs and nearby MGE-related
genes were compared against the NCBI non-redundant (nr) database to provide

additional functional annotation and taxonomic context, to identify those high-risk
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ARGs associated with genetic mobility and pathogenic bacterial hosts.

Supplementary Method 7 | Absolute quantification based on mass conservation
Absolute ARG concentrations (Cass, copies-mL™") were calculated from relative

abundances using a mass conservation-based approach!®2°;

_ CrelXNeeni < Mextract

Cabs - (S2)

Vsample Mseq
where C,..; is the relative ARG abundance (copies per cell) calculated based on
metagenomic sequencing datasets, N,,;; represents the cell number in the sequenced
reads quantified by ARGs-OAP on the alignment of essential single-copy marker
genes, Vigmpie 18 the volume of water filtered (mL), Mytrqce 18 the total DNA mass
extracted from the sample, and M., is the DNA mass represented by the sequencing

reads (gram, as double strand DNA), calculated from nucleotide composition as:

_ 2XY. (nixM;)

Mseq = —"3, (S3)

with n; being the total count of nucleotidei (A, T, C, G) in the sequencing
reads, M; represents its molecular weight (313.2, 304.2, 289.2, 329.2 g-mol™),

and N, is Avogadro’s constant.

Supplementary Method 8 | Competitive genome-wide read recruitment to MAGs
from tap water metagenomes

To assess the robustness of low-abundance pathogen signals in tap water samples,
we performed competitive genome-wide read recruitment to MAGs using Bowtie2
alignment paired with downstream inStrain (v1.10.0)*' profiling. All non-redundant
MAGs recovered in this study were concatenated to generate a unified reference
database (non-redundant MAG set), with standardized renaming and bin annotation of
all contigs and scaffolds to ensure unique genome identifiers. Clean paired-end reads
from drinking water samples were mapped to the combined MAGs dataset using
Bowtie2?? (v2.5.1, end-to-end mode), enabling competitive alignment of each read
across all reference genomes and reducing single-reference mapping bias. SAM files

were converted to sorted BAM format using SAMtools (v1.17)%. For key pathogen-
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associated MAGs, including Pseudomonas aeruginosa (bind), Mycobacterium
phocaicum (binl49), Escherichia coli (bin140), and Acinetobacter johnsonii (bin1192),
mapped reads were extracted and analyzed using inStrain profile to calculate genome-

wide coverage, coverage breadth, and nucleotide diversity.

Supplementary Method 9 | Ecological assembly processes of ARGs and ARG host
communities

To characterize the ecological assembly mechanisms of ARG communities and
their host microbial genomes, we integrated the Neutral Community Model (NCM)**
and a phylogeny- and abundance-based null model framework?. First, the NCM was
used to estimate the contribution of stochastic processes (e.g., dispersal and ecological
drift) to ARG community assembly, with the goodness-of-fit (R?) representing the
relative importance of neutral processes. Second, for ARG host communities, the beta
nearest taxon index (BNTI) was calculated to assess phylogenetic turnover and infer
deterministic selection, where |SNTI| > 2 indicates heterogeneous or homogeneous
selection. For comparisons with |NTI| < 2, the Bray—Curtis-based Raup—Crick metric
(RCbray) was further applied to partition stochastic processes, including dispersal
limitation, homogenizing dispersal, and ecological drift. Together, this framework
enabled quantitative estimation of the relative contributions of deterministic and

stochastic processes to community assembly.
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Supplementary Fig. 1 | Comparison of resistome profiles and their removal
efficiency across wastewater treatment processes. a, Abundances and removal
efficiencies of ARGs in total microbial communities across wastewater treatment
processes. b, Abundances and removal efficiencies of ARGs in lactose-fermenting
Enterobacteriaceae (LFE) strains across treatment processes. ¢, Changes in ARG types
within total microbial communities across treatment processes. A20: anaerobic-anoxic-
oxic, OD: oxidation ditch process; MBR: membrane bio-reactor; FCR: food chain reactor,
INF': influent; AS: activated sludge; EFF: effluent; RU: upstream of receiving water, RS: outlet
site of receiving water, RD. downstream of receiving water; SW: source water; TW: tap water.

Source data are provided as a Source Data file.
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Supplementary Fig. 2 | Absolute abundance dynamics of ARGs across urban water
compartments. a, Shifts in the absolute abundance of ARGs (copy/mL) within the total
microbial community across different water compartments. Bars indicate mean values,
error bars show standard errors of the mean (SEM), and individual dots represent
different samples from each compartment (n = 4 for INF, AS, EFF, RU, RS, and RD; n
=2 for SW; n = 6 for TW). Statistical significance was assessed using unpaired, two-
tailed Student’s #-test, with exact p values shown above the brackets. b, Absolute
abundances and removal efficiencies of ARGs across wastewater treatment processes.
¢, Changes in the absolute abundance of major ARG types across water compartments.
Symbols ‘+’ and ‘++’ denote the magnitude of ARG enrichment in key comparisons:
downstream vs. upstream receiving water (RD/RU), and tap water vs. source water

(TW/SW). Source data are provided as a Source Data file.
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Supplementary Fig. 3 | Variation in antibiotic resistance rates among 3,040 LFE
isolates from the urban water system. a, Variation in the percentage of antibiotic-
resistant LFE strains across water compartments. Error bars represent the standard
deviation. Bars indicate mean values, error bars show SEM, and individual dots
represent different samples from each compartment (n = 4 for INF, AS, EFF, RU, RS,
and RD; n =2 for SW; n = 6 for TW). Statistical significance between the indicated
pairs was determined using an unpaired, two-tailed Student’s #-test. b, Distribution of
susceptible and (multi-)resistant LFE strains. AMP: ampicillin; TET: tetracycline; KAN:

kanamycin; SMZ: sulfamethoxazole. Source data are provided as a Source Data file.
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Supplementary Fig. 5 | Overview of persistent ARGs in LFE strains. a, Shifts in
ARGs diversity indicated by types and subtypes detected in each water compartment.
b, Heatmap plot showing the abundance of ARG types in the urban water system.
Symbol ‘+’ denotes ARG enrichment in the following comparisons: effluent vs. influent
(EFF/INF), downstream vs. upstream receiving water (RD/RU), and tap water vs.
source water (TW/SW). ¢, Venn and UpSet plot illustrating the number of ARG
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ARGs. Source data are provided as a Source Data file.
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Supplementary Fig. 6 | Overview of core ARGs in total microbes and LFE strains.
a, Proportions of core ARGs in the total microbes and LFE strains across water
compartments, with “Overall” indicating total abundance. b, Boxplots showing the
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minimum values. Source data are provided as a Source Data file.
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Supplementary Fig. 7 | Ecological connectivity analyses of ARGs across three
hierarchical levels (resistome, subtype, sequence) in the urban water system. a,
Bayesian source-tracking analysis showing the proportional contributions of sewage,
receiving river, and source water to downstream ARG profiles, respectively. ARGs not
assigned to any predefined source are shown as “Unknown”. b, UpSet plot depicting
the distribution of persistent ARG subtypes across water compartments. The adjacent
bar chart indicates their relative proportion. ¢, Maximum-likelihood phylogenetic tree
of sull and OXA-10 based on their complete ORF sequences recovered from
metagenomic assemblies across urban water compartments, illustrating their sequence-

level connectivity. Source data are provided as a Source Data file.
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Supplementary Fig. 8 | Profile of microbial communities across urban water
system. a, Rarefaction curve of amplicon sequence variants (ASVs). b, Principal
Coordinate Analysis (PCoA) showed the significant differences across water
compartments, based on Bray-Curtis dissimilarity matrix calculated from the ASV
matrix. Percentages of variation explained by PCoA1l and PCoA2 is indicated in the
axis labels. The microbial community compositions at the phylum (¢) and genus (d)
levels, with the top 10 most abundant microbial taxa presented, while all remaining
phyla and genera were grouped into a single category labeled “Others”. Source data are

provided as a Source Data file.
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Supplementary Fig. 9 | Identification of primary genera and potential ARG hosts

across urban water system. a, Heatmap presents the abundances of 124 primary

genera. These genera were defined as those detected in > 50% of the samples and having

an average relative abundance > 0.1%

across all samples. Genera are color-coded by

their respective phylum, with parenthetical numbers indicating the count of genera

belonging to each phylum. b, Procrustes analysis illustrating the correlations between

resistome and the microbial community. ¢, Co-occurrence network analysis based on

ARGs abundance and bacterial communities (genus level). Nodes represent distinct

ARG subtypes or bacterial genera, with ARG subtypes colored according to ARG types.

Edges between nodes indicate significant correlations (Spearman’s correlation

coefficient » > 0.7, p < 0.01), with edge thickness proportional to the correlation

strength. Node size corresponds to the number of connections. Source data are provided

as a Source Data file.
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Supplementary Fig. 10 | Reconstruction and characterization of metagenome-
assembled genomes (MAGs) across urban water system. a, Recovery of 583 high-
quality MAGs through metagenomic binning. b, Quality assessment of MAGs showing
completeness and contamination distributions. ¢, Phylogenetic tree of bacterial MAGs.
d, Taxonomy composition of bacterial MAGs at different phylogenetic levels. Source

data are provided as a Source Data file.
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Supplementary Fig. 11 | An overview of a complete genome (100% completeness,
0% contamination). a, Circular genome map illustrating genomic features of a
complete genome assigned as JAGNZROI sp017984315. From the outermost to
innermost rings: the first circle displays contigs labeled by serial number; the second
circle highlights protein-coding sequences (CDS) on the positive strand in red and on
the negative strand in yellow; the third circle indicates RNA features, with blue
representing tRNA, purple representing rRNA, and brown representing tmRNA; the
fourth circle depicts carbohydrate-active enzyme (CAZyme) annotations, where cyan
squares represent glycoside hydrolases (GH), green squares represent
glycosyltransferases (GT), brown squares represent carbohydrate esterases (CE),
yellow squares represent carbohydrate-binding modules (CBM), and orange squares
represent auxiliary activities (AA). b, Gene number of different carbohydrate-active
enzyme (CAZymes) families carried by Bin196. ¢, Abundances of Bin196 across urban

water compartments. Source data are provided as a Source Data file.
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Supplementary Fig. 12 | Overview of the genetic bacterial hosts of ARGs in urban
water system. a, Sankey diagram showing the categories of ARGs and their hosts. b,
Abundances of ARG subtypes which were significantly enriched in the urban water
system. ¢, Abundances of five pathogenic ARG-carrying MAGs and their carriage of
ARGs and MGEs. Source data are provided as a Source Data file.
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Supplementary Fig. 13 | ARG-MGE co-localization and scaffold recruitment
patterns of Pseudomonas aeruginosa (bin5) across tap water samples. a, Genomic
context and environmental distribution of ARG-MGE co-localization in Pseudomonas
aeruginosa (bin5). Schematic representation of four representative scaffolds (A-D)
showing the physical linkage between ARGs (light orange) and MGEs (blue). b, Polar
bar plot illustrating the sequencing breadth (%) of these scaffolds across six distinct

sampling sites. Source data are provided as a Source Data file.
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Supplementary Fig. 14 | Correlation between assembly contiguity and detected

HGT events. Scatter plots show the correlations between assembly quality metrics and

HGT detection outcomes across all samples. Panels depict the relationships between (a)

N50 and the number of HGT events, (b) N50 and HGT event rates, (¢) mean contig

length and the number of HGT events, and (d) mean contig length and HGT event rates.

HGT event rates were normalized by total assembly size. Each panel displays the

coefficient of determination (%) and corresponding p-values from Spearman’s rank

correlation. Source data are provided as a Source Data file.
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Supplementary Fig. 15 | Phylum-level summary of inferred donor-recipient
relationships in ARG-associated horizontal gene transfer. Directional Sankey
diagram summarizing horizontal gene transfer events inferred by MetaCHIP at the
phylum level. Each flow represents inferred HGT events from donor phyla (left) to
recipient phyla (right), with link widths proportional to the number of detected events.

Source data are provided as a Source Data file.
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Supplementary Fig. 16 | Quantitative analysis of in7l1 based on metagenomics. a,
Abundance of infI1 in the urban water system. b, linear regression of ARG abundance
versus infll abundance based on Pearson correlation analysis. Linear relationships
indicate significant correlations (p < 0.05), with shaded areas representing 95%

confidence intervals. Source data are provided as a Source Data file.
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Supplementary Fig. 17 | Characterization of ARG-carrying integrons in LFE
strains. a, Paired bar plots quantify ARG load and genetic arrangements within
integrons, with concentric pie charts showing ARG subtype distributions. b, Genomic
architectures of super-integrons harboring six ARGs, presented alongside their
abundance profiles across water compartments. Source data are provided as a Source

Data file.
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Supplementary Fig. 18 | (Opportunistic) pathogens detected in drinking water. a,

Heatmap illustrating the cell-equivalent concentrations

of pathogen-associated

metagenome-assembled genomes (MAGs) in tap water samples. Values are expressed

as cells/L and logio-transformed. The right panel lists ARG classes identified in each

MAG by genome annotation. b, Boxplots comparing total pathogen concentrations in

source water (SW) and tap water (TW). Boxes represent the interquartile range, center

lines indicate medians, whiskers denote the data range, and white dots indicate mean

values. Statistical significance was determined by Student’s t test (**p<0.01). ¢,

Heatmap showing the coverage breadth of pathogen-associated MAGs across six tap

water samples, determined by competitive genome-wide mapping using inStrain.

Source data are provided as a Source Data file.
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Supplementary Fig. 19 | Ecological assembly mechanisms of ARGs and their host
communities. a, Neutral community model (NCM) illustrating the relationship
between mean relative abundance and detection frequency of ARG subtypes. Dashed
lines indicate the predicted occurrence and 95% confidence intervals; points are colored
based on their fit to the model (Above, Below, or Mid). The inset donut chart
summarizes the proportions of these three categories. b, Relative contributions of
deterministic and stochastic ecological processes inferred from null model analysis.
The donut chart quantifies the influence of heterogeneous selection, homogeneous
selection, dispersal limitation, homogenizing dispersal, and drift. ¢, Density distribution
of BNTI values for ARG-hosting microbial communities. Dashed lines indicate the
BNTI thresholds (=2 and 2) used to distinguish deterministic from stochastic assembly
processes. d, Ecological assembly processes inferred from the integrated BPNTI and
RCbray framework. Colors denote different assembly mechanisms, including
heterogeneous selection, homogeneous selection, dispersal limitation, homogenizing

dispersal, and drift. Source data are provided as a Source Data file.
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