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Abstract

Background: Wastewater systems provide an integrated One Health perspective on antimi-
crobial resistance but remain uneven globally, with limited data from rapidly urbanizing
and highly connected regions such as the Arabian Gulf. Methods: An eight-month prospec-
tive study was conducted in Dubai, United Arab Emirates, with monthly sampling from
nine community and two hospital nodes and two wastewater treatment plants (WWTP).
Samples were analysed using high-throughput quantitative PCR (HT-qPCR; Resistomap,
Finland) with a 72-target One Health gene panel. Results: Across the 120 samples analyzed,
the number of detected gene targets ranged from 26 to 68 genes, with the highest diversity
in hospital wastewater and the lowest in WWTP effluent. Pathogen-associated markers
were detected in all sources, with enterococci, Escherichia coli, and Klebsiella pneumoniae
predominant. Hospital wastewater showed broader pathogen-associated gene markers,
including those linked to Acinetobacter baumannii and Pseudomonas aeruginosa. Antibiotic
resistance genes (ARGs) associated with macrolide-lincosamide-streptogramin B, tetracy-
cline, and aminoglycoside resistance were widespread. Community and influent samples
were dominated by msrE, tet(M), and aminoglycoside resistance genes, whereas hospital
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wastewater showed the highest ARG burden, including enrichment of aac( 6')-Ib, qnrS2,
blaggs, blatgm, blaxpc-p, and blapyp-1. Several ARGs, including mcr-1, persisted in WWTP
effluent. Mobile genetic elements (MGEs) were ubiquitous, with integron-associated mark-
ers prominent in WWTP effluent. ARG-MGE network analysis demonstrated extensive
co-occurrence, with MGEs as central hubs linking multiple ARGs. Conclusions: Wastewa-
ter captures distinct resistome profiles across urban compartments, supporting its role for
AMR surveillance. The persistence of ARGs and MGEs in WWTP effluent highlights the
potential for environmental dissemination, through reuse of treated wastewater.

Keywords: wastewater-based surveillance; antimicrobial resistance; high throughput-qPCR;
wastewater treatment plant; One Health

1. Introduction

Antimicrobial resistance is one of the most pressing global public health challenges [1].
Recent estimates indicate that AMR was associated with approximately 4.95 million deaths
globally in 2019, including 1.27 million deaths directly attributable to resistant infections [2].
A more recent systematic analysis of the global burden of bacterial AMR from 1990 to 2021
estimated 1.14 million attributable deaths and 4.71 million associated deaths in 2021,
with annual attributable mortality projected to increase to approximately 1.91 million
by 2050 [3]. Antibiotic resistance genes (ARGs) are naturally occurring in environmental
bacteria, having evolved over billions of years [4]; however, widespread use and misuse of
antibiotics in human healthcare, agriculture, and livestock production have significantly
accelerated their selection, enrichment, and dissemination across microbial communities [5].

While clinical surveillance remains essential for monitoring infections caused by re-
sistant pathogens [6], it captures only a small fraction of the circulating resistome because
it primarily reflects cases presenting to healthcare settings. Resistance genes circulating
within commensal microbial communities of asymptomatic individuals, which may persist
and disseminate through horizontal gene transfer, remain underestimated. In recent years,
increasing attention has shifted toward wastewater-based surveillance approaches [6]
within the One Health framework to capture microbial inputs across diverse niches [7].
Wastewater-based surveillance provides a population-level perspective and has been shown
to serve as an early warning system [8]. This is particularly pertinent as mobile genetic
elements (MGEs) such as plasmids, integrons, and transposons in wastewater can facil-
itate horizontal gene transfer within microbial communities [9]. Residual antimicrobial
compounds originating from domestic, hospital, and industrial sources may exert selective
pressure on microbial populations, potentially promoting the persistence and spread of
resistance genes [10]. In addition, biofilm formation along pipe surfaces provides sta-
ble microbial habitats that can facilitate ARG accumulation and horizontal gene transfer
within sewer networks [11]. While community-derived wastewater provides a population-
level snapshot of AMR circulation, integrating contributions from both symptomatic and
asymptomatic carriers [12], hospital wastewater represents a distinct and often enriched
reservoir of clinically relevant resistance genes due to high antibiotic use and concentrated
patient populations [13].

Approaches for investigating AMR in wastewater include culture-based methods, tar-
geted molecular assays, and shotgun metagenomics [14]. Culture-based approaches enable
phenotypic characterization of resistant bacteria but are limited to cultivable organisms
and therefore underestimate microbial and resistome diversity in complex environmen-
tal samples [15]. Shotgun metagenomics provides comprehensive, untargeted insight
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into wastewater resistomes by enabling detection of both known and potentially novel
ARGs, characterization of microbial community composition, and assessment of the ge-
nomic context of resistance determinants, including their potential association with MGEs
but remains resource-intensive and computationally demanding for large-scale surveil-
lance [16]. High-throughput quantitative PCR (HT-qPCR) has emerged as a widely used
alternative, enabling detection and quantification of large ARG panels across numerous
samples [17-19]. HT-qPCR offers rapid processing, lower cost, and scalability, making it
particularly suitable for longitudinal monitoring and large-scale surveillance.

Despite increasing interest in wastewater-based AMR surveillance, its application
in the Arabian Gulf region remains limited. To address this gap, the present study ap-
plied a One Health framework to evaluate the distribution and interaction of resistance
determinants across interconnected urban wastewater compartments. A multi-source
longitudinal sampling design combined with HT-qPCR was used to characterise AMR
patterns across urban wastewater systems. Specifically, the study aimed to evaluate the
distribution of pathogen markers, ARGs, and MGEs across wastewater sources (community,
hospital, and WWTP), assess spatial and temporal resistome variability, and evaluate the
utility of HT-qPCR as a scalable approach for wastewater-based AMR surveillance in an
urban setting.

2. Results

A total of 120 wastewater samples were collected over the study period. Across all
wastewater samples, 26-68 gene targets were detected. Hospital wastewater exhibited
the highest number of detectable targets (62-68), followed by WWTP influent (60-67) and
community wastewater (45-67). WWTP effluent samples showed the lowest detection
range (26—-63). Complete gene-level quantification is provided in Supplementary Data S2.

2.1. Pathogen-Associated Marker

Pathogen-associated markers were detected across all wastewater sources, with clear
differences in prevalence and relative gene abundance (Figure 1). In community wastewater,
enterococci, Klebsiella pneumoniae, and Escherichia coli were detected in all samples and
showed the highest relative gene abundance, with enterococci predominating (mean £ SD:
3.06 x 1072 £ 1.67 x 10~2). Detection frequencies were lower for markers targeting
A. baumannii (n/N = 69/72), Staphylococcus spp. (n/N = 41/72), Shigella (n/N = 37/72),
P. aeruginosa (n/N = 23/72), and Staphylococcus aureus (n/N = 2/72) (Figure 1a). In WWTP
influent, the three pathogens detected at high relative gene abundance were enterococci
(mean 4 SD: 1.89 x 1072 + 7.85 x 1073), K. pneumoniae (mean + SD: 1.58 x 1073 +
2.10 x 1073) and E. coli (mean 4 SD: 1.01 x 1073 £ 3.93 x 1074). Although A. baumannii
was detected in all influent samples, its relative abundance remained low (mean + SD:
1.06 x 107* & 1.11 x 107%). S. aureus was detected in only one influent sample. WWTP
effluent samples showed an overall reduction in the detection frequency of pathogen-
associated markers. enterococci and E. coli were universally detected in all WWTP effluent
samples, whereas other pathogens were detected sporadically or were absent. Although
detection frequency declined in WWTP effluent, the relative abundance of the markers
detected ranged from mean 4 SD: 4.62 x 1073 £ 4.33 x 1073 t0 3.05 x 1075 £7.42 x 107°
which was within the same order of magnitude as those observed in influent samples
(Figure 1b). In hospital wastewater, enterococci, K. pneumoniae, and E. coli exhibited
prevalence and relative gene abundance patterns similar to those observed in community
wastewater and WWTP influent (Figure 1). Majority of hospital samples had detection of
markers for A. baumannii (n/N =15/16) and P. aeruginosa (n/N = 11/16). The relative gene
abundances for A. baumannii (mean & SD: 1.15 x 1073 4 3.32 x 10~2) and P. aeruginosa
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(mean 4 SD: 2.34 x 107> + 2.10 x 10~°) in hospital wastewater was comparable to those

observed in other wastewater sources. S. aureus was not detected in hospital wastewater.
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Figure 1. Distribution of relative abundance of pathogen-associated marker genes across wastewater
sources. Heatmap showing the relative abundances of pathogen marker genes based on HT-qPCR
profiling, across wastewater sources: (a) community wastewater, (b) WWTP influent and effluent;
and (c) hospital wastewater. Rows represent individual samples and columns represent pathogen-
associated marker genes. Relative gene abundance is indicated by a colour gradient from low (light
green) to high (dark blue). Samples are grouped by sampling source, as indicated by the color bars.
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2.2. Antimicrobial Resistance Genes (ARGs) and Mobile Genetic Elements (MGEs)

ARGs associated with MLSB, tetracycline, and aminoglycoside resistance were de-
tected across all wastewater sources (Figure 2). In community wastewater, the MLSB
resistance gene msrE showed the highest relative gene abundance (mean 4 SD: 8.65 x 102
+ 6.28 x 1072). Other prevalent ARGs included the tetracycline resistance gene tet(M)
(n/N =72/72) and aminoglycoside resistance genes, including aadA7, aadA2_3, AAC(6')-
Ib_1,aadA_1, APH(6)-1d, and ANT(2")-Ia. The methicillin resistance gene mecA was detected
in 14 samples, with low relative gene abundance (mean 4 SD: 6.39 x 107¢ + 1.48 x 1075).
The quaternary ammonium resistance gene gacH_1 was universally detected in all samples
with high relative gene abundance (mean =+ SD: 9.32 x 1072 4 6.16 x 10~3). ARG detection
in WWTP influent broadly mirrored that observed in community wastewater, although
the relative gene abundances were generally higher ranging from mean =+ SD: 8.78 x 1072
+ 4.45 x 1072 t0 2.90 x 107% 4+ 1.16 x 107°. In WWTP effluent, ARGs representing
several antibiotic classes, including aminoglycoside, MLSB, glycopeptide, and 3-lactam
resistance, remained detectable, although typically at lower relative gene abundances
than in influent samples (Figure 2). Among the glycopeptide resistance genes, vanA was
detected across all community, hospital, and WWTP samples and consistently showed
higher relative gene abundance than vanB. The highest glycopeptide resistance gene abun-
dances were observed in WWTP effluent, where vanA and vanB reached mean relative
gene abundances of mean + SD: 2.31 x 1072 4 1.94 x 1072 and 2.31 x 1072 £ 1.94 x 1072,
respectively. Compared with other wastewater sources, hospital wastewater showed higher
ARG detection rates and greater relative gene abundance across multiple antibiotic classes.
Aminoglycoside resistance genes were prominent, with AAC(6')-Ib_1 predominating with
relative gene abundance (mean 4 SD: 1.66 x 10! £ 1.26 x 10~ !). For quinolone resistance,
qnrS2 was the most frequently detected marker (mean 4 SD: 1.68 x 1072 4 1.50 x 1072).
Hospital wastewater also showed enrichment of 3-lactam resistance genes, including
blaggs, blatgm, blaxpc, and blapp-1, which occurred at high relative gene abundance
(mean =+ SD: 4.46 x 1072 +3.83 x 1072 t0 6.43 x 1073 £ 4.66 x 10~3). In contrast to com-
munity wastewater, only one hospital wastewater sample showed a positive mecA signal
(relative gene abundance: 2.93 x 107°). Additional resistance markers detected across
all wastewater sources included gacEA1, merA, and bacA, with the highest relative gene
abundance observed in WWTP influent, followed by hospital wastewater (Supplementary
Data S2). The colistin resistance gene mcr-1 was also detected across all wastewater sources.
Notably, mcr-1 remained detectable in WWTP effluent and occurred at higher relative
gene abundance (mean + SD: 1.14 x 1073 4+ 1.85 x 10~2) compared to WWTP influent
(2.58 x 107* £ 2.11 x 10~*) (Supplementary Data S2).

MGESs were detected across all wastewater sources, although relative gene abundance
differed across sources (Figure 3). WWTP effluent exhibited the highest overall MGE abun-
dance, largely due to the strong dominance of intI1_1 (mean + SD: 2.93 + 3.76), followed by
WWTP influent (mean 4 SD: 2.39 x 10~ 4 1.33 x 10~1) (Figure 3). In hospital wastewater,
1S26_1 (mean =+ SD: 4.05 x 107! 4 3.61 x 10~!) and tnpA_1 (mean + SD: 3.92 x 107! &
3.10 x 10~!) were the most abundant MGEs, whereas community wastewater was domi-
nated by intI1_1 (mean & SD: 1.95 x 107! £ 1.30 x 10~'), S26_1 (mean =+ SD: 1.30 x 10~!
+7.074 x 1072), and tnpA_1 (mean 4 SD: 1.13 x 10~! £ 5,50 x 10~2). The other detected
MGEs occurred at comparatively lower abundances across all sources, with IncP_oriT
consistently showing the lowest relative gene abundance values.

https://doi.org/10.3390/antibiotics15070669


https://doi.org/10.3390/antibiotics15070669

Antibiotics 2026, 15, 669

7 of 19

Site 1 Jun 2025

Site 1 Jul 2025
Site 1 Aug 2025
Site 1 Sep 2025
Site 1 Oct 2025
Site 1 Nov 2025
Site 1 Dec 2025
Site 1 Jan 2026
Site 2 Jun 2025

Site 2 Jul 2025
Site 2 Aug 2025
Site 2 Sep 2025
Site 2 Oct 2025
Site 2 Nov 2025
Site 2 Dec 2025
Site 2 Jan 2026
Site 3 Jun 2025

Site 3 Jul 2025
Site 3 Aug 2025
Site 3 Sep 2025
Site 3 Oct 2025
Site 3 Nov 2025
Site 3 Dec 2025
Site 3 Jan 2026
Site 4 Jun 2025

Site 4 Jul 2025
Site 4 Aug 2025
Site 4 Sep 2025
Site 4 Oct 2025
Site 4 Nov 2025
Site 4 Dec 2025
Site 4 Jan 2026
Site 5 Jun 2025

Site 5 Jul 2025
Site 5 Aug 2025
Site 5 Sep 2025
Site 5 Oct 2025

Samples

Site 5 Nov 2025
Site 5 Dec 2025
Site 5 Jan 2026
Site 6 Jun 2025
Site 6 Jul 2025
Site 6 Aug 2025
Site 6 Sep 2025
Site 6 Oct 2025
Site 6 Nov 2025
Site 6 Dec 2025
Site 6 Jan 2026
Site 7 Jun 2025
Site 7 Jul 2025
Site 7 Aug 2025
Site 7 Sep 2025
Site 7 Oct 2025
Site 7 Nov 2025
Site 7 Dec 2025
Site 7 Jan 2026
Site 8 Jun 2025
Site 8 Jul 2025
Site 8 Aug 2025
Site 8 Sep 2025
Site 8 Oct 2025
Site 8 Nov 2025
Site 8 Dec 2025
Site 8 Jan 2026
Site 9 Jun 2025 | -
Site 9 Jul 2025
Site 9 Aug 2025
Site 9 Sep 2025
Site 9 Oct 2025
Site 9 Nov 2025
Site 9 Dec 2025
Site 9 Jan 2026

ii[{qfllll]i

Relative gene abundance

|
[ [
|

=1x10!

=1x10?

S o

=21x10"*

=1x10*

=1 x 10-*(LOD)

traces

not detected

Sampling site
Site 1
Site 2
Site 3
Site 4
Site 5
Site 6
Site 7
Site 8
Site 9

fnnnnnnn

ARG class
- MLSB
= TETRACYCLINE
1 AMINOGLYCOSIDE
. OTHER_RESISTANCE_MARKER
e OTHER_MICROBIAL_MARKER
= QUINOLONE
mmm GLYCOPEPTIDE
= MDR
m BETA_LACTAM
= PHENICOL
= SULFONAMIDE

EIﬂﬂﬂ“ﬂﬂl-lll“ﬂ..lﬂni==lﬂqPq=-=FIl

HEEYINNE I NSNS N NN T OO SNNON SISO TS~
Hlagx‘ﬁﬂ‘ellﬂ %mIIIbS$IEISIUI%€§E§E>IQI§>IS§QIQEIQ EZIE&I
EESQOSECSSEREENSL R R00RSEXTRRSExXESSs
5 §9s 8% RSR8®S SRESRERIRSSIILFS

& 5538 2733

% S

o

Genes

Figure 2. Cont.

https://doi.org/10.3390/antibiotics15070669


https://doi.org/10.3390/antibiotics15070669

Antibiotics 2026, 15, 669

8of 19

Samples

WWTP 1 Inflent Jun
WWTP 1 Inflent Jul
WWTP 1 Inflent Aug
WWTP 1 Inflent Sep
WWTP 1 Inflent Oct
WWTP 1 Inflent Nov
WWTP 1 Inflent Dec
WWTP 1 Inflent Jan
WWTP 2 Inflent Jun
WWTP 2 Inflent jul
WWTP 2 Inflent Aug
WWTP 2 Inflent Sep
WWTP 2 Inflent Oct
WWTP 2 Inflent Nov
WWTP 2 Inflent Dec
WWTP 2 Inflent Jan
WWTP 1 Effluent Jun
WWTP 1 Effluent Jul
WWTP 1 Effluent Aug
WWTP 1 Effluent Sep
WWTP 1 Effluent Oct
WWTP 1 Effluent Nov
WWTP 1 Effluent Dec
WWTP 1 Effluent Jan
WWTP 2 Effluent Jun
WWTP 2 Effluent Jul
WWTP 2 Effluent Aug
WWTP 2 Effluent Sep
WWTP 2 Effluent Oct
WWTP 2 Effluent Nov
WWTP 2 Effluent Dec
WWTP 2 Effluent Jan

mel
aadA7
aadA2 3

tet(M)
tet(B)_2

msrE
ermB_2

i
HHME O8N I INYE NN TEN NN NNCOQ NS NN®DSNS NS0T NS~
U R~ I s 0 I 1 E-4 L} 1= 1 1 =

o, ER TR ST B e Y SN EREY VIS99 28«F
S RE N SEESP ST R E"20Q 3y 55 s s x5E_Ye
os8fkE ® 5 ° g3 ® &8 =3 nﬂﬂn%moﬁﬂsgzbb
S°%8 3 S ss5°F8z¢g 3 2
$ Ty = -

<

o

Relative gene abundance

z1

z1x10"

21x107

=1x10

21x10*

=1 x107*(LOD)

7VECES

not detected

Sampling Site
= WWTP 1 Influent
[ WWTP 2 Influent
= WWTP 1 Effluent

WWTP 2 Effluent

ARG class
- MLSB
W TETRACYCLINE
e AMINOGLYCOSIDE
mEm OTHER_RESISTANCE_MARKER
wm OTHER_MICROBIAL_MARKER
s QUINOLONE
W GLYCOPEPTIDE
= MDR
m— BETA_LACTAM
= PHENICOL

. . . . W SULFONAMIDE
#i I En En
L L] L]

Samples

Hospital 1 Jun

Hospital 1 Jul
Hospital 1 Aug
Hospital 1 Sep
Hospital 1 Oct
Hospital 1 Nov
Hospital 1 Dec
Hospital 1 Jan
Hospital 2 Jun

Hospital 2 Jul
Hospital 2 Aug
Hospital 2 Sep
Hospital 2 Oct
Hospital 2 Nov
Hospital 2 Dec

Hospital 2 Jan

AAC(6')-1b_1
aadA_1

Relative gene abundance

=1

21x10
=1x107
=1x107
=1x10*

=1 x 10-* (LOD)
“traces

not detected

Sampling site
W Hospital 1
Hospital 2

ARG class
- MLSB
== TETRACYCLINE
AMINOGLYCOSIDE
OTHER_RESISTANCE_MARKER
OTHER_MICROBIAL_MARKER
QUINOLONE
GLYCOPEPTIDE
MDR
BETA_LACTAM
PHENICOL
SULFONAMIDE

[ ]
pinnnnn

)
T 8o~ < RN D T NN T W N N MO~ SANNOSS IS ST NS~
Iéégﬂla;ﬁuﬁﬁg‘el‘é%mlllusﬁlﬁl$lglg%§§§E>IUI:>IS§1IQEI2Ezltﬁ.&l
C N S EER R 5SS S EESSS SR "B0C0RSEXTRREIFTIXRESCS
I I =g °s S8 B88SS 5885338089332 FQ
<% 3 LR EEE R

S 3

o

o

Genes

Figure 2. Distribution of relative abundance of antibiotic resistance genes across wastewater sources.
Heatmap showing the relative abundances of antibiotic resistance genes (ARGs) based on HT-qPCR
profiling, across wastewater sources: (a) community wastewater, (b) WWTP influent and effluent; and
(c) hospital wastewater. Rows represent individual samples and columns represent ARGs. Relative
gene abundance is indicated by a colour gradient from low (light green) to high (dark blue). Samples
are grouped by sampling source, as indicated by the color bars.

2.3. Comparative Analysis and Network Correlation

PCoA based on Bray—Curtis dissimilarity showed that marker gene profiles across
the 8-month sampling period largely overlapped, although PERMANOVA detected a
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statistically significant but modest effect of sampling month on overall gene composition
(pseudo-F = 1.88, R? = 0.105, p = 0.008) (Figure 4). In contrast, PCoA revealed clear
differences in ARG and MGE profiles based on wastewater sources (Figure 5). Community
wastewater formed a broad cluster that partially overlapped with WWTP influent, whereas
hospital wastewater and WWTP effluent were more clearly separated along the main axes.
PERMANOVA confirmed significant differences in gene composition among wastewater
sources (pseudo-F = 22.54, R? = 0.368, p = 0.001) (Figure 5).
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Figure 3. Distribution of relative abundance of mobile genetic elements across wastewater sources.
Heatmap showing the relative abundances of mobile genetic elements (MGEs) markers based on
HT-qPCR profiling, across wastewater sources: (a) community wastewater, (b) WWTP influent and
effluent; and (c) hospital wastewater. Rows represent individual samples and columns represent
MGEs. Relative gene abundance is indicated by a colour gradient from low (light green) to high (dark
blue). Samples are grouped by sampling source, as indicated by the color bars.
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Figure 4. Temporal variation in wastewater relative abundance gene profiles. Principal coordinates
analysis (PCoA) of Bray—Curtis dissimilarities based on relative abundance of HT-qPCR marker genes
across 120 samples collected over an 8-month period. Each point represents an individual sample
and is colored by sampling month. Ellipses indicate 95% confidence intervals for each month. Axes
represent the first two principal coordinates (PCoA1l and PCoA2) with the percentage of variation
explained shown in parentheses. Statistical significance of temporal variation was assessed using
permutational multivariate analysis of variance (PERMANOVA) (R% =0.105, p = 0.008).

PERMANOVA: p = 0.0010 Group
R?=0.368
06

PCOA2 (21.5%)

PCoA1 (33.1%)

Figure 5. Variation in antibiotic resistance genes and mobile genetic elements across wastewater
sources. Principal coordinates analysis (PCoA) of Bray—Curtis dissimilarities based on the rela-
tive abundance of antibiotic resistance genes (ARGs) and mobile genetic elements (MGEs) across
wastewater sources (community, hospital, WWTP influent, and WWTP effluent). Each point rep-
resents an individual sample and is colored by sampling source. Ellipses indicate 95% confidence
intervals for each group. Axes represent the first two principal coordinates (PCoA1l and PCoA2),
with the percentage of variation explained shown in parentheses. Differences in gene composition
between wastewater sources were assessed using permutational multivariate analysis of variance
(PERMANOVA) (R? = 0.368, p = 0.001).

Correlation network analysis showed that a limited number of MGEs, including
tnpA_1, tnpA_2, tnpA_3,1526_1, ISPps, and IncP_oriT, acted as central hubs linking multiple
ARGs (Figure 6). The strongest association was observed between tnpA_3 and APH(6)-
Id (p = 0.901). tnpA_2 and 1S26_1 also showed multiple strong associations with aadA,
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blapxa-1, blatem, qnrS, and qacEA1, while IncP_oriT was associated with catlll, rmtB, and
mcr-1 (Figure 6).

blaTEM ® MGE
msrE MCR-1

qnrs_1 catinl

blaOXA1 rmt8

tnpA_1 ’ IncP_oriT

anrs2 APH(6)-1d

® -®
IsEcpl’ @ @ teas
blacMY_2 L4 ® merA
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151247 2

aadA2_3 qacH_1
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°
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blaGES

Figure 6. Co-occurrence network of antibiotic resistance genes and mobile genetic elements in
wastewater. The network showing the significant co-occurrence relationships between antibiotic
resistance genes (ARGs) and mobile genetic elements (MGEs) based on Spearman’s rank correlation
analysis. The nodes represent ARGs and MGEs, with MGEs shown in green and ARGs coloured by
antibiotic class. The edges represent statistically significant positive correlations (Spearman’s p > 0.7,
p < 0.01), with edge thickness proportional to correlation strength. The node size is scaled according
to degree (number of significant associations).

3. Discussion

Analysis of pathogen markers, ARGs, and MGEs across community, hospital, and
WWTP compartments revealed distinct differences in composition and abundance. Hospi-
tal wastewater exhibited the highest diversity and relative abundance of resistance genes,
whereas treated effluent showed reduced but persistent resistance signals. These pat-
terns highlight wastewater systems as important resistome reservoirs and surveillance
platforms. Although wastewater-based AMR surveillance has expanded globally, most
studies originate from Europe, North America, and East Asia [20-25], leaving gaps in
understanding resistance dynamics in globally connected regions such as the Arabian Gulf,
where wastewater resistome data remain limited. This study provides baseline environ-
mental AMR data and supports the integration of wastewater monitoring into broader
AMR surveillance strategies.

The pathogen markers detected across wastewater compartments indicate strong
human-associated microbial inputs into the sewer network. The consistent detection of
enterococci, E. coli, and K. pneumoniae reflects fecal contributions from the urban population,
while the greater detection frequency of A. baumannii and P. aeruginosa in hospital wastew-
ater highlights the influence of clinical sources on wastewater microbial and resistance
signatures. Across wastewater compartments, the resistome was dominated by ARGs
associated with MLSB, aminoglycoside, and tetracycline antibiotic classes. The detection
of glycopeptide resistance determinants, including vanA and vanB, was not unexpected
given their established association with vancomycin-resistant Enterococcus spp. and the
persistent detection of enterococcal markers across wastewater compartments.
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This pattern is consistent with wastewater resistome studies from multiple regions, in
which macrolide, aminoglycoside, and tetracycline resistance genes are among the most
prevalent ARG classes in municipal wastewater systems [26]. These ARGs likely reflect long-
term antimicrobial usage patterns in both clinical and community settings [27]. Healthcare
environments are characterised by intensive antimicrobial usage and high densities of
colonized or infected individuals, conditions that favour the selection and shedding of
resistant microorganisms into wastewater systems [28]. Our findings demonstrated that
hospital wastewater had the greatest diversity and relative abundance of ARGs, including
enrichment of 3-lactam resistance genes. This is consistent with previous studies reporting
enrichment of clinically relevant resistance determinants in hospital effluents [13]. The
detection of carbapenemase-associated {3-lactam resistance genes in hospital wastewater
highlights healthcare facilities as important point sources of clinically significant resistance
genes entering municipal sewer networks.

Municipal sewer networks integrate microbial and genetic inputs from across urban
environments. The similarity observed between community wastewater and WWTP in-
fluent profiles supports the concept that WWTP influent reflects aggregated microbial
and genetic inputs from across the urban environment [7]. Wastewater treatment pro-
cesses reduced the detection of pathogen markers and ARGs in WWTP effluent compared
with WWTP influent although several resistance genes and MGEs remained detectable.
Similar observations have been reported in wastewater studies where ARGs persist in
WWTP effluent despite substantial reductions in microbial abundance [29]. Molecular
detection of ARGs may represent DNA originating from viable bacteria, nonviable cells, or
extracellular genetic material and therefore does not necessarily indicate active microbial
populations [30]. Nevertheless, the persistence of ARGs and MGEs in WWTP effluent
highlights the potential for wastewater discharge to contribute to environmental dissemi-
nation of resistance determinants through receiving water bodies and other environmental
pathways. This is particularly relevant in regions where treated wastewater is increasingly
reused for irrigation and other non-potable applications as part of water sustainability
strategies [31]. Understanding the persistence and dynamics of resistance determinants
in WWTP effluent is therefore important for balancing the benefits of utilizing treated
wastewater with environmental and public health risk assessments.

Beyond antibiotic resistance determinants, the detection of genes associated with
disinfectant and heavy metal resistance suggests that wastewater resistomes are influenced
by multiple selective pressures. Genes such as gacEA1, commonly associated with integrons
and resistance to quaternary ammonium compounds, may reflect co-selection driven by
disinfectant exposure [32], while metal resistance genes indicate the potential influence of
heavy metals and other environmental contaminants on ARG persistence [33]. Consistent
with this, MGEs were widely detected across wastewater compartments, particularly in
hospital wastewater and WWTP effluent.

The observed ARG-MGE co-occurrence patterns further support the role of horizontal
gene transfer in shaping wastewater resistomes and facilitating ARG dissemination. Ele-
ments such as [S26-associated transposases and the class 1 integron integrase gene intl1
have been widely implicated in the mobilization of multidrug resistance regions in Gram-
negative bacteria [34,35]. These findings indicate that wastewater microbial communities
represent dynamic environments in which antibiotic exposure and other anthropogenic
chemical contaminants, including disinfectants, biocides, heavy metals, pharmaceutical
residues, and industrial chemicals, may jointly create selective or co-selective pressures
that influence the persistence and spread of antimicrobial resistance. While co-occurrence
does not confirm physical linkage or direct horizontal gene transfer, these associations
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suggest shared ecological niches or potential mobility pathways that may contribute to the
dissemination of resistance genes.

The PCoA results indicate that wastewater source was a major determinant of variation
in marker gene composition, with hospital and WWTP effluent samples forming more
distinct clusters than community samples and WWTP influent. In hospital wastewater,
this pattern may be attributed to concentrated inputs associated with high antibiotic usage
and patient-derived microbial loads [13]. The partial overlap between community samples
and WWTP influent likely reflects the heterogeneous nature of influent wastewater, which
integrates inputs from multiple sources including households, commercial activities, and
healthcare facilities. The PERMANOVA result (R? = 0.368) further supports the strong
influence of sampling source on resistome structure. In contrast, temporal variation was
weaker and the substantial overlap observed among monthly clusters, suggestive of a
relatively stable resistome composition over time. However, sustained longitudinal work
is needed to confirm this and clarify the impact of other factors, particularly seasonal
influences such as temperature fluctuations.

HT-qPCR enabled rapid, scalable, and cost-effective detection of pathogen-associated
markers, ARGs, and MGEs across wastewater compartments and is well-suited for large-
scale surveillance of known resistance genes [16]. While HT-qPCR provides a targeted
and sensitive overview of known resistance determinants, it cannot identify novel ARGs,
resolve whether detected genes are located on chromosomes or mobile elements, or de-
termine the bacterial hosts carrying these genes. Integration of shotgun metagenomics
with chromosome conformation capture (Hi-C) sequencing would provide complementary
insight into the taxonomic distribution, genomic organization, and mobility potential of
resistance genes.

4. Materials and Methods

Study design: The study was conducted in Dubai, United Arab Emirates (UAE), with
monthly sampling performed between June 2024 and January 2025. Wastewater samples
were collected from three urban sources: community sewer nodes (nine pumping stations),
tertiary-care hospital discharge points (two facilities sampled before sewer junctions), and
two municipal wastewater treatment plants (WWTPs), each sampled at both influent and
effluent stages. Sampling procedures followed the protocol previously described [36].

Sample preparation and DNA extraction: Wastewater (45 mL) was filtered using a
Stericup Quick Release Vacuum Sterile Filtration System with a 0.22 pm polyethersulfone
(PES) [36] membrane (Merck Millipore, Merck KGaA, Darmstadt, Germany). DNA was
extracted using the DNeasy PowerWater Kit (QIAGEN, Hilden, Germany) according to
the manufacturer’s instructions. Extracted DNA was quantified using a NanoDrop One
spectrophotometer (Thermo Fisher Scientific, Waltham, MA, USA), and purity was assessed
using A260/280 and A260/230 ratios prior to downstream molecular analyses.

HT-qPCR assay: Extracted DNA was screened using an HT-qPCR panel comprising
72 assays adapted from the Resistomap One Health AMR panel (Resistomap Oy, Helsinki,
Finland), with modifications. The panel included 44 ARGs representing major antibi-
otic classes, including aminoglycosides, $-lactams, tetracyclines, macrolide-lincosamide—
streptogramin B (MLSB), quinolones, sulfonamides, phenicols, and glycopeptides, ten MGE
markers, and nine pathogen-associated markers alongside three taxonomic markers; and
five additional resistance genes to provide environmental context. A single assay targeting
the 165 rRNA gene was included in the panel as a universal bacterial marker and used as a
reference target for normalization and relative quantification of ARG abundance. The list
of targets and corresponding primer sequences is provided in Supplementary Data S1.
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The HT-qPCR assays were performed using the SmartChip™ Real-Time PCR sys-
tem (Takara Bio, San Jose, CA, USA) following the established Resistomap analytical
workflow [37-39]. Briefly, 1728-well chips containing 100 nL reaction volumes were auto-
matically loaded using the SmartChip Multisample Nanodispenser, with wastewater DNA
samples and no-template controls included in parallel. Thermal cycling was performed
at 95 °C for 10 min, followed by 40 cycles of 95 °C for 15 s and 60 °C for 60 s. Melt-curve
analysis was conducted up to 97 °C with 0.4 °C increments.

Data processing and analysis: Amplification results were filtered based on melt-
curve specificity and amplification quality, retaining detections only when Ct < 28 and
amplification efficiency was within 2 4 0.3 [40,41]. Technical replicates were evaluated
for consistency, and replicates with a standard deviation greater than 0.5 or amplification
efficiency deviating from 2 £ 0.1 were excluded. Targets detected in only one of three
replicates were removed. The mean Ct of the remaining replicates was used to calculate ACt
values relative to the 165 rRNA gene. Relative gene abundances were determined using the
2—ACt method (ACt = Ct target — Ct 165 rRNA) [42], and estimated copy numbers were
calculated based on their abundance relative to the 16S rRNA gene and the corresponding
16S rRNA standard curve slope from the SmartChip run. Data processing and analysis
were performed using the Resistomap analytical platform 2026.

Statistical analysis: Target-gene relative abundances were calculated by normaliz-
ing gene copy numbers to 16S rRNA gene abundance and summarized for each loca-
tion across the 8-month sampling period as mean =+ standard deviation (SD). To identify
genes that differed significantly among sources, relative gene abundance (RA) values were
log10-transformed [log1g(RA + 1079)] to reduce skewness. Differences among wastew-
ater sources (community, hospital, WWTP influent, and WWTP effluent) were assessed
using the Kruskal-Wallis test followed by Dunn’s post hoc pairwise comparisons with
p-values adjusted using the Benjamini—-Hochberg false discovery rate (FDR). Principal
coordinates analysis (PCoA) was applied to the relative gene abundance matrix to evaluate
differences in spatial and temporal compositional profiles across community wastewater,
hospital, WWTP influent and WWTP effluent. Bray—Curtis dissimilarities were calculated
from relative abundance data, and ordination was conducted using PCoA. Differences
between groups were assessed using permutational multivariate analysis of variance (PER-
MANOVA) with 999 permutations. For visualization, samples were projected onto the
first two principal coordinate axes, and 95% confidence ellipses were overlaid to illus-
trate group-level clustering. Associations between MGEs and ARGs were assessed using
Spearman’s rank correlation. p-values were adjusted for multiple comparisons using the
Benjamini-Hochberg false discovery rate, and significant positive correlations (p > 0.7,
adjusted p < 0.01) were retained for network construction. The ARG-MGE network was
visualized using a concentric layout, with MGEs at the center and ARGs arranged around
them. Node size reflected the number of connections (degree), and edge width represented
correlation strength.

5. Conclusions

In conclusion, this study provides insight into the structure and dynamics of the
wastewater resistome across urban compartments. Using high-throughput qPCR and
network analysis, we identify strong spatial differences, highlight hospital wastewater as a
key source of clinically relevant resistance genes, and demonstrate the persistence of ARGs
and MGEs in WWTP effluent. These findings support consideration of risk-based on-site
pretreatment or source-control strategies at selected healthcare facilities, particularly where
high antimicrobial use and specialized clinical activity may increase the discharge of resis-
tance determinants. Such interventions should complement, rather than replace, effective
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municipal wastewater treatment and should be evaluated using monitoring frameworks
that include viable microorganisms, ARGs, MGEs, pharmaceutical residues, and extracellu-
lar DNA. From a One Health perspective, wastewater networks act as convergence points
where resistance determinants from different sources come together, providing insight
into AMR circulation. High-throughput qPCR offers a practical and scalable approach
for population-level AMR surveillance, with the potential to support early detection of
emerging resistance and complement clinical surveillance systems. Integrating wastewater
surveillance into national AMR frameworks, supported by expanded multi-omics and
long-term sampling, will further strengthen its role as an early-warning platform.

Supplementary Materials: The following supporting information can be downloaded at https:
/ /www.mdpi.com/article/10.3390/antibiotics15070669/s1.
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The following abbreviations are used in this manuscript:

AMR Antimicrobial resistance

ARGs Antibiotic resistance genes

HT-qPCR High-throughput quantitative polymerase chain reaction
WWTP Wastewater treatment plant

MGEs Mobile genetic elements

MLSB Macrolide-lincosamide—streptogramin B

qPCR Quantitative polymerase chain reaction

PCR Polymerase chain reaction

PCoA Principal coordinates analysis

PERMANOVA  Permutational multivariate analysis of variance
SD Standard deviation

RA Relative abundance

FDR False discovery rate

rRNA Ribosomal RNA

Ct Cycle threshold

UAE United Arab Emirates

PES Polyethersulfone
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Hi-C Chromosome conformation capture sequencing
NTC No-template control
References
1. Lucero-Prisno, D.E., 3rd; Shomuyiwa, D.O.; Kouwenhoven, M.B.N.; Dorji, T.; Adebisi, Y.A.; Odey, G.O.; George, N.S.; Ajayi,

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

O.T,; Ekerin, O.; Manirambona, E.; et al. Top 10 Public Health Challenges for 2024: Charting a New Direction for Global Health
Security. Public Health Chall. 2025, 4, €70022. [CrossRef] [PubMed]

Murray, C.J.L.; Ikuta, K.S.; Sharara, F.; Swetschinski, L.; Robles Aguilar, G.; Gray, A.; Han, C.; Bisignano, C.; Rao, P.; Wool, E.; et al.
Global burden of bacterial antimicrobial resistance in 2019: A systematic analysis. Lancet 2022, 399, 629-655. [CrossRef] [PubMed]
GBD 2021 Antimicrobial Resistance Collaborators. Global burden of bacterial antimicrobial resistance 1990-2021: A systematic
analysis with forecasts to 2050. Lancet 2024, 404, 1199-1226. [CrossRef] [PubMed]

Agudo, R.; Reche, M.P. Revealing antibiotic resistance’s ancient roots: Insights from pristine ecosystems. Front. Microbiol. 2024,
15, 1445155. [CrossRef] [PubMed]

World Health Organization. Antimicrobial Resistance—Fact Sheet 2023. Available online: https://www.who.int/news-room/fact-
sheets/detail /antimicrobial-resistance (accessed on 18 May 2026).

Hendriksen, R.S.; Munk, P; Njage, P.; van Bunnik, B.; McNally, L.; Lukjancenko, O.; Roder, T.; Nieuwenhuijse, D.; Pedersen,
S.K.; Kjeldgaard, J.; et al. Global monitoring of antimicrobial resistance based on metagenomics analyses of urban sewage. Nat.
Commun. 2019, 10, 1124. [CrossRef] [PubMed]

Punch, R.; Azani, R; Ellison, C.; Majury, A.; Hynds, P.D.; Payne, S.J.; Brown, R.S. The surveillance of antimicrobial resistance
in wastewater from a One Health perspective: A global scoping and temporal review (2014-2024). One Health 2025, 21, 101139.
[CrossRef] [PubMed]

Albastaki, A.; Naji, M.; Lootah, R.; Almeheiri, R.; Almulla, H.; Almarri, I.; Alreyami, A.; Aden, A.; Alghafri, R. First confirmed de-
tection of SARS-CoV-2 in untreated municipal and aircraft wastewater in Dubai, UAE: The use of wastewater-based epidemiology
as an early warning tool to monitor the prevalence of COVID-19. Sci. Total Environ. 2021, 760, 143350. [CrossRef] [PubMed]
Haudiquet, M.; de Sousa, ].M.; Touchon, M.; Rocha, E.P.C. Selfish, promiscuous and sometimes useful: How mobile genetic
elements drive horizontal gene transfer in microbial populations. Philos. Trans. R. Soc. Lond. B Biol. Sci. 2022, 377, 20210234.
[CrossRef] [PubMed]

Voigt, A.M.; Zacharias, N.; Timm, C.; Wasser, F.; Sib, E.; Skutlarek, D.; Parcina, M.; Schmithausen, R.M.; Schwartz, T.; Hembach,
N.; et al. Association between antibiotic residues, antibiotic resistant bacteria and antibiotic resistance genes in anthropogenic
wastewater—An evaluation of clinical influences. Chemosphere 2020, 241, 125032. [CrossRef] [PubMed]

Zhang, L.; Liu, J.; Song, G.; Huang, S.; Li, C.; Sunarso, J. Recent Advances in Sewer Biofilms: A Perspective on Bibliometric
Analysis. Water 2025, 17, 3319. [CrossRef]

Hock, L.; Luiken, R.; Valério, E.; Vargha, M.; Vierheilig, J.; Borjesson, S.; Pitkdnen, T.; Schmitt, H. Integrating AMR surveillance
into wastewater monitoring systems in 2025: A position on the implementation of Article 17 of the Urban Wastewater Treatment
Directive (UWWTD). Euro Surveill. 2026, 31, 2500289. [CrossRef] [PubMed]

Lymperatou, D.; Konstantopoulou, R.; Mentsis, M.; Atzemoglou, N.; Diamanti, C.; Tzourtzos, I.; Naka, K.K.; Mitsis, M.;
Konstantina, G.; Milionis, H.; et al. Hospital Wastewater Surveillance and Antimicrobial Resistance: A Narrative Review.
Microorganisms 2025, 13, 2739. [CrossRef] [PubMed]

Hassoun-Kheir, N.; de Kraker, M.E.A.; Bertrand, X.; Van Hoorde, K.; Graham, D.W.; Hocquet, D. How to establish a hospital
wastewater surveillance program for antimicrobial resistance: Current experience and future knowledge gaps. CMI Commun.
2025, 2, 105087. [CrossRef]

Ekwanzala, M.D.; Dewar, ].B.; Momba, M.N.B. Environmental resistome risks of wastewaters and aquatic environments
deciphered by shotgun metagenomic assembly. Ecotoxicol. Environ. Saf. 2020, 197, 110612. [CrossRef] [PubMed]

Knight, M.E.; Webster, G.; Perry, W.B.; Baldwin, A.; Rushton, L.; Pass, D.A.; Cross, G.; Durance, I.; Muziasari, W.; Kille, P.
National-scale antimicrobial resistance surveillance in wastewater: A comparative analysis of HT-qPCR and metagenomic
approaches. Water Res. 2024, 262, 121989. [CrossRef] [PubMed]

Greige, S.; Ramadan, L.; Al-Alam, J.; Harb, M.; Wazne, M. A quantitative characterization of antibiotic resistance and its
influencing factors in hospital wastewaters across Lebanon. Sci. Rep. 2025, 16, 2108. [CrossRef] [PubMed]

Majlander, J.; Anttila, V.J.; Nurmi, W.; Seppald, A.; Tiedje, J.; Muziasari, W. Routine wastewater-based monitoring of antibiotic
resistance in two Finnish hospitals: Focus on carbapenem resistance genes and genes associated with bacteria causing hospital-
acquired infections. J. Hosp. Infect. 2021, 117, 157-164. [CrossRef] [PubMed]

Muurinen, J.; Muziasari, W.I.; Hultman, J.; Parnédnen, K.; Narita, V.; Lyra, C.; Fadlillah, L.N.; Rizki, L.P.; Nurmi, W.; Tiedje, ].M.;
et al. Antibiotic Resistomes and Microbiomes in the Surface Water along the Code River in Indonesia Reflect Drainage Basin
Anthropogenic Activities. Environ. Sci. Technol. 2022, 56, 14994-15006. [CrossRef] [PubMed]

https://doi.org/10.3390/antibiotics15070669


https://doi.org/10.1002/puh2.70022
https://www.ncbi.nlm.nih.gov/pubmed/40496115
https://doi.org/10.1016/S0140-6736(21)02724-0
https://www.ncbi.nlm.nih.gov/pubmed/35065702
https://doi.org/10.1016/S0140-6736(24)01867-1
https://www.ncbi.nlm.nih.gov/pubmed/39299261
https://doi.org/10.3389/fmicb.2024.1445155
https://www.ncbi.nlm.nih.gov/pubmed/39450285
https://www.who.int/news-room/fact-sheets/detail/antimicrobial-resistance
https://www.who.int/news-room/fact-sheets/detail/antimicrobial-resistance
https://doi.org/10.1038/s41467-019-08853-3
https://www.ncbi.nlm.nih.gov/pubmed/30850636
https://doi.org/10.1016/j.onehlt.2025.101139
https://www.ncbi.nlm.nih.gov/pubmed/40727444
https://doi.org/10.1016/j.scitotenv.2020.143350
https://www.ncbi.nlm.nih.gov/pubmed/33143926
https://doi.org/10.1098/rstb.2021.0234
https://www.ncbi.nlm.nih.gov/pubmed/35989606
https://doi.org/10.1016/j.chemosphere.2019.125032
https://www.ncbi.nlm.nih.gov/pubmed/31622887
https://doi.org/10.3390/w17223319
https://doi.org/10.2807/1560-7917.ES.2026.31.3.2500289
https://www.ncbi.nlm.nih.gov/pubmed/41572901
https://doi.org/10.3390/microorganisms13122739
https://www.ncbi.nlm.nih.gov/pubmed/41471943
https://doi.org/10.1016/j.cmicom.2025.105087
https://doi.org/10.1016/j.ecoenv.2020.110612
https://www.ncbi.nlm.nih.gov/pubmed/32302860
https://doi.org/10.1016/j.watres.2024.121989
https://www.ncbi.nlm.nih.gov/pubmed/39018584
https://doi.org/10.1038/s41598-025-31879-1
https://www.ncbi.nlm.nih.gov/pubmed/41402540
https://doi.org/10.1016/j.jhin.2021.09.008
https://www.ncbi.nlm.nih.gov/pubmed/34537275
https://doi.org/10.1021/acs.est.2c01570
https://www.ncbi.nlm.nih.gov/pubmed/35775832
https://doi.org/10.3390/antibiotics15070669

Antibiotics 2026, 15, 669 18 of 19

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

Tiwari, A.; Lehto, K.M.; Paspaliari, D.K.; Al-Mustapha, A.IL; Sarekoski, A.; Hokajdrvi, A.M.; Lansivaara, R.; Hyder, O.; Luomala,
O.; Lipponen, A.; et al. Developing wastewater-based surveillance schemes for multiple pathogens: The WastPan project in
Finland. Sci. Total Environ. 2024, 926, 171401. [CrossRef] [PubMed]

Bijlsma, L.; Xu, L.; Gracia-Marin, E.; Pitarch, E.; Serrano, R.; Kasprzyk-Hordern, B. Understanding associations between
antimicrobial agents usage and antimicrobial resistance genes prevalence at the community level using wastewater-based
epidemiology: A Spanish pilot study. Sci. Total Environ. 2024, 926, 171996. [CrossRef] [PubMed]

Silvester, R.; Perry, W.B.; Webster, G.; Rushton, L.; Baldwin, A.; Pass, D.A.; Byrnes, N.A.; Farkas, K.; Heginbothom, M.; Craine, N.;
et al. Metagenomic profiling of hospital wastewater: A comprehensive national scale analysis of antimicrobial resistance genes
and opportunistic pathogens. J. Infect. 2025, 90, 106503. [CrossRef] [PubMed]

Tierney, B.T.; Foox, ].; Ryon, K.A,; Butler, D.; Damle, N.; Young, B.G.; Mozsary, C.; Babler, KM.; Yin, X.; Carattini, Y.; et al. Towards
geospatially-resolved public-health surveillance via wastewater sequencing. Nat. Commun. 2024, 15, 8386. [CrossRef] [PubMed]
Chen, M;; Liu, Y.; Zhou, Y.; Pei, Y;; Qu, M,; Lv, P; Zhang, J.; Xu, X.; Hu, Y.; Wang, Y. Deciphering antibiotic resistance genes and
plasmids in pathogenic bacteria from 166 hospital effluents in Shanghai, China. J. Hazard. Mater. 2025, 483, 136641. [CrossRef]
[PubMed]

Tang, Y.; Gomi, R.; Takeuchi, H.; Nishimura, F.; Thara, M. Occurrence of antibiotics and antibiotic-resistant bacteria in a Japanese
city revealed by wastewater surveillance in the sewer system. Water Res. 2025, 285, 124136. [CrossRef] [PubMed]

Madhukar, M.K,; Singh, N.; Iyer, V.R.; Sowpati, D.T.; Tallapaka, K.B.; Mishra, R.K.; Moharir, S.C. Antimicrobial resistance
landscape in a metropolitan city context using open drain wastewater-based metagenomic analysis. Environ. Res. 2024,
252,118556. [CrossRef] [PubMed]

Maile-Moskowitz, A.; Brown, C.L.; Rumi, M.A.; Moumi, N.A.; Majeed, H.; Finkielstein, C.V.; Ceci, A.; Gonzalez, R.; Xia,
K.; McDaniel, L.; et al. Relating antimicrobial use to wastewater resistance gene patterns via metagenomic analysis of two
neighboring treatment plants circa the COVID-19 pandemic. npj Antimicrob. Resist. 2025, 3, 82. [CrossRef] [PubMed]
Endalamaw, K.; Tadesse, S.; Asmare, Z.; Kebede, D.; Erkihun, M.; Abera, B. Antimicrobial resistance profile of bacteria from
hospital wastewater at two specialized hospitals in Bahir Dar city, Ethiopia. BMC Microbiol. 2024, 24, 525. [CrossRef] [PubMed]
Jia, X,; Peng, J.; Lv, ].; Li, Y,; Luo, Z.; Xiang, ].; Hou, Y.; Zheng, Q.; Han, B. Metagenomic analysis reveals the abundance changes
of bacterial communities and antibiotic resistance genes in the influent and effluent of hospital wastewater. PLoS ONE 2025,
20, €0335723. [CrossRef] [PubMed]

Tamai, S.; Okuno, M.; Ogura, Y.; Suzuki, Y. Genetic diversity of dissolved free extracellular DNA compared to intracellular DNA
in wastewater treatment plants. Sci. Total Environ. 2025, 970, 178989. [CrossRef] [PubMed]

Budeli, P; Sibali, L.L. Greywater Reuse: Contaminant Profile, Health Implications, and Sustainable Solutions. Int. ]. Environ. Res.
Public Health 2025, 22, 740. [CrossRef] [PubMed]

Chacén, L.; Arias-Andres, M.; Mena, F; Rivera, L.; Hernandez, L.; Achi, R.; Garcia, F; Rojas-Jimenez, K. Short-term exposure to
benzalkonium chloride in bacteria from activated sludge alters the community diversity and the antibiotic resistance profile.
J. Water Health 2021, 19, 895-906. [CrossRef] [PubMed]

Sanchez-Corona, C.G.; Gonzalez-Avila, L.U.; Herndndez-Cortez, C.; Rojas-Vargas, J.; Castro-Escarpulli, G.; Castelan-Sédnchez,
H.G. Impact of Heavy Metal and Resistance Genes on Antimicrobial Resistance: Ecological and Public Health Implications. Genes
2025, 16, 625. [CrossRef] [PubMed]

Hu, Y;; Zheng, ].; Gong, Y.; He, L.; Meng, E; Zhang, J. Impact of IS26 mobilization on genetic manipulation of multidrug-resistant
Acinetobacter baumannii. Front. Microbiol. 2025, 16, 1689239. [CrossRef] [PubMed]

Sabbagh, P.; Rajabnia, M.; Maali, A.; Ferdosi-Shahandashti, E. Integron and its role in antimicrobial resistance: A literature review
on some bacterial pathogens. Iran. . Basic Med. Sci. 2021, 24, 136-142. [CrossRef] [PubMed]

Shougqair, D.; Alghafri, R.; Naji, M.; Albastaki, A.; Nassar, R.; Mohamed, L.; Aloba, B.; Awad, B.S.; Al Dhaheri, E; Everett, D.; et al.
Culture-Based Wastewater Surveillance for the Detection and Monitoring of Antimicrobial Resistance in Staphylococcal Species.
Vet. Sci. 2026, 13, 14. [CrossRef] [PubMed]

Lai, FY,; Muziasari, W.; Virta, M.; Wiberg, K.; Ahrens, L. Profiles of environmental antibiotic resistomes in the urban aquatic
recipients of Sweden using high-throughput quantitative PCR analysis. Environ. Pollut. 2021, 287, 117651. [CrossRef] [PubMed]
Mugziasari, W.I; Pitkanen, L.K.; Sorum, H.; Stedtfeld, R.D.; Tiedje, ].M.; Virta, M. Corrigendum: The Resistome of Farmed Fish
Feces Contributes to the Enrichment of Antibiotic Resistance Genes in Sediments below Baltic Sea Fish Farms. Front. Microbiol.
2017, 8, 1491. [CrossRef] [PubMed]

Silvester, R.; Woodhall, N.; Nurmi, W.; Muziasari, W.; Farkas, K.; Cross, G.; Malham, S.K.; Jones, D.L. High-throughput qPCR
profiling of antimicrobial resistance genes and bacterial loads in wastewater and receiving environments. Environ. Pollut. 2025,
373, 126096. [CrossRef] [PubMed]

Mugziasari, W.I; Parnanen, K.; Johnson, T.A; Lyra, C.; Karkman, A.; Stedtfeld, R.D.; Tamminen, M.; Tiedje, ].M.; Virta, M.
Aquaculture changes the profile of antibiotic resistance and mobile genetic element associated genes in Baltic Sea sediments.
FEMS Microbiol. Ecol. 2016, 92, fiw052. [CrossRef] [PubMed]

https://doi.org/10.3390/antibiotics15070669


https://doi.org/10.1016/j.scitotenv.2024.171401
https://www.ncbi.nlm.nih.gov/pubmed/38467259
https://doi.org/10.1016/j.scitotenv.2024.171996
https://www.ncbi.nlm.nih.gov/pubmed/38547975
https://doi.org/10.1016/j.jinf.2025.106503
https://www.ncbi.nlm.nih.gov/pubmed/40368038
https://doi.org/10.1038/s41467-024-52427-x
https://www.ncbi.nlm.nih.gov/pubmed/39333485
https://doi.org/10.1016/j.jhazmat.2024.136641
https://www.ncbi.nlm.nih.gov/pubmed/39612873
https://doi.org/10.1016/j.watres.2025.124136
https://www.ncbi.nlm.nih.gov/pubmed/40618664
https://doi.org/10.1016/j.envres.2024.118556
https://www.ncbi.nlm.nih.gov/pubmed/38503380
https://doi.org/10.1038/s44259-025-00153-9
https://www.ncbi.nlm.nih.gov/pubmed/41028597
https://doi.org/10.1186/s12866-024-03693-8
https://www.ncbi.nlm.nih.gov/pubmed/39695370
https://doi.org/10.1371/journal.pone.0335723
https://www.ncbi.nlm.nih.gov/pubmed/41171744
https://doi.org/10.1016/j.scitotenv.2025.178989
https://www.ncbi.nlm.nih.gov/pubmed/40048953
https://doi.org/10.3390/ijerph22050740
https://www.ncbi.nlm.nih.gov/pubmed/40427856
https://doi.org/10.2166/wh.2021.171
https://www.ncbi.nlm.nih.gov/pubmed/34874898
https://doi.org/10.3390/genes16060625
https://www.ncbi.nlm.nih.gov/pubmed/40565518
https://doi.org/10.3389/fmicb.2025.1689239
https://www.ncbi.nlm.nih.gov/pubmed/41132372
https://doi.org/10.22038/ijbms.2020.48905.11208
https://www.ncbi.nlm.nih.gov/pubmed/33953851
https://doi.org/10.3390/vetsci13010014
https://www.ncbi.nlm.nih.gov/pubmed/41600670
https://doi.org/10.1016/j.envpol.2021.117651
https://www.ncbi.nlm.nih.gov/pubmed/34426396
https://doi.org/10.3389/fmicb.2017.01491
https://www.ncbi.nlm.nih.gov/pubmed/28785257
https://doi.org/10.1016/j.envpol.2025.126096
https://www.ncbi.nlm.nih.gov/pubmed/40127809
https://doi.org/10.1093/femsec/fiw052
https://www.ncbi.nlm.nih.gov/pubmed/26976842
https://doi.org/10.3390/antibiotics15070669

Antibiotics 2026, 15, 669 19 of 19

41. Stedtfeld, R.D.; Guo, X,; Stedtfeld, T.M.; Sheng, H.; Williams, M.R.; Hauschild, K.; Gunturu, S.; Tift, L.; Wang, F; Howe, A_; et al.
Primer set 2.0 for highly parallel qPCR array targeting antibiotic resistance genes and mobile genetic elements. FEMS Microbiol.
Ecol. 2018, 94, fiy130. [CrossRef] [PubMed]

42.  Schmittgen, T.D.; Livak, K.J. Analyzing real-time PCR data by the comparative C(T) method. Nat. Protoc. 2008, 3, 1101-1108.
[CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.3390/antibiotics15070669


https://doi.org/10.1093/femsec/fiy130
https://www.ncbi.nlm.nih.gov/pubmed/30052926
https://doi.org/10.1038/nprot.2008.73
https://www.ncbi.nlm.nih.gov/pubmed/18546601
https://doi.org/10.3390/antibiotics15070669

	Introduction 
	Results 
	Pathogen-Associated Marker 
	Antimicrobial Resistance Genes (ARGs) and Mobile Genetic Elements (MGEs) 
	Comparative Analysis and Network Correlation 

	Discussion 
	Materials and Methods 
	Conclusions 
	References

