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ABSTRACT 

The increasing global burden of antimicrobial resistance (AMR) has been identified as a critical public health crisis, necessitating 
the development of robust, real-time surveillance frameworks to evaluate AMR dynamics. Sewage surveillance is emerging 
as a promising tool that utilizes sewage fingerprinting to provide comprehensive and unbiased information on antibiotic 
resistance genes (ARGs) within human populations. Here, we conducted a large-scale, year-long field surveillance of resistome 
in the community sewage using both short- and long-read metagenomic sequencing. We examined samples collected from 95 
geographically distributed sites across Hong Kong, covering a population of 4.8 million residents, during summer and winter 
seasons. Our findings revealed distinct seasonal patterns through high-resolution resistome profiling. We found that the resistome 
structures shifted from the community sewage collected at sewer manholes to the influent of wastewater treatment plants 
(WWTPs), driven by taxonomic variation. Notably, community sewage exhibited a significantly higher similarity to the resistome 
of human feces than WWTP influent, which provides insights for selecting suitable sampling sites for epidemiological ARG 

surveillance. The application of long-read sequencing markedly enhanced our understanding of the phylogenetic diversity of ARG 

hosts and uncovered a broad spectrum of potentially mobile ARGs with varied genetic backgrounds. Furthermore, we observed 
multiple local ARG transmission patterns and subsequently evaluated their potential threats to public health based on the gene 
trees to inform future epidemiological control strategies. Overall, this work expands our current understanding of community 
sewage for population-level AMR monitoring and establishes a baseline for advancing sewage surveillance efforts to better combat 
AMR. 
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1 Introduction 

Antimicrobial resistance (AMR) has become one of the major
global public health concerns in the 21st century. The emergence
of antibiotic resistance genes (ARGs) in bacteria via mutation
[ 1 ] or horizontal gene transfer (HGT) [ 2 ], especially in clinical
pathogens, contributes to rising rates of therapeutic failure in
antimicrobial treatments for infectious diseases. It is estimated
that there could be 1.91 million AMR-attributable and 8.22 million
AMR-associated deaths annually by 2050 [ 3 ]. Apart from clinical
settings, the widespread occurrence of ARGs in domestic and
natural environments further exacerbates the threats posed by
AMR [ 4 ]. The elevated magnitude of this challenge highlights
the imperative to strengthen AMR mitigation strategies and safe-
guard public health, with surveillance serving as a cornerstone
for elucidating transmission dynamics, assessing containment
measures, and informing therapeutic choices [ 5 ]. The political
declaration that has been approved in the United Nations General
Assembly (UNGA) High-Level Meeting on AMR of 2024 also
encourages countries to report quality-assured AMR surveillance
data [ 6 ]. 

Current AMR surveillance largely relies on clinical surveillance
systems that employ individual-level sampling of prioritized
human pathogens through phenotypic and genotypic analysis.
However, this approach could introduce inherent selection
biases, favoring populations with healthcare access, while
neglecting the extensive reservoir of ARGs harbored by
commensal bacterial communities. In contrast, sewage
surveillance has gained prominence as a scalable, cost-effective,
and noninvasive strategy to obtain population-level AMR data, as
sewage samples are deemed aggregate collections of all residents
in the specific sewershed catchment and are expected to provide
an integrated view of AMR for both healthcare- and community-
associated populations [ 7 ]. Its utility is evidenced by successful
applications in tracking pathogens, such as SARS-CoV-2 [ 8 ],
influenza virus [ 9 ], mpox virus [ 10 ], and Salmonella [ 11 ], with
strong correlations to clinical infection data. The COVID-19
pandemic further accelerated methodological advancements
and global infrastructure development for wastewater-based
epidemiology [ 12–15 ], providing an impetus for scalable AMR
surveillance at municipal, national, regional, and global
levels. 

Compared to conventional molecular-based methods of AMR
surveillance, such as quantitative polymerase chain reaction
(qPCR) that focus on specific target genes, shotgun metagenomic
sequencing shows superiority with the capacity to holistically
characterize microbial communities and detect a wide spec-
trum of ARGs and pathogens present in samples without prior
target selection [ 16 ]. Metagenomic sequencing has been suc-
cessfully adopted to reveal significant findings regarding the
resistance burden in urban populations, mainly based on short-
read sequencing [ 17–22 ]. For example, it was reported that the
sewage resistomes were stratified by geographic location [ 17,
18 ] and could reflect socioeconomic status better than the fecal
resistome [ 19 ]. Additionally, core resistomes were detected in
different population-sourced sewage [ 20 ], and ARG abundance
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was found to correlate with antibiotic concentrations [ 21 ] and
hospital antibiotic prescription levels [ 22 ]. However, most of
these studies were conducted through the survey of untreated
influent samples collected from inlets of municipal wastewater 
treatment plants (WWTPs), i.e., the end of the sewage collection
system. Sampling at upstream sites instead of at the end of
sewage conveyance is expected to reflect the resistance burden
in the population in a better way and be more informative for
pinpointing local hotspots and detecting the early emergence of
ARGs for informed interventions. A demonstration of such high-
resolution surveillance is therefore needed. Moreover, the way in
which the resistome, particularly human-associated ARGs, shifts 
during sewage conveyance from residential buildings to WWTP 
in the sewage collection system remains unclear. Gaining insight
into these dynamics would improve the interpretation of sewage
surveillance data. 

Furthermore, second-generation short-read sequencing faces 
challenges in the contextualization of ARGs regarding their host
species and their co-occurrence patterns with mobile genetic 
elements (MGEs). The genetic context is essential for assessing
the health risk of ARGs [ 23 ]. For example, ARGs carried by
pathogenic hosts may pose greater threats to human health,
and those associated with MGEs may have higher transfer
potential from commensal bacteria to human pathogens [ 24 ].
Although assembly could retrieve genes in proximity, it is always
confounded by the presence of repetitive genomic regions [ 25 ].
The gaps above could be filled by third-generation sequencing
technologies, such as Oxford Nanopore sequencing [ 26 ] and
PacBio sequencing [ 27 ], which are capable of generating reads
spanning several to hundreds of kilobases. These platforms pro-
vide opportunities for direct investigation of the genetic context
of ARGs, yet their applications in environmental surveillance 
remain limited. 

In the present study, we systematically characterized the resis-
tome of the community sewage collected from manholes at 95
sampling sites of the territory-wide sewage surveillance system
across Hong Kong using both short-read (Illumina) and long-read
(Oxford Nanopore) metagenomic sequencing. The abundance 
and diversity of ARGs in communities of 4.8 million population,
as well as their spatial and seasonal variance, were investigated.
A significant resistome shift was observed along the transit of
sewage, and the contribution of human feces to the community
sewage resistome was found to be significantly higher than
to the downstream influent resistome of WWTPs. Long-read 
sequencing enabled high-resolution characterization of ARG 

genomic contexts, uncovering novel ARG-host associations and 
their co-occurrence patterns with MGEs. Moreover, by analyzing 
polished long-read assembled contigs, we inferred the local trans-
mission status of clinically relevant ARGs from their phylogenetic
diversity and their genetic context, and subsequently assessed
their dissemination potential. We aimed to use this large-scale
AMR metagenomic surveillance with high spatial resolution 
(95 sites) and sequencing depth (2.2 Tb clean short-read and
2.8 Tb clean long-read data) to enhance our comprehension of
ARG transmission and risk assessment and complement the 
monitoring efforts for better mitigation of AMR. 
Advanced Science, 2026



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

2 Results 

2.1 Summary of Samples and Metagenomic 
Dataset 

The 190 community sewage samples collected from 95 sites
covering both the summer and winter seasons was subjected to
metagenomic sequencing on both Illumina NovaSeq6000 and
Oxford Nanopore PromethION platforms, generating 2.2 Tb of
clean short-read data (average sequencing depth: 11.8 Gb per
sample) and 2.8 Tb of clean long-read data (average sequencing
depth: 14.5 Gb per sample) (Table S1 ). Sewage reference sam-
ples were prepared and processed in parallel with the above
community sewage samples to assess the batch effects in the
whole process. The ARG compositions of these reference samples
were highly consistent, indicating negligible batch effects in
comparison of sample metagenomic profiles obtained in different
batches (Figure S1a,b ). 

2.2 Abundance, Diversity, and Composition of 
the Community Sewage Resistome 

As derived from short-read data, a total of 2,143 ARGs subtypes
belonging to 27 ARGs types were detected among the Hong
Kong community sewage samples, with 441–896 ARGs subtypes
detected in different individual sampling sites (Figure 1a ). The
total ARG abundance ranged from 0.7 to 4.2 cp/cell (copies per
cell) and 1.3 to 11.9 cp/cell in the summer and winter seasons,
respectively. The highest ARG abundance was found in sampling
site KT4 with 11.9 cp/cell, and the lowest was in sampling site I4
with 0.7 cp/cell. Additionally, by using methods proposed by Yin
et al. [ 28 ] based on mass conservation, the ARG concentration
in sewage was estimated to be 2.9 × 107 –3.0 × 108 cp/mL
(copies per mL) in summer and 2.8 × 107 –1.5 × 109 cp/mL in
winter (Figure S2 ). A total of 181 ARG subtypes resistant to 19
widely used antibiotic categories were shared across all samples,
constituting 60.5%–96.3% of the total ARG abundance and only
8.4% of diversity, demonstrating their much higher abundance
compared to less frequently occurring ARGs. ARGs conferring
resistance to tetracycline, multidrug (referring to broad-spectrum
efflux pumps that could expel multiple classes of antibiotics),
and macrolide-lincosamide-streptogramin (MLS) were the top
three most abundant ARG types across the community sewage
samples (Figure 1b ). The dominant ARG subtypes in community
sewage were bacA (bacitracin), erm (B) (MLS), ugd (polymyxin),
tet (O) (tetracycline), and qnrS2 (quinolone) (Figure S3 ). Notably,
some sampling sites showed relatively high ARG abundance in
the winter season, and multidrug resistance genes accounted
for more than 40% of the total ARG abundance in these sam-
ples. Sampling sites with hospitals covered in the sewershed
catchment exhibited higher ARG diversity (e.g., TST1, YL3, and
ST4), yet their ARG abundance was comparable to that of other
sites (Figure S4a,b ). While only a weak positive association
was observed between hospital bed counts and ARG diversity
(Figure S4c ), the elevated diversity at hospital-influenced sites
confirmed hospitals as critical nodes of the antibiotic resistome,
underscoring the need for targeted management strategies of
hospital effluents. When looking at clinically important ARGs
[ 29 ], different distribution patterns were observed, and certain
sampling sites turned out to be hotspots for specific ARGs. For
Advanced Science, 2026
example, higher levels of mcr were detected in New Territories,
especially sampling sites YL6 and ST8; sampling sites in North
and Island exhibited higher abundances of tet (X); blaNDM 

was
detected with higher abundance in sampling sites CW1, ST3, KT4,
and I1, which highlighted the necessity for regional-tailored AMR
interventions (Figure S5 ). 

A clear seasonal pattern of resistome profile was observed for
both ARG type and subtype levels, while clustering based on the
district was not obvious (Figure 1c and Figure S6 ). Although no
significant difference was observed in total ARG abundance and
most of the ARG subtypes were shared between summer and win-
ter seasons (81.6% of the total detected ARGs), the abundance of
some ARG types varied considerably between seasons (e.g., MLS,
quinolone, and tetracycline resistance genes) (Figure S7a,b ). Also,
the ARG diversity in summer was significantly higher than that
in winter ( p -value < 0.01) (Figure S7c ). 

We further compared the resistome profiling results obtained 
from Nanopore data to those from Illumina data. Overall, a strong
correlation ( r > 0.80) was observed for the abundance of most
ARG types obtained by the two platforms, as indicated by the
Pearson correlation analysis (Figure S8a ). Discrepancies were 
observed for several ARG types, such as multidrug and quinolone
resistance genes, which might be due to the characteristics of
the ARG sequences (nucleotide distribution, GC content, etc.), 
and/or the sequencing biases of the platforms. The derived
percentages of each ARG type were highly comparable ( r = 0.94,
Figure S8b ). 

2.3 Community Sewage Better Reflected Human 

Gut Resistome Than WWTP Influent 

The human gut is considered the primary ARG reservoir and
excretion route compared to other human microbiome sources.
To determine to what extent the community sewage may resem-
ble the human fecal resistome, which is generally used to
represent the human gut resistome, we collected metagenomic 
datasets of human feces recruited from the Hong Kong public (see
the Experimental Section). The total ARG abundances in Hong
Kong human feces, community sewage, and WWTP influent 
were at similar levels, with an average abundance of 2.2, 2.5,
and 1.8 cp/cell, respectively (Figure S9 ). However, the community
sewage displayed higher resistome diversity than human feces, 
and almost all the fecal-associated ARGs could be detected in the
community sewage (98.5%), demonstrating sewage as an effective 
collective sample for population ARGs surveillance (Figure 2a,b ).
Human feces had a high proportion of tetracycline and MLS resis-
tance genes, while the percentage of these genes decreased during
the conveyance along sewers to WWTPs (Figure 2c ). The three
sample types (i.e., human feces, community sewage and WWTP
influent) had distinct resistome structures, and clear clustering
was observed through principal coordinate analysis (PCoA) based 
on the Bray–Curtis dissimilarity matrices (Figure 2d ). Notably,
the ARG composition of community sewage showed significantly 
higher similarity to the human feces than the downstream WWTP
influent ( p -value < 0.05), and human feces contributed to an
average of 50% (summer) and 60% (winter) of community sewage
resistome, in contrast to only 23% of WWTP influent resistome
(Figure 2e,f ). 
3 of 16



FIGURE 1 Overview of antibiotic resistome in Hong Kong community sewage. (a) Abundance and diversity of antibiotic resistance genes (ARGs) 
in Hong Kong community sewage ( n = 185). Bars represented the ARG abundance in copies per cell, with the abundance of core resistome denoted 
in red. Circles represented the number of unique ARG subtypes detected in each sample. Sampling sites were arranged by district. (b) Percentages of 
ARG types in the community sewage. MLS was short for macrolide-lincosamide-streptogramin. (c) Heatmap and hierarchical clustering showing the 
resistome profiles at ARG type level. ARG abundances were log10 transformed. The dendrogram was created based on Euclidean distance with ward. 
D2 clustering method. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Similarly, the proportion of human fecal-associated bacteria
decreased during sewage conveyance (Figure S10a ). For example,
a significant decrease in abundance was observed for Bac-
teroidaceae, which was the predominant family in human feces,
while the contribution of sewer-specific families such as Arcobac-
teraceae, Moraxellaceae, and Rhodocyclaceae increased along the
sewage system. The sample clustering pattern derived from PCoA
based on the taxonomic composition was similar to that of ARG
profiles, and Procrustes analysis revealed a significant correlation
(M2 = 0.087, p -value < 0.01) between the microbial communities
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and the ARG compositions (Figure S10b,c ). Therefore, as sewage
was conveyed to the WWTP, the shift of the resistome was closely
related to the changes in bacterial communities. 

2.4 Escherichia coli as an ARG Reservoir in 

Community Sewage 

The Nanopore reads (median N50 = 7.3 kb, Table S1 ) were
much longer than Illumina reads-assembled contigs (median 
Advanced Science, 2026



FIGURE 2 Comparison of ARG compositions in human feces and sewage metagenomes of Hong Kong. (a) The number of overlapping and unique 
ARG subtypes detected in human feces ( n = 200) and community sewage ( n = 185). (b) Rarefaction curves of ARG subtypes in human feces and 
community sewage of Hong Kong. We randomly subsampled 30 times for each sample type to count the average number of unique ARGs. (c) Stacked 
bar plots showing the mean percentages of ARG types in human feces, community sewage, and influent of wastewater treatment plants (WWTPs). (d) 
Principal coordinate analysis (PCoA) of overall resistome profiles based on the Bray–Curtis dissimilarity matrix at the gene level of ARGs. Colors denoted 
the sample types. (e) Similarity of community sewage and WWTP influent to human feces resistome. Half of the human fecal samples were randomly 
resampled to indicate resistome variation within human feces. (f) Contribution of human feces to community sewage and WWTP influent resistome as 
predicted by SourceTracker. Half of the human fecal samples were randomly resampled to assess the prediction performance. Mann–Whitney U tests 
were conducted for group comparison in (e) and (f), and p -values less than 0.05 were considered statistically significant. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

N50 = 2.9 kb, Table S2 ), which could help achieve better
resolution for the genetic context analysis of ARGs. In total,
1,843,108 ARG-carrying long reads were retrieved from the
Nanopore data, encoding 1,452 unique ARG subtypes, while
only 22,302 Illumina reads-assembled contigs were found to
carry ARGs. Given the current challenges in accurate plasmid
host prediction, 1,336,831 (72.5% of total ARG-carrying long
reads) nonplasmid reads were kept for downstream taxonomy
annotation, of which 97.0% could be assigned to the species
level and retained for ARG host analysis (without short-read
correction). 
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ARG-carrying long reads were assigned to 15,642 bacterial species
across 78 phyla, and 4.1% of the host species were identified as
potential pathogenic bacteria, which were primarily affiliated 
with Proteobacteria. Notably, 42.5% of the chromosomal ARGs 
were found to be hosted by these pathogenic bacteria, demon-
strating pathogens as major ARG carriers. A few ARG types
tend to be carried by specific phyla (Figure 3a ). For example,
Proteobacteria was the predominant host phylum, contributing 
to more than 80% of the abundances of beta-lactam, multidrug,
polymyxin, and quinolone resistance genes. In contrast, tetra- 
cycline, trimethoprim, and vancomycin resistance genes were 
5 of 16



FIGURE 3 ARGs and their bacterial hosts in community sewage. (a) Sankey diagram illustrating the host range of ARGs at different taxonomy 
levels. The most abundant 20 species ranked by the ARG abundance were shown, with potential pathogenetic hosts highlighted in bold. (b) The ARG 

diversity and detection rate of bacterial hosts. The top 20 species that harbored the most diverse ARGs were shown. Different phyla were indicated 
in different colors. (c,d) The correlation between the percentage of all detected species (c) and Escherichia coli (d) with the ARG abundance across all 
samples. (e) Network analysis showing the co-occurrence of ARGs and their assigned hosts at the species level. Nodes of species were denoted in different 
colors by their phylum, with pathogens labeled in red circles. ARG nodes shared by multispecies and multiphyla were highlighted in purple and red, 
respectively. Thickness of the edges denoted the number of reads supporting the ARG-species links. Node size of species denoted their ARG abundance. 
The graph layout was manually adjusted for better visualization. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

preferentially hosted by Firmicutes_A, which was the second-
largest contributor of ARGs. Remarkably, Escherichia coli was
the host for 27.9% of all chromosomal ARGs and up to 214
ARG subtypes (belonging to 20 ARG types), which was much
higher than other host species (Figure 3a,b ). ESKAPE pathogens,
such as Klebsiella pneumoniae , Acinetobacter baumannii , and
Pseudomonas aeruginosa , were also found to carry a high diversity
of ARGs, which may challenge their infectious treatment by
antibiotics (Figure S11 ). Interestingly, we found that the per-
centage of E. coli showed the highest degree of correlation with
both total and risk Rank I [ 23 ] ARG abundance among all
detected species (Figure 3c,d ). Together with its high prevalence
across samples, E. coli could be a potential indicator bacterium
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for sewage-based AMR surveillance, which was consistent with 
previous studies [ 30, 31 ]. 

The ARG-host cooccurrence network graph was further con- 
structed to investigate the ARG-sharing status between host
species. We found that some ARGs were limited to specific
hosts. However, a large portion of other ARGs were shared
between taxa, among which erm (B) (MLS), tet (W) (tetracycline),
and lnu (C) (MLS) were the ARGs associated with the highest
number of host species (Figure 3e ). Interestingly, only a few ARGs
were hosted by multiple phyla. A phylum-level clustering was
observed, indicating that phylogenetic barriers constrained the 
dissemination of the majority of ARGs, which was in accordance
Advanced Science, 2026



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

with previous studies [ 32–34 ]. Again, E. coli , as well as the
ESKAPE pathogens, were found to share a large number of
ARGs with other species, indicating their significant roles in ARG
transmission. 

2.5 Mobility Potential of ARGs in Community 
Sewage 

The 506,277 ARG-carrying plasmid reads were considered for
further analysis of the mobility potential of ARGs. As expected,
ARGs were more frequently detected on the plasmid sequences
than on the chromosomes ( p -value < 0.01, Figure S12 ), con-
firming plasmids as major vectors of ARGs. Around 30.2%
of ARG abundances belonging to 1,016 unique ARG subtypes
were found to be located on plasmids, among which 82 ARG
subtypes were only associated with plasmids, including blaNDM 

—
a carbapenemase of clinical concern typically located on plasmids
[ 35 ]. Different ARG types exhibited varying mobility potential,
with sulfonamide- (75.2%), quinolone- (56.4%), aminoglycoside-
(47.0%), and trimethoprim- (42.9%) resistance genes being more
frequently carried by plasmids (Figure 4a and Table S3 ). 

MGEs are capable of shuffling ARGs between bacterial cells or
between chromosomes and plasmids/phages within the same
cell, thus facilitating resistance transmission and maintenance
[ 36 ]. Our results showed that MGEs was strongly correlated with
ARGs in both abundance and diversity (Figure S13 ). We then
searched for ARGs that were in close proximity to the putative
MGEs (5 kb upstream and downstream) to identify potentially
mobile ARGs. A total of 753 ARG subtypes were found to have
MGEs in the flanking regions, of which 588 (78%) were associated
with more than one type of MGEs (Figure 4b ). Each ARG type
was apt to have different MGEs nearby, with aminoglycoside
and beta-lactam resistance genes associated with the highest
number of unique MGEs, and these two ARG types constituted
a large proportion of the potentially mobile ARGs (Figure 4c ).
Of note, IS240 was the MGEs occurring in proximity with
most diverse ARGs (473 subtypes), including clinically important
blaCTX-M 

, blaKPC , mcr , and tet (X). The ARG-MGE combination
of aadA -PhgIntegrase, APH(3’’)-Ib -Tn3, APH(6)-Id -Tn3, erm (B)-
PhgIntegrase, lnu (C)-IS1595, sul1 -IS240, and tet (M)-Tn916 were
detected across all samples. These prevalent ARG-MGE pairs
were observed to have a wide host range, indicating the pivotal
role of these MGEs in mediating the transfer of ARGs (Figure 4d ).
Additionally, ARGs associated with more types of MGEs in
the surrounding regions demonstrated higher dissemination
potential and were likely to have broader phylogenetic reach
(Figure 4e ), which was consistent with previous studies that
the spread of ARGs was constrained by their associated MGEs
[ 33 ]. However, some ARGs with multiple adjacent MGEs still
exhibited a limited number of host species, which might be due
to each ARG’s distinct dissemination patterns and functional
constraints. 

2.6 Transmission Mode and Status of ARGs in 

Hong Kong Communities 

Horizontal and vertical gene transfer are two major mechanisms
for ARG dissemination [ 37 ]. To assess potential health risk of
Advanced Science, 2026
ARGs, it is of great importance to understand the transmission
mode and status of ARGs, especially those clinically relevant
ones. As the relatively high error rate of Nanopore raw reads
precluded mutation detection, the Nanopore reads were then 
assembled and polished with Illumina reads to improve sequence
quality for better ARG homology analysis and genetic context
retrieval. 

Overall, a total of 6,261,029 contigs were yielded from all samples
with a median N50 length of 48.7 kb (Table S2 ), of which
40,454 were identified as ARG-carrying contigs. Only those with
at least 5 kb flanking regions to the annotated ARGs were
then retained for the following analysis. Homology analysis, 
host association, and genetic organization of ARG variants with
clinical relevance were carried out to deduce their local spread
and future dissemination potential, assuming that highly similar
ARGs detected in multiple host species with neighboring MGEs
were caused by HGT [ 38 ]. As expected, ARGs displayed diverse
transmission patterns and could be categorized into four major
types. 

Type I ARGs showed characteristics of wide host range and
high sequence heterogeneity, as exemplified by tet (M) (tetra-
cycline). tet (M) was detected in 37 bacterial species across
four phyla (Figure 5a ), exhibited high sequence divergence
from the orthologs, and mostly associated with MGEs Tn916
and PhgIntegrase. This suggested that this ARG might have
disseminated among diverse hosts in local communities and 
develop high sequence divergence, and it still possessed poten-
tial for future dissemination given its strong associations with
MGEs. 

Type II ARGs were characterized by a wide host range but high
sequence conservation, as exemplified by dfrF (trimethoprim). 
dfrF was carried by 52 species across three phyla, mostly affiliated
with Lachnospirales, and occasionally found on plasmids, but 
its sequences were highly similar, with only two clades of close
phylogenetic distances (Figure 5b ). The genetic patterns associ-
ated with MGEs were well-conserved, with the first clade located
upstream of MGE Recombinase and the second clade in proximity
to MGE Tn916 and PhgIntegrase, which were speculated to be
responsible for the mobilization of dfrF . The high dissemination
potential of these ARGs made them more likely to transfer
from commensal gut bacteria, like Lachnospirales, to human 
pathogens and endanger public health. 

Type III ARGs were mostly plasmid-associated, which 
showed widespread occurrence across different local regions, 
as exemplified by blaTEM-1 (beta-lactam) (Figure 5c ). The 
sequences of blaTEM-1 were highly similar, while its genetic 
structures varied considerably, involved with different types 
of MGEs, and sometimes cooccurred with ARGs that confer
resistance to other antibiotics (e.g., aminoglycosides and 
trimethoprim). Although the exact host range of plasmids was
not investigated in the present study, these plasmid-associated
ARGs showed potential to transfer across bacterial hosts
and might accelerate the further dissemination of antibiotic 
resistance. 

Type IV ARGs showed narrow host ranges and exhibited
relatively low mobility potential, with no MGEs observed in
7 of 16



FIGURE 4 Analysis of ARG mobility potential. (a) The distribution of ARGs on plasmids (green) and chromosomes (blue) by ARG types. (b) Pie 
chart illustrating the proportions of ARGs associated with one or more types of adjacent MGEs within 5 kb flanking regions (among the 1,423 detected 
ARGs). (c) The association of ARGs with adjacent MGEs. Circle size denoted the ARG abundance in each ARG type located in close proximity to the 
corresponding MGE types. Top bar chart showing the number of unique ARG subtypes found to be associated (red) or not associated (blue) with MGEs. 
Labeled numbers were the percentage of MGE-associated ARGs in each ARG type. (d) Heatmap showing the host range of ARGs associated with specific 
MGE types. Only the top 20 ARGs with the broadest phylogenetic reach were presented. Black boxes indicated the ARG-MGE pairs that were detected 
across all samples. (e) The relationship between the host ranges of ARGs and the number of MGE types they were associated with. Each point represented 
an individual ARG subtype. The top 10 ARGs with the most diverse host species were labeled. 

 

 

 

 

 

 

 

 

 

their flanking regions or carried by plasmids, as exempli-
fied by ICR-Mo (polymyxin). ICR-Mo was found to be exclu-
sively chromosomally encoded and evolved within Moraxella_A
species (Figure 5d ), indicating that its transmission might pri-
marily rely on the proliferation of bacterial hosts to their
offspring. Therefore, the group of ARGs might have a low
potential health risk as it cannot jump to human pathogens
easily. 
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3 Discussion 

3.1 Upstream Sampling Strategies Show 

Superiority in Reflecting Human-Sourced Resistome 

Due to the transmission complexity of AMR, enhanced AMR
surveillance is urgently needed to understand to what extent
and in which way AMR spreads. Metagenomics-based sewage 
Advanced Science, 2026



FIGURE 5 Transmission patterns of clinically relevant ARGs with varying risk levels revealed by ARGs’ homology and their genetic contexts, as 
represented by (a) tet (M), (b) dfrF , (c) blaTEM-1 , and (d) ICR-Mo . For each ARG subtype, a phylogenetic tree was constructed using multiple sequence 
alignment of all detected variants with at least 5 kb flanking regions. Topological confidence is displayed as numbers adjacent to the nodes. Assigned 
bacterial hosts of ARGs were presented in gradient colored shade, with potential pathogenetic hosts depicted in red asterisks, and no colors were applied 
for ARGs located on plasmid contigs. Sampling sites and corresponding districts of the detected ARGs were indicated on the right side of the phylogenetic 
trees. The gene arrangement of each variant was plotted as colored arrows, with targeted ARGs colored in red, other ARGs colored in grey, and associated 
flanking MGEs (5 kb upstream and downstream of the ARGs) colored according to their types. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

surveillance has been considered a promising tool to mirror the
overall AMR profiles of the communities in the catchment areas,
including carriage among both patients and healthy populations
[ 7 ]. However, in addition to human waste, sewage contains
microorganisms from multiple sources. Unlike surveillance of
infectious disease agents that were mainly derived from human
bodies, sewage resistome could have human and environmental
origins, and to what extent sewage could mirror population-
level AMR burden needs to be determined. The spatial resolution
for sewage surveillance programs varied from building levels to
WWTP levels, with sewer manholes and WWTP inlets being
the typical sampling sites. By comparing with local human
feces metagenomic data, we found that the community sewage,
geographically very close to human hosts, could better represent
the gut resistome of the human population than WWTP influent,
although its resistome was still distinct from that of human feces.
Interestingly, the community sewage comprised almost all ARGs
detected in the human fecal dataset, highlighting its value as
composite samples to collectively monitor ARGs that circulated
within local populations. 

The resistome compositions shifted as human feces passed
through the sewage system, and the community sewage resistome
has high similarity to the human feces resistome compared to that
of the WWTP influent. Our analysis showed that this was closely
associated with bacterial community change, which might be due
to the attenuation of obligate anaerobic human fecal bacteria as
they entered the aerobic environment [ 39 ], as well as the increase
of resident bacteria from biofilm shedding and turbulence-
induced sediment resuspension [ 40 ]. The nonhuman-sourced
inputs would presumably interfere with the sewage surveil-
lance of ARGs, and more upstream sampling strategies could
help diminish this kind of stochastic noise. A recent study
also demonstrated that sampling sites closer to human source
could better reflect human-derived microorganisms [ 22 ]. These
findings could be helpful for better interpretation of the
Advanced Science, 2026
sewage metagenomic data for epidemiological purposes in future
efforts. 

It should be noted that Hong Kong adopted a separate sewer
system without rainwater inputs, and the total traveling distance
of sewage from residential buildings to WWTPs was relatively
short, which limited opportunities for environmental bacteria 
introduction. Despite this, a significant human fecal “signal 
dilution” was observed from upstream sampling sites to WWTP 
influent. When extrapolating this finding to areas with com-
bined sewer systems or longer sewage transportation time, the
disparity could be even more pronounced. For example, in
studies conducted in USA [ 41 ] and Canada [ 42 ], human-derived
microorganisms were reported to represent only 10%–15% and 7%
of the microbial communities of the WWTP influent. While there
is a trade-off between spatial resolution, local deployability, and
cost-effectiveness, the optimal location of sampling sites should
be carefully designed and selected, which might be supported by
algorithms [ 43 ]. 

3.2 Short-Term Bloom of Specific 
Microorganisms Should Receive Further Attention 

We found diverse and abundant ARGs belonging to almost all
types of antibiotics in the community sewage. ARGs conferring
resistance to tetracycline, multidrug, and MLS constituted the 
highest relative abundance, with bacA , erm (B), ugd , tet (O), and
qnrS2 being the dominant subtypes. This could stem from
multiple interconnected factors related to antibiotic usage, envi- 
ronmental selective pressure, genetic mobility, and resistance 
mechanisms. It should be noted that bacA was observed to encode
undecaprenyl pyrophosphate phosphatase in E. coli (involved in 
bacterial cell wall biosynthesis) [ 44 ], and its overexpression has
been shown to result in bacitracin resistance [ 45 ]. Consequently,
the observed high bacA abundance in our samples should be
9 of 16



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

interpreted cautiously since metagenomics alone cannot con-
firm its phenotypic resistance level. Future studies employing
transcriptomics and phenotypic assays are essential to eluci-
date the functional contribution of bacA and similar genes to
the resistome. The prevalence of most ARG subtypes between
summer and winter seasons suggested the consistent sources
and stable microbial reservoirs of community sewage. The core
resistome comprised only 181 ARG subtypes while contributing
to a large portion of the total resistome abundance, underscoring
their significant roles in shaping the resistome profile and the
necessity for examining these persistent and abundant ARGs.
Similar results regarding the core resistome of urban sewage
[ 46 ] and activated sludge [ 47 ] have been previously reported.
Seasonal variation driven by significant abundance changes of
specific ARGs was observed, potentially linked to differences in
antibiotic usage and sewage temperature. While local prescrip-
tion data were unavailable, increased antibiotic consumption
during winter seasons—as documented in other Chinese cities—
offers a plausible explanation for this pattern [ 48, 49 ]. Sewage
temperature, inferred from average ambient temperature during
summer (29 ◦C) and winter (18 ◦C) sampling periods, likely
further influenced the resident sewer bacterial communities
and associated ARG profiles [ 41 ]. Moving forward, multisector
collaboration will be essential to build integrated datasets that
could better resolve the seasonal dynamics of ARGs. No distinct
clustering based on the district was observed, possibly due to the
relatively small geographical range of this study and high social
interaction intensity within these densely populated areas. 

Remarkably, several sampling sites showed relatively high ARG
abundance in the winter season, which was most likely caused
by E. coli , as we found the predominance of E. coli in these
samples. Such short-term bloom of E. coli might be caused
by norovirus-driven gastroenteritis outbreaks in the population
(which occur more commonly in winter [ 50 ]), and the infection
was observed to disrupt the gut microbiota with a significant
increase in E. coli [ 51 ]. The clinical surveillance data based on
fecal sample testing revealed a clear peak in Norovirus detections
in January 2022 (Figure S14 ). The alignment of this peak with
the winter sampling period further substantiated the hypothesis.
However, the potential influence of other contributing factors
on this phenomenon cannot be ruled out, such as resistant
bacteria enrichment due to seasonal increases in antibiotic
prescriptions [ 48 ], prolonged bacterial survival due to lower
sewage temperatures [ 52 ], and in-sewer bacterial growth due to
reduced sewage flow rate [ 53 ]. The representativeness of these
samples in this study for ARGs in the population needs further
investigation, and more longitudinal surveillance is suggested
to provide a comprehensive picture. Also, although sampling
at sewer manholes, the population mixing and infrastructure
homogenization could still dilute localized signals, and more
targeted upstream sampling at single-function infrastructures
(e.g., residential buildings, schools, and hospitals) could better
resolve resistome in the community sewage. 

3.3 Long-Read Sequencing Could Extensively 
Uncover the Host Range and Mobility of ARGs 

The considerably long reads generated by Oxford Nanopore
sequencing demonstrated unparalleled advantages for ARG
10 of 16
contextual analysis, as they may span the repetitive regions
commonly flanking ARGs that are difficult to assemble from
the highly fragmented short-read data. Advancing AMR manage- 
ment requires comprehensive databases that contain not only the
occurrence of ARGs but also their host ranges to help determine
the risk of ARGs to human health and develop targeted mitigation
strategies to mitigate their spread [ 54 ]. We found that the majority
of ARGs in community sewage originated from members of
Enterobacteriaceae, many of which were closely associated with 
clinical infections, such as Escherichia, Klebsiella , and Enter-
obacter [ 55 ]. ARGs conferring resistance to last-resort antibiotics,
such as carbapenemase genes and colistin resistance genes, were
detected and occasionally carried by human pathogens, which 
should receive further public health attention. 

It should be noted that the host-tracking of ARGs could be
biased by the taxonomic classification tool and the reference
database available. To achieve reliable ARG host assignment,
only sequences with ≥ 1 kb flanking regions were used in
this study. However, there could still be some misclassifications
between closely related taxa, and species not represented in the
current database remain unidentifiable. Also, metagenomes were 
unable to provide high-confidence host assignment information 
for plasmid-born ARGs, especially for those carried by broad-
host-range plasmids. Thus, the plasmid sequences were not 
included in the host analysis in this study. The exact host
range of those plasmid-associated ARGs could be investigated 
through advanced genomic analysis, such as DNA methylation 
profiling. In addition, other culture-independent techniques, 
such as single-cell sequencing, genomic cross-linking, and fusion
PCR (epicPCR), could also help link ARGs with their hosts in
complex communities [ 54 ]. 

The mobility of ARGs is suggestive of their transmission potential
and essential for assessing their health risk. Taking advantage
of long-read sequencing, we obtained a comprehensive picture 
of the mobile resistome in Hong Kong community sewage.
We found that a larger proportion of ARGs were located on
chromosomes, and the transfer potential of ARGs encoding 
resistance to different types of antibiotics varied significantly, 
with sulfonamide resistance genes exhibiting the highest mobility
due to their close association with class 1 integrons [ 56 ]. To
provide direct evidence, a representative Nanopore long read 
harboring the intI1 - qacE Δ1 - sul1 cassette array in our dataset
has been deposited in GenBank (BioProject PRJNA1207805). No 
significant seasonal difference was observed regarding the genetic
location of ARGs, with 29.5% and 30.7% of ARG abundances
located on plasmids in summer and winter, respectively. It should
be noted that metagenomic data might partly underestimate the
plasmid content, and plasmid enrichment processes could help 
better reveal the plasmid resistome of the samples [ 57 ]. 

By searching for MGEs in the flanking regions of ARGs, we
further identified ARGs that were possibly mobilized by MGEs.
Many ARG-MGE combinations were detected in our data, 
displaying varying phylogenetic reach, many of which were 
sometimes carried by human pathogens, thus posing high risks
to public health. IS240 family stood out as the most noteworthy,
associated with the highest number of unique ARGs, coinciding
with previous findings [ 33 ]. Insertion sequences (ISs) are known
to play important evolutionary roles in genome plasticity [ 58 ].
Advanced Science, 2026



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Although they could not directly assist the intercellular move-
ment, the interaction between conjugative plasmids and ISs has
been demonstrated as a significant mechanism for the horizontal
transfer of ARGs [ 38 ]. Interestingly, we found phage integrase
frequently co-occurred with a wide range of ARGs, similar to
results in a previous study [ 59 ]. While there is still controversy
over the contribution of phages to the resistome [ 60 ], the role of
phages in spreading ARGs should be further explored. 

3.4 Resolving ARG Variants and Their Genetic 
Contexts May Enhance the Existing ARG Risk 

Assessment Framework 

Despite the sequencing accuracy of Nanopore long reads gen-
erated using Q20 + chemistry being largely improved for better
gene identification (mean read quality of 20.3, Table S1 ), potential
basecalling errors still hindered the detection of actual sequence
variants and homology analysis. For this reason, we used short-
read-polished long-read assemblies to analyze the individual
ARGs as well as their genetic contexts. 

Based on the assumption that highly similar ARG sequences
detected across taxa were caused by gene mobilization [ 38 ], the
sequence diversity of ARGs, together with the arrangement of
their neighboring genes, were used to deduce the evolution of
ARGs. We found diverse ARG transmission patterns in Hong
Kong community sewage, each with different degrees of potential
risk: (1) Type I ARGs exhibited higher sequence divergence and
more complicated genomic background, which might be shaped
by their widespread transmission and diverse evolutionary pro-
cesses, indicating their existing high risk to local populations.
These ARGs typically conferred resistance to antibiotics with
early and wide clinical usage. Continuous tourism and immi-
gration that introduced exogenous ARG variants could also
contribute to this. (2) Type II ARGs displayed well-conserved
sequences and flanking MGEs across multiple bacterial species
and plasmids, implying their relatively short time since first
emergence in local communities and frequent HGT events.
Intensive monitoring and effective intervention strategies will be
beneficial to manage their potential spread in the future. (3) Type
III were those plasmid-born ARGs that showed highly identical
sequences with varying genetic context, which suggested their
potential transfer and continuous reorganization among plasmid
sequences. These ARGs should receive further attention, and
studies should be conducted in the future to determine their
occurrence among bacteria. (4) Type IV ARGs showed narrow
host ranges and were rarely flanked by MGEs, which were
supposed to spread mainly through vertical gene transfer (VGT).
These ARGs demonstrated relatively low mobility potential for
future dissemination and would pose a lower risk to public
health. 

We hope to use this as a demonstration to provide insights for
enhancing the current ARG risk assessment framework from
an evolutionary perspective. However, it should be noted that
our evolutionary inference relied on the assumption of uniform
mutation rates. Since mutation rates can vary across species
in reality [ 61 ], this simplification may affect divergence time
estimation. Furthermore, the varying fitness cost among mutants
[ 62 ] and the occurrence of compensatory mutations [ 63 ] may
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also confound the interpretation. For instance, in addition to
HGT events, sequence conservation of an ARG could also arise
from purifying selection due to functional constraints [ 64 ] or
from compensatory mutations that mitigate fitness costs without 
altering the ARG sequences [ 65 ]. Therefore, while our framework
offered a practical tool for prioritizing ARGs with different
observed dissemination characteristics, future studies incorporat- 
ing evolutionary rate analyses and experimental validation will be
essential to delineate their precise evolutionary history. 

Notably, relying solely on ARG sequence similarity comparisons
may lead to overestimating gene transfer events. Incorporating
an analysis of the genomic background could help achieve more
conservative and accurate conclusions. Besides, this could facili- 
tate our understanding of the transmission mechanism of specific
ARGs regarding their transfer modules. For example, lnu (C)
(MLS) was found to be almost exclusively flanked by IS1595, an
ISXO2-like transposase domain, across distinct bacterial species, 
and this gene arrangement has been previously reported in other
studies [ 66 ]. Interestingly, we found varying completeness of
specific MGEs that flanked a certain ARG, which might be caused
by their dynamic evolution when ARGs stabilized in new hosts
[ 38 ]. Also, it is important to keep in mind that some neighboring
MGEs might not be involved in ARG mobilization (e.g., IS5 was
reported to be possibly responsible for modulating the expression
of tet (W) rather than mobilization [ 67 ]), and their actual mobility
needs further in vitro experimental validation. 

The analysis of transmission patterns underscored the impor-
tance of incorporating long-read sequencing into AMR metage- 
nomic surveillance to better uncover the modularity of ARGs,
track their phylogenetic prevalence, and predict their future dis-
semination. As this study only focused on Hong Kong community
sewage, we did not observe distinct geographical clustering for
transmission, and the generalizability of the transmission pattern 
to other regions remains uncertain. Further research is needed to
explore the global dissemination patterns of ARGs. 

4 Conclusions 

As one of the greatest challenges of the 21st century, AMR shows
a significant impact on both public health and the economy, high-
lighting the urgent need for enhanced AMR surveillance. In this
study, we reported the first work combining both long-read and
short-read sequencing technologies for large-scale AMR sewage 
surveillance to comprehensively characterize the antibiotic resis- 
tome of community sewage across Hong Kong. We observed
significant seasonal patterns in the high-resolution resistome 
profiles as driven by variation of specific ARG types, while no
distinct spatial pattern was found. Notably, community sewage 
was demonstrated to be a superior proxy to human gut resistome
compared to WWTP influent, suggesting it as a robust sentinel for
monitoring population-level AMR burdens. The documentation 
of a substantial human-associated-ARG reduction during sewage 
conveyance provides insights for antibiotic resistance manage- 
ment and caution for WWTP influent-based antibiotic resistance
surveillance. The integration of long reads significantly advanced 
the resolution of ARG host tracking and genetic context profiling,
elucidating previously underexplored ARG dynamics. By further 
combining with the phylogenetic diversity of ARGs, this study
11 of 16



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

identified four antimicrobial resistance transmission patterns.
Among the transmission patterns, some ARGs exhibited long-
term local transmission, some demonstrated potentially frequent
HGT, while others primarily propagated through VGT. These
could provide new insights into the spread of ARGs and their risks
to public health. 

We believe that the findings of this study will guide future
efforts toward highly-resolved metagenomic-based longitudinal
AMR sewage surveillance to track AMR trends and transmission
patterns, thereby informing more efficient AMR management
strategies. As demonstrated here by its application on a megacity
scale, the large-scale use of long-read sequencing, complemented
with short-read sequencing, could significantly enhance global
AMR surveillance efforts. The approach established in this
study offers a baseline framework to support advancing sewage
metagenomic surveillance in the future. 

5 Experimental Section 

5.1 Sewage Sample Collection and Pretreatment 

The 3-h composite community sewage samples were collected
in the morning peak (8–11 am, 15-min interval) from manholes
at 95 stationary sites (upstream in the sewage collection system
compared to WWTP inlets) across all 18 districts in Hong Kong
using the autosamplers, with approximately 1 L per sample.
These sampling sites had population sizes ranging from 10,000
to 264,000 people, covering 68.2% of the Hong Kong citizens in
total. In total, 190 samples were taken in two separate sampling
campaigns in May 2021 and January 2022 to account for seasonal
differences, during which there was no significant COVID-19
case surge in Hong Kong. All the samples were delivered to
the laboratory and underwent immediate processing. For each
sample, pellets were obtained from 40 mL of the sample after
centrifuging at 4,750 × g for 30 min and stored at − 80◦C until DNA
extraction. 

5.2 DNA Extraction and Purification 

DNA extraction for the sewage samples was conducted using
the DNeasy PowerSoil Pro Kits (Qiagen, Germany) on the
QIAcube Connect Extraction System (Qiagen, Germany) with a
final elution volume of 50 µL. All DNA samples were purified
using AMPure XP beads (Beckman Coulter) at 1:1 bead: sample
ratios. DNA concentrations and purity were measured using a
Qubit Fluorometer (ThermoFisher Scientific, USA) and Nan-
oDrop Microvolume Spectrophotometers (ThermoFisher Scien-
tific, USA), respectively. High-quality DNA samples (OD 260/280
ratios of 1.8–2.0 and OD 260/230 ratios of 2.0–2.2) were used for
Nanopore and Illumina sequencing. 

5.3 Illumina Sequencing and Data QC 

The construction and sequencing of shotgun libraries were
conducted for samples with sufficient DNA mass on the Illumina
NovaSeq6000 platform using the PE150 strategy by the Shanghai
Majorbio Bio-pharm Technology Co., Ltd, and the average depth
12 of 16
was ∼ 10 Gb (Table S1 ). The metagenomic reads were filtered using
fastp v0.23.4 [ 68 ] with default parameters. Human sequences
were identified by mapping reads to the human reference
genome (T2T-CHM13 v2.0) [ 69 ] using bowtie2 v2.5.4 [ 70 ]. Paired
reads were removed if either read was mapped to the human
genome. 

5.4 Nanopore Sequencing and Data QC 

Nanopore sequencing libraries were prepared using the Native 
Barcoding Kit 24 V14 (SQK-NBD114.24) following the manu- 
facturer’s instructions. Barcoded samples were pooled together, 
and the final libraries were sequenced on the Oxford Nanopore
PromethION R10.4.1 flow cells (FLO-PRO114M) for at least 72
h. Community sewage samples with sufficient DNA mass were
subjected to Nanopore sequencing, and a total of 32 PromethION
flow cells were used (Table S1 ). The raw Nanopore fast5 data
were basecalled using Guppy v6.5.7 with the SUP model to
return fastq files. The demultiplexed Nanopore reads were filtered
using NanoFilt v2.8.0 (https://github.com/wdecoster/nanofilt) to 
remove reads shorter than 1000 bp, and low-quality reads with
average quality scores of less than 10. Human sequences were
removed by mapping reads to the human reference genome using
minimap2 v2.26 [ 71 ]. 

5.5 Process Control 

As the batch effect is one of the major concerns for large-scale
metagenomic analysis, we prepared sewage reference samples 
(well-homogenized mixtures of influent samples collected from 

11 WWTPs) following the protocol of Yang et al. [ 72 ] Briefly,
500 mL of each sample was centrifuged at 4,750 × g for 30 min,
and the pellets were resuspended using phosphate-buffered saline 
(PBS) to 20 mL. All samples from 11 WWTPs were mixed, then
transported into a flask and orbitally shaken at 180 rpm for 2 h
with silica beads. The homogenized sample was magnetically 
stirred and aliquoted into equal portions of 2 mL each. Pellets
of aliquots were collected after centrifuging at 20,000 × g for
3 min and stored at -80◦C till further use. We processed one
reference sample in parallel to the sewage samples in each batch
to assess the quality of our DNA extraction, library preparation,
and sequencing procedures. These sewage reference samples with 
similar levels of microbial composition complexity as community 
sewage allow for a holistic evaluation of batch effects on sample
profiling as a part of QA/QC (quality assurance and quality
control) to ensure reliable metagenomic analysis. 

5.6 Collection of Datasets of Human Feces and 

WWTPs Influent 

Human feces metagenomic data of the Hong Kong population
cohort ( n = 200) were retrieved from the NCBI SRA database
(accession PRJNA557323). There were 116 females to 84 males,
self-reported as healthy. Their median age at the time of sample
collection was 53 years (SD 16.4 years), and their median body
mass index was 22.7 kg/m2 (SD 3.2). Influent metagenomic data
of 14 Hong Kong WWTPs ( n = 28) were obtained from our another
project. Fastq reads went through the same QC workflow as
Advanced Science, 2026
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for the community sewage data. To estimate the proportions of
human feces contributed to the community sewage resistome
and WWTP influent resistome, modeling of microbial source
tracking (MST) was conducted using SourceTracker v1.0.1 with
default settings [ 73 ] based on ARG compositions at the gene
level. 

5.7 Annotation of ARGs and MGEs 

For Illumina data, ARGs were detected and quantified by aligning
reads using the ARGs-OAP pipeline v3.2.2 with default settings
[ 74 ], where the abundance of ARGs was normalized by cell
numbers. Following the same procedure, MGEs in the samples
were quantified by replacing the reference database with a
comprehensive MGE database [ 33 ] in the ARGs-OAP v3.2.2, with
the unit of copies of MGEs per cell. 

For Nanopore data, ARGs were identified by aligning reads
against the SARG database v3.2.2 using the BLASTX function of
DIAMOND v2.1.8 [ 75 ] at a maximum e-value of 1e-20, a minimum
identity of 80%, and a minimum subject coverage of 80%. The
ARG abundance in the unit of copies of ARGs per cell was
calculated using the following equation [ 76 ] 

Abundanc eARG =
∑𝑛 

𝑖= 1 𝑅𝑖 

𝐿 ×𝑁 

(1)

where n represents the number of reads carrying the specific
ARG; Ri represents the alignment length of the specific ARG
on readi ; L represents the length of the specific ARG reference
sequence; N represents the genome copy number in the dataset
derived by Melon v0.1.0 [ 77 ]. 

Identification of MGEs located on the ARG-carrying reads was
performed using minimap2 v2.2671 against the MGE database
mentioned above with a minimum identity of 80% and a min-
imum subject coverage of 80%. The ARG-MGE co-occurrence
patterns were studied based on ARGs and their adjacent MGEs
within 5 kb upstream and downstream regions [ 78 ]. 

5.8 Plasmid Classification 

Nanopore reads with at least 1 kb additional length besides the
ARG-mapped regions were used for downstream analysis. To
identify the ARG-carrying reads with potential plasmid origin,
the following three methods were used: (1) geNomad v1.7.4
with default parameters [ 79 ], (2) PLASMe v1.1 with default
parameters [ 80 ], (3) reads aligned to PLSDB 2023_11_03_v2 [ 81 ]
with minimum identity 80% and minimum query coverage 80%
using minimap2 v2.26 [ 71 ]. Reads annotated as plasmid sequences
by at least two of the three methods were determined as plasmid
origin. 

5.9 Taxonomy Classification and ARG Host 
Identification 

The microbial compositions for Illumina data were classified
using Kraken2 v2.1.3 [ 82 ] with a custom database generated from
Advanced Science, 2026
GTDB (release 207) [ 83 ], and the percentages of taxa in each
sample were further estimated by Bracken v2.9 [ 84 ]. Taxa with
percentages lower than 0.01% were removed from the profile
to avoid false positive results. Identification of ARG hosts for
Nanopore reads was also performed using Kraken2 v2.1.3 with
the same above database. Only nonplasmid reads assigned to the
species level were used for downstream analysis. Pathogenic hosts
were identified by comparing the species-level taxonomic results
to the gcPathogen database [ 85 ] (modified based on the GTDB
taxonomic system). 

5.10 Homology and Phylogenetic Analysis of 
ARGs and Genetic Context 

To further look into the ARG variant sequences and their genetic
contexts, the Nanopore reads were de novo assembled using
Flye v2.9.2 [ 86 ] with the mode “—meta,” followed by three
cycles of polishing using Illumina reads with Pilon v1.24 [ 87 ].
The open reading frames (ORFs) of the corrected contigs were
predicted using Prodigal v2.6.3 [ 88 ] with the “-p meta” option.
The ARGs-like ORFs were identified using the BLASTP function
of DIAMOND v2.1.8 against the SARG database v3.2.2 at e -
alue ≤ 1e-20, identity ≥ 80%, and subject coverage ≥ 80%.
The 5 kb upstream and downstream regions of observed ARGs
were extracted using BEDTools v2.31.1 [ 89 ], and the nearby
MGEs were determined using BLASTN [ 90 ] against the above-
mentioned MGE database at e-value ≤ 1e-10 and identity ≥ 80%,
where coverage was not filtered to include MGEs that might
be truncated during evolution [ 38 ]. Contigs with shorter than
5 kb upstream and downstream flanks were excluded from the
analysis. The sequences of ARGs were subjected to multiple
alignment using Clustal Omega v1.2.4 [ 91 ], and the maximum
likelihood tree was then constructed using IQ-TREE2 v2.3.4 [ 92 ]
with the following parameter settings: “-m MFP -B 1000 –alrt
1000.” The hosts of these ARGs were subsequently analyzed as
described above. 

5.11 Statistical Analysis 

Data were analyzed by Mann–Whitney U tests and Wilcoxon
signed rank tests for data comparison, and a p -value of less
than 0.05 was considered statistically significant. Geographical 
location and resistome distribution of different sampling sites
were visualized using QGIS v3.34. Data figures were created
using GraphPad Prism v9.0, R Studio, and Chiplot ( https://www.
chiplot.online/ ). PCoA was performed for multiple sample type
resistome comparison based on the Bray–Curtis dissimilarity 
matrix. Procrustes analysis was performed to investigate the 
relationship between microbial species and ARG compositions. 
The above analysis was conducted using the Vegan [ 93 ] and
ggplot2 [ 94 ] packages in RStudio. Network analysis of ARGs and
their bacterial hosts was conducted using Cytoscape v3.10.1. The
number of reads supporting the links between ARGs and species
was counted and used as the edge weights. Only links supported
by ≥ 10 reads and species assigned with ≥ 5 ARGs were visualized.
The phylogenetic trees and gene arrangements were visualized 
using tvBOT [ 95 ]. 
13 of 16

https://www.chiplot.online/


 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Author Contributions 

J.D., M.W., X.X., D.W., X.C., S.L., X.Z., Y.C., and Y.D. contributed to
methodology. J.D., M.W., X.X., and D.W. performed the investigation. J.D.
and M.W. contributed to formal analysis. J.D. contributed to visualization.
L.L. and T.Z. contributed to supervision. J.D., L.L., and T.Z. contributed to
writing the original draft. J.D., M.W., X.X., D.W., X.C., S.L., X.Z., Y.C., Y.D.,
T.T.Y.L., L.L., and T.Z. contributed to writing, reviewing, and editing. 

Acknowledgements 

This study was financially supported by Theme-based Research Scheme
(No. T21-705/20-N) of Research Grants Council of Hong Kong, General
Research Funds (No. 17202522), Health and Medical Research Fund
(No. COVID1903015). J.D., M.W., X.C., and S.L. thank the University of
Hong Kong for the Postgraduate Studentship (PGS). We appreciate the
assistance of Hong Kong SAR Government for sewage sample collection.
We express our great thanks to Vicky Fung and thank Lilian Y L Chan for
the technical support with the high-performance computing service. 

Conflicts of Interest 

The authors declare no conflicts of interest. 

Data Availability Statement 

All sequencing data generated in this study have been deposited in the
NCBI Sequence Read Archive (SRA) under BioProject accession code
PRJNA1207805. The analysis scripts used in this study are available at
https://github.com/dingjiahui123/Sewage_ARG.git . 

References 

1 . N. Woodford and M. J. Ellington, “The Emergence of Antibiotic
Resistance by Mutation,” Clinical Microbiology and Infection 13 (2007):
5–18. 

2 . C. P. Andam, G. P. Fournier, and J. P. Gogarten, “Multilevel Populations
and the Evolution of Antibiotic Resistance through Horizontal Gene
Transfer,” FEMS Microbiology Reviews 35 (2011): 756–767. 

3 . M. Naghavi, S. E. Vollset, K. S. Ikuta, et al., “Global Burden of
Bacterial Antimicrobial Resistance 1990–2021: A Systematic Analysis with
Forecasts to 2050,” The Lancet 404 (2024): 1199–1226. 

4 . M. Amarasiri, D. Sano, and S. Suzuki, “Understanding human Health
Risks Caused by Antibiotic Resistant Bacteria (ARB) and Antibiotic
Resistance Genes (ARG) in Water Environments: Current Knowledge and
Questions to be Answered,”Critical Reviews in Environmental Science and
Technology 50 (2020): 2016–2059. 

5 . R. Hill, G. D. Stentiford, D. I. Walker, et al., “Realising a Global One
Health Disease Surveillance Approach: Insights from Wastewater and
Beyond,” Nature Communications 15 (2024): 5324. 

6 . M. Mendelson, J. A. Lewnard, M. Sharland, et al., “Ensuring Progress
on Sustainable Access to Effective Antibiotics at the 2024 UN General
Assembly: A Target-Based Approach,” The Lancet 403 (2024): 2551–2564. 

7 . F. M. Aarestrup and M. E. Woolhouse, “Using Sewage for Surveillance
of Antimicrobial Resistance,” Science 367 (2020): 630–632. 

8 . E. T. Rogawski McQuade, I. M. Blake, S. A. Brennhofer, et al., “Real-
time Sewage Surveillance for SARS-CoV-2 in Dhaka, Bangladesh versus
Clinical COVID-19 Surveillance: A Longitudinal Environmental Surveil-
lance Study (December, 2019–December, 2021),” The Lancet Microbe 4
(2023): e442–e451. 

9 . A. J. Lee, S. Carson, M. I. Reyne, et al., “Wastewater Monitoring of
Human and Avian Influenza A Viruses in Northern Ireland: A Genomic
Surveillance Study,” The Lancet Microbe 5 (2024): 100933. 

10 . I. Girón-Guzmán, A. Díaz-Reolid, P. Truchado, et al., “Spanish
Wastewater Reveals the Current Spread of Monkeypox Virus,” Water
Research 231 (2023): 119621. 
14 of 16
11 . T. Yan, P. O’brien, J. Shelton, A. Whelen, and E. Pagaling, “Municipal
Wastewater as a Microbial Surveillance Platform for Enteric Diseases: A
Case Study for Salmonella and Salmonellosis,” Environmental Science & 

Technology 52 (2018): 4 869–4 877. 

12 . F. Wu, A. Xiao, J. Zhang, et al., “Wastewater Surveillance of SARS-
CoV-2 across 40 U.S. States from February to June 2020,”Water Research
202 (2021): 117400. 

13 . W. Ahmed, N. Angel, J. Edson, et al., “First Confirmed Detection of
SARS-CoV-2 in Untreated Wastewater in Australia: A Proof of Concept
for the Wastewater Surveillance of COVID-19 in the Community,” Science
of the Total Environment 728 (2020): 138764. 

14 . M. J. Wade, A. Lo Jacomo, E. Armenise, et al., “Understanding and
Managing Uncertainty and Variability for Wastewater Monitoring beyond 
the Pandemic: Lessons Learned from the United Kingdom National
COVID-19 Surveillance Programmes,” Journal of Hazardous Materials 
424 (2022): 127456. 

15 . Y. Deng, X. Zheng, X. Xu, et al., “Use of Sewage Surveillance for
COVID-19: A Large-Scale Evidence-Based Program in Hong Kong,”
Environmental Health Perspectives 130 (2022): 057008. 

16 . M. E. Knight, G. Webster, W. B. Perry, et al., “National-scale Antimi-
crobial Resistance Surveillance in Wastewater: A Comparative Analysis
of HT qPCR and Metagenomic Approaches,”Water Research 262 (2024):
121989. 

17 . R. S. Hendriksen, P. Munk, P. Njage, et al., “Global Monitoring of
Antimicrobial Resistance Based on Metagenomics Analyses of Urban 
Sewage,” Nature Communications 10 (2019): 1124. 

18 . P. Munk, C. Brinch, F. D. Møller, et al., “Genomic Analysis of
Sewage from 101 Countries Reveals Global Landscape of Antimicrobial
Resistance,” Nature Communications 13 (2022): 7251. 

19 . S. Gupta, X. Wu, A. Pruden, L. Zhang, and P. Vikesland, “Global Scale
Exploration of Human Faecal and Sewage Resistomes as a Function of
Socio-Economic Status,” Nature Water 2 (2024): 975–987. 

20 . J. Su, X. An, B. Li, et al., “Metagenomics of Urban Sewage Identifies an
Extensively Shared Antibiotic Resistome in China,”Microbiome 5 (2017): 
1–15. 

21 . M. V. Prieto Riquelme, E. Garner, S. Gupta, et al., “Demonstrating a
Comprehensive Wastewater-Based Surveillance Approach That Differen- 
tiates Globally Sourced Resistomes,” Environmental Science & Technology 
56 (2022): 14982–14993. 

22 . B. T. Tierney, J. Foox, K. A. Ryon, et al., “Towards Geospatially-
Resolved Public-Health Surveillance via Wastewater Sequencing,”Nature 
Communications 15 (2024): 8386. 

23 . A. Zhang, J. M. Gaston, C. L. Dai, et al., “An Omics-Based Framework
for Assessing the Health Risk of Antimicrobial Resistance Genes,”Nature
Communications 12 (2021): 4765. 

24 . S. Khedkar, G. Smyshlyaev, I. Letunic, et al., “Landscape of Mobile
Genetic Elements and Their Antibiotic Resistance Cargo in Prokaryotic
Genomes,” Nucleic Acids Research 50 (2022): 3155–3168. 

25 . C. L. Gupta, R. K. Tiwari, and E. Cytryn, “Platforms for Elucidating
Antibiotic Resistance in Single Genomes and Complex Metagenomes,”
Environment International 138 (2020): 105667. 

26 . D. Branton, D. W. Deamer, A. Marziali, et al., “The Potential and
Challenges of Nanopore Sequencing,” Nature Biotechnology 26 (2008): 
1146–1153. 

27 . J. Eid, A. Fehr, J. Gray, et al., “Real-Time DNA Sequencing from Single
Polymerase Molecules,” Science 323 (2009): 133–138. 

28 . X. Yin, Y. Yang, Y. Deng, et al., “An Assessment of Resistome and
Mobilome in Wastewater Treatment Plants through Temporal and Spatial
Metagenomic Analysis,”Water Research 209 (2022): 117885. 

29 . P. J. Diebold, M. W. Rhee, Q. Shi, et al., “Clinically Relevant Antibiotic
Resistance Genes Are Linked to a Limited Set of Taxa within Gut
Microbiome Worldwide,” Nature Communications 14 (2023): 7366. 
Advanced Science, 2026

https://github.com/dingjiahui123/Sewage_ARG.git


 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Y  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

A

51–55. 
30 . X. Li, A. Brejnrod, J. Thorsen, et al., “Differential Responses of the
Gut Microbiome and Resistome to Antibiotic Exposures in Infants and
Adults,” Nature Communications 14 (2023): 8526. 

31 . M. F. Anjum, H. Schmitt, S. Börjesson, et al., “The Potential of Using
E. coli as an Indicator for the Surveillance of Antimicrobial Resistance
(AMR) in the Environment,” Current Opinion in Microbiology 64 (2021):
152–158. 

32 . A. Porse, T. S. Schou, C. Munck, M. M. Ellabaan, and M. O. Sommer,
“Biochemical Mechanisms Determine the Functional Compatibility of
Heterologous Genes,” Nature Communications 9 (2018): 522. 

33 . M. M. Ellabaan, C. Munck, A. Porse, L. Imamovic, and M.
O. Sommer, “Forecasting the Dissemination of Antibiotic Resistance
Genes Across Bacterial Genomes,” Nature Communications 12 (2021):
2435. 

34 . S. C. Forster, J. Liu, N. Kumar, et al., “Strain-Level Characterization
of Broad Host Range Mobile Genetic Elements Transferring Antibiotic
Resistance from the Human Microbiome,” Nature Communications 13
(2022): 1445. 

35 . M. Acman, R. Wang, L. van Dorp, et al., “Role of Mobile Genetic
Elements in the Global Dissemination of the Carbapenem Resistance
Gene Bla NDM,” Nature Communications 13 (2022): 1131. 

36 . J. Botelho, A. Cazares, and H. Schulenburg, “The ESKAPE Mobilome
Contributes to the Spread of Antimicrobial Resistance and CRISPR-
Mediated Conflict between Mobile Genetic Elements,” Nucleic Acids
Research 51 (2023): 236–252. 

37 . M. O. Sommer, C. Munck, R. V. Toft-Kehler, and D. I. Andersson, “Pre-
diction of Antibiotic Resistance: Time for a New Preclinical Paradigm?,”
Nature Reviews Microbiology 15 (2017): 689–696. 

38 . Y. Che, Y. Yang, X. Xu, et al., “Conjug ative Plasmids Interact with
Insertion Sequences to Shape the Horizontal Transfer of Antimicrobial
Resistance Genes,” Proceedings of the National Academy of Sciences USA
118 (2021): 2008731118. 

39 . E. C. Pehrsson, P. Tsukayama, S. Patel, et al., “Interconnected Micro-
biomes and Resistomes in Low-Income Human Habitats,” Nature 533
(2016): 212–216. 

40 . W. Li, T. Zheng, Y. Ma, and J. Liu, “Curr ent Status and Future
Prospects of Sewer Biofilms: Their Structure, Influencing Factors, and
Substance Transformations,” Science of the Total Environment 695 (2019):
133815. 

41 . E. L. LaMartina, A. A. Mohaimani, and R. J. Newton, “Urban Wastew-
ater Bacterial Communities Assemble into Seasonal Steady States,”
Microbiome 9 (2021): 116. 

42 . B. Guo, C. Liu, C. Gibson, and D. Frigon, “Wastewater Microbial Com-
munity Structure and Functional Traits Change over Short Timescales,”
Science of the Total Environment 662 (2019): 779–785. 

43 . K. Kim, M. J. Ban, S. Kim, M. Park, M. K. Stenstrom, and J.
Kang, “Optimal Allocation and Operation of Sewer Monitoring Sites
for Wastewater-Based Disease Surveillance: A Methodological Proposal,”
Journal of Environmental Management 320 (2022): 115806. 

44 . M. El Ghachi, A. Bouhss, D. Blanot, and D. Mengin-Lecreulx, “The
bacA Gene of Escherichia coli Encodes an Undecaprenyl Pyrophosphate
Phosphatase Activity,” Journal of Biological Chemistry 279 (2004): 30106–
30113. 

45 . B. D. Cain, P. J. Norton, W. Eubanks, H. S. Nick, and C. M.
Allen, “Amplification of the bacA Gene Confers Bacitracin Resistance to
Escherichia coli,” Journal of Bacteriology 175 (1993): 3784–3789. 

46 . W. Li, F. Mao, C. Ng, et al., “Population-Based Variations of a
Core Resistome Revealed by Urban Sewage Metagenome Surveillance,”
Environment International 163 (2022): 107185. 

47 . X. Yin, Y. Deng, L. Ma, Y. Wang, L. Y. Chan, and T. Zhang, “Exploration
of the Antibiotic Resistome in a Wastewater Treatment Plant by a Nine-
ear Longitudinal Metagenomic Study,” Environment International 133
(2019): 105270. 
Advanced Science, 2026
48 . J. He, E. You, Q. Zhong, and F. Huang, “Trends and Seasonal Variation
of Antibiotic Consumption by Community Residents in Hefei, China,
2012–2016,” Public Health 220 (2023): 27–32. 

49 . H. Zhang, H. Zou, L. Zhao, and X. Li, “Seasonal Distribution and
Dynamic Evolution of Antibiotics and Evaluation of Their Resistance
Selection Potential and Ecotoxicological Risk at a Wastewater Treatment
Plant in Jinan, China,” Environmental Science and Pollution Research 30
(2023): 44505–44517. 

50 . A. K. Kambhampati, L. Calderwood, M. E. Wikswo, et al., “Spatiotem-
poral Trends in Norovirus Outbreaks in the United States, 2009–2019,”
Clinical Infectious Diseases 76 (2023): 667–673. 

51 . A. M. Nelson, S. T. Walk, S. Taube, et al., “Disruption of the Human Gut
Microbiota Following Norovirus Infection,” PLoS ONE 7 (2012): 48224. 

52 . A. S. Dhaulaniya, B. Balan, M. Kumar, P. K. Agrawal, and D. K. Singh,
“Cold Survival Strategies for Bacteria, Recent Advancement and Potential
Industrial Applications,” Archives of Microbiology 201 (2019): 1–16. 

53 . R. Honda, C. Tachi, K. Yasuda, et al., “Estimated Discharge of
Antibiotic-Resistant Bacteria from Combined Sewer Overflows of Urban 
Sewage System,” npj Clean Water 3 (2020): 15. 

54 . E. W. Rice, P. Wang, A. L. Smith, and L. B. Stadler, “Determining
Hosts of Antibiotic Resistance Genes: A Review of Methodological
Advances,” Environmental Science & Technology Letters 7 (2020): 282–
291. 

55 . E. Temkin, N. Fallach, J. Almagor, B. P. Gladstone, E. Tacconelli,
and Y. Carmeli, “Estimating the Number of Infections Caused by
Antibiotic-Resistant Escherichia coli and Klebsiella Pneumoniae in 2014: 
A Modelling Study,” The Lancet Global Health 6 (2018): e969–e979. 

56 . R. S. Dungan and D. L. Bjorneberg, “Antibiotic Resistance Genes, Class
1 Integrons, and IncP-1/IncQ-1 Plasmids in Irrigation Return Flows,”
Environmental Pollution 257 (2020): 113568. 

57 . D. Pellow, A. Zorea, M. Probst, et al., “SCAPP: An Algorithm for
Improved Plasmid Assembly in Metagenomes,”Microbiome 9 (2021): 144. 

58 . M. Touchon and E. P. Rocha, “Causes of Insertion Sequences Abun-
dance in Prokaryotic Genomes,” Molecular Biology and Evolution 24 
(2007): 969–981. 

59 . R. Zhao, K. Yu, J. Zhang, et al., “Deciphering the Mobility and Bacterial
Hosts of Antibiotic Resistance Genes under Antibiotic Selection Pressure
by Metagenomic Assembly and Binning Approaches,”Water Research 186 
(2020): 116318. 

60 . F. Enault, A. Briet, L. Bouteille, S. Roux, M. B. Sullivan, and M. Petit,
“Phages Rarely Encode Antibiotic Resistance Genes: A Cautionary Tale
for Virome Analyses,” The ISME Journal 11 (2017): 237–247. 

61 . B. Gibson and A. Eyre-Walker, “Investigating Evolutionary Rate
Variation in Bacteria,” Journal of Molecular Evolution 87 (2019): 317–326. 

62 . A. Hinz, A. Amado, R. Kassen, C. Bank, and A. Wong, “Unpredictabil-
ity of the Fitness Effects of Antimicrobial Resistance Mutations across
Environments in Escherichia coli,” Molecular Biology and Evolution 41 
(2024): msae086. 

63 . Q. E. Yang, C. MacLean, A. Papkou, et al., “Compensatory Mutations
Modulate the Competitiveness and Dynamics of Plasmid-Mediated Col- 
istin Resistance in Escherichia coli Clones,” The ISME Journal 14 (2020):
861–865. 

64 . M. A. Stiffler, D. R. Hekstra, and R. Ranganathan, “Evolvability as a
Function of Purifying Selection in TEM-1 β-Lactamase,” Cell 160 (2015):
882–892. 

65 . A. K. A. Emane, X. Guo, H. E. Takiff, and S. Liu, “Drug Resistance,
Fitness and Compensatory Mutations in Mycobacterium Tuberculosis,”
Tuberculosis 129 (2021): 102091. 

66 . S. De Luca, P. Nicholson, C. F. Magistrali, et al., “Transposon-
ssociated Lincosamide Resistance Lnu (C) Gene Identified in 

Brachyspira Hyodysenteriae ST83,” Veterinary Microbiology 214 (2018): 
15 of 16



 

 

 

 

 

 

 

 

W  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

67 . K. Nøhr-Meldgaard, C. Struve, H. Ingmer, and Y. Agersø, “The Tetra-
cycline Resistance Gene, Tet (W) in Bifidobacterium Animalis Subsp.
Lactis Follows Phylogeny and Differs from Tet (W) in Other Species,”
Frontiers in Microbiology 12 (2021): 658943. 

68 . S. Chen, Y. Zhou, Y. Chen, and J. Gu, “fastp: An Ultra-Fast All-in-One
FASTQ Preprocessor,” Bioinformatics 34 (2018): i884–i890. 

69 . S. Nurk, S. Koren, A. Rhie, et al., “The Complete Sequence of a Human
Genome,” Science 376 (2022): 44–53. 

70 . B. Langmead and S. L. Salzberg, “Fast Gapped-Read Alignment with
Bowtie 2,” Nature Methods 9 (2012): 357–359. 

71 . H. Li, “Minimap2: Pairwise Alignment for Nucleotide Sequences,”
Bioinformatics 34 (2018): 3094–3100. 

72 . Y. Yang, Y. Deng, L. Liu, et al., “Establishing Reference Material for the
Quest towards Standardization in Environmental Microbial Metagenomic
Studies,”Water Research 245 (2023): 120641. 

73 . D. Knights, J. Kuczynski, E. S. Charlson, et al., “Bayesian Community-
ide Culture-Independent Microbial Source Tracking,” Nature Methods

8 (2011): 761–763. 

74 . X. Yin, X. Zheng, L. Li, et al., “ARGs-OAP v3. 0: Antibiotic-
Resistance Gene Database Curation and Analysis Pipeline Optimization,”
Engineering 27 (2023): 234–241. 

75 . B. Buchfink, C. Xie, and D. H. Huson, “Fast and Sensitive Protein
Alignment Using DIAMOND,” Nature Methods 12 (2015): 59–60. 

76 . Y. Yang, Y. Che, L. Liu, et al., “Rapid Absolute Quantification of
Pathogens and ARGs by Nanopore Sequencing,” Science of the Total
Environment 809 (2022): 152190. 

77 . X. Chen, X. Yin, X. Shi, et al., “Melon: Metagenomic Long-Read-Based
Taxonomic Identification and Quantification Using Marker Genes,”
Genome Biology 25 (2024): 226. 

78 . Y. Che, X. Xu, Y. Yang, et al., “High-Resolution Genomic Surveillance
Elucidates a Multilayered Hierarchical Transfer of Resistance between
WWTP-and Human/Animal-Associated Bacteria,”Microbiome 10 (2022):
16. 

79 . A. P. Camargo, S. Roux, F. Schulz, et al., “Identification of Mobile
Genetic Elements with geNomad,” Nature Biotechnology 42 (2023):
1303–1312. 

80 . X. Tang, J. Shang, Y. Ji, and Y. Sun, “PLASMe: A Tool to Identify
PLASMid Contigs from Short-Read Assemblies Using Transformer,”
Nucleic Acids Research 51 (2023): e83–e83. 

81 . G. P. Schmartz, A. Hartung, P. Hirsch, et al., “PLSDB: Advancing a
Comprehensive Database of Bacterial Plasmids,” Nucleic Acids Research
50 (2022): D273–D278. 

82 . D. E. Wood and S. L. Salzberg, “Kraken: Ultrafast Metagenomic
Sequence Classification Using Exact Alignments,” Genome Biology 15
(2014): 1–12. 

83 . D. H. Parks, M. Chuvochina, C. Rinke, A. J. Mussig, P. Chaumeil, and
P. Hugenholtz, “GTDB: An Ongoing Census of Bacterial and Archaeal
Diversity through a Phylogenetically Consistent, Rank Normalized and
Complete Genome-Based Taxonomy,” Nucleic Acids Research 50 (2022):
D785–D794. 

84 . J. Lu, F. P. Breitwieser, P. Thielen, and S. L. B. Salzberg, “Bracken:
Estimating Species Abundance in Metagenomics Data,” PeerJ Computer
Science 3 (2017): 104. 

85 . C. Guo, Q. Chen, G. Fan, et al., “gcPathogen: A Comprehensive
Genomic Resource of human Pathogens for Public Health,”Nucleic Acids
Research 52 (2024): D714–D723. 

86 . M. Kolmogorov, J. Yuan, Y. Lin, and P. A. Pevzner, “Assembly of Long,
Error-Prone Reads Using Repeat Graphs,”Nature Biotechnology 37 (2019):
540–546. 

87 . B. J. Walker, T. Abeel, T. Shea, et al., “Pilon: An Integrated Tool
for Comprehensive Microbial Variant Detection and Genome Assembly
Improvement,” PLoS ONE 9 (2014): 112963. 
16 of 16
88 . D. Hyatt, G. Chen, P. F. LoCascio, M. L. Land, F. W. Larimer, and
L. J. Hauser, “Prodigal: Prokaryotic Gene Recognition and Translation
Initiation Site Identification,” BMC Bioinformatics [Electronic Resource] 
11 (2010): 1–11. 

89 . A. R. Quinlan and I. M. Hall, “BEDTools: A Flexible Suite of Utilities
for Comparing Genomic Features,” Bioinformatics 26 (2010): 841–842. 

90 . Y. Chen, W. Ye, Y. Zhang, and Y. Xu, “High Speed BLASTN: An
Accelerated MegaBLAST Search Tool,” Nucleic Acids Research 43 (2015):
7762–7768. 

91 . F. Sievers, A. Wilm, D. Dineen, et al., “Fast, Scalable Generation
of High-Quality Protein Multiple Sequence Alignments Using Clustal
Omega,”Molecular Systems Biology 7 (2011): 539. 

92 . B. Q. Minh, H. A. Schmidt, O. Chernomor, et al., “IQ-TREE 2: New
Models and Efficient Methods for Phylogenetic Inference in the Genomic
Era,”Molecular Biology and Evolution 37 (2020): 1530–1534. 

93 . J. Oksanen, et al., “Package ′ Vegan,” Community Ecology Package 2
(2013): 1–295. 

94 . H. Wickham, “ggplot2,”WIREs Computational Statistics 3 (2011): 180–
185. 

95 . J. Xie, Y. Chen, G. Cai, R. Cai, Z. Hu, and H. Wang, “Tree Visualization
by One Table (tvBOT): A Web Application for Visualizing, Modifying and
Annotating Phylogenetic Trees,” Nucleic Acids Research 51 (2023): W587–
W592. 

Supporting Information 

Additional supporting information can be found online in the Supporting
Information section. 
Supporting File 1: advs73551-sup-0001-SuppMat.docx. 
Supporting File 2: advs73551-sup-0002-Supporting information II.xlsx. 
Advanced Science, 2026


	Highly Resolved Community Sewage Metagenomics Unveiling Landscape and Transmission Patterns of Antibiotic Resistome in Hong Kong Populations
	1 | Introduction
	2 | Results
	2.1 | Summary of Samples and Metagenomic Dataset
	2.2 | Abundance, Diversity, and Composition of the Community Sewage Resistome
	2.3 | Community Sewage Better Reflected Human Gut Resistome Than WWTP Influent
	2.4 | Escherichia coli as an ARG Reservoir in Community Sewage
	2.5 | Mobility Potential of ARGs in Community Sewage
	2.6 | Transmission Mode and Status of ARGs in Hong Kong Communities

	3 | Discussion
	3.1 | Upstream Sampling Strategies Show Superiority in Reflecting Human-Sourced Resistome
	3.2 | Short-Term Bloom of Specific Microorganisms Should Receive Further Attention
	3.3 | Long-Read Sequencing Could Extensively Uncover the Host Range and Mobility of ARGs
	3.4 | Resolving ARG Variants and Their Genetic Contexts May Enhance the Existing ARG Risk Assessment Framework

	4 | Conclusions
	5 | Experimental Section
	5.1 | Sewage Sample Collection and Pretreatment
	5.2 | DNA Extraction and Purification
	5.3 | Illumina Sequencing and Data QC
	5.4 | Nanopore Sequencing and Data QC
	5.5 | Process Control
	5.6 | Collection of Datasets of Human Feces and WWTPs Influent
	5.7 | Annotation of ARGs and MGEs
	5.8 | Plasmid Classification
	5.9 | Taxonomy Classification and ARG Host Identification
	5.10 | Homology and Phylogenetic Analysis of ARGs and Genetic Context
	5.11 | Statistical Analysis

	Author Contributions
	Acknowledgements
	Conflicts of Interest
	Data Availability Statement
	References
	Supporting Information


