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Removal efficiency of ARGs in different
wastewater treatment plants and their
potential risks in effluent
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Wastewater treatment plants (WWTPs) have shown to be effective in reducing the abundance of
antibiotic resistance genes (ARGs), serving as a crucial barrier to the transmission of ARGs through
wastewater. However, the risk of those ARGs remaining in the effluent requires further investigation. In
this study, influent and effluent samples from WWTPs with different process configurations were
collected for metagenomic sequencing. A total of 1331 ARG subtypes were detected in influent, with
total abundance ranged from 0.46 to 3.89 copies/cell, which was higher than global level. The total
abundance of ARGs was effectively reduced in effluent with removal efficiency 63.2–94.2%, resulting
in a relatively low level when compared with other cities worldwide. Despite the effectiveness in
reducing the abundance of ARGs, 4.38% ARGs remaining in effluent were identified as Rank I by
arg_ranker with APH(3”)-Ib, ere(A), and sul1 as the most abundant subtypes. Further, metagenomic
assembly showed that these high-risky ARGs co-occurred with mobile genetic elements
(transposase, recombinase, relaxase, and integrase) and were primarily carried by WHO priority
pathogens (Salmonella enterica and Pseudomonas aeruginosa), indicating their high-risky potentials.
Taken together, these results indicated that even though WWTPs effectively reduced the abundance
of ARGs, thepotential risks of remainingARGsstill cannot be neglected. These resultsmight be helpful
for controlling the spread of ARGs from WWTPs into neighboring ecosystems.

Antibiotic-resistant bacteria (ARB) rapidly accumulate and spread in the
environment due to the abuse of antibiotics1,2. In 2021, 4.71 million deaths
were related to ARB globally GBD 2021 Antimicrobial Resistance3 and this
might increase to 10 million by 20504. The threats posed by ARB to public
health are due to their ability to carry antibiotic resistance genes (ARGs) that
can withstand the effects of antibiotics and spread into other bacteria by
mobile genetic elements (MGEs). In recent years, ARGs have been widely
detected across diverse environments, attracting the attention of both sci-
entists and governments5.

Wastewater treatment plants (WWTPs) are considered a crucial bar-
rier to prevent the entry of ARGs into natural ecosystems6–9. The anaerobic/
anoxic/aerobic (AAO) process is widely used in currentWWTPs and it has
been found to effectively reduce the abundance of ARGs10,11. As the stan-
dards for effluent became increasingly stringent, process configurations in
WWTPs underwent technical improvement, such as modified AAO, cyclic
activated system (CAST), and modified sequencing batch reactor (MSBR).
These processes involved adding reaction tanks to the original reactors and

adjusting operational parameters to enhance nitrogen and phosphorus
removal12–14, while the effectiveness of these processes in ARGs removal is
not clear. In addition to technological developments, further treatment was
also utilized after the AAO process. Membrane bioreactor (MBR) could
enhance biological treatment to reduce antibiotics in effluent15 and disin-
fection (e.g., chlorination, ultraviolet (UV)), on the other hand, could
inactivate ARB through oxidation16. Alternatively, some classic process
configurations are still being used in currentWWTPs, such as Unitank and
anoxic/aerobic (AO)process. The behaviors ofARGswithin these processes
have yet to be assessed, which needs a comprehensive investigation.

Even though the abundance of ARGs have been reduced in WWTPs,
more andmore researchers are realizing that the abundance of ARGs is not
equal to their potential risks17,18. Considerable ARGs are not hosted by
pathogenic bacteria or co-occurred with MGEs, and therefore, they are not
necessarily regarded as potential risks to human health17,19. Recently, a
practical risk ranking frameworkwas developed that considered the existing
environment, mobility, and host pathogenicity20. Therefore, despite the
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effectiveness in reducing the total abundance ofARGs, the risks of theARGs
remaining in effluent require evaluation to better understanding their
potential threats to neighboring ecosystems.

In this study, influent and effluent samples were collected from
WWTPs with different process configurations in a large city of China. The
main research aims of this studywere to: (1) compare the removal efficiency
of ARGs and high-risky ARGs in WWTPs with different process config-
urations, (2) identify the high-risky ARGs remaining in effluent, and (3)
reveal the co-occurrence of high-risky ARGs withMGEs and their bacterial
hosts. Results of this study will enhance the understanding of ARG
dynamics in WWTPs and highlight the potential risks of ARGs remaining
in effluent.

Results
Diversity and abundance of ARGs in the WWTPs
In this study, influent and effluent samples were collected from seven
municipalWWTPswith different process configurations (Fig. S1).A total of
25 types of ARGs were detected, with 1331 subtypes in influent and
373 subtypes in effluent.Therewas significant seasonal variation in theARG
subtypes both in influent (Wilcoxon test, p < 0.05) and effluent (Wilcoxon
test, p < 0.01) (Fig. S2) with a greater number of ARG subtypes in winter.
The dominant types of ARGs were observed to be distinct in influent and
effluent (Fig. 1a). Beta-lactam resistance gene (abundance 17.1%) and
aminoglycoside resistance gene (abundance 16.4%) were the dominant
types in influent while in effluent, most abundant ARG type belonged to
multidrug resistance gene (abundance 18.7%), bacitracin resistance gene
(abundance 17.9%), and sulfonamide resistance gene (abundance 14.0%)
(Fig. 1a). To assess the abundance of ARGs at global scale, influent (n = 137,

Table S1) and effluent (n = 76, Table S2) samples fromworldwideWWTPs
were selected for comparison. In this study, the abundance of ARGs in
influent was 0.46–3.89 copies/cell (average 2.59 copies/cell) (Fig. 1b), which
was higher than selected influent samples worldwide (average 1.63 copies/
cell, Fig. 1c). After treatment, the abundance of ARGs was significantly
reduced to 0.17–0.63 copies/cell (average 0.30 copies/cell) in effluent
(Wilcoxon test, p < 0.01, Fig. 1b), which was lower than global average level
(average 0.52 copies/cell, Fig. 1d). These results indicated that a relatively
low level of ARGs were released by these WWTPs to neighboring
ecosystems.

Removal of ARGs in WWTPs with different process
configurations
In this study, the abundance of ARGs in influent decreased substantially by
88.4% (63.2–94.2% in each WWTP, Fig. 2a, Table S3) and significant
reductions in the major types of ARGs also occurred from influent to
effluent (Wilcoxon test, p < 0.05, Fig. 2b). TheAAOprocesswaswidely used
in current WWTPs and it achieved a removal efficiency of 87.7% (WWTP
BJ and WWTP KG_AAO). The removal efficiency of modified AAO
(WWTPBGandWWTPKX,91.3%)washigher than that ofAAOwhile the
AAO coupled with MBR (AAO-MBR) process showed no obvious
improvement (WWTP DY, 87.9%) (Fig. 2a, Table S3). The CAST and
MSBRparallel (CAST/MSBR)process (WWTPZJ88.1%) andAO(WWTP
KG_AO87.6%) processes also showed similar removal efficiencieswith that
of AAO process. Notably, the classic process configuration (Unitank,
WWTP CB) exhibited the lowest efficiency (81.4%) and achieved only
63.2% in summer (Fig. 2a, Table S3). In addition, different disinfection
processes were used for advanced treatment in someWWTPs. The removal
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efficiency of modified AAO process with UV (WWTP KX, 87.7%) was
lower than that without UV (WWTP BG, 93.8%) while chlorination
(WWTP KG_AAO, 87.7%) did not exhibit higher efficiency compared to
that without chlorination (WWTP BJ, 87.8%) (Fig. 2a, Table S3).

Redundancy analysis (RDA) followed by hierarchical partitioning
analysis was used to identify the major environmental drivers influencing
the profiles of ARGs (Fig. S3). In influent, antibiotics was the most sig-
nificant factor (oxolinic acid, 35.3%; sulfamethoxazole, 20.3%; ofloxacin,
19.5%) while in effluent, ammonia-nitrogen (NH4

+-N) was the most
important contributor (41.9%), followed by total phosphorus (TP) (28.1%).
These results indicated that antibiotics posed more effects on profiles of
ARGs in influent than effluent.

Risks of ARGs remaining in effluent
An omics-based framework (arg_ranker) was used to evaluate the risk of
eachARG20. Among all the ARG subtypes detected in the samples, 116were
classified as Rank I, and 98 as Rank II, representing 7.93% and 8.47% of the
total abundance of ARGs, respectively. The largest proportion of the ARGs,
however, fell into Rank IV, which accounted for 62.16% of the total abun-
dance ofARGs. The aminoglycoside resistance genewas themost abundant
ARG type inRank I,makingupnearly half (43.5%)of the total abundanceof
Rank I ARGs. In Rank II, the aminoglycoside resistance gene (27.5%) and
the macrolide-lincosamide-streptogramin resistance gene (32.7%) con-
tributed similar proportions to the total abundance of Rank II ARGs, with
both being the dominant ARG types in this rank (Figs. S4, S5). In the
influent samples, 9.70% and 10.88% of the total abundance of ARGs were

classified as Rank I and Rank II, respectively. Their abundances were
obviously decreased in the effluent, with reductions of 80.5% for Rank I and
85.7% for Rank II ARGs (Fig. 3, Table S3). Consequently, only 4.38% and
3.61% of total ARGs were identified as Rank I and Rank II in the effluent,
respectively. These results showed that the WWTPs were effective in
reducing the abundances of Rank I and Rank II ARGs. However, the
removal efficiency of Rank I ARGs was slightly lower than that of the total
ARGs, especially in winter seasons (72.4%) (Figs. 2a, 3, Table S3), showing
that Rank I ARGs might be more stable in WWTPs.

Principal coordinate analysis (PCoA) was used to evaluate the profiles
of ARGs (Figs. 4, S6). The profiles of ARGs in influent and effluent were
distinct from each other despite the seasonality (Fig. S6).Moreover, samples
from the same risky ranks were grouped together, while samples from
different risky ranks were clearly separated. This tendency was observed for
both influent and effluent in different seasons (Fig. 4), showing that the
different risky ranks of ARGs exhibited distinct distribution patterns.

In this study, after the wastewater treatment processes, most of the
ARGs in effluentwere identified as relatively low abundances (<10−5 copies/
cell). The top 10 most abundant ARG subtypes in effluent were selected to
further evaluate their potential risks (Fig. 5a). Among them, three subtypes
of ARGs (APH(3”)-Ib, ere(A), and sul1) were identified as Rank I,
accounting to 25.5%, 25.8%, and 7.2% of their abundances, respectively
(Fig. 5a). Metagenomic assembly revealed that these three high-risky ARG
subtypes co-occurred with MGEs (transposase, recombinase, relaxase,
integrase) and carried by twoWHOpriority pathogens (Salmonella enterica
and Pseudomonas aeruginosa) (Fig. 5b, Table S4), showing their high-risky
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potentials. Notably, in WWTP CB, the abundances of Rank I APH(3”)-Ib
(123.6% inwinter season) andRank I sul1 (2.1% in summerseason, 21.1% in
winter season) were observed to be increased in effluent compared with
influent. Similarly, Rank I APH(3”)-Ib was also enriched in WWTP BJ
(13.7% in winter season) (Figs. S7, S8, Table S3). These results highlighted
that the risks of these ARGs remaining in effluent cannot be neglected.

Discussion
In this study, sampling of influent and effluent samples fromWWTPs with
different process configurations was carried out and a total of 1331 subtypes
and 373 subtypes were detected in influent and effluent respectively. The
number of ARG subtypes was significantly higher in winter samples than in
summer samples (Fig. S2). Similarly, the abundance of ARGs in winter
influent (average 2.73 copies/cell) was also higher than that in summer
influent (average 2.39 copies/cell). Similar observation was reported
elsewhere21 andmight be related to increased use of antibiotics for illness in
winter.

The dominant types of ARGs were observed to be distinct in influent
and effluent (Fig. 1a). Themost abundant ARG types in influent were beta-
lactam, and aminoglycoside resistance genes, while multidrug, bacitracin,
and sulfonamide resistance genes were the most dominant ARG types in
effluent. Beta-lactam, and aminoglycoside were widely used antibiotics in
China and theywere detected in diverse ecosystems22–24. In addition, diverse

multidrug resistance genes (e.g., qacEdelta1, qacH, qacE, mexK) and baci-
tracin resistance (e.g.,bacA)were reported tobe resistant todisinfectants25,26,
which might be responsible for their high abundances in effluent. Typical
sulfonamide resistance genes (sul1) were found to be easily transferred
among different bacteria with MGEs (intI1), probably resulting in its high
abundance of effluent27.

According to a previous study, the total abundance of ARGs in effluent
could be divided into four exposure levels which were Level 1 (>1 copies/
cell), Level 2 (0.5–1 copies/cell), Level 3 (0.25–0.5 copies/cell) and Level 4
(<0.25 copies/cell)28. Most of the effluent samples belonged to Level 3 or
Level 4 (Fig. 1d), indicating a relatively low level of ARGs released by
WWTPs toneighboring ecosystems.A global viewofARGs inWWTPswas
obtained by collecting the available data inNCBI (Tables S1, S2). The results
confirmed that the abundances of ARGs in effluent were lower than the
global average abundance (Fig. 1d) while the total abundance of ARGs in
influent was higher (Fig. 1c).

TheARGprofiles in influent and effluentwere comparedbyPCoAand
they were clearly separated despite the seasonal difference (Fig. S6). This
finding was consistent with a previous study, which also observed differ-
ences in ARG profiles between influent and effluent29. RDA showed that
antibiotics had a stronger influence on the ARG profiles of influent (78.6%)
than effluent (24.5%) (Fig. S3). This might be due to the higher con-
centration of antibiotics in influent (266.26–671.72 ng/L) than in effluent
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Fig. 3 | Abundance and removal efficiency of Rank I and Rank II ARGs in WWTPs.
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(46.44–257.93 ng/L) (Tables S5, S6, S7), which exerted greater selective
pressure on bacteria30,31. A previous study confirmed this by showing that
antibiotics in wastewater acted as a selective driver to promote the pro-
liferation of ARGs32.

The total abundance of ARGs was significantly reduced from influent
to effluent in WWTPs (Fig. 1b), with an efficiency of 88.4% (Fig. 2a,
Table S3). The removal efficiency was higher than that previously reported
in Japan29, USA33 and Qinghai-Tibetan Plateau (China)34, but slightly lower
than a study collected samples from WWTPs in Shandong and Gansu
Province (China)35. Meanwhile, the dominant types of ARGs were also
observed to be reduced significantly (Wilcoxon test, p < 0.05) (Fig. 2b),
which was in alignment with a previous study36. The removal efficiencies of
Rank I (80.5%) and Rank II (85.7%) ARGs were slightly lower than that of
the total ARGs (88.4%) (Figs. 2a, 3, Table S3), probably due to their abilities
for horizontal gene transfer. Meanwhile, the removal efficiency of Rank I
ARGs (80.5%)was lower than that ofRank II (85.7%).This discrepancymay
be attributed to the fact that most of the pathogenic bacteria were gram-
negativewith lipopolysaccharide in cellwalls to combat against ultraviolet or
chlorinated disinfection37.

In this study, the removal efficiency of ARGs in AAO and AO pro-
cesses with the same influent (WWTP KG) was compared. No obvious
differences in removal efficiency for total and Rank I ARGs were observed
between the AAO process (87.7% for total ARGs, 83.0% for Rank I ARGs)
and the AO process (87.6% for total ARGs, 84.5% for Rank I ARGs)
(Figs. 2a, 3, Table S3). InWWTPs, reduction of ARGsmainly depended on
activated sludge to captureARGs38, and therefore, additional anaerobic tank
might not enhance the removal efficiency forARGs29.Meanwhile, therewas
no significant difference in the removal efficiency of ARGs between CAST/
MSBR(WWTPZJ, 88.1% for totalARGs, 75.7% forRank IARGs) andAAO
(WWTP BJ, 87.8% for total ARGs, 77.0% for Rank I ARGs) (Figs. 2a, 3,
Table S3), which may also be attributed to the similar activated sludge
processes for capturing ARGs. On the contrary, the Unitank process
(WWTP CB) showed the lowest removal efficiency on total abundance of

ARGs (81.4%) as well as Rank I ARGs (50.2%) (Figs. 2a, 3, Table S3). The
Unitank process was equipped with aeration facilities in each tank, which
might hinder the adsorption of ARGs by activated sludge11. Furthermore,
the removal efficiency of modified AAO (WWTP BG and KX) was com-
pared with that of AAO (WWTP BJ and KG_AAO) and modified AAO
(91.3%)process showedhigher than that ofAAO(87.7%) (Fig. 2a,Table S3).
Similarly, the removal efficiency of modified AAO (88.4%) on the removal
of Rank I ARGs was better than that of AAO (80.1%) (Fig. 3, Table S3). The
modified AAO process was equipped with a pre-anoxic tank to enhance
nitrogen removal, which was found to be beneficial for removal of
ARGs11,12,39. In addition, there was no obvious difference between AAO-
MBR (WWTPDY, 87.9%) and AAO (WWTPKG_AO 87.7%) on removal
efficiency of total ARGs (Fig. 2a, Table S3). This was inconsistent with a
previous study that showed that abundance of ARGs after AAO-MBR
treatment were significantly lower than AAO without MBR27. The influent
ofWWTPDYwas combinedwith domestic wastewater and the presence of
hazardous chemicals (e.g., Pb) in industrial wastewater might affect the
removal efficiency of ARGs40.

In addition to biological treatment processes, the disinfection process
was also considered promising for the removal of ARGs for its ability to kill
microorganisms. In this study, the removal efficiency of AAO process with
UV(WWTPKX, 87.7%)was lower to thatwithoutUV(WWTPBG, 93.8%)
(Fig. 2a, Table S3). Similarly, the WWTP with chlorination (WWTP
KG_AAO, 87.7%) also showed no obviously improved efficiency than the
WWTP without chlorination (WWTP BJ, 87.8%) (Fig. 2a, Table S3). This
limitationmightbedue to insufficientdisinfectiondoses and contact time.A
previous study found that the removal efficiency of ARGs increased with
higher doses of UV irradiation41. To achieve effective removal, UV irra-
diation doses typically needed to exceed 200 mJ/cm241, which was much
higher than the national standard (20mJ/cm²) in China. The insufficient
irradiation time could kill the bacteria and release intracellular ARGs,
thereby increasing theARGs in effluent and reducing the removal efficiency.
To achieve effective removal of ARGs, the chlorination dosage needed to

Fig. 4 | PCoA showing the profiles of total ARGs,
Rank I ARGs, and Rank II ARGs.
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exceed 15mg/L, which is higher than current WWTPs in China42. In
addition, in this WWTP with chlorination (WWTP KG_AAO), the
removal efficiency of total ARGs (87.7%) was higher than that of Rank I
(83.0%) and Rank II (84.2%) ARGs (Figs. 2a, 3, Table S3). This was rea-
sonable since the chlorination disinfection could promote the horizontal
gene transfer of ARGs43,44, resulting in a lower removal efficiency on redu-
cing Rank I and II ARGs.

In this study, risky ranks of each ARG was identified using
arg_ranker20. PCoA plot was employed to assess the profiles of ARGs
(Fig. 4). Samples categorized within the same risk rank were clustered
together, while samples from different risk ranks displayed clear separation
(Fig. 4), indicating that the distribution variations of ARGs among the
different risk ranks exhibited distinct patterns. In this study, 116 and 98
ARG subtypes were identified as Rank I and Rank II, respectively, with only
22 subtypes being shared between the two ranks. The relatively low pro-
portion of shared ARG subtypes suggested that the profiles of Rank I and
Rank II ARGswere distinct, which could explain the separation observed in
the PCoA plot. A previous study also showed the composition and profiles
of Rank I and Rank II ARGs in wastewater samples was different7.

In this study, three subtypes of ARGs (APH(3”)-Ib, ere(A), and sul1)
were identified as the Rank I ARGswith relatively high abundances (among
top 10) remaining in effluent (Fig. 5a). Among them, Rank I sul1 showed an
increase in abundance inWWTPCB in summer (2.1%) andwinter (21.1%)
seasons, while Rank I APH(3”)-Ib was enriched in WWTP BJ (13.7%) and

WWTP CB (123.6%) in winter season (Figs. S7, S8, Table S3). Similarly, a
previous study observed that the abundances of sul1 doubled in influent
after treatment27. Moreover, these ARGs were found to co-occur with
multiple MGEs and hosted by WHO priority pathogens (Salmonella
enterica, Pseudomonas aeruginosa) (Fig. 5b). This indicated their high-risky
potentials and might accumulate in receiving rivers of WWTPs, bringing
long-term potential health risks. A previous study indicated WWTPs
contributed 87.3% of ARGs to downstream river water, where co-
occurrence of ARGs (ere(A), sul1) and MGEs (transposase) in Pseudomo-
nas aeruginosa was observed in both effluent and receiving river9. Another
study found a large number of pathogens (including Salmonella and
Pseudomonas) in aWWTPharbored a variety ofARGs (including sul1) and
MGEs (insert sequence, transposase) coexisting in the plasmids and
chromosomes45. In addition, the abilities of horizontal gene transfer for
these ARGs has been proved in several studies46–49. A previous study found
that APH(3”)-Ib can be transferred horizontally to confer resistance to
aminoglycoside46. A similar study in aquaculture environments revealed
that sul1 and APH(3”)-Ib were transferred horizontally, resulting in anti-
biotic resistance in pathogens47. This suggested that although the abundance
of ARGs can be significantly reduced inWWTPs, the risks in effluent were
still not negligible. In future studies, special attentions need to be paid on
these high-risky ARGs and explore their behaviors in receiving ecosystems.

In conclusion, this study analyzed the removal efficiency and potential
risks of ARGs in WWTPs with different process configurations. Effective

Fig. 5 | Risks of ARGs remaining in the effluent.
a The abundance of the top 10 most abundant ARG
subtypes in the effluent and their risky ranks.
b Representative arrangements of ARGs (APH(3”)-
Ib, ere(A), and sul1) with MGEs in WHO priority
pathogens. The blue color and green color indicated
the ORFs annotated as ARGs and MGEs,
respectively.
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reductions (88.4%) in the total abundanceofARGswas observed andRank I
ARGs were removed with slightly lower efficiency (80.5%). Moreover,
4.38% ARGs remaining in effluent were identified as Rank I withAPH(3”)-
Ib, ere(A), and sul1 as the most abundant subtypes. Metagenomic assembly
revealed that these ARGs coexisted with multiple MGEs (transposase,
recombinase, relaxase, integrase) and harbored by two WHO priority
pathogens (Salmonella enterica and Pseudomonas aeruginosa). Together,
these results indicated that although WWTPs reduced the abundance of
ARGs, the potential risks of the residual ARGs in effluent still required
further attentions.

Methods
Sample collection
SevenmunicipalWWTPs with different process configurations in Nanjing,
China were selected as the sampling sites (Fig. S1), with the distances
between theplants ranging from10.7 kmto53.4 km.TheseWWTPsmainly
received the domestic wastewater except WWTPDY, which collected both
domesticwastewater and industrialwastewater from twoadjacent industrial
parks (Table S8). Influent (~1 L) and effluent (~2 L) samples were collected
from these WWTPs during summer (temperature 23 to 31 °C) and winter
(temperature−2 to 14 °C) seasons. After collection, all of the samples were
transported to the laboratory within 6 h and processed for physiochemical
analyses immediately upon arrival.

Physiochemical analyses
The pH was measured using a multiparameter analyzer (Mettler, Switzer-
land). The samples were digested with K2S2O8 before total nitrogen (TN)
and TP analysis. TN, TP, and NH4

+-N were determined colorimetrically
using a multiparameter water quality tester (Luheng, China). Metal con-
centrations (Cu, Fe, Mn, Ni, Zn) were determined using ICP-MS (Perkin
Elmer, USA). The physicochemical attributes were listed in Table S9.

For antibiotics analyses, 500mL influent sample or 1 L effluent sample
was filtered through a 0.22 μm polycarbonate membrane. After filtration,
thepHof each samplewas adjusted to about 3.050.Antibioticswere extracted
using the solid-phase extraction (SPE) with Oasis HLB cartridges (Waters,
USA). The cartridges were preconditioned by flushing them with 6mL
methanol, followed by 3mL ultrapure water, and then 6mL sodium dihy-
drogen phosphate solution (100 g/L). The samples passed through the
preconditioned SPE cartridges at a flow rate of 5–10mL/min. The analytes
were eluted using 6mL methanol and 6mL ammonia (2%) in methanol.
The extract was evaporated to <1mL and the enriched samples were
reconstituted in 1mLmethanol and finally analyzed on a UHPLC-MS/MS
(Agilent Technologies, USA). The detection limits for antibiotics ranged
from 0.05 to 1.51 ng/L and the quantitation limits ranged from 0.2 to
6.03 ng/L (Table S10). The antibiotic data were listed in Tables S5, S6, S7.

Genomic DNA extraction and metagenomic sequencing
About 0.5 L influent sample or 1 L effluent sample was filtered through a
0.22 μm polycarbonate membrane. Total genomic DNA was extracted
using the FastDNA SPIN Kit for Soil (MP Biomedicals, CA) following the
manufacturer’s instructions. The extracted DNA was used for library con-
struction with an insert size of 350 bp. Metagenomic sequencing was per-
formed on the Illumina Novaseq 6000 platform at Novogene (Tianjin,
China) using a paired-end 150 bp strategy.

Quantification, global comparison, and risk assessment of ARGs
The quality of raw data was assessed using FastQC (version 0.11.9)51. Low-
quality reads and Illumina adapters were removed to obtain clean reads
using Fastp (version 0.23.1)52. The ARGs-OAP pipeline (version 2.3) was
utilized to annotate and quantify ARGs from the clean reads53. Potential
ARG sequences were identified by comparing against the SARG database
(version 2.3) using BLASTX with an e-value ≤ 10−7, a similarity ≥80%, and
an alignment length percentage ≥75%54,55. The relative abundance of ARGs
was normalized by the copy number of bacterial cells (copies/cell).

To compare the abundance of ARGs from WWTPs worldwide, the
metagenomic sequencing data was collected fromNCBI (https://www.ncbi.
nlm.nih.gov), including 137 influent samples from Africa, Asia, Europe,
North America, Oceania, and South America (Table S1) and 76 effluent
samples fromAsia, Europe, North America, and South America (Table S2).
The abundances of ARGs in these samples were analyzed using the same
method as described above.

The arg_ranker (version 3.0) was applied to assess the risks of ARGs20.
This framework assigned the risk of ARGs into four ranks (Rank I, II, III,
and IV) based on anthropogenic prevalence, gene mobility, and the
potential pathogenicity of the host bacteria20.

Metagenomic assembly and identification of ARGs and MGEs
Metagenomic assembly was applied to reveal the co-occurrence of
ARGs and MGEs. The clean reads were assembled into contigs using
MEGAHIT with default parameters (version 1.2.9)56. Then the open
reading frames (ORFs) were predicted from these contigs using Pro-
digal (version 2.6.3)57. To optimize computational efficiency, redun-
dancy within the predicted ORFs was removed using MMseqs2
(version 15.6f452)58, applying stringent thresholds (≥ 95% sequence
similarity and alignment length percentage ≥90%). The non-redundant
ORFs were then used for annotation to identify ARGs and MGEs using
ARGs-OAP pipeline (version 2.3) and mobileOG (version 1.1.3),
respectively53,59.

Statistical analyses
All following analyses were performed in R (version 4.3.2). The abundances
of ARGs in influent and effluent was compared by theWilcoxon test using
the ‘wilcoxmed’ package (version 0.0–1)60. PCoA based on ‘Bray-Curtis’
distance was conducted to reveal the profiles of total ARGs and risky ARGs
using the ‘vegan’ package (version 2.6–4)61. RDA was performed to reveal
the effects of environmental attributes on ARGs using the ‘vegan’ package
(version 2.6–4)61. The individual contribution of each factorwasdetermined
by hierarchical partitioning analysis with the ‘rdacca.hp’ package (version
1.1-0)62.

Data availability
The metagenomic sequencing data have been submitted to the Genome
Sequence Archive (https://www.cncb.ac.cn/) under the accession number
CRA018575.

Code availability
The codes generated and/or used in the current study are available from the
corresponding author upon reasonable request.
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