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Urban wetlands as hotspots of antibiotic
resistomes and their potential viral
transmission
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Urban wetlands serve a variety of healthful roles in cities, including as
‘sponges’ that absorb potential flood waters, leisure spaces for people

and habitat for many species. However, urban wetlands also receive
contaminated surface runoff and may become reservoirs of harmful
contaminants, including related to our earlier efforts to safeguard health.
Antibiotics are a public health mainstay, but overuse has promoted the
spread among bacteria of genes enabling them to survive treatment. Here,
by collecting and analyzing samples from 17 urban wetlands across China
and comparing them with global datasets from natural lakes and urban raw
sewage, we find these urban wetlands to be hotspots of antibiotic resistance
genes (ARGs), with average abundances about nine times higher than

in natural lakes and comparable to that in raw urban sewage. We further
discover both human bacterial pathogens and indicators of the potential
transfer of ARGs among bacteria (‘horizontal transfer’), suggesting viruses in
urban wetlands carrying ARGs might facilitate their spread within bacterial
communities there. We also find higher levels of economic development
associated with lower ARG abundances, suggesting socioeconomic factors
could also shape the geographical distribution of ARGs in urban wetlands,
perhaps through associated improvements in sewer systems. These findings
emphasize the importance of collecting and treating stormwater before its
release into urban wetlands to safeguard wildlife and human health.

W Check for updates

Antibioticresistance isaglobal health threat that contributes torising
mortality rates and escalating healthcare costs'”. Given the intercon-
nectedness of the environment, animals and human health under the
‘One Health’ framework®*, it is essential to investigate the fate of antibi-
oticresistance genes (ARGs), especially inecosystemsrelated tohuman
activities®”. Urban wetlands essentially elevate the livability of cities
by preventing flooding during rainy season, facilitating plant growth
for carbon sequestration, reducing ambient temperature, providing
habitats for wildlife and creating recreation opportunities such as
water sports and sport fishing®’. Although the water quality in urban

wetlandsis generally good, urban wetlands may also represent amajor
yet relatively underexplored hubs of ARGs. Thisis due to their recipient
of surface runoff and stormwater from adjacent densely populated
areas with frequent anthropogenic activities'’ and several studies
have demonstrated a strong correlation between human activities
and ARGs*”", Proper understanding of the presence of ARGs inurban
wetlands can help us take the necessary measures to protect the health
of wildlife and humans and, hence, promote sustainability.
Moreover, it remains unclear whether the accumulation of ARGs
inurban wetlands can be augmented by the co-occurrence of viruses.
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Viruses are widely distributed biological entities in the environment,
playing crucial ecological roles within microbial communities™. The
transfer of genetic material mediated by viruses, known as transduc-
tion, is recognized as one of the primary pathways for ARG exchange
between prokaryotes". Extensive ARGs and their transcriptional activ-
ity have been detected in virus from various environments, particularly
those impacted by human activity". This suggests that viruses may
serveas anunderestimated reservoir of ARGs in urban wetlands. Since
viruses cansurviveinthe environment for extended periods, they facili-
tate the widespread transfer of ARGs". Therefore, further exploration
isneeded to understand the virus-host dynamics in urban wetlands.
Therefore, this study aimed to primarily test the hypothesis that
urban wetlands harbor high abundances of ARGs and their potential
for viral transmission. We conducted metagenomic sequencing, viral
genomeidentification from the metagenomic data and socioeconomic
data collection in 17 urban wetlands across nine representative pro-
vincial capitals/municipalities directly under the central government
in China (Fig. 1a). Both intracellular and extracellular DNA were also
collected in the urban wetlands within Beijing under both summer
and winter seasons to comprehensively assess microbial information
inthese wetlands. Meanwhile, a thorough evaluation of ARG pollution
in the urban wetlands was carried out by comparing them with docu-
mented ARG results in natural lakes, urban wetlands and raw sewage
from various regions around the world. The main objectives of this
study areto (1) reveal thelevel of ARG and human bacterial pathogens
(HBPs) in the urban wetlands, (2) investigate the interaction between
phage (viruses infecting prokaryotes) and their bacterial hosts and the
relationship between the phage and ARGs and (3) examine the impact
of socioeconomic factors on the occurrence of ARGs in the urban
wetlands. For the latter, consider that socioeconomic inequalities may
exacerbate the prevalence of ARGs in urban wetlands®. We hypothesize
thatsocioeconomic factors play animportant role indetermining the
fate of ARGs inboth viruses and their hosts within these environments.
Filling these knowledge gaps is essential for identifying high-risk areas
and creating effective public health strategies in response to rapid
urbanization and environmental changes. This study highlights the
potential threat of microbial pollution inthe urban wetlands, providing
insightful evidences to guide informed decision on their water quality
management and risk management of ARG contamination.

Results and Discussion

The pollution of ARGs and HBPs in urban wetlands

Despite the water quality of all the urban wetlands we studied was
graded as IV (Chinese National Standard GB 3838-2002; moderate
water quality, suitable for general uses such as recreational activities)
or higher, a total of 749 different ARG subtypes were detected, with
52 distinct subtypes identified in phages (Fig. 1b and Extended Data
Fig.1). By examining the abundances of ARGs across various types
of water bodies—urban wetlands, natural lakes and raw sewage—in

different regions of the world, we found that the total abundances
of ARGs in these urban wetlands were relatively high (P < 0.05; Fig.
1c and Supplementary Table 1). Specifically, the ARG abundances in
these wetlands (average 1.642 copies per cell across nine provincial
capitals/municipalities: Beijing, Anhui, Chongqing, Nanjing, Sichuan,
Shandong, Shanghai, Xinjiang and Yunnan) are approximately 3.9x
higher than the global average for other urban wetlands (average 0.421
copies per cell), about 9.0x higher than the average for natural lakes
(average 0.183 copies per cell) and comparable to the levels found in
most raw sewage (average 1.266 copies per cell) (Fig. 1c and Supple-
mentary Table 1). Based on the risk indices for each ARG provided by
Zhang et al.'®, which take into account human accessibility, mobility,
pathogenicity and clinical availability, the ARG risk indices for all sam-
ples were quantified by multiplying the index for each ARG with the
corresponding abundance in each sample and summing the results.
The significant health risk posed by ARGs was identified in our urban
wetlands compared to most other water bodies (P < 0.05; Extended
DataFig.2). The currentresults confirm our hypothesisthat the urban
wetlands suffer from high contamination levels of ARGs.

In parallel, 97 co-occurrence patterns were observed in the
contig analysis between 168 ARGs and 119 mobile genetic elements
(MGEs), including transposases, integrases and insertion elements
(Supplementary Table 2). The most common co-occurrence patterns
between ARGs and MGEs include: the sulfonamide resistance gene
sull, nonspecific multidrug resistance genes (mdsB and mexD) and
thetetracyclineresistance gene tet(4) co-located on the same contig as
the MGE gene tnpA (transposase) (Supplementary Table 2). As shown
above, theresults emphasize the potential correlation between ARGs
and MGEs and the possible occurrence of horizontal transfer of ARGs
in urban wetlands. Moreover, 67 HBPs were identified in these urban
wetlands, including Pseudomonas aeruginosa, Salmonella enterica,
Klebsiella pneumoniae and Escherichia coli (Fig. 2a). These patho-
gens account for 40.1% of the overall HBP abundances. Although the
original habitats of these four strains differ: P. aeruginosa fromvarious
environments, S. enterica from warm-blooded animals, K. pneumoniae
from both humans and the environment, and E. coli as a commensal
of warm-blooded animals, their widespread presence across envi-
ronments, animals and humans is well documented”?°, given that
the close connection between these habitats under the ‘One Health’
framework. To investigate the relationship between HBPs and overall
ARGs, linear regression analysis was performed. The results indicate
that the abundances of these pathogens and the overall abundances
of HBPs closely aligned with those of ARGs (P < 0.05; Fig. 2b,c). It sug-
gests the potential for the coexistence of antibiotic resistance and
pathogenicity. The coexistence of genetic and microbial contamina-
tion in urban wetlands can be transmitted via direct contact, such as
tourists with open wounds or mucosal exposure while playing in the
water, or through poor hygiene practices (for example, eating food
using hands that have touched polluted water without washing)?2*,

Fig.1|Samplinglocations and ARG distribution. a, Distribution of the

17 studied urban wetlands. b, The abundances of total ARGs in these urban
wetlands across nine provincial capitals/municipalities: Beijing, Anhui,
Chongging, Nanjing, Sichuan, Shandong, Shanghai, Xinjiang and Yunnan,
includingintracellular (left) and extracellular (right) ARGs in the urban wetlands
within Beijing. The pie chart represents the proportion of intracellular and
extracellular ARGs. OFP-1, OFP-2 and OFP-3 represent three locations within
Olympic Forest Park, respectively. The suffixes ‘S’ and ‘W’ denote summer and
winter, respectively. MLS, macrolide-lincosamide-streptogramin. c, Left:
collection of metagenomes from natural lakes, raw sewage and urban wetlands
around the world. Right: the abundances of ARGs were annotated by global
dataset and compared with the data from our urban wetland samples. The
global dataset includes 117 lakes, 107 sewage systems and 114 urban wetlands
across 5 continents. To minimize the biasintroduced by the varying amounts
of urban wetland samples collected from each provincial capital/municipality,

the ARG abundances in each of the nine provincial capitals/municipalities were
calculated by averaging the numbers from the urban wetland samples within
that specific area, for comparison with ARG abundances in different global water
bodies. For the box plots, the tops of the boxes represent the 75th percentile, the
bottoms indicate the 25th percentile and the center lines denote the median.
The whiskers extend to the maximum and minimum nonoutlier values. As shown
inSupplementary Table 10, the data did not follow a normal distribution, so P
values were calculated using the two-sided Kruskal-Wallis H test as detailed in
Supplementary Table 11. Different lowercase letters (a-f) indicate significant
differences among the treatments at P < 0.05. AH-TXH, Anhui Tangxihu; AH-SL,
Anhui Swan Lake; CQ-FDLH, Chongqing Fengdu Longhe; GC, Grand Canal; NHZ,
Nanhaiz; NJ-LSW, Nanjing Lvshuiwan; OFP, Olympic Forest Park; SC-BLW, Sichuan
Bailuwan; SCH, Shichahai; SC-XC, Sichuan Xiangcheng; SD-RL, Shandong Rose
Lake; SH-DT, Shanghai Dongtan; SH-MZ, Shanghai Mingzhu; SP, Sun Park; XJ-
CWB, Xinjiang Chai Wo-pu Lake; YN-HT, Yunnan Hongta; YYH, Yeyahu.
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posing certain healthrisks. This highlights the importance of monitor-
ing microbiological indicators in urban wetlands. The relative abun-
dances of phage ARGs and total ARGs in the urban wetlands varied by
sampletype, seasonand location, with diverse resistance mechanisms

Extracellular ARG abundance (RPKM)

and multidrug resistance displaying the highest relative abundances
(Fig. 1b and Extended Data Fig. 1). Extracellular ARGs were more
abundant than intracellular ARGs (Fig. 1b and Extended Data Fig. 1).
This was also observed in other studies of aquatic environments®.
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Fig.2 | HBPsinurban wetlands. a, The abundances of HBPs in urban wetlands.
The red markers indicate the most abundant HBPs. b, The relationship between
the total abundances of HBPs and the total ARG abundancesin these urban
wetlands. ¢, Therelationship between the highly abundant HBPs, including
P.aeruginosa, S. enterica, K. pneumoniae and E. coli, and the total ARG abundances

ARG abundance (copies per cell)

inthese urban wetlands. Linear regression model with a two-sided test adjusted
using the Benjamini-Hochberg was employed for statistical analysis. The shaded
areas represent the 95% confidence interval, whereas the center linesindicate the
line of best fit. The suffixes ‘S’ and ‘W’ denote summer and winter, respectively.

Given that most current studies primarily focus onintracellular ARGs,
the potential issues posed by extracellular ARGs cannot be overlooked.
Furthermore, the relative abundances of total ARGs were higher in
winter compared to summer, both for intracellular and extracellular

ARGs (P < 0.05; Fig.1b and Supplementary Table 3). This may be attrib-
uted to the faster deactivation and degradation of DNA at higher tem-
peratures™?® and the increase in antibiotic use during winter”*, which
exerts selective pressure on microbial communities, leading to the
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enrichment of ARGs”. The abundances of ARGs in developed areas
such as Beijing (average 0.174 copies per cell) were generally lower
compared to other regions (average 1.971 copies per cell) (Fig. 1b and
Extended DataFig.1). This may be due toless developed cities lacking
adequate sewage systems to properly manage stormwater. Stormwater
runoffhasbeenreported to carry highlevel of ARGs and pathogens®*".
Some of this untreated stormwater may end up in urban wetlands. By
contrast, more developed cities such as Beijing have advanced infra-
structure to collect stormwater, which may help minimize the influx
of these polluted wastewaters into urban wetlands.

In addition, some representative ARGs—such as multidrug resist-
ance genes MexB, MexF and OprM; polymyxin resistance gene ugd; and
macrolide-lincosamide-streptogramin resistance gene macB—were
selected for targeted qPCR assays to detect their absolute abundancesto
verify theresults of metagenomic calculations of ARG abundances. These
representative ARGs, characterized by high abundances and prevalence,
were also detected in phages within these wetlands. Meanwhile, they
exhibited significant positive correlation with total ARG abundances
(P<0.05; Supplementary Table 4) and have been classified in previous
studies™ as belonging to the high-risk group (Q1), with risk indices falling
within the top 25% of all ARGs. The results demonstrated that the distri-
bution ofthe abundances of these five ARGs, detected by targeted qPCR
assaysindifferent urban wetlands, was consistent with the metagenomic
findings (Supplementary Table 5). All of them showed significant positive
correlationwith the abundances detected in the metagenome (P < 0.05;
Supplementary Table 6), thereby confirming the reliability of ARG abun-
dances derived from metagenomic datato some extent.

The potential role of viruses in facilitating the transmission
of ARGs
Our results found astrong correlationbetween ARGs in phages and the
overall ARGs (P < 0.05; Extended DataFig. 3), consistent with previous
studiesindicating that viruses may contribute to the evolution of anti-
bioticresistance in hosts as they adapt to their environment*>**, Based
onthis, atotal of 274 medium and high quality metagenome-assembled
genomes (MAGs) belonging to bacteria were obtained from all urban
wetland samples, and their phage-host linkages were predicted. Among
these, all bacterial subpopulations were hosted by phages, and 91.6%
ofthese subpopulations were hosted phages that carried ARGs (Fig. 3).
The number of ARGs carried by these subpopulations showed a signifi-
cant positive correlation with the number of phages hosted by them
andthe number of ARGs presentinthose phages (Extended DataFig.4),
emphasizing the potential effect of the viruses on ARG transmission.

The primary phage hosts at the bacterial phylum level were pre-
dicted to be Proteobacteria (56.8%), with ARGs associated with these
phages representing 71.5% of the overall phage population (Fig. 3).
Proteobacteria was also thekey carrier of ARGs, particularly within the
Pseudomonas genus. The Pseudomonas genus accounting for 52.8% of
ARGs, 38.6% of virulence factor genes (VFGs) and 20.9% of MGEs within
the overall bacterial communities (Fig. 3). Such bacterial subpopu-
lations, known for their resistance to multiple antibiotics and their
pathogenicity, have been frequently reported to be widely present
in both the environment and the human body**. The phages exerted
a crucial influence in this process, with 16 Pseudomonas genus were
hosted by atotal of 80 different phages (Extended Data Fig. 5). The co-
occurrence network betweenthese phages and Pseudomonas consisted
of 96 nodes and 844 edges, with 93.8% of the nodes showing connectiv-
ity greater than 1 (Extended Data Fig. 6). This suggests that multiple
Pseudomonas can be infected by a single phage, and a single Pseu-
domonas can be infected by multiple phages. Notably, 38.8% of these
phages were connected to all Pseudomonas (Extended Data Fig. 5),
indicating that these phages may facilitate the transfer of genetic mate-
rial between different Pseudomonas.

In fact, we discovered that the multidrug resistance genes (for
example, MexA, MexB, MexF, MuxB and OprM) present in the phages

associated with all Pseudomonaswere also foundin every Pseudomonas
(Extended DataFig. 7). Our results suggest that phages may play akey
role in the evolution of antibiotic resistance within these bacterial
subpopulations. By comparing the genome sizes of 16 Pseudomonas
and their associated 80 phages with those of 258 other bacterial sub-
populations and their 1,610 associated phages, the results showed that
Pseudomonas (average 5.6 Mbp) and their associated phages (average
103.8 kbp) had larger genomes than other bacteria (average 2.2 Mbp)
and their associated phages (average 18.5 kbp) (Extended Data Fig.
8). This enables them to deliver larger gene cargo to their hosts and
store more genetic material, potentially increasing the ARG spread
and development®.,

Potential socioeconomic factors influencing ARGs in

urban wetlands

Inthis study, we gathered socioeconomic factors (for example, econ-
omy, population, water resource, green land area and wetland area) and
climate factors (temperature and precipitation) fromindividual urban
wetlands toinvestigate their contributions to the observed abundances
of ARGs. These socioeconomic factors are linked to urban development
and the construction of green rainwater infrastructure and urban wet-
lands. The abundances of total ARGs and phage ARGs were significantly
negatively correlated with gross regional product (GRP) per capita
(P<0.05; Fig. 4a). This may further support our previous inference
that the development of sponge cities* in China—designed to cre-
ate infrastructure that absorbs runoff, controls flooding, recharges
groundwater and reuses stormwater—tends to be more prevalent in
areas with higher economic levels. These cities are associated with
more efficient green stormwater infrastructure systems, which may
help mitigate the risk of ARG pollution from stormwater runoffenter-
ing urban wetlands.

Inaddition, thereis a trend where the abundances of total ARGs
and phage ARGs firstly increase and then decrease as wetland area
increases (P < 0.05; Fig. 4a). The relationship between wetland area
and ARGs may stem from the initial increase in area, which resulted
inhigherfoot traffic and increased human activities, ultimately lead-
ing to more severe levels of ARGs'. However, as the area continued
to expand, improved urban wetland management practices helped
reduce ARGs”. The random forest model further indicated that urban
area and GRP per capita were the primary predictive factors for the
abundances of ARGs (P < 0.05; Fig. 4b). The present results highlight
the need for more focused classification and management of wetland
areas, with particular attention torisk controlin the urban wetlands of
medium-sized. Our results highlight the need to integrate microbial
pollutioninto urban wetland water quality monitoring and raising pub-
licawareness of antibiotic resistance. As global wetland sustainability
requirements becomeincreasingly multitarget specific, future efforts
will focus on establishing green stormwater infrastructure systems,
suchasbioretention cells*® and biofilters®, which have been shown to
effectively remove HBPs and ARGs from stormwater runoff, thereby
rendering the runoff harmless before it is discharged into wetlands.

Although this research offers a detailed analysis of antibiotic
resistomes and their potential viral transmission in urban wetlands, it
is crucial to acknowledge certain limitations in our research approach,
primarily relying on sequencing data. Given the inherent limitations
of metagenomics analysis, such as the challenge of distinguishing
between active and inactive organisms and the constraints of short-
read assembly, metagenomics has limited capability to directly quan-
tify the health risks associated with ARGs and the effect of viruses in
ARGs transmission. Further studies are needed to fully understand and
assesstheseissues in urbanwetlands across multiple biological scales—
from genomic and cellular to physiological and ecological—using
multidisciplinary and multiscale approaches. These techniques should
include microbialisolation and characterization, viral transplantation
experiments and active microbial technology (for example, analyzing
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by calculating the percentage increase in the mean squared error (MSE) for each
variable, with higher MSE% values indicating greater predictor importance.
MAT, mean annual temperature; MAP, mean annual precipitation. Statistical
significance was assessed using permutation tests (n,.. = 1,000). Significance
levels, as shown in Supplementary Table 12, are indicated as follows: *P < 0.05,
**P<0.0l1and **P<0.001.

geneexpression levels and transcriptional activity in active organisms),
withafocus on evaluating the antibiotic resistance risks posed by active
pathogens and quantifying changesin ARGs mediated by viruses. This
canoffervaluableinsightsinto urban wetland ecotoxicology andits link
to publichealth, helping to develop sustainable policies for mitigating
ecological risks in urban environments and safeguarding both urban
water and human health.

Although ourresearch onthe separation ofintracellular and extra-
cellular DNA provided valuable insights, more effective and rigorous
separation methods should be considered in the future, as 0.22-um
filter membranes may not fully remove bacteria. Inaddition, this study
highlights the possible link between basal socioeconomic factors
and ARG abundances in urban wetlands. However, future research
should further explore the impact of specific infrastructure changes,
particularly those related to green rainwater systems, driven by urban
development on ecological health of wetlands. This could enhance our
understanding of the evolving relationship between urban society and
water health and inform future urban policy development.

Conclusion

Our study reveals the potential risk of ARGs inurban wetlands, reflected
primarily by unexpectedly high abundances and the diversity of ARGs
they harbor, and the potential for phage-mediated transmission of
ARGs among bacterial communities. This provides critical warning
information regarding the ecological health and public health risks
associated with urban wetland and newinsights into virus-host dynam-
icsinthese environments. We also discovered that this riskis influenced
by socioeconomic factors, and positive economic development and
effective urban wetland management can help reduce ARGs in urban
wetlands. Froma‘OneHealth’ perspective, these observationsare vital as
they underscore the need for developing effective humanintervention
strategiesto curb the spread of antibiotic resistance in urban wetlands.

Methods

Typical urban wetlands in China

We collected samples from 17 urban wetlands in China (Fig. 1).
Detailed sample type, season and location information are provided
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inSupplementary Table 7. To ensure sufficient and uniform DNA extrac-
tion from urban wetland samples, 10 | of water from each wetland
in every region was first filtered through 8-pum filter membranes to
removeimpurities, and intracellular DNA was then collected using mul-
tiple 0.22-um filter membranes, with each filter processing more than
11ofwater. Although extracellular DNA was obtained by precipitating
the filtered water with ferric chloride, followed by filtration through
0.8-pmmembranes as previously described*’. Specifically, the filtered
water was treated with 10 g 1™ FeCl,, incubated for 1 h at room tem-
perature, and then filtered through 0.8-pum polycarbonate membranes,
which retained the extracellular DNA and flocculated viruses. DNA was
extracted using the FastDNA SPINKit for Soil (MP Biomedicals) accord-
ing to the manufacturer’s instructions. Extracted DNA concentration
and purity were determined via micro-spectrophotometry (NanoDrop
LITE, Thermo Scientific).

Metagenomic sequencing and data analysis
The DNA sequencing was conducted using the lllumina Hiseq X plat-
form operated by Majorbio Biotechnology. The extracellular DNA from
sample ‘OFP-2S’, representing one location within Olympic Forest Park
collected during the summer, failed to produce ametagenomic library.
To minimize systematic errors and batch effects and to ensure that this
would notimpact our research (as two other locationsin Olympic Park
already containboth extracellular andintracellular DNA), sample ‘OFP-
2S’was not subjected to secondary sequencing. The raw metagenomic
data were trimmed using Fastp v0.20.0 (https://github.com/Open-
Gene/fastp)*. Potential ARGs were annotated using local ARG-OAP
(version 3.2) based on the structured ARG reference database (SARG)
(identity =80%, hit length >75% and E-value <107)*2, The abundances of
intracellular ARGs were normalized by adjusting the read abundance
based on the length of each gene and by calculating gene copies rela-
tive to the total cellnumbers in each sample (that is, copies per cell).
To evaluate the ARG risk of each sample, ARG risk indicators for
each were calculated. The risk indices for each ARG were provided
by Zhang et al.’®, with the risk index calculated as human accessibil-
ity x mobility x human pathogenicity x clinical availability. Further-
more, the ARG risk index for all samples was calculated based on
previously established standards*. The specific formula used for the
calculationis as follows:

n
Rlsample = ), abundance; x RI;.
i=1

Amongthese variables, ‘abundance’ and ‘RI’, respectively, denote
the abundance and risk indices of each ARGs (i) within the sample,
respectively, where n represents the total number of ARGs detected
inthesample.

Due to the potential inaccuracies in standardizing extracellular
ARGs based on cell counting, the abundances of both intracellular
and extracellular ARGs were also normalized according to read counts
and gene length (that is, reads per kilobase of exon model per million
mapped reads, RPKM) for comparison.

The clean metagenomic data from all samples wereindependently
assembled into contigs using MEGAHIT v1.2.9**. Openreading frames
were predicted using the Prodigal v2.6.3*, and the CD-HIT algorithm
was applied to generate a nonredundant gene catalog*. To obtain
annotation and taxonomic information for the bacteria, sequences
from the nonredundant gene set were compared to those in the NCBI
Non-Redundant Database (NR) database, with an E-value threshold
of <107°. Bacteria were classified as HBPs by referencing a compila-
tion of emerging/re-emerging pathogens, Virulence Factor Database
(VFDB) and the World Health Organization (WHO) priority ARB list,
as reported in previous studies*’. MAGs were recovered from each
metagenome via MetaBAT2*. The quality of the obtained MAGs was
assessed using CheckM v2.1.1*°, and only medium and high quality

MAGs witha completeness of >50% and a contamination of <10% were
keptfor further analysis. Therelative abundances of MAGs were deter-
mined by calculating the proportion of the average coverage for each
MAG across the metagenomic sequencing samples. Taxonomic and
phylogenetic analyses were performed using GTDB-Tk v1.7.0°°. Open
reading frames predicted from contigs and MAGs by Prodigal v2.6.3*
were queried against the SARG*, VFDB* and MGE** databases using
BLASTX of DIAMOND v2.0.14.152%, with thresholds set atidentity >60%,
hit length >80%, and E-value <107°. ARGs and MGEs were considered
co-contigs if they were located on the same contig™.

Targeted qPCR assay

Based ontheresults of our metagenomic analysis, five representative
ARGs (MexB, MexF, OprM, ugd and macB) were selected for targeted
qPCR assays using the ABI QuantStudio 12K Real-Time PCR System
(Applied Biosystems) to measure their absolute abundances and verify
the reliability of ARG abundances obtained from metagenomic data.
The primer sequences for these ARGs are shown in Supplementary
Table 8. PCR amplification of these ARGs was performed using the
PrimerSTAR Max DNA PolymeraseKit (Takara) according to the manu-
facturer’sinstructions. The resulting PCR products were then ligated
intothe pClone007 vector. After that, the recombinant products were
transformed into competent E. coli cells using the Rapid Competent
Cell Preps Kit (Takara). The plasmids were then extracted according to
the protocol provided by the SanPrep Column Endotoxin-Free Plasmid
Mini-Preps Kit (Sangon). The approximate concentration and purity of
plasmids were assessed using micro-spectrophotometry (NanoDrop
LITE, Thermo Scientific) to confirm successful extraction. The exact
plasmid concentration was subsequently measured using the Qubit
3.0 fluorometer (Invitrogen). The plasmids were diluted in a tenfold
gradient to construct a standard curve for subsequent qPCR assays.
SYBR Green Premix Ex Taq (Takara) was used for qPCR assays. The
amplification conditions were as follows: one cycle of initial denatura-
tionat 95 °C for 5 min, followed by 45 cycles of 95 °Cfor 15 s, annealing
at 60 °C for 15 s and final extension at 72 °C for 35 s. Each sample was
analyzed in triplicate to minimize potential bias and assess the repro-
ducibility of the qPCR results. The absolute copy number of genes
was determined by constructing standard curves based on threshold
cycles versus the log-copy number of genes. Gene abundances were
then normalized to copies per milliliter based on the amount of water
used for DNA extraction.

Socioeconomic factors of urban wetlands

We obtained socioeconomic factors related to urban development
and the construction of green rainwater infrastructure and urban
wetlands, fromtheinvestigated urban wetlands. These factorsinclude
populationsize, GRP per capita, water resources, green land areaand
park area. These factors, along with climate variables such as mean
annual temperature and mean annual precipitation, were obtained for
eachcity fromthe China City Statistical Yearbook. These factors were
identified as predictors of ARG abundances through random forest
analyses using the rfPermute package. Regression and Spearman cor-
relation analyses were conducted to explore the relationship between
ARG abundances and multiple factors.

Global dataset collection

InNovember 2024, we conducted aliterature search on Web of Science,
Google Scholar and PubMed using the keywords ‘lake’, ‘sewage’, ‘'urban
water body’ and ‘metagenome’ to gather metagenomic dataon natural
lakes, raw sewage and urban wetlands globally. To reduce potential
confusion during the analysis, we carefully filtered the metagenomic
samples from these studies according to the following criteria: (1)
only water body samples were included, excluding sediment samples;
(2) samples without geographic coordinates were excluded, as these
would not enable the identification of biogeographic patterns; and
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(3) samples treated with chemical compounds in the laboratory were
excluded. After careful screening, we compiled metagenomic samples
from 117 lakes, 107 sewage systems and 112 urban wetlands across five
continents. Detailed information on the metagenomes is available in
Supplementary Table 9. To ensure amore accurate comparison between
the collected metagenomic data and our experiments, we gathered
metagenomic samples from various locations in lakes and sewage
systems in China, specifically those closer to our experimental site.
Moreover, the annotation methods and conditions for ARGs were con-
sistent withthose used in our experiment. Detailed dataonthe overview
of all ARGs across the samples are provided in Supplementary Table 1.

Identification of viral sequences and host prediction
Viral sequences were identified from the assembled contigs >5,000 bp
using a combination of DeepVirfinder (v1.1)*, Virsorter2 (v2.0)** and
VIBRANT (v1.2.1)””. Contigs that met the criteria of 95% average nucleo-
tide identity and 85% alignment fraction were then were then clustered
intoviral operational taxonomic units (vOTUs) using CD-HIT v4.6*. The
completeness and contamination of these vOTUs were then estimated
using CheckV v1.0.1 (database v1.2)**. The protein-coding sequences
of vOTUs were predicted using Prodigal v2.6.3*. BLASTX of DIAMOND
v2.0.14.152° was used to align the sequences, and a sequence was
classified as an ARG fragment if it met the following criteria: identity
>40%, hitlength >75% and E-value <107 The abundances of ARGs were
normalized based ongene length and read counts (that s, transcripts
per kilobase of exon model per million mapped reads (TPM)) using
Bowtie2v2.5.0%.

Inthis study, three computational strategies based upon nucleo-
tide sequence similarity were used for host prediction, namely: (1)
CRISPR spacer bar matching: CRISPR spacer sequences from the
bacterial genome were predicted using a CRISPR recognition tool
(CRT, v2.1)°°. Detected spacer sequences were queried against the
viral genome using the BLASTn-short® function with the parameter
of at least 95% identity over the entire spacer length, allowing only
one to two SNPs at the end of the sequence, and E-value <107%°. (2)
Transfer RNA (tRNA) matching: tRNA genes were annotated using
tRNAscan-SE (v2.0.9)°* and then compared to prokaryotic genomes
using BLASTn®, witha threshold of >95% sequence identity. Moreover,
viralgenomes were aligned with prokaryotic genomes based on shared
genomic regions using BLASTn®. Matches that met the following cri-
teria were retained: bit score =50, nucleotide identity >70%, match
length >2,500 bp and E-value <107, (3) Nucleotide sequence homology
between the bacterial genome and viral genome: vOTU sequences were
compared to a microbial genome dataset using BLASTn®.. The match
criteria identity >70% nucleotide, coverage >75%, bit score =50 and
E-value <1072 The co-occurrence network between phages and their
hosts was constructed using the Gephiinteractive platform.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability
Allsequence dataare available in the NCBI database under SRA acces-
sionnumber PRJNA1172644. Source dataare provided with this paper.
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Extended Data Fig.1| The abundances of phage ARGs in urban wetlands, including intracellular and extracellular ARGs in Beijing. Pie chart represents the
proportion of different antibiotic resistance mechanisms.
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Extended Data Fig. 2| Comparison of the abundances of risk indices for ARGs
in this study with those from natural lakes, sewage effluents, and urban
wetlands worldwide. For box plots, the tops of the boxes represent the 75th
percentile, the bottomsindicate the 25th percentile and the centre lines denote
the median. The whiskers extend to the maximum and minimum non-outlier

values. As shown in Supplementary Table 13, the data (n = 347) did not follow a
normal distribution, so Pvalues were calculated using the two-sided Kruskal-
Wallis H test as detailed in Supplementary Table 14. Different lowercase letters
indicate significant differences among the treatments at P < 0.05.
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Extended Data Fig. 3| The relationship between phage ARG abundances and total ARG abundances. Linear regression model with a two-sided test adjusted using
the Benjamini-Hochberg was employed for statistical analysis. The shaded areas represent the 95% confidence interval, while centre lines indicate the line of best fit.
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by MAGs, the number of phages hosted by them and the number of ARGs areas represent the 95% confidence interval, while centre lines indicate the line

presentinthose phages. Linear regression model with a two-sided test adjusted of best fit.
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Extended Data Fig. 5| Host status of Pseudomonas by phages. Heatmap showing the infection profiles of phages across the Pseudomonas genus.
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Extended DataFig. 6 | Interaction network between phages and their key hosts (Pseudomonas genus) in urban wetlands. Green nodes represent bacterial hosts
belonging to the Pseudomonas genus, while pink nodes represent phages. Node size indicates the degree of connectivity.
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Extended Data Fig. 7| The ARGs carry by Pseudomonas. The asterisk and red mark indicating that these ARGs are also carried by phages.
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Extended Data Fig. 8| Traits of Pseudomonas and their associated phages.
(a) Comparison of genome sizes between Pseudomonas and other bacteria
(n=274); (b) Comparison of genome sizes between viruses hosted by the
Pseudomonas and other phages (n =1690). For box plots, the tops of the boxes
represent the 75th percentile, the bottoms indicate the 25th percentile and
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the centre lines denote the median. The whiskers extend to the maximum and
minimum non-outlier values. Since the data did not follow a normal distribution
asshownin Supplementary Table 15, Pvalues were calculated using two-sided
Mann-Whitney U test adjusted with the false discovery rate (FDR).
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