
Academic Editors: Panagiotis

Papazotos, Eleni Gianni and

Dionisios Panagiotaras

Received: 14 April 2026

Revised: 11 May 2026

Accepted: 12 May 2026

Published: 19 May 2026

Copyright: © 2026 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license.

Review

Microplastics and Antimicrobial Resistance Genes in Surface
Waters Under European Union Regulatory Progress
Alexandre Aleluia 1,2,* , Luís Gabriel Barboza 3 , Carla Novais 4,5 , Patrícia Antunes 4,5,6 , Ana R. Freitas 1,2,4,5

and Joana C. Prata 1,2,*

1 Associate Laboratory i4HB—Institute for Health and Bioeconomy, University Institute of Health
Sciences—CESPU, 4585-116 Gandra, Portugal; ana.freitas@iucs.cespu.pt

2 UCIBIO—Applied Molecular Biosciences Unit, University Institute of Health
Sciences—CESPU (1H-TOXRUN, IUCS-CESPU), 4585-116 Gandra, Portugal

3 CIIMAR—Interdisciplinary Centre of Marine and Environmental Research, University of Porto, Terminal de
Cruzeiros do Porto de Leixões, 4450-208 Matosinhos, Portugal; lbarboza@ciimar.up.pt

4 Associate Laboratory i4HB—Institute for Health and Bioeconomy, Faculty of Pharmacy, University of Porto,
4050-313 Porto, Portugal; casilva@ff.up.pt (C.N.); patriciaantunes@fcna.up.pt (P.A.)

5 UCIBIO—Applied Molecular Biosciences Unit, Faculty of Pharmacy, University of Porto,
4050-313 Porto, Portugal

6 Faculty of Nutrition and Food Sciences, University of Porto, Rua do Campo Alegre 823,
4150-180 Porto, Portugal

* Correspondence: a43472@alunos.cespu.pt (A.A.); joana.prata@iucs.cespu.pt (J.C.P.)

Abstract

Microplastics (MPs) and antimicrobial resistance genes (ARGs), emerging pollutants in
surface waters, are viewed as a serious risk to freshwater ecosystems and public health. This
review synthesizes current scientific knowledge, regulatory approaches, and monitoring
methodologies on the presence and impact of these contaminants following a drivers-
pressures-state-impact-response (DPSIR) framework. Major anthropogenic factors, such as
pharmaceutical consumption and agricultural intensification, are putting pressure on water
bodies through industrial discharges, agricultural runoff, and untreated or inadequately
treated wastewaters. In order to gauge the current environmental state and discuss the
impact on human and ecosystem health within a One Health framework, it is necessary
to generate monitoring data and identify methodological gaps in the interaction between
MPs and ARGs. Despite recent European Union (EU) regulatory progress, such as the
Drinking Water Directive and the Water Framework Directive, substantial gaps remain in
methodology standardization as well as practical implementation. This review underscores
the need to establish enforceable thresholds and standardize monitoring protocols to
effectively mitigate the growing prevalence and consequences of these contaminants.

Keywords: microplastics; antimicrobial resistance genes; emerging contaminants; surface
water; DPSIR; One Health; environmental monitoring; water policy

1. Introduction
Water is a vital resource, with an estimated daily recommended quantity per person

of 5.3 litres for human consumption alone [1]. However, increasing demand and contami-
nation from anthropogenic activities have made water scarcity and safety pressing issues.
In the European Union (EU), only 37% of surface waters meet good ecological status, and
only 31% achieve good chemical status [2,3]. Surface waters are essential for human con-
sumption and hygiene, as well as for the health of animals and the environment. However,
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they face growing threats from a wide range of unmonitored or insufficiently regulated
pollutants (e.g., pharmaceuticals, novel pesticides), referred to as emerging contaminants.
Among these, microplastics (MPs) and antimicrobial resistance genes (ARGs) have drawn
significant scientific and policy attention due to their ubiquity, persistence, and potential
threats to ecosystems and human health [3].

MPs are synthetic polymer particles under 5 mm in diameter [4–6], originating from
diverse sources such as plastic waste fragmentation, industrial abrasives, personal care
products, tire wear particles, and synthetic textile fibres released during washing [7]. They
are now recognized as pervasive pollutants in aquatic systems across Europe [8], with an
estimated 0.5 million tonnes entering European waters annually, despite global reduction
efforts [9]. MPs have been detected not only in surface waters but also in drinking water [10]
and even in human biological samples [11], raising growing concerns about their health
effects [12]. Their hydrophobic surfaces further provide favourable substrates for microbial
colonization and biofilm formation, creating the so-called “plastisphere” [13,14]. Within
these biofilms, horizontal gene transfer of ARGs can be promoted, thereby facilitating their
enrichment and dissemination in water bodies [15,16].

Due to their ubiquity, monitoring, risk assessment and identification are essential to
understand the scale and impacts of microplastics. One of the current approaches that
can mitigate plastic pollution in surface waters is the use of wastewater treatment plants
(WWTPs). Studies have shown that the MPs removal efficiency of WWTPs was above
88% without tertiary treatment and over 97% in the WWTPs with tertiary treatment [17].
Removal from effluents mainly occurs during preliminary and primary treatment through
settling or skimming, where MPs either sink or float with organic matter [18]. Implementa-
tion of tertiary treatment further improves removal through more advanced processes such
as membrane bioreactors, sand filtration, dissolved air flotation, ultrafiltration, reverse
osmosis, and activated carbon adsorption. Disadvantages from these processes include
(i) the release of high amounts of MPs despite the high efficiency, due to the large volume
of effluents treated daily; (ii) fragmentation of MPs into smaller particles, making them
harder to remove; and (iii) concentration of MPs into biosolids that can be used as fertilizers,
contaminating agricultural fields [18–21].

Antimicrobial resistance (AMR), meanwhile, has been identified by the United Nations
(UN), World Health Organization (WHO), and the European Centre for Disease Prevention
and Control (ECDC) as one of the most critical global health threats, with mortality projec-
tions ranging from 1.91 to 10 million deaths per year by 2050 in the absence of coordinated
interventions [22–24]. ARGs confer resistance to antibiotics that can persist in aquatic
environments long after the degradation of active compounds [25] and elevated levels have
been observed downstream of WWTPs and agricultural zones in European rivers [26,27].
Their persistence and mobility enable horizontal gene transfer between environmental,
commensal, and pathogenic bacteria [28], turning surface waters into reservoirs, amplifiers,
and vectors [29,30] of AMR [31].

Climate change further exacerbates these risks. Droughts and water scarcity reduce
dilution capacities, concentrate contaminants, and increase human exposure, particularly
in water-stressed regions, where moderate to severe water stress is projected in river
basins by 2040 [32–34]. This makes the interaction between MPs and ARGs particularly
concerning, demanding a transdisciplinary One Health perspective that recognizes the
interconnectedness of human, animal, and environmental health [35].

To address the emerging pollutants, the EU has progressively expanded its policy and
regulatory attention across several water-related instruments. In particular, the proposed
revision of the Urban Wastewater Treatment Directive, which entered into force on 1 January
2025, expanded the focus on risk-based monitoring and on pollution sources that had
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previously received less attention, including smaller urban discharges and diffuse pathways.
Although emerging pollutants were initially excluded from the Drinking Water Directive
(DWD) (EU 2020/2184) [36], subsequent revisions have gradually addressed this gap. MPs
and ARGs have gained increasing attention in EU water policy discussions, particularly
in the context of the 2022 proposal to revise the Water Framework Directive (WFD) [37]
and Directive (EU) 2024/3019 [38], prompting methodological improvements. However,
standardized detection methods and environmental quality thresholds are still lacking,
making the development of comprehensive monitoring and mitigation strategies an urgent
policy and research priority [39,40]. Against this backdrop, the present review applies
the drivers–pressures–state–impact–response (DPSIR) analytical framework, endorsed
by the European Environment Agency (EEA) [41], to systematically evaluate the state of
knowledge on MPs and ARGs in European surface waters. Within a One Health perspective,
this approach aims to inform coherent policy development, support sustainable water
management strategies, and strengthen environmental and public health protection in the
face of escalating climate change and water scarcity pressures [42].

2. Materials and Methods
This narrative review employed a thorough literature search to identify key publica-

tions, with a focus on peer-reviewed scientific articles, reports, and policy papers published
between 2013 and 2026. Key terms such as “microplastics,” “antimicrobial resistance genes,”
“surface waters,” “European Union,” and “One Health” were used to search databases like
Scopus, Elsevier, PubMed, and Web of Science from June 2025 to March 2026. The focus
was on studies carried out in European contexts, in accordance with legal instruments such
as the WFD, the Urban Wastewater Treatment Directive (UWWTD), and the DWD, with
both original and review articles being selected. Studies directly addressing microplastics
and/or antimicrobial resistance genes in surface waters were included in the review. One
hundred and fifty-five references were selected based on relevance, citation impact, and the-
matic coverage. These include experimental studies, modelling papers, policy evaluations,
and European Commission communications.

3. Results
3.1. Drivers and Pressures

Population growth and, consequently, the impacts of urban development are at the
heart of the spread of MPs and ARGs in surface waters. Industrial expansion, agricultural
intensification, and pharmaceutical usage create massive volumes of wastewater that
carry plastic residues, pharmaceuticals, and antimicrobial resistant microbes into aquatic
environments [19,43].

Despite policy advances like the EU Plastics Strategy and the Single-Use Plastics
Directive, plastic production in Europe remains high, with leakage into the environment still
insufficiently controlled [44]. Among industrial activities, the production and consumption
of plastics in packaging, construction, and consumer goods continue to represent one of
the most significant drivers of MP pollution [45]. Daily use of plastic-based materials, such
as microbeads in cosmetics, textiles, tires, and paint show that systemic socioeconomic
factors reflect the current consumption patterns and their waste, further along the line.
Similarly, the overuse and misuse of antimicrobials in both human healthcare and livestock
production contribute substantially to the selection and amplification of resistant bacterial
strains [46–48]. One Health-style analyses across Europe [49] have demonstrated that
antibiotic usage in both humans and animals (especially food-producing animals) increases
the prevalence of antimicrobial resistant strains in both populations [50–52]. The European
Surveillance of Veterinary Antimicrobial Consumption (ESVAC) reports ongoing reductions
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in veterinary antimicrobial use, yet hotspots of high use remain, particularly in Southern
and Eastern Europe [53].

Anthropogenic pressures arising from these drivers manifest as both direct and in-
direct inputs of MPs [20] and ARGs [54] into freshwater systems. Wastewater treatment
plants are major points of entry. Although essential for mitigating water pollution, conven-
tional treatment technologies cannot often fully eliminate MPs and ARGs. Despite high
percentages of pollutant removal, the absolute mass of microplastics discharged remains
environmentally significant due to the enormous volumes of wastewater processed. Even
tertiary-treated effluents regularly discharge high loads of MPs and measurable concentra-
tions of ARGs, allowing persistent dispersion of these contaminants downstream [55,56].
Industrial contributions further reinforce these pressures. Manufacturing facilities produc-
ing textile and plastic goods discharge microfibers, polymer dust, as well as resin pellets
through effluent releases and inadequate waste management practices [57].

Additionally, urban stormwater runoff constitutes an important pathway by which
MPs derived from tyre wear, synthetic textiles wear, road dust, and fragmented consumer
products are transferred into rivers and lakes during rainfall events [58]. Atmospheric
deposition has also emerged as an increasingly recognized pathway, as studies document
the aerial transport of MPs even to remote freshwater ecosystems, highlighting the diffuse
and transboundary nature of MP pollution [59].

Agricultural practices further exacerbate these pressures on the environment. The
application of manure and sewage sludge as organic fertilizers introduces contaminants
into soils, where MPs may accumulate over time and later be mobilised into freshwater
systems via rainfall-driven runoff and erosion [60]. Recent evidence suggests that sludge-
amended soils can act not only as recipient compartments but also as secondary long-term
sources of MPs to adjacent aquatic environments [61]. Additionally, the widespread use
of agricultural plastics, such as mulching films and silage wraps, contributes to the soil
accumulation of MPs and their eventual transfer to aquatic systems through erosion and
leaching processes [62,63].

The spread of ARGs seems to be similar to their plastic contaminant counterparts. The
main vector of their release into the environment is directly tied to human activity. Due to
their worldwide application in combating infections, many ARGs end up in wastewater
systems or pollute water bodies due to agricultural runoff [60] and improper disposal of un-
used medicines [64]. Environmental conditions strongly shape the ecology and evolution of
AMR by influencing microbial communities and the selective pressures under which ARGs
persist and spread. Factors such as temperature, pH, oxygen, and exposure to antibiotics,
metals, and emerging pollutants, such as MPs, among many others, modulate bacterial
stress responses and horizontal gene transfer, processes likely to intensify under ongoing
global environmental change [65]. Indeed, climate change [34] further intensifies these
pressures by modulating dilution and dispersion capacities, which influences the transport
of these contaminants [66]. Shifts in precipitation and temperature patterns, combined with
the drought-induced concentration of water volumes aggravates contaminant intensity [67].

Collectively, these interlinked drivers and pressures form a multifaceted connection
that complicates the regulation and long-term management of MP and ARGs dissemination
in freshwater systems.

3.2. State
3.2.1. Microplastics in Surface Waters

As one of the most ubiquitous contaminants in aquatic environments, MPs have
found their way into freshwater systems in the EU [68]. MP contamination has been widely
documented in marine environments, including their wild population [69], but over the past
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decade, research has documented their widespread presence in surface waters, sediments,
and even in the biota at concentrations ranging from a few particles per cubic meter to
hundreds, depending on methodology and environmental conditions. MPs contamination
ranges across several freshwater bodies, from rivers, lakes, reservoirs, groundwater, and
even treated drinking water across the continent [70,71]. Recent works have shown that
microplastics can derive from densely populated urban stretches of major European rivers
such as the Danube, Thames, and Douro [72–74], to remote alpine catchments [75], albeit in
very different abundances depending on the surrounding land use and anthropomorphic
impacts [76,77]. Their ubiquity is no longer questioned, whether they be fibres derived
from textiles, tyre and road-wear particles, fragments from packaging, or pellets lost during
transport, particles are consistently detected throughout European water bodies [7].

Yet, while the broad picture of occurrence and sources is clear, quantitative compar-
ison across studies remains limited. The problem lies in methodology, especially in the
heterogeneity of analytical techniques [67,78]. Research teams studying the same river
system often report MP abundances differing by orders of magnitude, resulting from
methodological choices that define which fraction of particles is measured. Sampling
volumes, often varying from litres to thousands of litres, represent a trade-off between
accuracy and logistical challenges, namely in drinking water assessments [79]. Another
divergence in sampling approaches can be attributed to the size ranges of the retrieval
equipment [80]. Manta trawls and neuston nets, with mesh sizes of 300 to 500 µm, capture
mainly larger floating particles and fibres, while pumped bulk-water samples filtered in
the laboratory can quantify much smaller size classes, sometimes down to tens of mi-
crometres [81]. Sediment studies also vary in size corrections and extraction protocols,
leading to further inconsistencies in the report. Polymer identification is another major
bottleneck because different analytical methods provide different types of information
and have different detection limits. Visual sorting remains common, particularly in older
studies, but it is highly prone to misclassification, especially for fibres, transparent frag-
ments and weathered particles [82,83]. Optical microscopy is useful for counting and
describing particle shape, colour and size, but it cannot reliably confirm polymer composi-
tion. Fourier transform infrared spectroscopy (FTIR)-based methods, including attenuated
total reflectance FTIR (ATR-FTIR), focal plane array FTIR imaging, and micro-FTIR, are
widely used because they provide polymer-specific spectra and are comparatively robust
for routine monitoring [78,84]. Yet, protocols diverge on size classification, pre-treatment
steps and contamination control [85], with even the units of measurement differing (e.g.,
items per cubic metre, items per kilogram dry weight, mass per area), severely raising the
difficulty of achieving universal parameter assessment [86]. ATR-FTIR is practical for larger
particles, but it is less suitable for smaller particles (e.g., <0.5 mm) because the item must
be analysed individually and contact with the crystal is required. Micro-FTIR imaging
enables analysis of particles down to approximately 20 µm, depending on the instrumental
configuration, but analysis time and data processing demands remain substantial [78,87].
Raman micro-spectroscopy offers higher spatial resolution than FTIR and can identify par-
ticles below 20 µm, but it is more sensitive to fluorescence interference, pigment effects and
sample degradation caused by laser heating [78,88]. Compared with optical microscopy,
both micro-FTIR and Raman micro-spectroscopy are costly and time-consuming and are
not often used as quantification methods. Therefore, even if the cost, processing time, and
applicability of these techniques may vary according to technological developments and
instrument availability, optical microscopy and spectroscopic methods are currently used
as complementary rather than interchangeable methods [85].

Laboratory processing introduces additional variability. The organic digestion meth-
ods range from oxidative treatments using hydrogen peroxide, which can fragment or alter
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certain types of polymers, to enzymatic or alkaline protocols, each with different strengths
and weaknesses [89]. Density separation protocols, from saturated sodium chloride to
high-density zinc chloride or sodium iodide, recover different types of polymers depending
on their density [88]. Once again polymer identification creates variability, as visual sorting
remains common, especially in older studies, which makes it prone to misclassification, par-
ticularly for fibres and weathered fragments [82]. Interlaboratory comparisons coordinated
in Europe have highlighted this variability, showing that even well-resourced laboratories
can produce inconsistent results without shared protocols and reference materials [84].
Furthermore, contamination control is another inconsistency across studies. Airborne
fibres, synthetic lab clothing, and unfiltered reagents can contribute to artefacts, and not all
studies report blank corrections or recovery efficiencies [83]. Taken together, these sources
of analytical variability compromise the comparability, reproducibility, and interpretability
of MP occurrence data across studies.

In light of the emerging MP problem, the Drinking Water Directive (EU) 2020/2184 [36]
requires the monitoring of MPs in water sources intended for human consumption, such as
surface waters, but refrains from setting threshold values, citing insufficient toxicological
data. A harmonised methodology was then established by Commission Delegated Decision
(EU) 2024/1441 [87], which uses cascade filtration systems with a large volume of sample,
up to around 1000 L. This is then followed by a laboratory analysis that combines optical
microscopy and vibrational micro-spectroscopy (such as FTIR-ATR or Raman spectroscopy)
in order to identify the particle size, shape, and polymer type. It defines a reporting size
range (generally 20 µm to 5 mm for particles) and expresses results as microplastics per
cubic metre, to ensure comparability across member states.

By contrast, no equivalent EU-wide harmonized method has yet been formally
adopted for MPs in surface waters. Recent revisions of EU water legislation indicate
that MPs are to be included in the future surface water and groundwater watch list once
suitable harmonised monitoring methods become available. Despite these efforts, key
gaps remain unresolved. MPs with sizes below 100 µm, although more abundant, remain
difficult to quantify with reproducible protocols. These are the particles of greatest concern
for ecological uptake and human exposure, as their small size makes them capable of
going through biological membranes [90]. Moreover, long-term monitoring programmes
capable of detecting temporal trends remain scarce, in part because of the high costs of
spectroscopy-based analysis and the lack of agreed protocols across national monitoring
agencies [78,91].

The reviewed studies also differ substantially in the MP size ranges and polymer
types reported, which limits ecological interpretation. Most river and lake surveys focus on
particles between 300 µm and 5 mm when using manta or neuston nets, whereas studies
based on bulk-water filtration and micro-spectroscopy may include smaller fractions,
commonly from 20 µm or 50 µm up to 5 mm [78,79,87]. This distinction is relevant because
smaller particles are generally more numerous, more easily ingested by planktonic and
benthic organisms, and more likely to interact with microbial biofilms [90]. Polymer
composition also influences transport and fate. Low-density polymers, such as polyethylene
(PE) and polypropylene (PP), commonly used in packaging and single-use products, tend to
remain buoyant in surface waters unless biofouling or aggregation increases their effective
density. Denser polymers such as polyethylene terephthalate (PET), polyvinyl chloride
(PVC), polycarbonate (PC), and some polyamide or polyester fibres are more likely to
sink, accumulate in sediments, or be transported as suspended particles under turbulent
conditions. Polystyrene (PS), including expanded polystyrene, may fragment readily and
is frequently associated with urban and recreational sources. Therefore, reporting size class
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and polymer composition is essential for interpreting sources, residence time, exposure
pathways, biofilm formation, and potential interactions with ARGs.

3.2.2. Antimicrobial Resistance Genes in Surface Waters

ARGs in European freshwaters are increasingly recognised as both a public health
issue and an ecological marker of anthropogenic pressure [92,93]. Like with MPs, rivers,
lakes, and urban waterways routinely carry antimicrobial resistant bacteria and mobile
resistance determinants, reflecting the combined inputs of municipal wastewater, hospital
effluents, agricultural runoff, aquaculture [29,30] and stormwater discharges [94,95].

Monitoring strategies have traditionally been divided between culture-based and
molecular approaches, each yielding complementary but non-identical insights. Conven-
tional culture relies on the growth of viable bacteria under controlled laboratory conditions
and uses Gram staining, microscopy, selective and/or differential media, and biochemical
assays to characterise microbial communities [96]. This approach remains vital for tracking
Enterococcus spp. and Escherichia coli, key regulatory indicators of faecal contamination
and clinically-relevant hosts of ARGs. Culture-based methods enable AMR profiling of
viable bacterial populations and allow direct comparison with human and veterinary
surveillance data. Culturomics expands traditional culture into a systematic, large-scale
approach combining standardized growth conditions with antibiotic susceptibility testing
and genome sequencing. While culture-based techniques are cost-effective and allow di-
rect observation and isolation of pure strains, they are limited to organisms able to grow
under laboratory conditions and above method detection limits [97]. They are also labour-
intensive and time-consuming at a large scale. On the other hand, culturomics can increase
microbial diversity detection, enabling identification of rare, slow-growing, or previously
uncultured organisms, and supports database enrichment through mass spectrometry or
sequencing. However, high-throughput equipment tools such as matrix-assisted laser
desorption/ionisation time-of-flight mass spectrometry (MALDI-TOF MS), a mass spec-
trometry method based on the ionisation of a sample, are costly, technically demanding,
and still restricted to culturable organisms and available databases [98,99].

Molecular methods, on the other hand, provide culture-independent analysis of mi-
crobial communities based on extracted DNA. These approaches include polymerase chain
reaction (PCR), quantitative PCR (qPCR), digital PCR (dPCR), and whole metagenomic
sequencing (WMS). They enable detection and quantification of ARGs in absolute terms,
such as copies per mL of water or per gram of sediment, often normalised to 16S rRNA gene
abundance to account for microbial biomass [99]. qPCR allows simultaneous quantification
of dozens to hundreds of ARGs, generating detailed resistome fingerprints at reasonable
cost, while dPCR improves quantification accuracy in complex matrices such as turbid
or inhibitor-rich environmental samples [100,101]. Comparative analyses indicate that
qPCR offers high sensitivity for the targeted detection of low-abundance ARGs, whereas
WMS provides broader insights into microbial diversity, resistome, mobile genetic elements,
and co-selection processes [102]. WMS further expands this capability by capturing the
entire microbial community without reliance on specific primers, enabling detection of
both culturable and non-culturable organisms and allowing retrospective identification
of ARGs. This high-throughput, hypothesis-free approach facilitates a comprehensive
analysis of microbial diversity, resistome composition, and genetic contexts of resistance
determinants, supporting the identification of subtle pollution signals and resilient micro-
bial communities associated with ARGs and microplastics [103,104]. As such, the different
metagenomic approaches currently used for the detection of ARGs can be divided into
groups. Quasi-metagenomics combines selective culturing with downstream molecular
analysis to detect low-abundance ARGs. Targeted approaches, such as qPCR, offer high
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sensitivity and specificity for known ARGs and are particularly suitable for monitoring
purposes. In contrast, shotgun metagenomics provides a non-targeted analysis of the entire
microbial DNA, allowing for the identification of novel ARGs and insights into their genetic
context. There is also a differentiation between short-read and long-read methodologies,
where the former produce short but extremely precise DNA fragments, ideal for the exact
identification and measurement of known ARGs, and the latter generates significantly
longer reads that make it possible to reconstruct the genomic context and link ARGs to
particular hosts and mobile genetic elements like plasmids.

Moreover, metagenomics enables the discovery of latent or previously uncharacterised
resistance genes, which may remain undetected using targeted approaches. Wastewa-
ter environments, in particular, are recognised as hotspots for such emerging resistance
determinants, although their relationship with traditional indicators of faecal pollution re-
mains incompletely understood [105]. Advances in long-read sequencing technologies may
further enable portable metagenomics platforms for rapid environmental water-quality
assessment in the future [31].

Cost-effectiveness has therefore emerged as a decisive factor for scaling. Single-gene
PCR assays are relatively inexpensive, as they rely on standard laboratory equipment and
straightforward assay design. These are used to detect instances in which only a small
number of genetic targets need to be analysed, with the caveat of being incapable of scaling
with an increase in the number of gene panels. In contrast, qPCR systems reduce the cost per
gene when analysing large panels by running many reactions simultaneously, but require
specialised infrastructure and trained personnel, leading to a higher upfront investment and
operational complexity. Although dPCR is typically more expensive per test, it provides a
more accurate quantification when targets are present at very low concentrations. Overall,
despite ongoing reductions in sequencing prices, metagenomic approaches still generally
require substantial sequencing depth and therefore remain costly overall.

The justification for higher-cost methodologies depend on the sample type and the
study objectives. For example, isolates from water samples undergo culture and phenotypic
testing alongside a qPCR panel (targeting specific microorganisms such as Enterococcus
spp. and E. coli), whereas metagenomics is applied selectively to suspected hotspots or
representative sites of faecal contamination, where larger samples and broader knowledge
of microbe presence are required [100].

The interpretation of ARGs occurrence also depends strongly on the specific genes
targeted. Studies focusing on tetracycline resistance genes, such as tetA, tetM or tetW,
often reflect inputs from human wastewater, livestock production, and manure-amended
soils, because tetracyclines have been extensively used in both human and veterinary
medicine [31,92–94]. Sulfonamide resistance genes, such as sul1 and sul2, are frequently
detected in wastewater-impacted rivers and are often associated with mobile genetic el-
ements, particularly class 1 integrons, making them useful markers of anthropogenic
pollution and horizontal gene transfer potential [89–91]. Beta-lactamase genes, including
clinically-relevant extended-spectrum beta-lactamase genes such as blaCTX-M, indicate con-
tamination by resistant Enterobacteriaceae and are particularly relevant from a public health
perspective due to their association with therapeutic failure in human infections [94,95,101].

Routine surveillance of ARGs in surface waters faces a fundamental practical con-
straint: it is neither technically nor economically feasible to screen for the full diversity
of clinically-relevant ARGs in every sample using standardized workflows. As a result,
the selection of ARGs targets is inherently challenging and can introduce bias, limiting
comparability across studies and over time. A pragmatic way forward is to adopt a har-
monized, risk-based shortlist of priority ARGs that balances public health relevance with
analytical feasibility. In this context, recent proposal by the European Food Safety Authority

https://doi.org/10.3390/environments13050283

https://doi.org/10.3390/environments13050283


Environments 2026, 13, 283 9 of 24

(EFSA) to focus on “highest priority” ARGs-blaCTX-M, blaVIM, blaNDM, blaOXA-48-like,
blaOXA-23, mcr, armA, vanA, cfr, and optrA-offers a useful starting point for surface water
monitoring [106]. These determinants were reported across multiple sources and along the
farm-to-fork continuum, particularly faeces/manure, soil, and water, which are directly
connected through runoff, leaching, drainage, and wastewater pathways and therefore
act as upstream contributors to the resistome detected in surface waters. Aligning surface
water surveillance panels with such priority lists could improve harmonization, support
trend analysis, and help link environmental findings to sources and potential human
exposure routes.

ARGs hotspots in Europe are strongly associated with wastewater treatment plants,
hospital discharges, and agricultural areas with intensive livestock farming and aquacul-
ture [29,30,107]. Sediments and biofilms function as long-term reservoirs where mobile
genetic elements enable gene exchange among diverse bacteria. Spatially robust surveys
have confirmed that resistome richness scales with human activity indices and that ur-
banised catchments consistently harbour higher ARGs loads than remote or high-altitude
lakes [108]. Enterococcus spp. and E. coli remain central to this discussion. Enterococcus spp.
is an enduring coloniser of aquatic environments, with resistant isolates repeatedly detected
in effluents and downstream rivers [109]. Rainfall and storm events are appointed as the
most immediate and influential triggers of elevated Enterococcus spp. levels in recreational
waters, but these spikes are often caused by human and animal waste [110]. E. coli is con-
sistently found in European surface waters impacted by wastewater and agriculture, with
resistance frequencies reflecting or even anticipating clinical trends [90]. However, faecal
indicator bacteria, such as E. coli and Enterococcus spp., may underestimate waterborne
health risk as their presence is not always correlated with pathogenic microorganisms [111].

As practical considerations about sample volume are critical, culture-based testing
and most qPCR assays are better targeted to ranges between 100 and 1000 mL of sample,
and metagenomics can work with larger effective volumes, often 1 to 2 L, to capture low
abundance ARGs, with persistent limitations such as clogging in turbid waters. Com-
posite samples or multiple replicates increase representativeness but raise processing
demands [112].

3.2.3. Microplastic and ARGs Interactions

An emerging area of concern is the synergistic interaction between MPs and ARGs.
MPs can sometimes provide hydrophobic surfaces fit for microbial colonization, forming
biofilms known as the “plastisphere.” Within these biofilms, microbial density, nutrient
exchange, and close cellular contact enhance conditions for horizontal gene transfer via
conjugation, transformation, or transduction [113,114].

The interaction between MPs and ARGs has recently been seen in Salmonella enter-
ica [115] and E. coli [116], where the presence of MPs particles can affect a pathogen’s
virulence and survival strategy. Recent studies also demonstrate that MPs in river and
estuarine environments host higher ARGs loads than surrounding water columns. MP-
associated biofilms showed higher abundances of relevant ARGs compared with adjacent
sediments and water [117]. Laboratory and mesocosm studies corroborate these field
observations. Under ciprofloxacin exposure, PVC MPs in freshwater biofilms displayed an
increase in ARGs abundance, suggesting that antibiotics present in rivers amplify resistance
proliferation on MPs biofilms [118]. Furthermore, aged MPs further enhance antibiotic
adsorption, creating localized “selective niches” for ARGs retention and exchange [119].

Wastewater isolates retrieved from MP-associated biofilms display higher resistance
rates [120,121]. These findings underscore the importance of considering MPs not only
as physical pollutants but also as biological vectors in the dissemination of ARGs in
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aquatic systems. MPs serve as hotspots for ARGs and mobile genetic elements, given
their morphology and surface heterogeneity, positively influencing microbial colonization
dynamics and genetic enrichment [122]. Beyond acting as passive carriers, MPs can actively
contribute to resistance development by inducing oxidative stress and DNA damage in
associated microorganisms, which can increase mutation rates and facilitate the acquisition
or selection of antimicrobial resistance [123].

MPs and ARGs often originate from the same environmental sources, such as wastewa-
ter treatment plants. These contaminants can be released simultaneously in effluents, where
MPs provide surfaces for microbial colonisation, including bacteria carrying ARGs, facilitat-
ing their transport into rivers and coastal waters. Similarly, environmental contamination
can originate from diffuse sources such as run-offs from agricultural fields containing
plastic residues. These shared pathways mean that the transport and environmental fate of
MPs and ARGs is highly interconnected [57–59].

Despite these advances, the state of knowledge remains fragmented by methodological
inconsistencies. Heterogeneity in polymer types, particle size ranges, and aging conditions
complicates comparisons between studies.

3.3. Impacts

The growing presence of MPs and ARGs in European surface waters carries significant
risks for both environmental and human health. Humans are exposed to MPs and ARGs
through multiple pathways, including consumption of drinking water or contaminated
seafood, inhalation, and dermal exposure (e.g., through recreational exposure) [124]. Stud-
ies have identified microplastics in human stool, placenta, and blood samples which raises
concerns about systemic exposure [125–128]. Exposed individuals may be at risk of poten-
tial health effects such as inflammation, immune disruption, and tissue toxicity [129,130].
Their chemical load, including adsorbed hydrophobic pollutants and plastic additives,
present additional toxicological challenges which are yet to be fully understood.

ARGs in surface waters further increase human health risks as antimicrobial resistant
bacteria and free ARGs can be transmitted to individuals through untreated or poorly
treated water, food-crop irrigation, and poor food preparation hygiene [131]. The presence
of resistant E. coli, Enterococcus spp., and other opportunistic pathogens in sources of
human consumption may lead to multidrug-resistant infections [132]. The possibility of
ingestion may lead to the accumulation of MPs in the gastrointestinal tract, which will
hinder food intake and cause tissue damage, facilitating the entrance of ARG-containing
microorganisms [133].

MPs can release toxic substances such as additives (e.g., bisphenol A, phthalates)
and adsorbed environmental pollutants like polychlorinated biphenyls (PCBs), polycyclic
aromatic hydrocarbons (PAHs), and heavy metals. These contaminants can leach from the
plastic surface into the gastrointestinal tract upon ingestion, leading to physiological stress,
endocrine disruption, and impaired growth [134]. Modulating effects of MPs on the im-
mune function can affect host response to pathogens [135]. Moreover, co-exposure of mice
to MPs and an antibiotic (sulfamethoxazole) interfered with pharmacokinetics, intensified
effects on gut microbiota, and significantly increased the development of ARGs [136].

Additionally, the World Bank estimates that AMR-related morbidity and mortal-
ity disproportionately impact vulnerable populations within Europe’s water-insecure
regions [137]. The enrichment of ARGs in microbial communities elevates the risk of
horizontal gene transfer to wildlife-associated bacteria, posing long-term consequences
for biodiversity and ecosystem processes. Studies on macroinvertebrate biofilms show
elevated ARGs prevalence near wastewater outflows, implicating environmental dissem-
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ination that extends beyond immediate reception sites [138]. This is observed in human
exposure through recreational activities such as swimming in contaminated waters.

At the ecosystem level, MPs and ARGs impacts are substantial in aquatic species.
With noted negative effects on digestion, growth and reproduction across invertebrate
to fish species. Wild freshwater fish exhibit gut inflammation and oxidative stress after
chronic exposure to MPs [139]. A study on Javanese medaka larvae, a euryhaline fish
(Oryzias javanicus), found that microplastics are eliminated faster in seawater than in
freshwater. This is due to the osmoregulation in seawater, which requires an increased
amount of drunk water, which in turn, increases gastrointestinal fluid movement and helps
move particles through the gut. In freshwater, gut retention time was longer, suggesting
slower clearance and a greater chance that microplastics remain available for transfer
within food webs [140]. Furthermore, MPs can bioaccumulate adhered pollutants such as
heavy metal PCBs and polycyclic aromatic hydrocarbons (PAHs), amplifying toxic effects
through trophic transfers [141]. Collectively, the simultaneous presence of MPs and ARGs
exacerbates pressures on water ecosystems, challenging the water safety, services, and
biodiversity targets of EU’s Green Deal and Biodiversity Strategy.

3.4. Response

European legislation, particularly the WFD (2000/60/EC) [142] and its 2024 amend-
ment, is directly addressing monitored pollutants; however, MPs and ARGs remain insuffi-
ciently regulated. The amendment’s inclusion of MPs and ARGs in the Watch List (Annex
VIII) is an essential first step toward structured and harmonized monitoring. The Drink-
ing Water Directive (EU 2020/2184) [36] now mandates MP monitoring in treated water
without threshold values, promoting the data collection that is needed to form a robust
understanding on how to handle the methodology. The (UWWTD) (91/271/EEC) [143],
revised in 2022, aims to reduce priority concerns such as MPs and antimicrobial resistance
and the EU’s One Health Action Plan on AMR and Regulation (EU) 2019/6 [144] seeks to
progressively reduce antibiotic misuse in veterinary settings [2,145].

However, the lack of legally enforceable environmental quality standards for MPs
and ARGs limits operational responses. In practice, monitoring programs still face major
constraints related to sampling design, laboratory infrastructure, quality assurance and
quality control, data harmonization and the integration of emerging pollutants into ex-
isting surveillance systems. For MPs in particular, the high cost and specialist nature of
spectroscopic analyses remain significant barriers to routine monitoring, while, for ARGs,
methodological diversity and the absence of agreed indicators hinder comparability and
regulatory uptake. In the absence of operational threshold values and standardized assess-
ment criteria, authorities also face difficulties in prioritizing sites, defining surveillance
frequency, and translating monitoring results into proportionate management measures.

The Regulation for Registration, Evaluation, Authorization and Restriction of Chemi-
cals (REACH) and other similar policies on specific polymers, like the EU Plastics Strategy’s
emphasis on circular economies and single use plastics are several of the important, if not
required, actions to scale and integrate water specific directives. Recommendations must
be produced regarding the frequency and prioritized areas of surveillance. For instance, EU
regulations on monitoring live bivalve molluscs recommend regular sampling schedules
with geographically representative coverage based on local risk assessment [146]. It also
advises adjusting monitoring to account for contaminant variability and increasing surveil-
lance in higher risk. However, contaminant concentrations may present large fluctuations
due to high geographic and temporal variability. In this context, bioindicators such as
filter-feeding mussels can offer a more stable snapshot of environmental contamination.
Standardized and cost-effective testing methods are imperative for MPs and ARGs surveil-
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lance. For MPs, FTIR and Raman spectroscopic analyses are the EU-proposed standard for
particle characterization, but differences in data, sampling volumes, size fractions and re-
porting units from different laboratories and studies still highlight the need for a universal
guideline for identification approaches. Even if values are proposed by the Commission
Delegated Decision (EU) 2024/1441 [87], differences in the type, location, and level of
contamination make a single protocol ineffective. Quality assurance mechanisms should
also follow a strict protocol, which would include positive controls with reference materials,
procedural blanks, contamination controls, and interlaboratory comparison tests.

As seen from multiple studies, the variability of ARG surveillance benefits from a
hybrid approach combining culture-based assays and sensitive molecular tools such as
qPCR and metagenomic sequencing [99,102]. An increased focus on the quantification
of ARGs in indicator species, like E. coli and Enterococcus spp., should be done alongside
broader resistome profiles studies. There is a need for a European AMR monitoring network
to harmonize methodologies and serve as a benchmark for risk-based action.

A One Health approach aims to bridge environmental, animal and human health to
address the present multisectoral pollutions. Focusing on the implementation of integrative
frameworks, such as WHO Europe’s health environment initiatives, promotes harmonized
surveillance and research synergy between different investigators. Cross-sector campaigns,
data sharing platforms and public engagement campaigns are also essential to ensure
a broader information spread which could lead to more cohesive policies and practice
alignment between government and populations.

To summarize, this DPSIR framework (Figure 1) was used to compile current literature
review on microplastics and antimicrobial resistance genes in surface waters, in order to
highlight the current and future environmental and public health problems.

Figure 1. Drivers-pressure-state-impact-response (DPSIR) model for microplastics (MPs) and antimi-
crobial resistance genes (ARGs) in surface waters.

4. Discussion
Europe is actively addressing the emerging challenges caused by MPs and ARGs,

as seen in recent regulatory updates like amendments to the WFD and new monitoring
requirements under the Drinking Water Directive. As two priority pollutants studied
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worldwide, scientific research has greatly improved our understanding of their sources,
environmental behaviours, and biological interactions. Despite this progress, significant
obstacles remain, mainly including the lack of enforceable threshold values, fragmented
monitoring efforts, and limited policy implementation. Three areas needing further clarifi-
cation in regulations are (i) sample collection, (ii) sample processing, and (iii) definition
of regulatory limits or targets. These challenges arise from the absence of standardized
methodologies and definitions.

(i) Regarding sample collection, the minimum frequency of sampling, sampling condi-
tions, and preferred locations shall be specified. Existing EU regulations for bathing waters
recommend collecting at least four samples per bathing season, with intervals no longer
than one month. Water samples (250 mL) shall be collected aseptically in sterile, transparent
containers, approximately 30 cm below the surface, from locations where the water depth
is at least 1 m. Samples shall be refrigerated and processed promptly. During short-term
pollution events, additional samples must be taken, and appropriate management measures
should be implemented.

Similar sampling principles can be implemented for monitoring ARGs and MPs in
surface waters, but additional measures are required to ensure consistency of measurement
data. Both contaminants show high temporal and spatial variability because concentrations
can be influenced by rainfall, river flow, wastewater discharge patterns, resuspension of
sediments, recreational activity, temperature, and seasonal changes in water use. There-
fore, sampling should be distributed across seasons and, where possible, repeated at fixed
locations using the same sampling depth, volume, equipment type, filtration limit, and
preservation procedure. Consistency should be assessed through field replicates, laboratory
replicates, procedural blanks, recovery tests, and the use of harmonised reporting units. Ad-
ditionally, intra-and interday samplings could be conducted to determine hourly and daily
variability, respectively. For long-term monitoring, results should be interpreted together
with contextual metadata, including rainfall in the preceding days, flow rate, turbidity,
temperature, pH, conductivity, dissolved organic carbon, and proximity to wastewater
or stormwater discharge points. These supporting variables are essential because appar-
ent changes in MPs or ARGs concentrations may reflect hydrological dilution, particle
mobilisation, or episodic pollution rather than true changes in emission pressure.

Additional sampling might be necessary during short-term pollution events, which
can stem from rainwater runoff, agricultural runoff, or unusual effluent discharges. Key
hotspots for monitoring ARGs and MPs include stream mouths, stormwater outlets,
wastewater discharge points, and downstream areas of urban or agricultural watersheds.
River estuaries can provide an overall picture of water quality, though concentrations might
be diluted by tidal mixing. From a public health perspective, sampling near drinking-water
intake points and recreational zones is also crucial. Monitoring raw drinking water be-
fore treatment at existing intake sites can efficiently utilize current infrastructure to detect
surface water contamination.

Sampling volume may determine the sensitivity of the method in detecting contami-
nants. Although larger water volumes can improve method sensitivity, they can also make
sampling, transport, and filtration more difficult. For microbiology, sample volumes of
1 L have been used previously [147], while 0.8 L has been shown to yield relatively low
variation among replicates in microbial community composition analyses [148]. Volumes
may need to be adjusted based on suspended solids, organic matter, and DNA yield. Be-
cause filters can clog quickly, subsamples can be filtered onto multiple filters and then
pooled to reach the target volume. Microbiological samples should be collected in at
least triplicate, allowing pooling when DNA yields are low. Additional samples can be
collected and filters frozen to build an archived record for future analysis. For MPs, 1 L
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sampling with four replicates has shown good accuracy when smaller particle sizes are
included [149]. MP sampling should be carried out using glass or metal equipment to
minimise contamination. Additional replicates may be collected when destructive analysis
methods are used. Considering both ARGs and MPs, samples of approximately 1 L of
water with an adequate number of replicates are recommended as a practical starting point,
although larger volumes may be required when low-abundance ARGs or rare MP fractions
are targeted. ARG samples may be collected approximately 30 cm below the surface to
reduce atmospheric contamination, whereas MP samples may also include near-surface
sampling to capture floating low-density polymers. Sampling in areas with a water depth
of at least 1 m is recommended to minimise the influence of resuspended sediment and
organic matter. Established volumes should be adjusted as new evidence emerges on
concentrations relevant to ecological and public health risk.

(ii) Sample processing requires harmonization, as the lack of fully standardized and
validated analytical methods presents a major obstacle to interstudy comparability. In the
laboratory, water samples will be processed by filtration. For microbiology, filters of 0.22
and 0.45 µm pore size are recommended for genomics and culturomics, respectively. In
some cases, innovative methods to capture organisms of interest and/or the elimination
of inhibitory substances might be needed [150]. Although metagenomics provides an
unprecedented capacity to characterise microbial diversity and resistome composition,
interpretation of environmental resistome signals remains challenging. The detection of
ARGs alone does not necessarily indicate active resistance, viable hosts, or transmission
risk, as many resistance determinants may occur naturally within environmental microbial
communities. In addition, the absence of longitudinal datasets or historical baselines makes
it difficult to distinguish natural background levels from anthropogenic enrichment. These
limitations complicate the translation of metagenomic signals into actionable surveillance
indicators. Therefore, culture-based approaches remain essential to complement molecular
methods, enabling phenotypic validation and identification of viable bacterial hosts carry-
ing clinically-relevant ARGs. Given the current knowledge, integrating culturomics with
metagenomics provides a more robust surveillance framework by combining broad resis-
tome profiling with the targeted detection of high-risk resistance traits, while supporting
interpretation of environmental AMR dynamics across space and time.

For MPs, filters of 1.2 µm pore size are sufficient, considering a practical limit of around
20 µm for micro-spectroscopy methods [151]. In highly contaminated filters, organic matter
can be removed with digestion (e.g., hydrogen peroxide), while sediments can be separated
using density-based solutions (e.g., zinc chloride). Laboratories should report detection
limits, include procedural blanks (to control for contamination) and positive controls
(to conduct recovery tests), and ideally validate their methods through interlaboratory
comparison tests.

For MPs, reference materials are urgently needed to validate methods, alongside
harmonized guidelines and recommended contamination control measures. For ARGs,
standardized target genes relevant to environmental monitoring and public health need to
be identified. For instance, EFSA recently established an immediate priority to investigate
the occurrence and dissemination of high-priority ARGs (n = 10 genes relating to carbapen-
ems, tigecycline, oxazolidinones, colistin, etc.) within food production environments and
their dissemination into the wider/natural environment, such as via waste and run-off.
Both metagenomic and culturomic approaches enable the identification of those key ARGs
of the highest public health relevance [31]. A cost-effective alternative could combine
culturomics based on indicator organisms (e.g., E. coli, Enterococcus spp.) with antibiotic
susceptibility testing and genomic analysis.
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Analytical methods for MPs include the recommended micro-spectroscopy methods
and other emerging methods, such as pyrolysis–gas chromatography–mass spectrometry.
These methods require controls for confounding chemical signatures (e.g., polyethylene
false positives from fatty acids) [152]. Harmonized, publicly available databases to classify
polymer types from spectroscopic and mass-spectrometry data should be developed (in-
cluding for weathered polymers), and clear identification thresholds should be established
(e.g., ≥0.7). Agreeing on standardised units and interlaboratory-validated procedures
would greatly improve data reliability and comparability. Results from culturomics can
be expressed in colony-forming units per millilitre (CFU/mL) followed by antibiotic sus-
ceptibility testing (e.g., by the broth microdilution reference method or the easier, yet
standardized, disk diffusion testing) and, correspondingly, the percentage of susceptible
and resistant strains according to international classification standards (e.g., EUCAST).
Genomic results are typically reported as gene copies per litre (copies/L) or normalized to
16S rRNA gene copies (copies/16S rRNA gene copies), along with statistical metrics, such
as α and β diversity. Reporting for MPs varies widely across studies. For water samples, it
is recommended to report concentrations as particles per litre (MPs/L), alongside harmo-
nized classes for polymer type and morphology (i.e., shape and size). In line with current
practices, genomic data should be deposited in public repositories to enable comparison
with human cases and strengthen public health relevance.

(iii) Setting regulatory limits or targets is currently constrained by limited data avail-
ability and the poor comparability across studies. Several strategies may be followed to
achieve reference values. Traditionally, risk assessment is used to evaluate the impacts of
environmental contaminants. However, for some contaminants, it is difficult to establish ro-
bust long-term thresholds without compromising the precautionary principle. Wastewater
treatment plants classify reclaimed water into quality classes (A, B, C, and D) according to
its intended reuse, particularly for agricultural irrigation. Regulation (EU) 2020/741 [153]
establishes minimum requirements for water reuse, focusing on treated urban wastewater,
and has been applied since June 2023. Under this regulation, WWTPs must monitor water
quality at the compliance point, typically where treated effluent is discharged into receiving
bodies such as rivers or streams. These compliance points could also serve as strategic
sampling locations for assessing emerging contaminants like ARGs and MPs, given their
role as interfaces between treated wastewater and the natural environment.

Bathing waters are also classified into quality classes based on microbiological param-
eters, namely Enterococcus spp. and E. coli, according to Directive 2006/7/EC [154]. For
inland waters, “excellent” quality corresponds to ≤200 CFU/100 mL Enterococcus spp. and
≤500 CFU/100 mL E. coli, both based on the 95th percentile. “Good” quality corresponds to
≤400 CFU/100 mL Enterococcus spp. and ≤1000 CFU/100 mL E. coli, also based on the 95th
percentile. “Sufficient” quality corresponds to ≤330 CFU/100 mL Enterococcus spp. and
≤900 CFU/100 mL E. coli, based on the 90th percentile. Waters exceeding the “sufficient”
thresholds are classified as “poor.” For coastal and transitional waters, the corresponding
thresholds are lower: “excellent” quality corresponds to ≤100 CFU/100 mL Enterococcus
spp. and ≤250 CFU/100 mL E. coli; “good” quality corresponds to ≤200 CFU/100 mL
Enterococcus spp. and ≤500 CFU/100 mL E. coli; and “sufficient” quality corresponds to
≤185 CFU/100 mL Enterococcus spp. and ≤500 CFU/100 mL E. coli [154].

A different strategy was followed in the Marine Strategy Framework Directive. A
threshold was derived from reported data from EU member countries, using the 15th
percentile as the threshold value (20 items/100 m) [155]. Alternatively, a target percentage
of reduction could be set (e.g., 20%). In research studies, comparisons are often made with
baseline concentrations measured in pristine areas or in sites under low anthropogenic
pressures (i.e., reference levels). Notwithstanding the various approaches to establishing
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regulatory limits or targets, such efforts are only feasible after methodological harmoniza-
tion and the systemic collection of comparable data.

For surface water monitoring, the main water quality analysis should combine regula-
tory microbiological indicators, emerging contaminant indicators, and supporting physico-
chemical parameters. The core microbiological analysis should include E. coli and Enterococ-
cus spp. because they are established indicators of faecal contamination, are already used
in European bathing water assessment, and provide direct regulatory comparability [154].
However, these indicators should be complemented by ARGs analysis, because faecal
indicator bacteria do not necessarily reflect the abundance, diversity, or mobility of antimi-
crobial resistance determinants [111]. A practical monitoring panel should therefore include
culture-based enumeration of E. coli and Enterococcus spp., antimicrobial susceptibility test-
ing of recovered isolates, targeted qPCR or dPCR for priority ARGs, and metagenomic
analysis at selected high-risk or representative sites. For MPs, the main analysis should
report particle number, size class, morphology, and polymer type, because these parameters
determine transport, exposure, and interaction with microbial biofilms. Supporting water
quality parameters should include temperature, pH, conductivity or salinity, turbidity,
total suspended solids, dissolved organic carbon, nutrients, rainfall history, and flow rate.
These variables are necessary to interpret whether observed concentrations are driven by
pollution inputs, hydrological dilution, sediment resuspension, wastewater discharge, or
seasonal environmental conditions. Therefore, the main reason for combining microbiologi-
cal, molecular, MPs, and physicochemical analyses is to move from simple contaminant
detection toward risk-relevant interpretation and comparable long-term surveillance.

To address these challenges, it is urgent to harmonize monitoring protocols for MPs
and ARGs in water and to generate data, as a prerequisite for subsequent regulation. On a
second stage, it is also essential to develop and employ effective treatment technologies
to remove micropollutants from waters (e.g., improving wastewater treatment). Fostering
cross-sector collaboration through One Health frameworks is required to address the
combined risks posed by MPs and ARGs co-occurrence, generated under evolving climate-
driven environmental stress. Given the widespread presence, persistence, and potential to
amplify public health risks, there is an urgent need to monitor MPs and ARGs in surface
waters and develop regulation on these emerging contaminants.
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Abbreviations
The following abbreviations are used in this manuscript:

MPs Microplastics
ARGs Antimicrobial resistance genes
DPSIR Drivers-pressures-state-impact-response
EU European Union
UN United Nations
WHO World Health Organization
WWTP Wastewater treatment plant
EEA European Environment Agency
WFD Water Framework Directive
UWWTD Urban Wastewater Treatment Directive
DWD Drinking Water Directive
ESVAC European Surveillance of Veterinary Antimicrobial Consumption
FTIR ATR Attenuated total reflectance–Fourier transform infrared spectroscopy
PCR Polymerase chain reaction
qPCR Quantitative PCR
dPCR Digital PCR
WMS Whole metagenomic sequencing
PVC Polyvinyl chloride
PCB Polychlorinated biphenyl
PAH Polycyclic aromatic hydrocarbon
REACH Regulation for Registration, Evaluation, Authorization and Restriction of Chemicals
EFSA European Food Safety Authority
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