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ABSTRACT: Organic micropollutants (OMPs) facilitate the
spread of antibiotic resistance genes (ARGs). Ammonia-oxidizing
microorganisms (AOMs) are crucial for OMP degradation during
riverbank filtration (RBF) and significantly influenced by NH4

+-N
concentrations. However, the effect of NH4

+-N on OMP removal
and ARG occurrence in RBF remains unclear. This study aimed to
examine the effects of low (∼0.1 mg/L) and high (∼2.2 mg/L)
NH4

+-N concentrations on OMP removal, ARG occurrence, and
microbial communities. NH4

+-N addition had no significant effect
on the removal of 108 out of 128 OMPs, suggesting that other
factors primarily govern the removal process. Notably, NH4

+-N
addition enhanced the removal of 20 OMPs by 3−70%, including
three quinolones (e.g., flumequine), indicating its promotion of
specific OMP removals. This effect may primarily result from NH4

+-N enhancing OMP biotransformation through the stimulation of
AOMs (particularly AOA and comammox) and heterotrophs (e.g., Bradyrhizobium). Furthermore, NH4

+-N addition significantly
reduced the abundance of eight ARGs, including quinolone ARGs, likely due to its inhibition of antibiotic-resistant bacteria.
Additionally, we hypothesize that NH4

+-N alleviates OMP selective pressure on microorganisms by promoting OMP conversion
through AOMs. This study enhances the understanding of microbe-mediated OMP removal in the presence of NH4

+-N and its
impact on ARG occurrence during RBF.
KEYWORDS: riverbank filtration, organic micropollutants, NH4

+-N, antibiotic resistance genes, ammonia-oxidizing microorganisms

■ INTRODUCTION
The contamination of the global surface waters by a wide range
of organic micropollutants (OMPs), including antibiotic and
nonantibiotic pharmaceuticals, remains a major challenge,
critically compromising drinking water safety worldwide.1−4

Riverbank filtration (RBF), a century-old natural pretreatment
technology with eco-friendly and sustainable advantages, has
been widely implemented in Europe and North America.2,5,6

RBF also shows great promise for countries like China and
South Korea and is a potential solution for global water supply
challenges.7,8 Initially, research primarily focused on the ability
of RBF to remove turbidity,9 NH4

+-N,7 and pathogenic
microorganisms.10 More recently, studies have highlighted
RBF’s capability to reduce OMPs,2,3,6 enhancing its appeal
owing to its environmentally benign and chemical-free
nature.1,11 Antibiotic resistance is an escalating global health
crisis.12 The increasing prevalence of antibiotic resistance
genes (ARGs) and pathogenic bacteria is intensifying socio-
economic burdens and threatening human health, with
projections estimating costs of $100 trillion and 10 million
deaths by 2050.13

OMPs drive ARG proliferation through coselection
pressures, as antibiotic and nonantibiotic pharmaceuticals
(e.g., carbamazepine and gemfibrozil) have demonstrated
ARG-enhancing potential.14,15 Although OMP concentrations
in RBF systems are extremely low (ranging from a few ng/L to
several hundred ng/L),2−4 the potential risks associated with
ARGs in OMP-contaminated surface water should not be
underestimated. However, the mechanisms underlying ARG
changes during the removal of various OMPs at ng/L
concentrations in RBF remain poorly understood.

Factors influencing OMP removal in RBF may indirectly
affect ARG occurrence. Previous studies have suggested that
OMP removal efficiency in RBF is influenced by environ-
mental factors (e.g., temperature and redox conditions), soil
characteristics (e.g., grain size and organic matter content), and

Received: December 16, 2024
Revised: June 5, 2025
Accepted: June 6, 2025

Articlepubs.acs.org/est

© XXXX American Chemical Society
A

https://doi.org/10.1021/acs.est.4c13440
Environ. Sci. Technol. XXXX, XXX, XXX−XXX

D
ow

nl
oa

de
d 

vi
a 

T
U

 D
E

L
FT

 o
n 

Ju
ne

 3
0,

 2
02

5 
at

 1
0:

43
:3

1 
(U

T
C

).
Se

e 
ht

tp
s:

//p
ub

s.
ac

s.
or

g/
sh

ar
in

gg
ui

de
lin

es
 f

or
 o

pt
io

ns
 o

n 
ho

w
 to

 le
gi

tim
at

el
y 

sh
ar

e 
pu

bl
is

he
d 

ar
tic

le
s.

https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Jian+Zhao"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Qiaojuan+Wang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Yangrui+Huang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Shangbiao+Fang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Gang+Liu"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Weixiao+Qi"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Yaohui+Bai"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Walter+van+der+Meer"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Walter+van+der+Meer"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Jiuhui+Qu"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Huijuan+Liu"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/acs.est.4c13440&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.est.4c13440?ref=pdf
https://pubs.acs.org/doi/10.1021/acs.est.4c13440?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.est.4c13440?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/acs.est.4c13440?goto=supporting-info&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.est.4c13440?fig=tgr1&ref=pdf
pubs.acs.org/est?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://doi.org/10.1021/acs.est.4c13440?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://pubs.acs.org/est?ref=pdf
https://pubs.acs.org/est?ref=pdf


water quality parameters (e.g., dissolved organic carbon
composition and concentration).3,16,17 Biotransformation is
the most significant OMP removal mechanism in RBF.18−20

Notably, microbial community composition�and, conse-
quently, OMP removal in RBF�is primarily determined by
water quality parameters.21 As a crucial water quality
parameter, NH4

+-N fluctuates in river water (typically between
0.1 and 1.7 mg/L) and is a key regulator of microbial activity.22

Ammonia-oxidizing microorganisms (AOMs) can degrade
OMPs.23 Specifically, ammonia-oxidizing bacteria (AOB),
archaea (AOA), and complete ammonia oxidizers (comam-
mox) have demonstrated OMP biotransformation capabilities
via ammonia monooxygenase-catalyzed nonspecific reactions
(e.g., hydroxylation and amide hydrolysis), direct chemical
reactions with hydroxylamine, and indirect oxidative actions
mediated by reactive nitrogen species, such as nitrite and nitric
oxide.24,25 We have previously reported that AOA and
comammox are predominant in RBF systems and are vital in
the transformation of 32 types of OMPs.19 NH4

+-N directly
serves as a substrate for AOMs and influences their abundance
and community structure.26 However, the impact of NH4

+-N
on OMP removal and ARG occurrence in RBF systems
remains poorly understood.
This study aims to investigate the patterns and mechanisms

through which NH4
+-N influences OMP removal and ARG

occurrence in RBF. Six sand columns simulating RBF were
continuously operated for 20 months: two control columns
(CCtrl); two with only OMP addition (COMPs); two with both
NH4

+-N and OMP addition (CAMM+OMPs). Over 8 months, we
compared OMP removal between CAMM+OMPs and COMPs to
evaluate the effects of NH4

+-N. Additionally, ARG abundance
was analyzed across all setups to assess the effects of OMP and
NH4

+-N co-occurrence on ARG dynamics. We also evaluated
the relative contributions of adsorption and biotransformation
to OMP removal and analyzed AOM community shifts via
metagenomic sequencing to elucidate the mechanisms by
which NH4

+-N affects OMP removal and ARG occurrence.
The findings of this study expand our understanding of how
RBF addresses the simultaneous contamination of NH4

+-N
and OMPs and the associated variations in ARG occurrence.

■ MATERIALS AND METHODS
Chemicals. A total of 128 OMPs, comprising 110

pharmaceuticals and personal care products, including 41
antibiotics and 16 psychiatric drugs, were chosen according to
prescription rates, sales metrics, and environmental priorities.19

Table S1 presents detailed information on OMPs, including
their CAS number, molecular weight, Log P, and pharmaceut-
ical classification. Two distinct OMP preparations (powder:
≥95% purity; solution: 100 μg/mL, ≥99% purity) were
acquired through Sigma-Aldrich (MO, USA) and First
Standard (Tianjin, China), followed by cryopreservation at
−20 °C. Additionally, 28 isotopic substances (e.g., sulfame-
thoxazole-D4 and caffeine-D9) used as internal standards were
obtained from First Standard in 100 μg/mL solutions and
similarly stored at −20 °C (Table S2). LC-MS grade solvents
from Thermo Fisher Scientific (USA) and Macklin (China)
constituted the mobile phase system. Methanol and acetoni-
trile (≥99.9% purity) served as eluents, with formic acid
(≥99%) added as a mobile phase modifier for ultrahigh-
performance liquid chromatography-tandem mass spectrome-
try (UHPLC-MS/MS) analysis. NH4Cl powder (99.99%
purity) was procured from Shanghai Aladdin Biochemical

Technology Co., Ltd. (China). Solid phase extraction (SPE)
was conducted for sample preparation, using Oasis HLB
cartridges (500 mg, 6 mL capacity) purchased from Waters
Corporation (Milford, MA, USA).
RBF Simulation Experiments. The experimental appara-

tus (Figure 1) comprised six black polyvinyl chloride columns

(1 m in length, 36 mm in diameter) filled with natural
riverbank sand (0.7−2 mm, median grain size 1 mm) to
simulate the aerobic section of an RBF. The setup included
duplicate control columns (CCtrl), OMP treatment columns
(COMPs), and combined NH4

+-N and OMP treatment columns
(CAMM+OMPs). The physicochemical parameters of the sand,
including pH, cation exchange capacity, granulometric
distribution, and organic matter content, are detailed in
Table S3. Feed water, which was renewed weekly, was sourced
from the Yongding River, Beijing, China. The water
parameters, including NH4

+-N, Ca2+, K+, Mg2+, dissolved
oxygen (DO), F−, Cl−, NO3

−-N, SO4
2−, and dissolved organic

carbon (DOC), are listed in Table S4. The sand columns, with
a bottom-to-top flow, maintained a flow rate of 0.25 L/day and
a residence time of 36 h.

The 20-month sand column experiment, conducted at 20−
25 °C, consisted of three stages based on treatment types and
objectives. Initially, a 6-month microbial cultivation period
used surface water (SW) as the influent for CCtrl, COMPs, and
CAMM+OMPs. This was followed by a 6-month NH4

+-N
adaptation phase using SW for CCtrl and COMPs and SW plus
NH4

+-N (∼2.1 mg/L) for CAMM+OMPs. The final 8-month stage
focused on OMP exposure, where CCtrl received SW, COMPs
received SW plus 128 OMPs (100 ng/L each), and CAMM+OMPs
was treated with SW, NH4

+-N (∼2.1 mg/L), and 128 OMPs.
From months 7−20, SW was filtered through a 0.45-μm glass
fiber filter before being used as feedwater to prevent NH4

+-N
and OMP degradation in the inlet tank. OMP concentrations
were measured 8 times in the influent and 22 times in the
effluent during the OMP exposure phase. After completing the
experiment, 5 g of sand from each column’s base was collected
for DNA analysis and stored at −80 °C.

Batch adsorption experiments were performed in triplicate
using 1 L amber flasks incubated at 25 °C (120 rpm, 36 h) to
evaluate sand’s OMP adsorption capacity and NH4

+-N effects.
The experimental groups were as follows: (i) Control: 800 mL
ultrapure water with 128 OMPs (100 ng/L each) and 400 mg/
L NaN3 (microbial inhibitor); (ii) Sand treatment: 800 mL
Yongding River water amended with 200 g natural sand, 128
OMPs, and 400 mg/L NaN3; (iii) NH4

+-N treatment: Sand

Figure 1. Experimental setups for riverbank filtration simulation.
OMPs, organic micropollutants.
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treatment components supplemented with approximately 2.1
mg/L NH4

+-N.
Analytical Methods for OMPs. The quantitative analysis

of the 128 OMPs was conducted using SPE coupled with
UHPLC-MS/MS (AB SCIEX QTRAP 5500, USA). The SPE
procedures are provided in Text S1. MS/MS parameters for
the OMPs and internal standards, including precursor ions,
product ions, and collision energies, are summarized in Tables
S1 and S2. Detailed UHPLC-MS/MS analytical methods, such
as the mobile phases and injection volumes, are provided in
Text S2.
Metagenomic Analysis of Microbial Communities.

DNA was isolated from all sand samples collected at the 20-
month time point using the soil FastDNA SPIN Kit (MP
Biomedicals, Irvine, CA, USA). The metagenomic library
construction and sequencing procedures were carried out by
BGI Genomics (Shenzhen, China).
All raw sequencing data were processed using SOAPnuke

v.1.5.2.27 To identify and remove reads of host origin, the
trimmed sequences were aligned to the host genome using
SOAP2 software (applicable only for host-originated samples).
Following MEGAHIT-driven de novo reconstruction,28 strin-
gent size selection (≥200 bp) was applied, eliminating
substandard genomic fragments prior to functional profiling.
Genes were predicted from the contigs using MetaGeneMark
software.29 The CD-HIT algorithm was employed to filter out
redundant genetic sequences, with parameters set at 95%
identity and 90% coverage.30 Salmon software was used for
quantification to construct the gene abundance matrix.31 To
generate functional annotations, the protein sequences of the
genes were blasted against functional databases, such as
CARD, EggNOG, and KEGG via DIAMOND, with an E-value
threshold of 10−5.32

The methods for genomic binning, recovery of metagenome-
assembled genomes (MAGs), and quantification of the relative
abundance of MAGs in individual samples are described in

Text S3. The identification of potential nitrogen cycle open
reading frames (ORFs), as well as the methods for quantifying
the abundance of antibiotic-resistant bacteria (ARB), mobile
genetic elements (MGEs), and pathogenic ARB (PARB) are
detailed in Text S4.
Statistical Analysis. Intergroup disparities in OMP

removal efficacy and microbial abundance (COMPs- vs
CAMM+OMPs-exposed groups) were statistically compared
using the nonparametric Wilcoxon rank-sum test in SPSS
26.0 (IBM SPSS Statistics, Chicago, IL, USA). The significance
threshold for comparisons was set at P < 0.05. Genus-level
discriminative taxa in CAMM+OMPs were identified through
LEfSe analysis (LDA effect size >3; see Text S5 for
methodological details).

■ RESULTS
Removal of DOC, DO, and NH4

+-N in Simulated RBF
Systems. DOC removal efficiencies ranged from 14 to 22%
and did not significantly (P > 0.05) differ across the groups
(Figure 2a), suggesting that the addition of OMPs and NH4

+-
N did not notably influence DOC removal. For DO, the
concentrations decreased from 6.0 ± 0.6 mg/L to 3.5 ± 1.3
mg/L, 3.3 ± 0.9 mg/L, and 2.8 ± 1.1 mg/L in CCtrl, COMPs,
and CAMM+OMPs, respectively (Figure 2b), indicating that the
columns simulated the aerobic section of an RBF. CAMM+OMPs
demonstrated enhanced DO consumption, likely due to higher
NH4

+-N levels.
We further examined the effectiveness and mechanisms

underlying NH4
+-N removal in simulated RBF. In CCtrl, NH4

+-
N levels significantly decreased from 0.11 ± 0.09 to 0.07 ±
0.04 mg/L (Figure 2c), achieving a 36% removal efficiency (P
< 0.01). Conversely, COMPs showed increased NH4

+-N to 0.14
± 0.08 mg/L (Figure 2c), suggesting impaired NH4

+-N
removal when exposed to OMPs. Meanwhile, CAMM+OMPs
initially began with a higher NH4

+-N level of 2.18 ± 0.26
mg/L and was significantly reduced to 0.18 ± 0.15 mg/L,

Figure 2. Concentration of (a) dissolved organic carbon (DOC), (b) dissolved oxygen (DO), (c) NH4
+-N, and (d) NO3

−-N in influent and
effluent of the columns. Statistical analysis was performed using the Wilcoxon rank-sum test, *P < 0.05, **P < 0.01, ***P < 0.001.
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demonstrating a 92% removal efficiency (P < 0.001). This
setup also showed a ∼1.9-mg/L increase in NO3

−-N levels
(Figure 2d), indicating that NH4

+-N was primarily removed
through nitrification.
Concentration of OMPs in the River. Thirty OMPs were

detected in the river, with total concentrations ranging from 57
to 123 ng/L (Figure S1a). Caffeine had the highest
concentration of approximately 20 ng/L, followed by
sulfamethoxazole and phenazone, which reached peak
concentrations of 19 and 17 ng/L, respectively. The detected
OMPs encompassed nine antibiotics (four macrolides, one
sulfonamide, two quinolones, and two broad-spectrum), six
psychiatric drugs, five cardiovascular medications, three doping
agents, two insecticides, and five other types of medications
(Figure S1b). Notably, sulfonamide and quinolone antibiotics
showed median concentrations of 15 and 10 ng/L, respectively
(Figure S1c). In river water, various target OMPs were
detected at low concentrations, constituting <1% of the total
concentration of introduced OMPs.
Removal Efficiency of OMPs in Simulated RBF

Systems. To assess the OMP removal efficiency of the
simulated RBF system, 128 OMPs were analyzed in the COMPs
influent and effluent. The results showed that 32 OMPs were
nearly completely removed (>99%), while 86 were partially
removed, including 61 OMPs removed by more than 70% and
25 OMPs removed by 30−70% (Figure S2). However, 10
OMPs, including fluconazole, were removed by less than 30%,
with fluconazole exhibiting no removal. This suggests that
while the simulated RBF system effectively removed most
OMPs, its efficiency was limited for certain substances.
Further investigation into the removal mechanisms focused

on sand adsorption capabilities. Triple-batch tests evaluated
the adsorption capacity of the sand and revealed that 41 OMPs
were not adsorbed at all, 40 showed less than 30% adsorption,
30 were adsorbed between 30 and 70%, and only 17 had strong
adsorption rates of over 70% (Figure S2). Of the OMPs that
were not adsorbed, all except acetaminophen were effectively
removed from the sand columns, indicating that biotransfor-
mation was crucial for their elimination.
Impact of NH4

+-N Addition on OMP Removal. The
impact of varying NH4

+-N concentrations on the removal
efficiency of OMPs was examined by comparing the perform-
ances of COMPs and CAMM+OMPs. NH4

+-N addition significantly
(P < 0.05) increased the removal efficiencies of 20 out of 128
OMPs by 3−70% (Figure 3a), including 3 quinolones
(flumequine, nalidixic acid, and cinoxacin), 2 macrolides
(virginiamycin S1 and clindamycin), sulfaguanidine, thiaben-
dazole, cardiovascular medications, such as losartan and
digoxin, and other pharmaceuticals. Specifically, 5 OMPs,
including virginiamycin S1, exhibited consistently higher
removal rates in the presence of elevated NH4

+-N concen-
trations (Figure 3b), while the remaining 15 exhibited varying
removal patterns, with removal efficiencies improving either
during the initial phase and specific time intervals (e.g.,
sulfaguanidine, Figure 3c) or within particular intervals (e.g.,
glipizide, Figure 3d) following NH4

+-N addition.
The addition of NH4

+-N enhanced the removal efficiencies
of 20 OMPs. For 10 OMPs, which were scarcely adsorbed by
sand (adsorption efficiencies ≈ 0%, Figure S2), NH4

+-N
addition likely improved their removal through enhanced
biotransformation. For the remaining 10 OMPs (e.g.,
thiabendazole), sand adsorption efficiencies ranged from 2%
to 58%. NH4

+-N addition enhanced the adsorption of

virginiamycin S1 and salbutamol by ∼8% and 9%, respectively,
suggesting a potential role in promoting OMP removal via
increased adsorption. The improved removal of the other 8
OMPs likely stems from enhanced biotransformation.
Impact of OMP and NH4

+-N Addition on AOMs.
Genus-level LEfSe analysis identified 22 biomarkers in
CAMM+OMPs, as compared to CCtrl and COMPs (Figure S3),
including AOMs (e.g., Nitrospira) and heterotrophic bacteria
(e.g., Bradyrhizobium), suggesting that NH4

+-N addition
enriched specific microbial taxa.

The abundance of amoA was similar in CCtrl and COMPs
(Figure 4a), indicating that multiple OMPs at the investigated
concentrations did not significantly (P > 0.05) affect amoA
abundance. In contrast, CAMM+OMPs showed significantly (P <
0.05) higher amoA abundance (Figure 4a), suggesting that
NH4

+-N addition could increase amoA abundance. To further
examine the impact of OMPs and NH4

+-N on the AOM
community, seven AOA MAGs, five comammox MAGs, and
one AOB MAG were obtained via metagenomic binning
(Table S5). The abundance of AOMs was similar between
CCtrl (0.021%) and COMPs (0.020%), indicating that OMPs did
not significantly (P > 0.05) affect AOM abundance. However,
in CAMM+OMPs, AOM abundance increased to 0.055%,
indicating that NH4

+-N significantly (P < 0.05) enhanced
AOM growth. The abundance of AOB MAG was significantly
(P < 0.05) higher in COMPs than in CCtrl (Figure 4b),
suggesting that OMPs may increase AOB MAG. Conversely,
the abundance of comammox MAGs was significantly (P <
0.05) lower in COMPs (Figure 4b), indicating that OMPs may
inhibit comammox MAGs. Moreover, AOA, AOB, and
comammox were more abundant in CAMM+OMPs than those in

Figure 3. Removal efficiency of (a) 20 organic micropollutants
(OMPs), (b) virginiamycin S1, (c) sulfaguanidine, and (d) glipizide.
Statistical analysis was performed using the Wilcoxon rank-sum test,
*P < 0.05, **P < 0.01, ***P < 0.001.
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COMPs (Figure 4b), showing that NH4
+-N addition benefits

these AOMs.
In the simulated RBF system, comammox and AOA were

the predominant ammonia oxidizers, accounting for >99% of
the AOM MAGs (Figure 4b). We examined their responses to
OMPs and NH4

+-N. Among the seven AOA MAGs compared
between CCtrl and COMPs, only Nitrososphaera (Bin. 32)

significantly (P < 0.05) decreased in abundance (Figure 4c),
whereas five remained stable and one increased. Conversely,
four out of five comammox MAGs in COMPs showed
significantly (P < 0.05) reduced abundance (Figure 4d),
suggesting a negative effect of OMPs on most comammox,
except for Nitrospira (Bin. 24), implying their resilience to
OMPs. Overall, OMPs inhibited specific comammox and AOA

Figure 4. (a) Abundance of amoA. Relative abundance of (b) ammonia-oxidizing archaea (AOA), ammonia-oxidizing bacteria (AOB), and
complete ammonia oxidizers (comammox); (c) AOA metagenome-assembled genomes (MAGs); and (d) comammox MAGs. Statistical analysis
was performed using the Wilcoxon rank-sum test, *P < 0.05.

Figure 5. (a−h) Abundance of antibiotic resistance genes (ARGs) in inlet sand samples of CCtrl, COMPs, and CAMM+OMPs. Statistical analysis was
performed using the Wilcoxon rank-sum test, *P< 0.05.
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MAGs. However, AOA MAGs generally exhibited greater
tolerance to OMPs than comammox MAGs.
Compared with COMPs, four AOA MAGs in CAMM+OMP

increased significantly (P < 0.05), e.g., Nitrosotenuis (Bin. 8)
(Figure 4c). Conversely, three AOA MAGs, including
Nitrosarchaeum (Bin. 31), were significantly (P < 0.05)
decreased. Hence, with the concentration of NH4

+-N rising
from 0.1 to 2.2 mg/L, a selective impact was exerted on AOA
MAGs, including enhancement and inhibition. Additionally, all
five comammox draft genomes in CAMM+OMPs were significantly
(P < 0.05) higher than those in COMPs (Figure 4d). Therefore,
unlike AOA, NH4

+-N positively influenced all the comammox
MAGs examined.
Effects of OMP and NH4

+-N Addition on the
Abundance of ARGs. To assess the impact of OMPs on
ARG occurrence, we compared the abundance of 25 ARGs
between CCtrl and COMPs. The detection of 22 out of 25 ARGs
in CCtrl (Table S6), including genes resistant to quinolones and
macrolides, indicated their potential natural presence in RBF
systems. Notably, the overall abundance of ARGs in COMPs was
significantly (P < 0.05) higher than that in CCtrl (Table S6),
suggesting that the presence of multiple OMPs at ng/L levels
could promote ARG dissemination. Specifically, seven ARGs in
COMPs exhibited significantly higher abundance than in CCtrl (P
< 0.05), with resistance genes for cephamycins increasing 2.33-
fold, quinolones 1.93-fold, macrolides 1.34-fold, monobactams
2.78-fold, aminocoumarins 3.32-fold, and tetracyclines 1.38-
fold, along with the new detection of fosfomycin resistance
(Figure S4). Conversely, the abundance of four ARGs
(diaminopyrimidine, glycopeptide, glycylcyclines, and pleuro-
mutilin resistance genes) significantly decreased (P < 0.05) in
COMPs compared with that in CCtrl. These findings suggest that
multiple OMPs at ng/L levels can selectively influence ARG
abundance.
To investigate the impact of NH4

+-N on ARG occurrence, a
comparative analysis was conducted among COMPs and
CAMM+OMPs, alongside an evaluation of their respective
increases compared with CCtrl. The abundances of six ARGs
were significantly lower in CAMM+OMPs compared with COMPs
(P < 0.05), specifically those conferring resistance to
quinolones (Figure 5a), aminocoumarins (Figure 5b),
fosfomycin (Figure 5c), isoniazid (Figure 5d), aminoglycosides
(Figure 5e), and diaminopyrimidines (Figure 5f). Conversely,
19 ARGs showed similar abundances between CAMM+OMPs and
COMPs. These results suggest that a higher concentration of
NH4

+-N, as simulated in this study, could potentially reduce
the spread of specific ARGs. Furthermore, the abundance of
ARGs conferring resistance to macrolides (Figure 5g) and
monobactams (Figure 5h) was significantly higher in COMPs
than in CCtrl (P < 0.05). Contrastingly, the abundance of these
ARGs between CAMM+OMPs and CCtrl did not significantly differ
(P < 0.05), suggesting that NH4

+-N addition mitigates the
effect of OMPs on ARG dissemination.
Further analysis revealed that NH4

+-N addition significantly
decreased ARB and PARB populations by 60% and 68%,
respectively (P < 0.05; Figure S5a,b). Concurrently, MGE
abundance declined by 13% (P < 0.05; Figure S5c). These
results demonstrate NH4

+-N’s dual mitigation mechanism:
directly suppressing resistant microbial communities while
limiting horizontal gene transfer via MGE suppression,
ultimately reducing environmental antimicrobial resistance
risks.

■ DISCUSSION
Impact of NH4

+-N on OMP Removal Efficiency. In the
aerobic zone of the RBF, particularly within the first few
meters, OMP removal is the most efficient.2 Our simulation
results support this observation, demonstrating that most
OMPs are effectively removed within the first meter of the
simulated RBF, with 93 out of 128 OMPs removed by >70%.
Previous studies have also indicated that RBF does not achieve
uniform removal across all OMPs.5,6,33 Consistent with this,
our results showed that 10 OMPs were removed by <30%,
with fluconazole exhibiting almost no removal (≈0%). To
enhance OMP removal efficiency, further water purification in
the anoxic and anaerobic zones of the RBF,16,34 or combining
the RBF process with technologies such as reverse osmosis,1

could be effective strategies. Key mechanisms of OMP removal
during RBF include adsorption and biotransformation.18,19 In
our simulations, 40 OMPs (e.g., clindamycin) were primarily
removed through biotransformation. Adsorption was con-
firmed for the remaining 87 OMPs, including azithromycin;
however, the specific role of biotransformation requires further
investigation.

In enriched nitrifier cultures, an increase in NH4
+-N

concentrations (50−500 mg/L) positively impacted the
removal of some OMPs, such as naproxen, carbamazepine,
sulfamethoxazole, and atenolol (>10 μg/L).35−38 Consistent
with these findings, our long-term RBF simulation results
demonstrated that adding NH4

+-N (0.1−2.2 mg/L) enhanced
the removal of 20 out of 128 OMPs (e.g., naproxen,
approximately 100 ng/L) by 3−70%. This suggests that low-
level increases in NH4

+-N concentration are beneficial for
removing certain OMPs at ng/L concentrations, whereas most
are likely influenced by other factors. Generally, the positive
effect of NH4

+-N on OMP removal is primarily linked to
nitrification activity38−40 and can be largely attributed to
AOMs, including AOA, AOB, and comammox, which can
transform OMPs.23,25,41,42 In the present study, the higher
concentrations of NH4

+-N were primarily removed through
nitrification. Consistently, NH4

+-N addition significantly
increased the abundance of amoA and the relative abundance
of recovered AOA, AOB, and comammox MAGs. Our
previous research highlighted the important role of AOA and
comammox in RBF systems for the removal of 32 OMPs,19

with 10 of these, namely phenacetin, lidocaine, glipizide,
MCPA, 2,4-D, losartan, clindamycin, salbutamol, gemfibrozil,
and digoxin, showing enhanced removal due to NH4

+-N.
Therefore, it is reasonable to consider the increase in AOA,
AOB, and comammox MAGs due to NH4

+-N as a potential
mechanism underlying the enhanced removal of OMPs.

In most ecosystems, AOA, AOB, and comammox often
coexist.43 This pattern was also observed in the simulated RBF
system. Since AOA and comammox typically thrive under low
NH4

+-N and oligotrophic conditions,26,44 they emerged as the
dominant ammonia oxidizers in the simulated RBF system,
accounting for >99%, as anticipated. Even when NH4

+-N
concentration was increased to 2.2 mg/L, AOA and
comammox retained their dominance. However, NH4

+-N
inhibited the three AOA MAGs in the simulated RBF systems,
likely due to their higher ammonia affinity, which could result
in substrate inhibition at elevated NH4

+-N concentrations.43

Notably, NH4
+-N significantly enhanced the relative abun-

dance of the four AOA MAGs and five comammox MAGs.
Thus, we hypothesized that the four AOA MAGs and five
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comammox MAGs with significantly increased relative
abundance actively contributed to the NH4

+-N-enhanced
removal of OMPs.
Beyond the role of AOMs, heterotrophic microorganisms

mediate OMP biodegradation.19,45,46 Bradyrhizobium, recog-
nized as 2,4-D degraders,47 showed significant increases in
relative abundance with NH4

+-N addition in the current study.
This suggests that NH4

+-N enhances specific OMP removal
(e.g., 2,4-D) by stimulating heterotrophic bacteria. Given the
extensive diversity and functional versatility of heterotrophic
communities, their contributions to NH4

+-N-enhanced re-
moval of specific OMPs merit systematic investigation.
Adding NH4

+-N may enhance the adsorption of specific
OMPs, such as salbutamol, indicating a potential mechanism
by which NH4

+-N enhances OMP removal. However, the
detailed patterns and mechanisms underlying NH4

+-N’s
promotion of OMP adsorption warrant further investigation.
While biosorption is considered minor for OMP removal
during RBF,18 elevated NH4

+-N may stimulate extracellular
polymeric substance production, enhancing OMP capture
through biofilm adsorption. This mechanism warrants further
systematic investigation.
The positive effect of NH4

+-N addition on the removal of
some specific OMPs may reflect the collective action of the
microbial community throughout the sand column. However,
microbiological data were only collected from the influent
region, where microbial abundance is typically highest,
potentially up to 100 times greater than at the effluent end
of the 1-m sand column.10 Despite this, microbial activity in
other regions of the column may offer alternative explanations
for the observed enhanced effect of NH4

+-N addition on OMP
removal.
Impact of OMPs and NH4

+-N on ARG Abundance.
Antibiotic resistance evolved long before naturally occurring
antibiotics and their derivatives were used to treat human
diseases.48 ARGs have been identified in various environments
associated with RBF, including river water, sediments, aquifers,
and groundwater.49,50 As expected, 22 of the 25 ARGs were
identified in the control group (CCtrl), which simulated a
natural RBF system using river water. The presence of ARGs in
the RBF medium may be attributed to two key processes: (i)
The RBF process may enhance the retention of ARGs within
the filtration media, since rivers are major reservoirs for these
genes.51−53 (ii) The presence of the 30 OMPs in river water,
including macrolides and quinolones, at concentrations
ranging from 57 to 123 ng/L may further facilitate ARG
spread, as antibiotic and nonantibiotic OMPs can accelerate
this process.12,14,54

The total abundance of ARGs in COMPs was significantly
higher than that in CCtrl (P < 0.05), suggesting that multiple
OMPs at ng/L levels promote ARG dissemination. Although
these results do not directly confirm an increase in ARG
abundance in practical RBF applications, they highlight the
potential risk of enhanced ARG transmission through RBF
usage. Future research should monitor ARG levels in media
during RBF trials to balance water purification with preventing
and controlling ARG risks. Antibiotics exert a selective
pressure that favors the spread of ARGs.55,56 The increased
abundance of quinolone and macrolide ARGs was likely
attributed to their addition to the influent (approximately
1,400 ng/L for quinolones and 900 ng/L for macrolides).
Additionally, common nonantibiotic pharmaceuticals, such as
naproxen and gemfibrozil, contribute to antibiotic resistance by

enhancing the uptake of exogenous ARGs at clinically and
environmentally relevant concentrations.14,54 OMPs decreased
the abundance of four ARGs (diaminopyrimidine, glycopep-
tide, glycocycline, and thymine resistance genes), indicating
that selective pressure from OMPs can enhance and suppress
specific ARGs. This finding underscores the need for a
comprehensive analysis of ARGs when evaluating the impact of
OMPs or other factors on them.

In the simulated RBF system, NH4
+-N decreased the

abundance of eight ARGs. NH4
+-N concentration is a crucial

water quality parameter that shapes microbial community
structure.57,58 In this study, NH4

+-N significantly increased
AOM abundance while reducing ARB abundance. The decline
in ARBs likely resulted from increased competition for
essential resources like DO, driven by higher AOM levels.
Notably, OMPs showed no enrichment effect on three specific
ARGs associated with isoniazid, aminoglycosides, and
diaminopyrimidines. Conversely, the abundance of these
ARGs exhibited a significant reduction following NH4

+-N
addition (Figure 5). This trend suggests that NH4

+-N
selectively inhibits ARBs, reducing these specific ARGs (Figure
S6).

Previous studies have shown that antibiotic and nonanti-
biotic pharmaceuticals, such as gemfibrozil and naproxen,
accelerate ARG dissemination.54 The selective pressure
induced by antibiotics is generally more intense in environ-
ments with higher concentrations of these compounds.59

Herein, we observed that the addition of NH4
+-N enhanced

the removal efficiencies of three quinolone antibiotics
(flumequine, nalidixic acid, and cinoxacin) and two macrolide
antibiotics (virginiamycin S1 and clindamycin), while simulta-
neously reducing the abundance of the corresponding
quinolone and macrolide ARGs. The increase in the relative
abundance of AOA and comammox MAGs following NH4

+-N
addition may contribute to the enhanced removal of certain
OMPs. Moreover, microbial-mediated reactions, such as
hydroxylation and acetylation, can inactivate antibiotics like
macrolides.60,61 AOA and comammox may modify antibiotics
through similar biochemical processes, facilitating the trans-
formation and detoxification of these pollutants.24,36 Based on
our analysis, we hypothesize that NH4

+-N stimulates AOA and
comammox activity to enhance OMP removal, thereby
reducing both OMP concentrations and antimicrobial efficacy
(particularly for quinolone- and macrolide-associated ARGs),
ultimately leading to decreased ARG abundance (Figure S6).
Evidence from recent findings supports our hypothesis,
suggesting that NH4

+-N can stimulate AOMs to degrade
oxacillin while also inhibiting the production and spread of
ARGs during managed aquifer recharge.62 However, the
evidence supporting this hypothesis remains indirect, neces-
sitating further studies to identify specific degradation products
and elucidate the underlying mechanisms linking AOM activity
to the inactivation of antimicrobial agents.

■ ENVIRONMENTAL IMPLICATIONS
The findings of this study suggest that NH4

+-N coexistence
enhances the removal of specific OMPs (e.g., flumequine) in
RBF, possibly due to the increased biotransformation
facilitated by NH4

+-N’s impact on AOMs (e.g., AOA and
comammox) and heterotrophic bacteria, such as Bradyrhi-
zobium. These results collectively highlight that optimizing
microbial communities is an effective strategy for enhancing
the removal of specific OMPs. Water quality parameters (e.g.,
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DOC concentration and composition) exert a stronger
influence on OMP removal efficiency in RBF systems
compared to the soil type.17,21 This work advances the
theoretical framework connecting water quality parameters to
OMP attenuation, while providing new empirical evidence and
mechanistic insights. Integration of NH4

+-N monitoring into
multivariate modeling frameworks is therefore recommended
to improve site-specific evaluation and predictive capacity of
OMP removal performance in operational RBF systems.
The results further reveal that trace-level OMP mixtures

significantly increase the abundance of ARGs, whereas the
coexistence of NH4

+-N reduces the abundance of specific
ARGs (e.g., quinolone ARGs). This reduction may be due to
the inhibitory effect of NH4

+-N on ARBs. Additionally, we
hypothesize that the coexistence of NH4

+-N stimulates AOMs
to enhance OMP removal, thereby reducing both OMP
concentrations and antimicrobial efficacy, ultimately leading to
decreased ARG abundance. Compared to conventional
physical separation and chemical oxidation methods (e.g.,
chlorination), microbe-mediated biotransformation technolo-
gies demonstrate superior advantages in gently degrading
OMPs while also mitigating the dissemination of ARGs. When
NH4

+-N co-occurs with OMPs at relatively high concen-
trations, it enhances the control of specific OMPs and ARGs
by influencing the microbial community, potentially serving as
a natural mechanism in environmental settings. However, in
scenarios where NH4

+-N concentrations are relatively low, it is
also important to consider improving OMP removal efficiency
while simultaneously strengthening risk management for
ARGs. Since NH4

+-N and its transformation product (NO3
−-

N) are typically priority targets in aquatic environmental
pollution control, artificially supplementing NH4

+-N to
enhance OMP and ARG control could be seen as a “drinking
poison to quench thirst” approach, which has limited
practicality. Consequently, future research should focus on
developing alternative, NH4

+-N-independent microbial en-
hancement strategies to simultaneously achieve efficient OMP
removal and effective ARG risk mitigation.
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Zhao, Q.; Tang, X.; Klümper, U.; Gu, J.; Men, Y.; Wu, Q. L.
Biotransformation of lincomycin and fluoroquinolone antibiotics by
the ammonia oxidizers AOA, AOB and comammox: A comparison of
removal, pathways, and mechanisms. Water Res. 2021, 196,
No. 117003.
(25) Han, P.; Yu, Y.; Zhou, L.; Tian, Z.; Li, Z.; Hou, L.; Liu, M.; Wu,
Q.; Wagner, M.; Men, Y. Specific Micropollutant Biotransformation
Pattern by the comammox Bacterium Nitrospira inopinata. Environ.
Sci. Technol. 2019, 53 (15), 8695−8705.
(26) Verhamme, D. T.; Prosser, J. I.; Nicol, G. W. Ammonia
concentration determines differential growth of ammonia-oxidising
archaea and bacteria in soil microcosms. Isme Journal. 2011, 5 (6),
1067−1071.
(27) Chen, Y.; Chen, Y.; Shi, C.; Huang, Z.; Zhang, Y.; Li, S.; Li, Y.;
Ye, J.; Yu, C.; Li, Z.; Zhang, X.; Wang, J.; Yang, H.; Fang, L.; Chen, Q.
SOAPnuke: a MapReduce acceleration-supported software for
integrated quality control and preprocessing of high-throughput
sequencing data. Gigascience. 2018, 7 (1), gix120.
(28) Li, D.; Liu, C.; Luo, R.; Sadakane, K.; Lam, T. MEGAHIT: an
ultra-fast single-node solution for large and complex metagenomics
assembly via succinct de Bruijn graph. Bioinformatics. 2015, 31 (10),
1674−1676.
(29) Zhu, W.; Lomsadze, A.; Borodovsky, M. Ab initio gene
identification in metagenomic sequences. Nucleic Acids Res. 2010, 38
(12), No. e132.
(30) Fu, L.; Niu, B.; Zhu, Z.; Wu, S.; Li, W. CD-HIT: accelerated for
clustering the next-generation sequencing data. Bioinformatics. 2012,
28 (23), 3150−3152.
(31) Patro, R.; Duggal, G.; Love, M. I.; Irizarry, R. A.; Kingsford, C.
Salmon provides fast and bias-aware quantification of transcript
expression. Nat. Methods. 2017, 14 (4), 417−419.
(32) Buchfink, B.; Xie, C.; Huson, D. H. Fast and sensitive protein
alignment using DIAMOND. Nat. Methods. 2015, 12 (1), 59−60.
(33) Kondor, A. C.; Jakab, G.; Vancsik, A.; Filep, T.; Szeberényi, J.;
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