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What leaves the hospitals can be contained: a China-wide
resistome study reveals limited impact of hospitals on
adjacent surface waters
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due to decades of selective pressure, which has driven the widespread dissemination of
ARGs across humans, animals, and the environment. Among transmission pathways,
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wastewater-polluted surface waters are notorious for spreading ARGs. Especially, water
bodies near hospitals are more likely to receive hospital-derived ARGs in the absence of
proper wastewater management. Resistome surveillance of hospital-adjacent surface waters
can provide a basis for understanding and managing the hospital environment's ARG trans-
mission chain. In this study, water samples were collected from hospital-adjacent surface
waters in 11 cities across China. Results were compared with metagenomic data from rivers
in other regions, including Nepal, Hong Kong, South Korea, and Switzerland. Resistomes of
hospital-adjacent surface waters varied significantly across the studied Chinese cities;
Shenzhen exhibited the highest ARG abundance. While ARG diversity differed across sites,
similar core ARG types accounted for > 96% of total ARG abundance in each sample. Through
extensive comparisons of regions, sampling locations, and hospital characteristics, we found
that proximity to hospitals did not significantly influence resistome profiles in Chinese
surface waters, where geographical factors were the primary drivers of ARG distribution. In
contrast, rivers near hospitals in Nepal—a country with likely inadequate wastewater
management—showed substantially elevated ARG levels. These findings demonstrate that,
in the studied Chinese cities, with adequate infrastructure and policy-driven management,
the environmental impact of hospital wastewater has been substantially mitigated. These
results provide a critical framework for guiding the development of infrastructure and
subsequent policies for managing hospital wastewater in low- and middle-income countries.
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Highlights

+ Resistome study in hospital-adjacent waters clarifies the hospital-environment transmission chain.
+ Geography, not hospital proximity, primarily drives resistome in hospital-adjacent waters in China.

+ Countries with poor wastewater management show substantially elevated environmental ARGs.
+ Robust infrastructure and policy can substantially mitigate hospital wastewater's environmental impact.
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Introduction rivers—the Pearl River('¥ and the Yangtze Riverl’®! in China—were

Antibiotic resistance has become a pervasive concern worldwide,
posing a significant threat to public health!". It is estimated that 4.71
million deaths in 2021 were associated with bacterial antibiotic
resistancel?.. Antibiotic resistance genes (ARGs) are the fundamental
determinants that encode antibiotic resistance, which confer on
bacteria the ability to survive antibiotic treatment. Although ARGs are
ancient and ubiquitous in the natural environment, decades of
inappropriate consumption of antibiotics and non-antibiotic
chemicals in humans and animals have largely facilitated the
widespread dissemination of ARGs across the three sectors of One
Health—humans, animals, and the environment?!. Due to improper
waste disposal and wastewater discharge, polluted environments such
as water and soil serve as key reservoirs and conduits for ARG
dissemination®. Indeed, ARGs are not only found in pathogens but
also widely distributed among commensal and environmental
microbiotal®l,

Among various environments, surface water has drawn signifi-
cant attention for its role in disseminating ARGs. Surface waters,
especially rivers, which serve as dynamic connectors between
diverse habitats through water flow, are highly vulnerable to pollu-
tion from various known and emerging sources, including waste-
water discharged from residential communitiest’), hospitals®l, indus-
triest), as well as livestock!'® and crop farmsl''. A global-scale
studyl'? of antibiotic and non-antibiotic pharmaceuticals in 258
rivers across 137 geographic regions has revealed the occurrence of
a diverse range of pharmaceuticals in the aquatic environment. The
most contaminated sites are typically located near urban areas,
especially in low- and middle-income countries (LMICs) that lack
adequate wastewater and waste management infrastructure. Such
selective pressures have driven the emergence and dissemination of
ARGs and their host bacteria in the water environment
worldwidel'3-16], River surveillance in different regions has revealed
that their resistome profiles are largely shaped by the level of urban-
ization and the presence of wastewater discharge. For example,
ARGs and antibiotic-resistant bacteria in large subtropical

highly associated with human- and animal-related wastewater
discharge. A three-year longitudinal metagenomic monitoring of
rivers in Hong Kong revealed that resistome patterns are signifi-
cantly correlated with fecal pollutiont3}; rivers in LMICs lacking
hygiene infrastructure are compounded by more diverse sources
and pollutants, as observed in Indial'’], Africal'8], and Latin
Americal'l, This might create an ideal environment for enriching
ARGs through mechanisms such as selection and co-selectionl,

Various types of wastewater act as potential pollution sources in
urban water environments. Unlike domestic wastewater—the most
well-known source—hospital wastewater has a much higher load of
multi-resistant pathogens and ARGs, especially those of clinical
importance20-23], This has been well exemplified by the consistent
differences in ARG profiles between hospital and residential
wastewaters across European countries (e.g., Denmark, Spain, and
France)2224], even though they have similar microbial community
structures. The level of f-lactamase genes in hospital wastewater
was found to be over 5-fold2?, even 26-fold24 higher than that in
residential wastewater. A similar contrast resistome was also
observed between the two wastewater types in Asian countries,
such as Singaporel?s] and Chinal29l. In particular, hospital waste-
water quality seems to vary by region and hospital type, as observed
in China, probably due to differences in wastewater
management27), Water pollution by wastewater discharge, espe-
cially hospital wastewater, has thus become a critical public
concern.

The management of hospital wastewater, therefore, has garnered
significant global attention. The WHO guidelines stipulate that
hospital wastewater must be treated before dischargel?8l. This can
be done either in specifically designed treatment systems or in
general wastewater plants after the wastewater has been disin-
fected and mixed with domestic sewage. Despite the guidelines,
levels of implementation vary among countries(?7.230], |n contrast to
well-established systems in high-income countries, LMICs' capacity
for implementation is often not ready. Previous comparative studies
have revealed an obvious increase in antibiotics, antibiotic-resistant
bacteria, and ARGs downstream of hospitals in LMICs like Chinal3132,
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IndiaB®3, and Malil4, However, unlike other LMICs, both legislation
and infrastructure in China have evolved more rapidly in recent
years, including the management system for hospital wastewater.
This has been further strengthened by relevant measures enforced
during the COVID-19 pandemicBl. The Chinese government has
mandated that local authorities build and upgrade dedicated waste-
water treatment facilities for hospitals®¢l. This policy requires the
separate collection and treatment of medical wastewater to ensure
it meets standards before discharge, strictly prohibiting the release
of untreated effluent. This raises two key questions: Is this ban being
uniformly implemented across China? What is the impact of hospi-
tals on resistome profiles in the downstream water environment in
China under current wastewater management policies?

To understand the current status of the resistome in surface water
within the proximity of hospitals in China, we collected samples
from surface water near hospitals in 11 cities. Using metagenomic
approaches, we analyzed the ARG profiles across geographical
regions and hospital types. Resistome profiles in hospital-adjacent
water bodies tend to be shaped more by geographical location than
by proximity to the hospital. Despite high-risk ARGs, host
pathogenicity, and mobility potential identified in the studied

hospital wastewater, the overall ARG abundance (0.47 copies per
cell) and diversity levels (389 ARG subtypes) in the adjacent water
environment were similar to those of typical rivers in China and
other regions. However, significantly higher ARG abundance (2.60
copies per cell) was observed in the hospital-adjacent river of Nepal,
which is likely due to the poor management of hospital wastewater
in the region. This study uses China as a representative case of an
evolving wastewater management framework to assess the current
status of water pollution from hospitals across regions. Our findings
suggest that the effective implementation of WHO guidelines for
managing hospital wastewater could substantially mitigate its asso-
ciated environmental impact, extending from a local to a global
scale.

Materials and methods

Sampling

Surface water samples were obtained from 11 cities in China and one
city in Nepal. Sampling locations were strategically placed near
hospitals, specifically at sites < 1,000 m downstream from the hospital
areas (Fig. 1a). These sites were grouped into two categories based on
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Fig. 1 Sampling design and geographical distribution of sampling sites. (a) Conceptual diagram illustrating the sampling strategy. (b) Geographical
distribution of sampling sites across provinces and cities (blue shaded area). Symbol shapes and colors denote the sample types collected from the cities.
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downstream distance from the hospitals: <500 m and 500-1,000 m.
Sampling was conducted in urban areas of major cities in China,
including Beijing, Shanghai, Shenzhen, Hangzhou, Tianjin, Wuhan,
Hefei, Suzhou, Nanning, Kunming, and Baoding (Fig. 1b). A total of 100
surface water samples were collected from 11 cities in China. Among
them, 11 samples were collected from lakes and 89 samples from rivers
(Supplementary Table S7). Additionally, five upstream samples
corresponding to the five downstream samples were collected from
Suzhou (logistical constraints prevented upstream sampling in other
cities). We also collected 24 non-hospital-adjacent surface water
samples, comprising 13 from rivers and 11 from lakes. A site was
defined as non-hospital-adjacent if no hospital was present within a
2,000 m radius. Two untreated hospital wastewater samples were also
collected in Hefei (Supplementary Table S2). In Nepal, a total of 21
samples were collected in Kathmandu, including 17 hospital-adjacent
samples (upstream and downstream) and four untreated hospital
wastewater samples (Supplementary Table S3).

DNA extraction and high-throughput sequencing
Water samples with a volume of 500 mL were collected, filtered
through 0.45 pm cellulose nitrate membranes, and stored at —80 °C
prior to DNA extraction. Total DNA was extracted using the DNeasy
PowerSoil Pro Kit (Qiagen, Hilden, Germany). After purification, DNA
concentrations and quality were determined using micro-
spectrophotometry (NanoDrop ND1000; Wilmington, DE). The
construction and sequencing of shotgun libraries were conducted on
samples with sufficient DNA amount using the lllumina NovaSeq6000
platform and the PE150 strategy by Shanghai Majorbio Bio-pharm
Technology Co., Ltd,, at an average depth of ~10 Gb.

Annotation of ARGs and mobile genetic elements
(MGEs), and taxonomy at the short-read level

All raw short-read sequences were initially processed using SOAPnuke
with parameters "-n 0.001 -l 20 -q 0.5 --adaMis 3 --minReadLen 150" to
ensure high-quality data for subsequent analyses. The filtered reads
were retained for downstream analysis (Supplementary Table S4). ARG
abundance was quantified using ARGs_OAP (v3.2.4) with default
settings, aligning the reads against the Structured Antibiotic Resistance
Gene (SARG) database (v3.2.1)B7. The ARGs' abundances were
normalized to copies per cell. Similarly, MGEs abundance was assessed
by aligning reads to a published MGEs databasel®® using the same
normalization procedure as with the SARG database, but replacing it
with the MGEs database. For bacterial community composition
analysis, the filtered reads were processed using Kraken2 (v2.0.8)3”
using the default database and confidence value of 0.05. The resulting
taxonomic classifications were further refined and corrected using
Bracken? to improve accuracy. Taxa with a relative abundance below
0.01% were filtered out to minimize false positives in the downstream
analysis. To compare the profiles of ARGs across different regions,
publicly available datasets from river samples in Mainland China (n =
11449 Hong Kong (n = 152)'3], South Korea (n = 45)“Y, and
Switzerland (n = 18)“? were obtained and analyzed using the
standardized pipeline as described above (Supplementary Table S5).

Gene annotation, genomic localization, and
taxonomic classification of contigs

The contigs were assembled using the MEGAHIT software (v1.2.9)1%3
with the 'meta’ parameter. Following assembly, quality filtering was
performed to retain only contigs longer than 1,000 base pairs (bp),
with shorter contigs being discarded. Open reading frames (ORFs)
were subsequently predicted from these filtered contigs using Prodigal
software (v2.6.3)4,

For functional annotation, all predicted ORFs were aligned against
two specialized databases as above for ARGs and MGEs identifica-
tion (as detailed in methods above). These alignments were
performed using DIAMOND software (v2.1.11)451 with default
parameters. All alignment results were subjected to stringent filter-
ing criteria, retaining only hits with sequence identity = 80%, cover-
age > 80%, and selecting the best-scoring hit for each ORF. To deter-
mine the genomic localization of the contigs (plasmid or chromoso-
mal origin), we employed the geNomad software (v1.11.0)“6l, For
taxonomic classification, the contigs were analyzed using Kraken2
(v2.0.8)3% with GTDBI*”! as the reference database.

Assembly and taxonomic detection of
metagenome-assembled genomes
Metagenome-assembled genomes (MAGs) were reconstructed using
the BASALT software (v1.1.0)! with default parameters, incorporating
all assembled contigs (including those shorter than 1,000 bp) and clean
reads. The resulting MAGs were subjected to quality filtering based on
completeness and contamination thresholds, retaining only those with
a completeness 290% and contamination <5%. For functional
annotation, ARGs and MGEs were identified in the filtered MAGs using
the same pipeline as described for contigs. Taxonomic classification of
the MAGs was performed using GTDB-TkI*! with GTDB"”! as the
reference database.

Statistical methods

Principal coordinates analysis (PCoA), based on Bray-Curtis
dissimilarity, was employed to assess differences in ARG profiles across
various samples. ANOSIM (Analysis of Similarities) was used to evaluate
the significance of groupings based on sample metadata. A t-test was
employed to assess the difference between two groups. ANOVA
(Analysis of Variance) was employed to assess the difference between
two or more groups. Network analyses were performed to investigate
the co-occurrence patterns between ARGs and microbial taxa.
Connections in the network analysis were defined as those with a
significant correlation (Spearman's p > 0.4, p < 0.05). All statistical
analyses were performed using R, with results visualized using the
ggplot2 package. Network analyses were visualized in Gephi.

Results

Abundance and diversity of ARGs in hospital-
adjacent surface waters

The abundance of total ARGs (copies per cell) in surface water samples
collected near hospitals varied significantly across 11 cities in China.
The average abundance was 0.47 copies per cell. Shenzhen showed
the highest ARG levels, with an average of 1.11 copies per cell, which
was nearly eight times higher than the lowest level observed in Wuhan
(0.14 copies per cell) (Fig. 2a, b).

The average ARG richness was 389 subtypes across all samples.
Kunming's samples displayed the greatest average diversity of ARGs
(608 subtypes), while Wuhan's samples had the lowest average
diversity (222 subtypes) (Fig. 2a). Correlation analysis showed that
ARG subtype diversity tended to decrease as total ARG abundance
declined (r = 0.84, p < 0.01) (Supplementary Fig. S1). In total, 1,723
ARG subtypes across 28 types were identified in the hospital-adja-
cent water environment, out of 2,843 subtypes from 32 types listed
in the reference database. The most diverse ARG types included -
lactam (976 subtypes), aminoglycoside (139 subtypes), multidrug
(112 subtypes), and macrolide-lincosamide-streptogramin (MLS)
(109 subtypes).
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Diversity at the ARG subtype level varied across sampling sites,
yet several core ARG types were consistently present, including
aminoglycoside, bacitracin, p-lactam, chloramphenicol, MLS,
multidrug, mupirocin, novobiocin, polymyxin, sulfonamide, tetracy-
cline, and trimethoprim (Fig. 2b, c). These 12 core types accounted
for 96.42% of the total ARG abundance at each location on average.
Additionally, 29 ARG subtypes were common to all river water
samples, such as resistance genes for bacitracin (bacA, bcrA),
polymyxin (arnA, rosB, ugd), and sulfonamide (su/7). Among these
ARG subtypes, bacA, ugd, sull, and Inu(H) exhibited higher average
abundances compared to other ARG subtypes, which were less than
0.01 copies per cell. For each sampling point, these core subtypes
contributed to more than 50.08% of the total abundance on aver-
age.

The Rank | ARGs, which pose a potential threat to human health,
were obtained from the study by Zhang et al.b%. Among those 225
Rank | ARG subtypes, 113 subtypes were detected in the samples of
our study. Similar to the overall resistome, the highest total abun-
dance of Rank | ARGs was observed in Shenzhen, with an average of
0.41 copies per cell. The lowest total abundance was 0.07 copies per
cell in Wuhan. The average total abundance of Rank | ARGs across all
samples was 0.19 copies per cell, and the abundance profile was
significantly correlated with total ARGs (Fig. 2d). Three Rank | ARGs,
bacA, ere(A), and sull, were detected in all samples. Among these,
bacA—which confers resistance to bacitracin—showed the highest
abundance, with an average of 0.08 copies per cell, accounting for
approximately 42.11% of the total average abundance (Supplemen-
tary Fig. S2). The highest average abundance of bacA was recorded
in Kunming (0.16 copies per cell), while the lowest was detected in
Suzhou (0.03 copies per cell) (Supplementary Fig. S3).

The influence of hospital characteristics and
proximity on ARG profiles

We analyzed surface waters adjacent to hospitals of varying sizes
(large: > 500 beds, n = 91 samples; small-to-medium: 100-500 beds,
n =9 samples) and service types (general, n = 65 samples; specialized,
n = 35 samples), as classified by the Chinese Ministry of Health
guidelines. Analysis revealed that neither hospital service type nor its
size significantly shaped the adjacent water resistome (Fig. 3a, b).
Principal coordinates analysis showed no significant difference in
resistome composition between general and specialized hospitals
(ANOSIM: R = 0.01, p > 0.01). Consistently, total ARG abundance was
not significantly different, although the mean was slightly higher for
general hospitals (0.46 vs 0.41 copies per cell). Similarly, hospital size
had no significant effect on total ARG abundance (ANOSIM: R = 0.04,
p > 0.01), despite a higher mean abundance in the water environment
near small-to-medium hospitals (0.58 vs 0.46 copies per cell).

The proximity of sampling sites to the upstream hospital also
showed no significant effect. While samples were categorized as
near (£500 m, n = 79 samples) or far (> 500 m, n = 21 samples)
(Fig. 3c), PCoA indicated that ARG patterns were not structured by
the sampling distance from hospitals (ANOSIM: R = 0.06, p > 0.01). In
contrast, geographical location (sampling city) was a significant
factor shaping the ARG profiles (ANOSIM: R = 0.24, p < 0.01).

This limited influence of hospital presence was further supported
by comparisons with non-hospital-adjacent surface waters (Fig. 3d).
We collected 24 control-like non-hospital-adjacent samples from
nine Chinese cities, with sampling sites defined as having no hospi-
tal within a 2,000 m radius. The cities included were Baoding,
Hangzhou, Hefei, Kunming, Nanning, Shanghai, Suzhou, Tianjin, and

Fig. 3 Influence of hospital characteristics and proximity on the ARG profile. Panels show the effect of (a) hospital type (general vs specialty), (b) hospital
size (large: > 500 beds; small-to-medium: 100-500 beds), (c) sampling distance downstream (near: < 500 m; far: 500-1,000 m), and (d) hospital adjacency
(hospital present within 2,000 m; hospital absent). In each panel, the right plot is a PCoA showing ARG profile clustering, and the left plot illustrates ARG
abundance (copies per cell) as a boxplot (center line: median; box limits: 15t and 3' quartiles).
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Wuhan. Although these control sites were not fully isolated from the
influence of distant hospitals and lacked pairwise matching with
hospital-adjacent samples, they still provide a relevant baseline for
assessing the impact of hospital presence. In these control samples,
the average total ARG abundance was 0.31 copies per cell, ranging
from 0.04 (Baoding) to 1.19 (Tianjin). No significant difference in
total ARG abundance was found between the hospital-adjacent and
non-hospital-adjacent groups (ANOSIM: R = 0.10, p > 0.01). Despite
the limited sample size, the comparable ARG abundance between
paired upstream and downstream samples, further suggests mini-
mal impact from hospitals (Supplementary Fig. S4).

We further investigated the role of ecosystem type by comparing
ARG profiles between river (n = 89) and lake (n = 11) samples. A
significantly lower average ARG abundance and diversity were
found in lake samples compared to river samples (0.13 vs 0.51
copies per cell and 209 vs 411 subtypes) (ANOSIM: R = 0.15, p = 0.05;
Supplementary Fig. S5). Rivers, being more dynamic and flowing
water systems, are generally more susceptible to pollution from
urban residential areas. However, the results may be biased by the
sampling design of this study, as there were more river samples than
lake samples.

In contrast to surface water, hospital wastewater is expected to
contain far higher loads of ARGs. This was confirmed by samples
from an infectious disease hospital in Hefei, where both treated and
untreated effluent exhibited significantly higher total ARG abun-
dance (6.60 and 9.77 copies per cell, respectively) and diversity
(1,010 and 1,162 subtypes, respectively) compared to any hospital-
adjacent surface water from the same city (0.08-1.06 copies per cell
and 107-406 subtypes) (Supplementary Fig. S6).

Regional comparison of ARG profiles in urban
surface waters

To contextualize our findings, we performed a comparative analysis of
river resistomes from other regions, either with or without a hospital
within proximity. This included hospital-adjacent sample datasets from
Nepal (collected and sequenced using our protocol, as detailed in
methods), as well as available datasets from typical rivers in Mainland
China, Hong Kong, South Korea, and Switzerland. For this analysis,
‘typical rivers' were defined as those where sampling was not designed
based on hospital proximity and where source information did not
explicitly consider the hospital factor; the non-hospital-adjacent river
resistomes in this study were included in this part as 'typical rivers'.
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Fig. 4 Comparative analysis of ARG profiles across different geographical regions. (a) ARG abundance and diversity in hospital-adjacent rivers from China
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We first compared the influence of hospital proximity on river
resistomes between Nepal (n = 9) and China (n = 89) (Fig. 4a). We
acknowledge that this two-region comparison is limited; however,
to the best of our knowledge, no other regional-scale studies on
hospital-adjacent river resistomes are available, despite our efforts
to incorporate a broader geographical scope. The resistome profile
of samples in Nepal exhibited significantly higher average ARG
abundance (2.60 copies per cell) compared to the hospital-adjacent
rivers in China (0.51 copies per cell), as well as significantly higher
average ARG diversity (727 subtypes vs 411 subtypes) (p < 0.01).
Furthermore, the lack of upstream-downstream differences in Nepal
(Supplementary Fig. S7) suggests a background of pervasive urban
pollution. Based on these findings, we hypothesize that (1) the rela-
tively low ARG abundance in China's hospital-adjacent rivers,
compared to the high levels found in Nepal, is likely due to the more
effective wastewater management practices implemented at the
sampled Chinese hospitals than in Nepal; (2) widespread environ-
mental pollution in Nepal may contribute to a high background
level of ARGs. Additional survey data on pollution sources in close
proximity would further support these hypotheses; however, such
data are currently lacking.

We then profiled the resistomes of typical rivers across multiple
regions, including Mainland China (incorporating both data from
this study [non-hospital-adjacent river resistome] and online public
sources), Hong Kong, South Korea, and Switzerland. A significant
difference was observed among these regional river resistomes
(ANOSIM, R = 0.33, p < 0.01) (Fig. 4b, c). The average ARG abun-
dance followed a hierarchical trend (with mean abundance [copies
per cell] and diversity [number of unique ARG subtypes] in brackets):
Hong Kong (0.58 and 380) > Mainland China—this study (0.47
and 365) > Mainland China—public datasets (0.34 and 167) >
Switzerland (0.25 and 237) > South Korea (0.18 and 184).

Mobile genetic elements and the mobilization
potential of ARGs

The overall average abundance of MGEs varied from 0.31 copies per
cell in Wuhan to 3.99 copies per cell in Hangzhou (Fig. 5a). The
composition of MGE types was similar across different cities.
Transposase and 1S91 were the two most prevalent MGEs in all
samples, accounting on average for 87.21% of MGE abundance per
sample. A significant positive correlation was observed between the
total relative abundance of ARGs and MGEs in all surface water samples
in this study (R? = 0.69, p < 0.01), indicating that MGEs are a key driver
of ARG transmission (Fig. 5b). Among all 33,076,795 assembled contigs,
a total of 4,175 contigs carrying 20 different ARG types were obtained
(Fig. 5¢). Among these contigs carrying ARGs, 77.65% originated from
chromosomes, whereas 22.28% originated from plasmids (Fig. 5d). Co-
occurrence of ARGs and MGEs was found on 471 contigs. Regarding
the ARG-carrying plasmids, 5.06% were identified as mobilizable, while
94.94% were classified as non-mobilizable. The ARGs located on
plasmid contigs were predominantly associated with resistance to MLS
(20.38%), tetracycline (18.89%), p-lactam (17.80%), aminoglycoside
(16.39%), and sulfonamide (7.99%).

The MGEs' abundance and diversity profile across all assembled
contigs closely resembled that from unassembled short reads,
with transposase and 1S91 accounting for 61.23% and 21.74%,
respectively. However, based on co-occurrence analysis of contigs,
the ARG-associated MGEs profile differed notably from that of
total MGEs on contigs, showing increases in qacEdelta, integrase,
and Tn916, and a reduction in transposase abundance. Similarly,
the distribution of MGE-associated ARGs differed from that of
total ARGs on the contigs (Fig. 5e). For example, the abundance of

aminoglycoside resistance reached 22.55% of the MGE-associated
ARGs, which, however, was only 12.82% in total ARGs. On the
contrary, MLS resistance, which was dominant among all ARGs on
contigs (20.69%), was less common among MGE-associated ARGs on
contigs (6.50%). Additionally, 10 ARG types were in physical proxim-
ity (£5 kbp distance) to gacEdelta genes, and 11 ARG types were
linked to transposase genes. Among the ARGs associated with trans-
posase genes, the majority were genes conferring resistance to f-
lactam (33.85%), aminoglycoside (26.15%), and tetracycline
(20.51%), indicating a high potential for mobility driven by trans-
posases for these genes. Notably, Tn916 was specifically enriched in
contigs carrying tetracycline resistance genes.

Microbial community composition and
identification of potential ARG hosts

Short reads were used to examine overall community composition
across all samples. At the class level, more than 70% of the reads were
assigned to Betaproteobacteria (27.85%), followed by Gammapro-
teobacteria (15.12%), Cyanophyceae (14.10%), Alphaproteobacteria
(10.41%), and Actinomycetes (7.71%). The taxonomic composition at
the order level indicated that Chroococcales had a higher relative
abundance on average in samples from Suzhou (37.94%), Shanghai
(19.13%), Tianjin (15.78%), Hefei (7.75%), Wuhan (4.94%), compared to
other samples where its abundance was lower (0.05%-0.95%) (Fig. 6a).
Since Chroococcales are an order of cyanobacteria, their relatively high
abundance is likely due to elevated nutrient levels and the potential for
algal blooms induced by nearby human activities. Across all samples,
significant differences were observed in community composition
(ANOSIM: R =0.20, p < 0.01) (Fig. 6b).

Hosts of ARGs were retrieved using two complementary
approaches: (1) a correlation network analysis linking the ARG
profile to the microbial community at the order level, and (2) the
direct taxonomic annotation of contigs that carried ARGs. Network
analysis showed that Coriobacteriales, Rhodocyclales, and Polyan-
giales were the potential ARG hosts (Fig. 6¢). Compared to read-level
analysis, long-fragment (contig) based analysis provided a higher
resolution of genomic context. This method identified 193 host
species, predominantly Pseudomonas aeruginosa (7.53%), Limnohab-
itans sp. 103DPR2 (4.33%), Aeromonas media (3.91%), Acinetobacter
johnsonii (3.81%), and Aliarcobacter cryaerophilus (3.51%) (Fig. 6d).
Notably, 57 of the identified host species were pathogens, collec-
tively carrying 13 different types of ARGs. Among these, several
species harbored a particularly high number of ARGs (more than 18
per species), including Escherichia coli, A. media, A. caviae, Acineto-
bacter johnsonii, Alcaligenes faecalis, A. veronii, and Enterobacter
huaxiensis.

Furthermore, contigs carrying Rank | ARGs were frequently identi-
fied and were found to originate from both chromosomes and plas-
mids. Of these, 534 Rank | ARGs were located on chromosomal
contigs (64.49% of the total), while 292 were located on plasmid
contigs (35.27%). Taxonomic annotation at the family level revealed
that the hosts of these contigs were primarily Aeromonadaceae (42
contigs), Enterobacteriaceae (29), and Geobacteraceae (13) (Supple-
mentary Fig. S8).

Using hybrid assembly and binning, we reconstructed 80 high-
quality MAGs with < 5% contamination and > 90% completeness.
Within these MAGs, we identified 134 ARG subtypes spanning 14
different ARG types (Supplementary Fig. S9). Fifteen MAGs were
identified as potential pathogenic hosts carrying ARGs, geogra-
phically distributed across Tianjin (5 MAGs), Kunming (3), Shenzhen
(2), Hangzhou (2), Beijing (1), Hefei (1), and Wuhan (1) (Supplemen-
tary Fig. S10). Notably, we identified a multi-resistant E. coli MAG
in Tianjin that carried six types of ARGs (excluding multidrug
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Fig. 5 MGEs profiles and their co-occurrence with ARGs. (a) MGEs' abundance across all samples. Abundance is displayed as log,-transformed copies per
cell, with an offset of 1/10 of the minimum non-zero value added to each measurement to permit log transformation. (b) Linear correlation between the
abundance (copies per cell) of ARGs and MGEs. (c) Venn diagram showing the number of contigs carrying MGEs, ARGs, or both. (d) Sankey diagram
showing the distribution of contigs by their origin (chromosomes and plasmids), carried ARG types, and carried MGE types. (e) Composition of MGEs on all
contigs vs on ARG-carrying contigs (left), and composition of ARGs on all contigs vs on MGEs-carrying contigs (right). The top 10 types are labeled; the

remainder are grouped as 'others'.

resistance genes): bacitracin (bacA), quinolone (QnrS9), microcin  Enterobacter huaxiensis MAG was found to carry six ARG types: baci-
(yojl), p-lactam (FONA-6, LAP-2, ampC), MLS (macA, macB, mph([B]),  tracin (bacA), quinolone (QnrE2), microcin (yojl), polymyxin (pmrF),
and polymyxin (arnA, eptA, pmrF, rosB). From the same city, an  MLS (macA), and S-lactam (ACT-29, OmpK37).
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Fig. 6 Microbial community profiles and potential ARG hosts across sampling sites. (a) Relative abundance of the microbial community at the order level.
The top 10 groups are labeled; the rest are grouped as 'Others'. (b) PCoA of the microbial community profile based on Bray—Curtis dissimilarity. (c) Co-
occurrence network of ARGs and their potential hosts at the order level (Spearman's p > 0.4, p < 0.05). (d) Sankey diagram showing the host taxonomy of
ARG-carrying contigs, with taxonomy names and contig numbers labeled on the bars.

Discussion

Through a specifically designed sampling campaign, for the first time,
this study revealed the variation in ARG abundance and diversity
patterns in the surface water environment adjacent to hospitals across
different regions of China. Based on previous sporadic relevant
observations!'8313234 3 relatively higher ARG load was expected in the
surrounding rivers of hospitals than in those without hospitals within
proximity; however, the results of our study revealed that ARG patterns
in hospital-adjacent rivers were more likely impacted by non-hospital
factors than by hospitals located upstream. By extensive comparative
analysis between different sample groups collected in this study and
from previous studies, we present three key lines of evidence
indicating a minimal impact of hospitals on the resistome of the
studied Chinese rivers: first, no significant difference was observed in
ARG levels between the studied hospital-adjacent and non-hospital-
adjacent rivers in China (0.47 vs 0.31 copies per cell); second, neither
proximity to hospitals (i.e, at varying distances) nor hospital
characteristics (i.e,, sizes and types) demonstrated a significant effect
on resistome profiles of adjacent rivers; third, cross-regional
comparisons further contextualized these findings: ARG levels in
Chinese hospital-adjacent rivers were significantly lower than in
Nepalese samples (which are likely impacted by untreated hospital

wastewater) (0.47 vs 2.6 copies per cell), yet were comparable to those
in other Chinese rivers. Furthermore, the ARG levels in typical Chinese
rivers remained significantly higher than those in high-income
countries like Switzerland and South Korea (0.47 vs 0.25 and 0.18
copies per cell, respectively), which likely benefit from advanced
infrastructure that substantially mitigates wastewater pollution.

We demonstrated that under China's current wastewater
management policies, hospitals may have a limited impact on
downstream river resistomes. Instead, the driving factors behind
these observed river resistomes are more likely related to geograph-
ical factors. For example, a wide range in abundance (1.11 to 0.14
copies per cell) and diversity (222 to 608 ARG subtypes) was
observed across sampling cities, and their clustering pattern was
significantly shaped by geographical location. Notably, significant
variation was observed even at the city scale, indicating that water
pollution is influenced by both local environmental factors and
regional factors. For instance, within-city differences in ARG abun-
dance in cities like Tianjin, Beijing, and Hangzhou reached 5 to 10-
fold. Indeed, this pattern of dynamic and variable river resistomes
is consistent with previous studies!'3144151], Research on the Pearl
River documented similar fluctuations, with more pronounced
variation during dry seasons!'#, while a three-year seasonal profil-
ing in Hong Kong revealed that high spatial variation—with 10-fold
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differences in abundance and diversity between polluted and
unpolluted sites—is commonl'3l, This high variation is primarily due
to a multitude of natural and anthropogenic factors that affect
rivers. Both explicit and implicit human activities, including diverse
agricultural and industrial practices along rivers, contribute substan-
tially through point and non-point source discharges. These
combined inputs drive resistome dynamics and complicate source
tracking(s2l,

Despite the minimal direct impact from upstream hospitals
observed in this study, a concerning level of environmental deterio-
ration—marked by the frequent occurrence of ARGs in rivers—was
evident across the studied Chinese cities, consistent with previous
researchl'3.144153], This includes high-risk (Risk Rank I) ARGs such as
bacA, ere(A), and sull, which were frequently identified alongside
their potential pathogenic hosts from families like Aeromon-
adaceae and Enterobacteriaceae. This pattern highlights the exten-
sive dissemination of ARGs and their associated pathogenic hosts,
demonstrating their ability to transmit across geographic, ecologi-
cal, and phylogenetic boundaries. Worse yet, MAGs of multi-resis-
tant Escherichia coli and Enterobacter huaxiensis were recovered
from Tianjin rivers, carrying six distinct types of ARGs (e.g., baci-
tracin, f-lactam, and polymyxin). The successful assembly of these
pathogens from metagenomic data indicates their significant preva-
lence in the river environment. Indeed, the detection of such high-
risk ARGs is a common finding in previous resistome surveys of the
aquatic environment, spanning regions of all income levels. For
instance, mobilizable high-risk ARGs like mcr and tet(X) have been
reported in the Pearl River deltal'¥), and diverse ARGs and host
pathogens in surface water from Hong Kong!'3], South Korea*', and
Switzerland®®3], These findings collectively demonstrate that antibi-
otic-resistant bacteria and their genes have become pervasive,
making public exposure through the environment inevitable. This
urgent situation necessitates the implementation of standardized,
spatiotemporal surveillance to track dynamic resistome profiles,
generate comparable data, and inform effective mitigation strate-
gies—a critical need that the scientific community has long advo-
cated.

The high load of clinically relevant ARGs and pathogens in hospi-
tal wastewater poses a significant threat to public and environmen-
tal health. This risk is exacerbated in regions with poor wastewater
management, where the dissemination of antibiotic resistance is
amplified”l. The elevated ARG abundance and diversity in Nepal's
hospital-adjacent rivers, for instance, are likely a consequence of
inadequate wastewater treatment infrastructure. This cross-regional
comparison highlights the efficacy of China's stringent policies,
which mandate the pre-discharge treatment of hospital effluent and
have successfully mitigated the environmental release of ARGs. The
situation of insufficient infrastructure is critical in many LMICs,
where the burden of antibiotic resistance is most severe. In these
regions, the lack of basic sanitation exacerbates environmental
degradation. A strong scientific consensus affirms that establishing
basic hygiene and sanitation systems is one of the most cost-effec-
tive measures to combat the environmental spread of antibiotic
resistancel>. When coupled with routine environmental surveil-
lance, such infrastructure investments create a framework for evalu-
ating the effectiveness of control strategies. This data-driven
approach is essential for informing policy; for example, it enables
the assessment of various wastewater treatment technologies and
management policies—from hospitals and other sources—in reduc-
ing the spread of antibiotic resistance.

This study offers valuable insights into the resistome profiles of
hospital-adjacent surface waters in China, yet a few limitations must
be acknowledged. First, its cross-sectional design and single-time-
point sampling may not fully capture the temporal dynamics of

ARGs dissemination, particularly given the known seasonal fluctua-
tions in river resistomes demonstrated by longitudinal metage-
nomic studies of major Chinese riversl416551 Future studies incorpo-
rating seasonal sampling would further elucidate temporal patterns.
Second, while the findings suggest a limited hospital influence—
potentially reflecting China's recent stringent wastewater policies—
this conclusion may lack robustness. The study's scope was
constrained by the absence of pollution source surveillance within
the sampling radius, the limited number of cities sampled, an unbal-
anced regional distribution, and insufficient representation of
underdeveloped areas. Specifically, only two untreated hospital
wastewater samples from Hefei and five upstream samples from
Suzhou were included, introducing uncertainties regarding the
contributions of upstream sources and hospital discharges to the
downstream water body. Furthermore, comparative analysis may be
biased by the use of public data derived from different methodolo-
gies. Future research should employ longitudinal sampling to track
temporal dynamics, expand geographical comparisons to include
diverse settings (e.g., developed vs underdeveloped regions), and
integrate geographical data with microbial ecology to better eluci-
date the links between environmental factors, policy, and the
dissemination of antibiotic resistance.

While this study focuses on hospital-derived resistance, broader
regional surveillance is crucial for identifying all potential sources of
antibiotic resistance. Under current intensive anthropogenic pres-
sure, the inherent connectivity of the One Health triad—humans,
animals, and the environment—readily drives the spread of resis-
tance far beyond any single sector>¢l. Therefore, routine surveil-
lance should be implemented within each sector and integrated
across them to systematically address the environmental dimension
of antibiotic resistancel*”). In the long term, comprehensive and
sustained surveillance will provide more robust evidence to link
environmental data with clinical outcomes, thereby informing
public health strategies.

Conclusions

This study presents a systematic evaluation of ARG dissemination in
hospital-adjacent surface waters across China. Our findings provide
crucial insights into the roles of geographical variation and wastewater
management policies on the resistome in urban water environments.
The data demonstrate that under China's current stringent regulations,
resistome profiles near hospitals are comparable to those of typical
urban surface waters, indicating that regional environmental factors,
rather than proximity to hospitals, are the primary drivers of ARG
distribution. However, the detection of clinically significant ARGs, often
linked to MGEs, indicates the persistent risk and need for long-term
monitoring. These results partially validate China's policy-driven
approach in curbing the spread of antibiotic resistance via wastewater,
establishing a critical benchmark for future surveillance of hospital-
adjacent water environments in other regions, particularly in LMICs.

Supplementary information

It accompanies this paper at: https://doi.org/10.48130/biocontam-
0026-0008.

Author contributions

The authors confirm their contributions to the paper as follows: Rong
Zhang, Liguan Li: conceiving and initiating the study, providing overall
supervision; Wudi Gai, Xiaoyang Ju: writing the main manuscript text

Juetal. | Volume2 | 2026 | e011

page 110f13


https://doi.org/10.48130/biocontam-0026-0008
https://doi.org/10.48130/biocontam-0026-0008
https://doi.org/10.48130/biocontam-0026-0008
https://doi.org/10.48130/biocontam-0026-0008
https://doi.org/10.48130/biocontam-0026-0008
https://doi.org/10.48130/biocontam-0026-0008
https://doi.org/10.48130/biocontam-0026-0008
https://doi.org/10.48130/biocontam-0026-0008
https://doi.org/10.48130/biocontam-0026-0008
https://doi.org/10.48130/biocontam-0026-0008

Biocontaminant

https://doi.org/10.48130/biocontam-0026-0008

and preparing all figures; Xuemei Mao: providing metagenomic data
from Hong Kong, South Korea, and Switzerland; Zelin Yan, Yuchen Wu,
Yi Sun, Hanyu Wang: sample collection, DNA extraction, sequencing
coordination; Haicai Cheng, Yuxin Tao, Guhang Shi: data analysis and
visualization; Xuemei Mao, Yanping Mao, Ke Yu, Tong Zhang:
providing critical feedback on the manuscript. All authors reviewed
and approved the final version of the manuscript.

Data availability

Raw sequencing data for the metagenomes have been deposited in
the China National Center for Bioinformation under BioProject number
PRJCA051371. The accession numbers for the public metagenomic
datasets included in this manuscript are listed in the supplementary
tables.

Acknowledgments

We thank all the individuals who assisted with field sampling, sample
preparation, and DNA extraction.

Funding

This work is supported by the General Research Fund (Grant Nos
17202522 and 28200525), the National Natural Science Foundation of
China (Grant No. 22193062), and the Dean's Research Fund of the
Education University of Hong Kong (0405M).

Declarations

Competing interests
The authors declare that they have no conflict of interest.

Author details

Department of Clinical Laboratory Medicine, The Second Affiliated
Hospital of Zhejiang University, Hangzhou, China; 2Department of
Science and Environmental Studies, The Education University of Hong
Kong, Taipo, Hong Kong SAR, China; 3Beijing Key Laboratory of
Detection Technology for Animal Food Safety, College of Veterinary
Medicine, China Agricultural University, Beijing, China; “Environmental
Microbiome Engineering and Biotechnology Laboratory, Center for
Environmental Engineering Research, Department of Civil Engineering,
The University of Hong Kong, Pokfulam, Hong Kong SAR, Ching;
College of Chemistry and Environmental Engineering, Shenzhen
University, Shenzhen, Guangdong, China; SEco-environment and
Resource Efficiency Research Laboratory, School of Environment and
Energy, Shenzhen Graduate School, Peking University, Shenzhen,
China

References

[11  Hernando-Amado S, Coque TM, Baquero F, Martinez JL. 2019. Defining
and combating antibiotic resistance from One Health and Global
Health perspectives. Nature Microbiology 4:1432—1442

[2] Naghavi M, Vollset SE, lkuta KS, Swetschinski LR, Gray AP, et al. 2024.
Global burden of bacterial antimicrobial resistance 1990-2021: a
systematic analysis with forecasts to 2050. The Lancet 404:1199—-1226

[31 Roberts SC, Zembower TR. 2021. Global increases in antibiotic
consumption: a concerning trend for WHO targets. The Lancet Infec-
tious Diseases 21:10—11

[4] Joakim Larsson DG, Flach CF. 2022. Antibiotic resistance in the envi-
ronment. Nature Reviews Microbiology 20:257—269

[5]1 BaiH, He LY, Wu DL, Gao FZ, Zhang M, et al. 2022. Spread of airborne

[6]

[7]

(8l

[9]

[10]

[11]

2]

[13]

[14]

[18]

[16]

[17]

18l

19l

[20]

[21]

[22]

[23]

[24]

antibiotic resistance from animal farms to the environment: dispersal
pattern and exposure risk. Environment International 158:106927
Urban-Chmiel R, Marek A, Stepien-Pysniak D, Wieczorek K, Dec M, et
al. 2022. Antibiotic resistance in bacteria—a review. Antibiotics 11:1079
Karkman A, Parnanen K, Joakim Larsson DG. 2019. Fecal pollution can
explain antibiotic resistance gene abundances in anthropogenically
impacted environments. Nature Communications 10:80

Hassoun-Kheir N, Stabholz Y, Kreft JU, de la Cruz R, Romalde JL, et al.
2020. Comparison of antibiotic-resistant bacteria and antibiotic resis-
tance genes abundance in hospital and community wastewater: a
systematic review. Science of the Total Environment 743:140804

Wu J, Han Z, Ma X, Su M, Hamidian AH, et al. 2025. A database on
antibiotics and antibiotic resistance in wastewater and solid waste
from pharmaceutical industry based on a systematic review. China
CDC Weekly 7:92—100

Jia S, Zhang XX, Miao Y, Zhao Y, Ye L, et al. 2017. Fate of antibiotic
resistance genes and their associations with bacterial community in
livestock breeding wastewater and its receiving river water. Water
Research 124:259—-268

Sorinolu AJ, Tyagi N, Kumar A, Munir M. 2021. Antibiotic resistance
development and human health risks during wastewater reuse and
biosolids application in agriculture. Chemosphere 265:129032
Wilkinson JL, Boxall ABA, Kolpin DW, Leung KMY, Lai RWS, et al. 2022.
Pharmaceutical pollution of the world's rivers. Proceedings of the
National Academy of Sciences of the United States of America
119(8):2113947119

Mao X, Yin X, Yang Y, Gao F, Li S, et al. 2025. Longitudinal metage-
nomic analysis on antibiotic resistome, mobilome, and microbiome of
river ecosystems in a sub-tropical metropolitan city. Water Research
274:123102

Gao FZ, He LY, Liu YS, Zhao JL, Zhang T, et al. 2024. Integrating global
microbiome data into antibiotic resistance assessment in large rivers.
Water Research 250:121030

Hanna N, Tamhankar AJ, Stalsby Lundborg C. 2023. Antibiotic concen-
trations and antibiotic resistance in aquatic environments of the WHO
Western Pacific and South-East Asia regions: a systematic review and
probabilistic environmental hazard assessment. The Lancet Planetary
Health 7:E45—E54

Wang J, Pan R, Dong P, Liu S, Chen Q, et al. 2022. Supercarriers of
antibiotic resistome in a world's large river. Microbiome 10(1):111
Gupta S, Graham DW, Sreekrishnan TR, Ahammad SZ. 2023. Heavy
metal and antibiotic resistance in four Indian and UK rivers with differ-
ent levels and types of water pollution. Science of the Total Environ-
ment 857:159059

Laffite A, Al Salah DMM, Slaveykova VI, Otamonga JP, Poté J. 2020.
Impact of anthropogenic activities on the occurrence and distribution
of toxic metals, extending-spectra f-lactamases and carbapenem
resistance in sub-Saharan African urban rivers. Science of the Total Envi-
ronment 727:138129

Dominguez DC, Chacén LM, Wallace D. 2021. Anthropogenic activities
and the problem of antibiotic resistance in Latin America: a water
issue. Water 13(19):2693

Zhang S, Huang J, Zhao Z, Cao Y, Li B. 2020. Hospital wastewater as a
reservoir for antibiotic resistance genes: a meta-analysis. Frontiers in
Public Health 8:574968

Huang J, Wang Z, Chen Z, Liang H, Li X, et al. 2023. Occurrence and
removal of antibiotic resistance in nationwide hospital wastewater
deciphered by metagenomics approach—China, 2018-2022. China
CDC Weekly 5(46):1023—-1028

Li L, Nesme J, Quintela-Baluja M, Balboa S, Hashsham S, et al. 2021.
Extended-spectrum f-lactamase and carbapenemase genes are sub-
stantially and sequentially reduced during conveyance and treatment
of urban sewage. Environmental Science & Technology 55:5939-5949
Kang Y, Wang J, Li Z. 2024. Meta-analysis addressing the characteriza-
tion of antibiotic resistome in global hospital wastewater. Journal of
Hazardous Materials 466:133577

Buelow E, Rico A, Gaschet M, Lourenco J, Kennedy SP, et al. 2020.
Hospital discharges in urban sanitation systems: long-term monitoring
of wastewater resistome and microbiota in relationship to their eco-

page 120f 13

Juetal. | Volume2 | 2026 | e011


https://doi.org/10.1038/s41564-019-0503-9
https://doi.org/10.1016/S0140-6736(24)01867-1
https://doi.org/10.1016/S1473-3099(20)30456-4
https://doi.org/10.1016/S1473-3099(20)30456-4
https://doi.org/10.1016/S1473-3099(20)30456-4
https://doi.org/10.1038/s41579-021-00649-x
https://doi.org/10.1016/j.envint.2021.106927
https://doi.org/10.3390/antibiotics11081079
https://doi.org/10.1038/s41467-018-07992-3
https://doi.org/10.1016/j.scitotenv.2020.140804
https://doi.org/10.46234/ccdcw2025.015
https://doi.org/10.46234/ccdcw2025.015
https://doi.org/10.1016/j.watres.2017.07.061
https://doi.org/10.1016/j.watres.2017.07.061
https://doi.org/10.1016/j.chemosphere.2020.129032
https://doi.org/10.1073/pnas.2113947119
https://doi.org/10.1073/pnas.2113947119
https://doi.org/10.1016/j.watres.2025.123102
https://doi.org/10.1016/j.watres.2023.121030
https://doi.org/10.1016/S2542-5196(22)00254-6
https://doi.org/10.1016/S2542-5196(22)00254-6
https://doi.org/10.1186/s40168-022-01294-z
https://doi.org/10.1016/j.scitotenv.2022.159059
https://doi.org/10.1016/j.scitotenv.2022.159059
https://doi.org/10.1016/j.scitotenv.2022.159059
https://doi.org/10.1016/j.scitotenv.2020.138129
https://doi.org/10.1016/j.scitotenv.2020.138129
https://doi.org/10.1016/j.scitotenv.2020.138129
https://doi.org/10.3390/w13192693
https://doi.org/10.3389/fpubh.2020.574968
https://doi.org/10.3389/fpubh.2020.574968
https://doi.org/10.46234/ccdcw2023.193
https://doi.org/10.46234/ccdcw2023.193
https://doi.org/10.1021/acs.est.0c08548
https://doi.org/10.1016/j.jhazmat.2024.133577
https://doi.org/10.1016/j.jhazmat.2024.133577
https://doi.org/10.48130/biocontam-0026-0008
https://doi.org/10.48130/biocontam-0026-0008
https://doi.org/10.48130/biocontam-0026-0008
https://doi.org/10.48130/biocontam-0026-0008
https://doi.org/10.48130/biocontam-0026-0008

https://doi.org/10.48130/biocontam-0026-0008

Biocontaminant

[29]

[26]

[27]

[28]

[29]

[30]

[31]

[32]

[33]

[34]

[35]

[36]

[37]

[38]

[39]

[40]

exposome. Water Research X 7:100045

Ng C, Tay M, Tan B, Le TH, Haller L, et al. 2018. Characterization of
metagenomes in urban aquatic compartments reveals high preva-
lence of clinically relevant antibiotic resistance genes in wastewaters.
Frontiers in Microbiology 9:175

Li J, Cheng W, Xu L, Strong P, Chen H. 2015. Antibiotic-resistant genes
and antibiotic-resistant bacteria in the effluent of urban residential
areas, hospitals, and a municipal wastewater treatment plant system.
Environmental Science and Pollution Research 22:4587—-4596

Niu J, Liu Y, Ma C, Lu Y, Wang H, et al. 2025. Analysis of the effects,
existing problems and flexible management suggestions in hospital
wastewater treatment: a systematic perspective. Journal of Water
Process Engineering 72:107565

World Health Organization. 2014. Safe management of wastes from
health-care activities. https://iris.who.int/handle/10665/85349

Al Aukidy M, Al Chalabi S, Verlicchi P. 2017. Hospital wastewater treat-
ments adopted in Asia, Africa, and Australia. In Hospital Wastewaters,
ed. Verlicchi P. Vol 60. Cham: Springer. pp. 171-188 doi: 10.1007/
698_2017_5

Niu Z, Zhang M. 2021. Comparative analysis of domestic and foreign
hospital wastewater treatment standard system and current situation,
standardization of engineering construction. Standardization of Engi-
neering Construction 2021:38—42 (in Chinese)

Ye S, Li S, Su C, Shi Z, Li H, et al. 2023. Characterization of microbial
community and antibiotic resistome in intra urban water, Wenzhou
China. Frontiers in Microbiology 14:1169476

Zhang L, Ma X, Luo L, Hu N, Duan J, et al. 2020. The prevalence and
characterization of extended-spectrum f-lactamase- and carbapene-
mase-producing bacteria from hospital sewage, treated effluents and
receiving rivers. International Journal of Environmental Research and
Public Health 17(4):1183

Devarajan N, Laffite A, Mulaji CK, Otamonga JP, Mpiana PT, et al. 2016.
Occurrence of antibiotic resistance genes and bacterial markers in a
tropical river receiving hospital and urban wastewaters. PLoS One
11(2):e0149211

Coulibaly B, Pastor-Lépez EJ, Diawara A, Savane FB, Escola-Casas M, et
al. 2025. Occurrence of antibiotics in hospital wastewater effluents
discharged into the Niger River in Bamako, Mali. Risk assessment and
solutions. Environmental Pollution 371:125912

Xu Z. 2020. Medical wastewater treatment in COVID times. https://
cwrrr.org/resources/analysis-reviews/medical-wastewater-treatment-
in-covid-times/

The State Council, The People's Republic of China. 2020. The State
Council of the People's Republic of China: China enhances medical, urban
sewage treatment.
https://english.www.gov.cn/statecouncil/ministries/202002/02/
content_WS5e36a1e4c6d0a585c76ca41d.html

Yin X, Zheng X, Li L, Zhang AN, Jiang XT, et al. 2023. ARGs-OAP v3.0:
antibiotic-resistance gene database curation and analysis pipeline
optimization. Engineering 27:234—241

Parndnen K, Karkman A, Hultman J, Lyra C, Bengtsson-Palme J, et al.
2018. Maternal gut and breast milk microbiota affect infant gut antibi-
otic resistome and mobile genetic elements. Nature Communications
9(1):3891

Wood DE, Salzberg SL. 2014. Kraken: ultrafast metagenomic sequence
classification using exact alignments. Genome Biology 15(3):R46

Liang J, Mao G, Yin X, Ma L, Liu L, et al. 2020. Identification and quan-
tification of bacterial genomes carrying antibiotic resistance genes
and virulence factor genes for aquatic microbiological risk assessment.
Water Research 168:115160

[41]

[42]

[43]

[44]

[45]

[46]

[47]

[48]

[49]

[50]

[61]

[62]

[63]

[54]

[55]

[56]

[57]

Lee K, Kim DW, Lee DH, Kim YS, Bu JH, et al. 2020. Mobile resistome of
human gut and pathogen drives anthropogenic bloom of antibiotic
resistance. Microbiome 8(1):2

Lee J, Ju F, Maile-Moskowitz A, Beck K, Maccagnan A, et al. 2021.
Unraveling the riverine antibiotic resistome: the downstream fate of
anthropogenic inputs. Water Research 197:117050

Li D, Liu CM, Luo R, Sadakane K, Lam TW. 2015. MEGAHIT: an ultra-fast
single-node solution for large and complex metagenomics assembly
via succinct graph. Bioinformatics 31:1674-1676

Hyatt D, Chen GL, LoCascio PF, Land ML, Larimer FW, et al. 2010. Prodi-
gal: prokaryotic gene recognition and translation initiation site identi-
fication. BMC Bioinformatics 11:119

Buchfink B, Xie C, Huson DH. 2015. Fast and sensitive protein align-
ment using DIAMOND. Nature Methods 12:59—60

Camargo AP, Roux S, Schulz F, Babinski M, Xu Y, et al. 2024. Identifica-
tion of mobile genetic elements with geNomad. Nature Biotechnology
42(8):1303-1312

Parks DH, Chuvochina M, Rinke C, Mussig AJ, Chaumeil PA, et al. 2022.
GTDB: an ongoing census of bacterial and archaeal diversity through a
phylogenetically consistent, rank normalized and complete genome-
based taxonomy. Nucleic Acids Research 50:D785-D794

Qiu Z, Yuan L, Lian CA, Lin B, Chen J, et al. 2024. BASALT refines
binning from metagenomic data and increases resolution of genome-
resolved metagenomic analysis. Nature Communications 15(1):2179
Chaumeil PA, Mussig AJ, Hugenholtz P, Parks DH. 2020. GTDB-Tk: a
toolkit to classify genomes with the Genome Taxonomy Database.
Bioinformatics 36:1925—-1927

Zhang AN, Gaston JM, Dai CL, Zhao S, Poyet M, et al. 2021. An omics-
based framework for assessing the health risk of antimicrobial resis-
tance genes. Nature Communications 12(1):4765

Lee J, Beck K, Burgmann H. 2022. Wastewater bypass is a major tempo-
rary point-source of antibiotic resistance genes and multi-resistance
risk factors in a Swiss river. Water Research 208:117827

Li LG, Huang Q, Yin X, Zhang T. 2020. Source tracking of antibiotic
resistance genes in the environment—Challenges, progress, and
prospects. Water Research 185:116127

Czekalski N, Sigdel R, Birtel J, Matthews B, Birgmann H. 2015. Does
human activity impact the natural antibiotic resistance background?
Abundance of antibiotic resistance genes in 21 Swiss lakes. Environ-
ment International 81:45-55

Theuretzbacher U. 2024. Challenges and strategies for addressing
antibacterial drug resistance in LMICs. Nature Reviews Microbiology
22:591-592

Gao Y, Chen Q, Liu S, Wang J, Borthwick AGL, et al. 2024. The mystery
of rich human gut antibiotic resistome in the Yellow River with hyper-
concentrated sediment-laden flow. Water Research 258:121763

James R, Hardefeldt LY, lerano C, Charani E, Dowson L, et al. 2026.
Antimicrobial stewardship from a One Health perspective. Nature
Reviews Microbiology 24(2):146—162

United Nations Environment Programme. 2023. Bracing for superbugs:
strengthening environmental action in the One Health response to anti-
microbial resistance. https://wedocs.unep.org/handle/20.500.11822/
38444

Copyright: © 2026 by the author(s). Published by
Maximum Academic Press, Fayetteville, GA. This article

is an open access article distributed under Creative Commons
Attribution License (CC BY 4.0), visit https://creativecommons.org/
licenses/by/4.0/.

Juetal. | Volume2 | 2026 | e011

page 130f13


https://doi.org/10.1016/j.wroa.2020.100045
https://doi.org/10.3389/fmicb.2018.00175
https://doi.org/10.1007/s11356-014-3665-2
https://doi.org/10.1016/j.jwpe.2025.107565
https://doi.org/10.1016/j.jwpe.2025.107565
https://iris.who.int/handle/10665/85349
https://doi.org/10.1007/698_2017_5
https://doi.org/10.1007/698_2017_5
https://doi.org/10.13924/j.cnki.cecs.2021.s1.011
https://doi.org/10.13924/j.cnki.cecs.2021.s1.011
https://doi.org/10.13924/j.cnki.cecs.2021.s1.011
https://doi.org/10.3389/fmicb.2023.1169476
https://doi.org/10.3390/ijerph17041183
https://doi.org/10.3390/ijerph17041183
https://doi.org/10.1371/journal.pone.0149211
https://doi.org/10.1016/j.envpol.2025.125912
https://doi.org/10.1016/j.envpol.2025.125912
https://cwrrr.org/resources/analysis-reviews/medical-wastewater-treatment-in-covid-times/
https://cwrrr.org/resources/analysis-reviews/medical-wastewater-treatment-in-covid-times/
https://cwrrr.org/resources/analysis-reviews/medical-wastewater-treatment-in-covid-times/
https://cwrrr.org/resources/analysis-reviews/medical-wastewater-treatment-in-covid-times/
https://cwrrr.org/resources/analysis-reviews/medical-wastewater-treatment-in-covid-times/
https://cwrrr.org/resources/analysis-reviews/medical-wastewater-treatment-in-covid-times/
https://cwrrr.org/resources/analysis-reviews/medical-wastewater-treatment-in-covid-times/
https://cwrrr.org/resources/analysis-reviews/medical-wastewater-treatment-in-covid-times/
https://cwrrr.org/resources/analysis-reviews/medical-wastewater-treatment-in-covid-times/
https://cwrrr.org/resources/analysis-reviews/medical-wastewater-treatment-in-covid-times/
https://cwrrr.org/resources/analysis-reviews/medical-wastewater-treatment-in-covid-times/
https://cwrrr.org/resources/analysis-reviews/medical-wastewater-treatment-in-covid-times/
https://cwrrr.org/resources/analysis-reviews/medical-wastewater-treatment-in-covid-times/
https://cwrrr.org/resources/analysis-reviews/medical-wastewater-treatment-in-covid-times/
https://english.www.gov.cn/statecouncil/ministries/202002/02/content_WS5e36a1e4c6d0a585c76ca41d.html
https://english.www.gov.cn/statecouncil/ministries/202002/02/content_WS5e36a1e4c6d0a585c76ca41d.html
https://english.www.gov.cn/statecouncil/ministries/202002/02/content_WS5e36a1e4c6d0a585c76ca41d.html
https://english.www.gov.cn/statecouncil/ministries/202002/02/content_WS5e36a1e4c6d0a585c76ca41d.html
https://doi.org/10.1016/j.eng.2022.10.011
https://doi.org/10.1038/s41467-018-06393-w
https://doi.org/10.1186/gb-2014-15-3-r46
https://doi.org/10.1016/j.watres.2019.115160
https://doi.org/10.1186/s40168-019-0774-7
https://doi.org/10.1016/j.watres.2021.117050
https://doi.org/10.1093/bioinformatics/btv033
https://doi.org/10.1186/1471-2105-11-119
https://doi.org/10.1038/nmeth.3176
https://doi.org/10.1038/s41587-023-01953-y
https://doi.org/10.1093/nar/gkab776
https://doi.org/10.1038/s41467-024-46539-7
https://doi.org/10.1093/bioinformatics/btz848
https://doi.org/10.1038/s41467-021-25096-3
https://doi.org/10.1016/j.watres.2021.117827
https://doi.org/10.1016/j.watres.2020.116127
https://doi.org/10.1016/j.envint.2015.04.005
https://doi.org/10.1016/j.envint.2015.04.005
https://doi.org/10.1038/s41579-024-01080-8
https://doi.org/10.1016/j.watres.2024.121763
https://doi.org/10.1038/s41579-025-01233-3
https://doi.org/10.1038/s41579-025-01233-3
https://wedocs.unep.org/handle/20.500.11822/38444
https://wedocs.unep.org/handle/20.500.11822/38444
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.48130/biocontam-0026-0008
https://doi.org/10.48130/biocontam-0026-0008
https://doi.org/10.48130/biocontam-0026-0008
https://doi.org/10.48130/biocontam-0026-0008
https://doi.org/10.48130/biocontam-0026-0008

	Introduction
	Materials and methods
	Sampling
	DNA extraction and high-throughput sequencing
	Annotation of ARGs and mobile genetic elements (MGEs), and taxonomy at the short-read level
	Gene annotation, genomic localization, and taxonomic classification of contigs
	Assembly and taxonomic detection of metagenome-assembled genomes
	Statistical methods

	Results
	Abundance and diversity of ARGs in hospital-adjacent surface waters
	The influence of hospital characteristics and proximity on ARG profiles
	Regional comparison of ARG profiles in urban surface waters
	Mobile genetic elements and the mobilization potential of ARGs
	Microbial community composition and identification of potential ARG hosts

	Discussion
	Conclusions
	Supplementary information
	Author contributions
	Data availability
	Acknowledgments
	Funding
	Declarations
	Competing interests

	References

