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Framework for establishing regulatory guidelines to control
antibiotic resistance in treated effluents

C�elia M. Manaia

Laborat�orio Associado, Escola Superior de Biotecnologia, CBQF – Centro de Biotecnologia e Qu�ımica Fina,
Universidade Cat�olica Portuguesa, Porto, Portugal

ABSTRACT

Antibiotic resistance is a major threat to
human-health and wellbeing. Antibiotic
resistant bacteria (ARB) and antibiotic resist-
ance genes (ARGs) are environmental con-
taminants that circulate among humans,
animals and the environment. In urban
areas, wastewater treatment plants are the
major recipients of these contaminants.
Despite the partial elimination during treat-
ment, final effluents, even after disinfection,
contain high doses of ARB&ARG. The conse-
quent continuous discharge of these effluents has important adverse impacts, which are particularly
intense in vulnerable and deteriorated receiving environments (e.g., due to pollution, droughts or
floods, reduced biodiversity). ARB&ARGs are biological contaminants capable of self-replication and
horizontal gene-transfer, capabilities that due to pollution-induced selective pressure effects or
absence of competition can be enhanced in deteriorated environments. Moreover, as other contami-
nants, ARB&ARGs can be transported, mainly through water, increasing the risks of circling back as a
source of exposure to humans. The current knowledge about antibiotic resistance implications in
terms of environmental contamination and risks to human-health, as well as the advances on waste-
water treatment technology and antibiotic resistance quantification methods, support the need and
timeliness of implementing regular wastewater monitoring systems. Because no single chemical or
microbiological parameter can be used to infer the antibiotic resistance load, its specific monitoring
should be part of the parameters used to assess wastewater quality. The definition of minimal
requirements and integrated monitoring are essential to map antibiotic resistance at time- and space
scales, and to design and implement corrective measures. These goals are technically and economic-
ally feasible and should be incorporated into wastewater quality directives.

Abbreviations: A2O: Anaerobic/anoxic/oxic; ARB: Antibiotic resistant bacteria; AR: Antibiotic resist-
ance; ARGs: Antibiotic resistance genes; CW: Constructed wetlands; MIC: Minimal inhibitory concen-
trations; COD: Chemical Oxygen Demand; MGEs: Mobile genetic elements; p.e: Population
equivalent; SI: Supporting information; UV: Ultra-violet; UWTPs: Urban wastewater treatment plants;
UV: Ultra-violet radiation; MBR: Membrane bioreactors
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1. Introduction

In 2019, the World Health Organization included Antimicrobial Resistance as one of the ten
threats to global health (World Health Organization, 2019). An important fraction of antimicro-
bial resistance is represented by ARB, mainly hosted and emitted by humans. A recent report
estimated that by 2017, 55% of the global population still lacked access to safely managed sanita-
tion (UN-Water, 2020). This a major threat to global health since UWTPs are essential to attenu-
ate the impacts caused by the dissemination of ARB&ARGs and pathogens. However, it has been
evidenced that UWTPs are not capable of eliminating these biological contaminants, which are
continuously disseminated to the environment (Berendonk et al., 2015). The elimination of
ARB&ARGs during wastewater treatment is influenced by a complex interplay of factors, chal-
lenging the development of improved treatment processes and leading to important differences in
the quality of treated effluents (Ashbolt et al., 2018; Krzeminski et al., 2019; Pallares-Vega et al.,
2021; P€arn€anen et al., 2019; Rizzo et al., 2020). Despite the increasing number of scientific publi-
cations in the field over the last years, data about removal and discharge of antibiotic resistance
by UWTPs is still scattered (Miłobedzka et al., 2022). Nonetheless, low removal rates and high
impacts produced by UWTPs are well documented in the literature (Section 2.). This situation
calls for the need of establishing regular monitoring of antibiotic resistance in the influent and
final effluent of UWTPs and the recommendation of minimal removal rates. This information
would contribute to measure and map the impacts of UWTPs discharges and support the deci-
sion about the treatment improvements that may be required. Finally, it would contribute to min-
imize the negative impacts of ARB&ARG discharges by UWTPs. A first step to meet this
objective is to include in the urban wastewater treatment directive, a recommendation for
ARB&ARGs monitoring and define minimal quality requirements for effluent discharging. This
review aims to demonstrate that UWTPs worldwide have important impacts on the surrounding
environment, contributing for the dispersal of AR and for raising the associated human health
risks. Based on the current knowledge and previous experience on antibiotic resistance quantifica-
tion, this review aims to propose the definition of minimum quality requirements and of inte-
grated monitoring schemes that will contribute to halt antibiotic resistance dissemination
through wastewater.

2. Conventional urban wastewater treatment partially removes ARB&ARGs

Data referring to more than 100 full-scale UWTPs operating in India, China, Singapore, Tunisia,
Finland, Estonia, Germany, Netherlands, Italy, Spain, Portugal, United States of America and
Canada show that raw influents have about 8–10 log-units/mL of total bacteria, measured based
on the 16S rRNA gene. The reported values, determined based on qPCR, in general ranged 8–9
log-units/mL in Europe and United States of America, being slightly higher in China (9–10 log/
mL) or India (12 log-units/mL, 3 UWTP, single study) (Figure 1; Table SI-1) (Saxena et al., 2021;
Wang et al., 2017). Also in raw influent, ARG abundance was up to 3–7 log-units/mL, according
to data collected for � 90 UWTPs (Table SI-1). In general, final effluents contain 6–8 log-units/
mL of 16S rRNA gene, suggesting that around 2-log-units of bacteria can be removed during
wastewater treatment (Figure 1; Table SI-1). The difference between the bacteria or gene abun-
dance in the final effluent and in the influent is a measure of the removal capacity of the waste-
water treatment process. The 16S rRNA gene and ARG removal values reported in the literature
are variable, and can hardly be explained based on the geography, size, technology, or operational
conditions of the UWTP. Still, reported removal values range 1–3 log-units (per volume), being,
in general, higher for ARGs than of the 16S rRNA gene (Table SI-1). Typically, the removal (per
volume) observed for 16S rRNA gene and for ARGs does not differ by more than 0.2–0.5, which
implies that the ratio ARGs/16S rRNA is reasonably stable over the treatment process. Therefore,
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it is recommended to report quantification of ARGs normalized to the sample volume, when the
aim is to quantify removal rates and assess treatment efficiency. The literature reveals that regard-
less the specificities of each UWTP, there are common patterns and trends. Some studies can be
described as examples.

P€arn€anen et al. (2019) analyzed 12 UWTPs in distinct European countries (Southern/Western
Europe - Portugal, Spain, Cyprus, Ireland and Central/Northern Europe – Germany, Finland,
Norway). In Southern European UWTPs (n¼ 5, disregarding a non-operational UWTP due to
storm overflow) were observed reduction values (log-units per volume) for 16S rRNA gene,
ARGs and MGEs averaging 1.5, 1.4 and 1.3, respectively, while those values were of 2.1 in all cat-
egories for Central/Northern European countries (n¼ 4). The observed differences might be
attributed to factors such as the size of the UWTPs (Table SI 1), higher human consumption of
antibiotics or the annual temperature range. Pallares-Vega et al. (2019) analyzed 62 UWTPs in
The Netherlands, with different sizes and treatment processes. The highest removal values ranged
2.8–2.9 for 16S rRNA, 3.3–3.5 for ARGs, 2.4–2.6 for MGEs and the lowest 0.9 for 16S rRNA,
1.0–1.1 for ARGs, �0.1–0.5 for MGEs. Factors such as UWTP size, treatment steps or secondary
treatment options had little influence on the observed removal values. The authors concluded
that rainfall was the condition that most negatively affected treatment efficiency and that the
presence of healthcare institutions in the served area slightly increased the concentrations of
ARGs or MGEs in influent. These examples illustrate the unpredictability and complexity of fac-
tors that may influence antibiotic resistance removal during wastewater treatment. More examples
are presented in Table SI-1 and a summary is provided in Box 1.

3. UWTPs ARB&ARGs emissions and impacts

3.1. Impacts: a compromise between emissions and receiving environment

Regardless the type of treatment implemented, UWTPs may discharge into the receiving environ-
ment effluents that contain ARGs up to 7 log-units/mL (Table SI-1). River and lake water is
reported to contain about 3–7 log-units/mL of bacteria (16S rRNA gene), which implies that
ARGs emissions may have strong impacts on the autochthonous microbial communities (Harnisz
et al., 2020; LaPara et al., 2011; McConnell et al., 2018a). These continuous emissions correspond

Figure 1. Abundance of genes determined based on quantitative PCR in the raw influent (IN) and final effluent (OUT) of UWTPs
in different countries and published in different studies. Data corresponds to determinations made in n UWTPs: 16S rRNA gene
(n¼ 125 IN; n¼ 32 OUT); intI1 (n¼ 80 IN; n¼ 18 OUT); sul1 (n¼ 17 IN; n¼ 16 OUT); aadA (n¼ 11 IN; n¼ 10 OUT); ermF (n¼ 13
IN; n¼ 10 OUT); tet (n¼ 18 IN; n¼ 12 OUT); blaOXA (n¼ 12 IN; n¼ 9 OUT); qnrS (n¼ 7 IN; n¼ 6 OUT). Please see text and Table
SI-1 for other details.
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to values of 13–17 log-units/day of ARGs discharged by small UWTPs (10 000m3/day) and of
15–19 log-units/day of ARGs discharged by large UWTPs (1 000 000m3/day). Depending on the
dilution and attenuation capacity of the receiving environment, these emissions may have variable
effects, severely aggravated under water stress scenarios (Keller et al., 2014). The impacts of UWTPs
on the receiving environment (rivers, creeks, lakes or coastal areas) have been reported worldwide.

As the literature shows, these impacts can cause increases of ARG abundance and diversity,
spreading over variable distances downstream of the discharge point or accumulating in sedi-
ments or biofilms. The contamination of the downstream rivers by ARGs due to UWTPs dis-
charges is demonstrated in multiple studies. For instance, Quintela-Baluja et al. (2019) reported a
dramatic increase in the diversity of ARGs in the downstream river water (140 ARGs) and sedi-
ments (122 ARGs), compared with the upstream sampled sites (80 ARGs). Raza et al. (2021)
observed that the relative abundance of 15 ARGs, assessed based on metagenomics, increased sig-
nificantly in the river in South Korea, downstream of the discharge point of each of 8 UWTPs.
Also, multiple studies conducted in Catalonia (Spain) showed similar effects of increases of ARG
abundance and diversity downstream of the UWTPs discharges (Lekunberri et al., 2017; 2018;
Marti et al., 2013; Rodriguez-Mozaz et al., 2015). The cumulative effects of ARGs discharges have
been also suggested. Quintela-Baluja et al. (2019) showed that that the highest concentration of
ARGs, transposon and integrase genes was observed downstream, in river sediments. These
increases can reach to 2 log-units/g of ARGs in river sediments downstream of the UWTPs dis-
charge points have been reported (Brown et al., 2019; Quintela-Baluja et al., 2019). These results
suggest that sediments may represent important reservoirs where ARGs emitted by UWTPs are
deposited over time. Also, biofilms may be important ARG reservoirs. Cacace et al. (2019) used
qPCR to compare the final effluent of 12 UWTPs and biofilms collected in the receiving rivers in
8 different European countries (France, Norway, Portugal, Germany, Netherlands, Turkey,
Austria and United Kingdom). The ratio between the abundance of ARG downstream of the
effluent discharge site and the corresponding upstream value, was >1 in most of the analyzed sit-
uations, suggesting a measurable impact of UWTPs (Cacace et al., 2019). Other authors have also
called the attention for the fact that also MGEs can present increased abundance downstream of
the UWTPs discharging point, suggesting the potential to enhance ARG dissemination through
horizontal gene transfer (Akiyama et al., 2010; Lekunberri et al., 2017). Transport is another
mechanism of enhancing AR dissemination. This effect was shown by Thornton et al. (2020),
who demonstrated that ARGs were more abundant and diverse up to 5 km downstream the point
of discharge of a UWTP into the Blue river in Colorado (USA). Similar observations were
reported by LaPara et al. (2011), who highlighted the fact that such impacts could not be avoided
through the implementation of tertiary treatment.

Box 1. What do we know about ARB&ARG removal during wastewater treatment?

� The type of wastewater treatment process cannot per se explain the capacity to remove ARGs;

� The current knowledge suggests that operational conditions and external variables (e.g., load of chemical and physical
contaminants in the raw influent and the treatment biomass, climate conditions) may determine the extent of
ARG removal;

� Bacteria, ARB or not, are removed at approximately similar rates, therefore efforts on wastewater treatment should be
focused on the elimination of bacteria;

� Small UWTPs may present important fluctuations of ARG input and removal, as unexpected discharges or storm over-
flows have considerable impacts on the functioning of the system;

� UWTPs in technical/operational failure and storm overflows may contribute to increase the load of ARGs in the receiv-
ing environment;

� Disinfection processes need careful operational optimization and regular monitoring to maximize the cost- effective
removal of ARB&ARGs;

� Even the treatment processes with the highest removal capacities reported so far produce effluents with 3–5 log-
units/mL of ARGs, including emerging ARGs.

CRITICAL REVIEWS IN ENVIRONMENTAL SCIENCE AND TECHNOLOGY 757



Given the comparatively lower flow rates, lakes may be even more vulnerable than rivers to
the impacts caused by UWTPs. In a study examining 21 lakes impacted by distinct contamination
sources, in Switzerland, Czekalski et al. (2015) explored the relationship between human activities,
microbial community composition and the eutrophication status. The authors concluded that the
observed effects increased with the number and capacity of UWTPs in the catchment as well as
with the levels of eutrophication. The potential role of sediments on the accumulation of resist-
ance determinants was also demonstrated in lakes. Devarajan et al. (2015) explored the effects of
changing in 2001 of the point of discharge of a UWTP operating since 1964 and emitting the
final effluents into the Lake Geneva (Switzerland). The study showed that increased eutrophica-
tion levels were accompanied by the vertical accumulation of Escherichia coli, enterococci, and
Pseudomonas in the original discharge point, while recent beta-lactamase encoding ARGs (blaCTX-
M, blaSHV and blaNDM) were detected in the top layer of the sediments, close to the new discharge
point. Also in lakes, contaminant ARGs can be transported in the receiving environment. Chu
et al. (2018) showed a significant negative correlation between ARG diversity, assessed based on
metagenomic analysis, and distance, up to 5 km from the points where two UWTPs discharged
into Lake Michigan (US).

Impacts are often assessed based on the most abundant ARG emitted by UWTPs, which are
those most suited for source-tracking (Li et al., 2018). Examples of these include ARGs encoding
resistance to aminoglycosides, beta-lactams, tetracycline, and macrolide-lincosamide-streptogra-
min B (MLSB) and multidrug-efflux pumps. Indeed, these are those producing the most notice-
able impacts on the receiving environment (An et al., 2018; Chu et al., 2018; Quintela-Baluja
et al., 2019; Thornton et al., 2020). Nevertheless, emerging ARGs have also been reported in envi-
ronments that receive UWTPs effluents. Proia et al. (2018a) reported that ARGs such as the car-
bapenemase encoding genes blaOXA-48, blaKPC or blaNDM were detected in 96%, 93% and 68% of
the Zenner River (Belgium) samples analyzed, respectively. Although the wastewater treatment
reduced the abundance of these genes (reduction of 1.9–2.6 log-units per volume), the discharge
caused a general increase from upstream to downstream the discharge point in the river. Amos
et al. (2014) made a similar study over a three years period (2009–2011) in the sediments of
Thames River (UK). The authors reported a dramatic increase of third-generation cephalosporin
(3GC)-resistant Enterobacteriaceae downstream of the UWTP discharge point. The study focused
on the blaCTX-M-15, harbored by the pathogenic clone Escherichia coli ST131 and presenting dis-
tinct MGEs rearrangements, suggesting the mobilization of the gene.

3.2. Impacts are stronger in vulnerable receiving environments

The impacts caused by the discharges of UWTPs may be aggravated or attenuated by factors that
are external to the UWTPs (Figure 2). High pollution and eutrophication levels in the receiving
environment may favor the overgrowth of minor populations, mainly anthropogenic or animal
associated bacteria. Floods and droughts are also important for determining the severity and
extent of UWTPs impacts. Flood events have the potential to enhance UWTPs impacts, due to
the release of nutrients and ARGs from UWTPs, combined with the leaching contaminants from
other areas. Drought events have also the capacity to enhance UWTPs impacts, since the effluent
may represent most of the water in the receiving environment, therefore with minimal dilution of
ARGs, MGEs, nutrients and other contaminants. These effects have been illustrated in different
studies (Kalinowska et al., 2021; Marti et al., 2013; McConnell et al., 2018a; Storteboom et al.,
2010; Zhang et al., 2013). Storteboom et al. (2010) tracked the sources of ARGs (2 sul and 11 tet
genes) inputs along nine sites in the Cache la Poudre (Poudre) and South Platte Rivers in
Colorado (USA), putatively impacted by UWTPs and/or by agricultural sources. The authors con-
cluded that UWTPs might be a dominant source of ARGs to the river and argued about the syn-
ergistic effect with other pollutants that could contribute to amplify the impacts of these
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discharges. Indeed, the impacts caused by UWPTs on the alteration of physicochemical condi-
tions and microbial community have been demonstrated. Kalinowska et al. (2021) showed how a
small-scale wastewater effluent discharge disturbed the physicochemical conditions and the micro-
bial community in an oligotrophic lake (in Poland). The authors reported a slight increase of
electric conductivity and total nitrogen content, while the microbial community mirrored that of
the effluent, with the predominance of Proteobacteria (29%) and Bacteroidetes (15%). These
observations are supported by a prior study by Marti et al. (2013) who observed that
Gammaproteobacteria, most of which presumably related with human activities and present in
the UWTP effluent, considerably increased in the downstream river biofilm samples compared
with upstream. Also, the concentrations of NH4

þ-N and PO4
3- have been suggested (Zhang et al.,

2013) to be associated with increased loads of ARGs in the Jiulong River (China), either because
they are discharged together and/or because those compounds act as bacterial nutrients. The rela-
tionship between nutrients, especially nitrogen species, and ARGs has been noted by other
authors (Devarajan et al., 2015; Freeman et al., 2018). While the discharge of nutrients may lead
to the over proliferation of some minor populations (Chu et al., 2018), in the presence of high
nutrient loads, the bacteria discharged in the effluent tend to increase in the receiving environ-
ment (Marti et al., 2013). Different studies argue on the possible selective effect or simultaneous
occurrence of antibiotic residues and ARB/ARGs, observed to be positively correlated in UWTPs
discharging sites (Proia et al., 2018b; Rodriguez-Mozaz et al., 2015). However, others failed to
find such correlations, at least between a specific antibiotic and the corresponding antibiotic
resistance pheno- or genotypes (Narciso-da-Rocha et al., 2014; Novo et al., 2013; P€arn€anen et al.,
2019; Varela et al., 2014). Selection is further discussed in section 5.

4. Advanced treatment for ARB&ARG removal: limited efficiency calls for case-by-
case optimization

The literature reveals multiple options available or under development that include chemical (oxi-
dation)-based processes (e.g., UV, chlorination, ozonation, peracetic acid), physical separation (fil-
tration processes such as ultrafiltration, nanofiltration or reverse osmosis), biological processes

Figure 2. Pathways of dissemination and/or removal of antibiotic resistance by urban wastewater treatment plants and potential
impacts. Examples of sensitive areas that may be impacted by UWTPs are provided: areas subjected to other pollution sources
(industry, intensive agriculture); areas that can experience overflow and flood events or with limited dilution capacity, particularly
in drought regions and/or seasons; discharging in proximity to recreational areas or where water for drinking water production
or agricultural irrigation are collected.
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(MBR, constructed wetlands) and soil aquifer treatment (Pei et al., 2019). While the efficacy of
some of these processes, mostly UV, chlorination, peracetic acid and MBR has been studied at
full-scale UWTPs, others are mainly explored at the laboratory scale and, less frequently, at pilot-
scale (Rizzo et al., 2020). Pilot- and laboratory-scale assays are excellent to compare the efficiency
of different processes, explore the influence of specific variables or infer about possible side- and
unintended effects, however, have a limited capability of predicting the behavior of these
advanced processes in full-scale UWTPs. In this review, only advanced processes implemented in
full-scale UWTPs are discussed.

Chlorination shows a limited capacity to reduce the ARB&ARGs, as has been extensively
reviewed (Hiller et al., 2019; Liu et al., 2018; Pei et al., 2019; Rizzo et al., 2020). Thakali et al.
(2020) reported the use of chlorination in two UWTPs (USA) with an aeration basin/final settling
tank/chlorination (277 000m3/day) and an aerobic digester/aerobic basin/clarifier/chlorination (60
000m3/day), respectively. ARG reduction values (log-units/mL) due to chlorination ranged
0.4 ± 0.5. Also, very low or nil removal rates were reported by Oliveira et al. (2020) who investi-
gated two UWTPs (Portugal) with biological aerated filters (756 000 p.e.) or conventional acti-
vated sludge and sand filtration (211 000 p.e.), both with sodium hypochlorite disinfection.
Chlorination led to reduction values (þ0.4 or � 0.3) that suggested a negligible or even adverse
effect of the disinfection step. Liu et al. (2018) investigated the role of chlorination in the vari-
ation of ARGs collected from intracellular fractions (iARGs) and free-DNA (eARGs). Compared
to the secondary effluent, iARGs relative abundance (per 16S rRNA gene) after chlorination pre-
sented increases up to 25.5 fold (ARG qnrA, quinolone resistance) or up to73.3 (ARG vanA,
vancomycin resistance), while others suffered very low reduction values. According to these
authors, also eARGs increased up to 621.2 fold compared with untreated wastewater (vanA). Yi
et al. (2015) measured the removal of beta-lactamase encoding genes after chlorination in four
UWTPs and concluded that the genes blaCTX-M, blaOXA and blaTEM presented reductions of about
80% (normalized per dry influent biomass), while blaSHV increased in the four UWTPs up to
500%. An alternative to chlorination is peracetic acid. Fiorentino et al. (2019) examined the per-
formance of this disinfection process, using chemical treatment (aluminum polychloride enriched
by sodium hydroxide), and a final disinfection step by peracetic acid. The authors concluded that
disinfection by peracetic acid was not effective to remove ARGs and intI1, with log reduction val-
ues (per volume) close to zero.

Also for UV, the literature suggests an almost negligible effect on ARG removal. Wen et al.
(2016) reported ARGs reduction values of 0.20–0.33 (log-units/mL) due to UV disinfection (flu-
ence not reported), which agrees with other studies. Narciso-da-Rocha et al. (2018) observed that
UV (29.7mJ/cm2) had little effect on ARBs, with reductions of 1–28% and had no effect on the
examined ARGs, causing a significant increase of the gene intI1. However, post-UV water storage
was associated with a significant decrease of some ARGs, although with the increase of
Betaproteobacteria and Flavobacteria. Yang et al. (2019a) registered less than 0.4 reduction values
(log-units/mL) of ARGs and 16S rRNA gene after UV disinfection (20mJ/cm2). Yu et al.,(2020)
studied the effect of UV disinfection (<30mJ/cm2) in two UWTPs and compared the efficiency
of disinfection on particles-associated and cell-free DNA. They observed that the relative abun-
dance of ARGs and MGEs increased in the particles-associated fraction and slightly decreased in
the cell-free fraction after UV disinfection, suggesting that UV radiation might be quenched by
particles. However, coagulation and filtration may be not enough to avoid such interference
effect. When coagulation and filtration were applied before UV disinfection (27mJ/cm2), ARGs
were not reduced, and ARB presented small reduction values (34–75%) (Lee et al., 2017). Jia
et al. (2021) studied the effect of UV disinfection (20mJ/cm2) in a UWTP and observed an
increase in the relative abundance of ARGs conferring resistance to aminoglycoside, tetracycline,
sulfonamide, chloramphenicol, and macrolide-lincosamide-streptogramin B and a decrease of
ARGs encoding bacitracin and beta-lactam resistance. Lin et al. (2021) observed that UV
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performed better than chlorination on the reduction of the relative abundance (per 16S rRNA
gene) of indicator genes (99.99% and 97.2% vs. 51.6 and 85.6% for intI1 and intI2, with UV and
chlorination, respectively). Chen and Zhang (2013) compared three UWTPs using constructed
wetland (including four stabilization ponds and one horizontal subsurface flow wetland), aerated
biological filter (1500m2 with a 3 h HRT) and UV (45% transmittance, total power of 900 kW,
and light intensity > 1mW/mm2), as post-secondary treatment. The results ranked these proc-
esses as constructed wetland> aerated biological filter>UV, with ARG reduction values (log-unit
per volume) of 1.3–2.1, 1.0–1.21 and 0.5–0.7, respectively. One of the impairments of UV disin-
fection might be solved with the use of adequate radiation dosage. McConnell et al. (2018b) com-
pared doses of 50 and 250mJ/cm2 and observed significant differences on ARG removal.

Disinfection processes such as those mentioned above have the potential to interfere with cell
structures with different implications: i) lead to the leak of the cell content, and cause the release
of eARGs (Liu et al., 2018); ii) trigger stress responses that may increase the bacterial resilience to
elimination or ARGs transfer potential (Di Cesare et al., 2016; Narciso-da-Rocha et al., 2018); iii)
activate repair and survival mechanisms, particularly efficient is some bacterial groups, permitting
regrowth after the relief of the stress conditions imposed by advanced treatment, which may lead
to ARG increase and/or microbial community disturbances (Becerra-Castro et al., 2016; Sousa
et al., 2017). On the other side, the efficacy of disinfection processes can be jeopardized by the
presence of particles, organic matter, dead cells, other type of debris, among other. Such side-
effects and impediments may be situation-specific, but globally show the limited capacity of
existing disinfection processes to effectively reduce ARGs, highlighting the unpredictability of
challenges occurring under field conditions. A key message refers to the need to optimize and
regularly monitor and adjust the operational conditions of disinfection installed in UWTPs.

Membrane bioreactor (MBR) systems have been suggested as potential successful alternatives
or complements to conventional wastewater treatment processes. Lin et al. (2021) reported a
reduction of ARGs of 3.5 log-units/mL in a UWTP (China, size not provided) using A2O process
complemented by MBR. This was an improvement, when compared with a parallel line where a
high efficiency flocculent settling/cloth media filter (HEFS/CMF) complemented the A2O, with
reduction values of 2.1 log unit/mL. Du et al. (2015), studying a small scale UWTP (China, 30
000m3/day and with 50% industrial effluents) with A2O/MBR (hydrophilic polyvinylidene fluor-
ide hollow fiber membrane with mean pore size of 0.1–0.4lm) reported reduction values that
ranged 0.7 to 4.7 log-units/mL. The authors highlighted the high efficiency of MBR to remove
ARGs from wastewater. Le et al. (2018) compared the capacity of a line of a UWTP (Singapore,
size not provided) that combined anoxic-aerobic treatment and second clarifier with another that
used microfiltration/MBR. The microfiltration treatment was observed to reduce ARB to levels
below the detection limit, the 16S rRNA gene in the range of 1.6–3.6 and ARGs up to 7.1 (log-
units/mL) in the whole MBR train. However, importantly, the authors noted that genes such as
blaKPC, blaNDM, blaSHV, ermB, intI1, sul1, and tetO were still detected at average concentrations
up to 2 log-units/mL in the final effluent, possibly due to persistence of free DNA (Le et al.,
2018). Indeed, it has been argued that MBR effluents may still contain high loads of ARGs (�3–5
log-units/mL) (Lin et al., 2021; Zheng et al., 2019). Moreover, these effluents may hold disturbed
microbial communities, dominated by members of genera such as Pseudomonas, Acinetobacter,
Varivorax, Comamonas, Thermomonas, Acidovorax, Delftia, Sphingomonas, Chryseobacterium,
Azospira, and Flavobacteria (typical of human-intervened or impacted water) (Ng et al., 2019).

5. The known and unknown factors that drive antibiotic resistance dissemination

Acquired AR involves two major mechanisms, the ARG acquisition, through horizontal gene
transfer (mostly transformation, transduction, conjugation) or mutation. While the first is more
relevant for the spread of new genes, the second is an important mechanism of evolution of novel
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allelic variants (Davies & Davies, 2010). Depending on the bacterial host and environmental con-
text, in a population, acquired AR may be readily eliminated, persist at stable levels, or over pro-
liferate. In the latter case, this is due to any kind of selective advantage, through which a specific
clone, lineage, or sub-population multiplies and amplifies the acquired ARGs by vertical gene
transfer (Davies & Davies, 2010). Irrespective of the moment when acquisition occurs, it is the
selective advantage of the clone or lineage to survive and multiply that will determine its real
impact. This capacity is a measure of the fitness of the organism, i.e., its ability to survive and
multiply in a competitive environment where it can overcome conditions potentially adverse for
competitors. Although some organisms have intrinsic features that permit the adaptation and
proliferative success in a wide variety of environments, their fitness is always influenced by the
specific conditions where the organism is thriving (Table 1). Organisms with high fitness features
can behave as invasive species in a wide diversity of environments. The bacterial groups recog-
nized among the most prominent ARB (e.g., Enterobacteriaceae, Pseudomonas, Aeromonas,
Acinetobacter) have such features and can be categorized as invasive species, i.e., with the capacity
to colonize, proliferate and persist in a wide array of environments, including through the urban
water cycle (Vaz-Moreira et al., 2014). The apparent high fitness of an organism results from the
combination of intrinsic and exogenous factors, selective pressures and stressors (Table 1).

5.1. Synergistic or antagonistic effects of potential selectors

Among the possible selective pressures, antibiotics and metals have received much attention.
Possible selective concentrations of antibiotics have been inferred based on statistical or bacterial
models (e.g., Gullberg et al., 2011; Murray et al., 2021; Tello et al., 2012). For instance,
Bengtsson-palme and Larsson (2016) determined the Predicted No Effect Concentrations
(PNECs) as a threshold concentration, above which an antibiotic could exert a selective pressure,
meaning for example that the proliferation of non-sensitive cells can be favored in comparison
with the sensitive counterparts. The PNEC values found by these authors ranged 8 to 64 000 ng/
L. In general, these concentrations are below those measured in UWTPs, although values above
these thresholds can be found (Rodriguez-Mozaz et al., 2020). However, the existing models have
limited capacity to mimic complex environments and to predict the fate of ARB&ARGs during
wastewater treatment. Metals and biocides have also been suggested as potential selectors of AR,
mainly because both types of genes (encoding resistance to biocides or metal vs. antibiotics) may
be genetically linked, facilitating the co-selection of both (Bengtsson-Palme et al., 2018; Gaze
et al., 2011). For instance, Li et al. (2017) observed a wide spectrum of ARGs linked to metal

Table 1. Examples of intrinsic and exogenous factors (fitness drivers) that may influence the success of an ARB in wastewater
or related environment.

Fitness drivers Characteristics of the organism and the respective environment

Intrinsic � Diverse nutrient, carbon, and energy metabolism;
� High growth rate /short doubling time;
� Cell structures or mechanisms that may facilitate nutrients access or transitory

insensitivity to stress conditions (adhesion and biofilm formation, endospores formation,
cysts or dormancy, other);

� Fast and efficient response to stress challenges;
� Fast and efficient cell damage repair;

Under exogenous (biotic) � Competing microbiota with low growth rate/long doubling time;
� Competing microbiota with specific (mainly non-organotrophic) metabolism or narrow

nutrient range;
� High load of invasive species;

Under exogenous (abiotic) � Abundance of nutrients that are mainly used by the fast-growers;
� Occurrence of substances that may be inhibitory for competing microbiota (antibiotic

residues, metals) but tolerated by invasive species;
� Temperature, pH, oxygen or other parameters that may be more beneficial for one

microbial group than for others;
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resistance genes that could be co-transferred by horizontal gene transfer (e.g., bacitracin and Cu/
Zn/Al/Fe/Cr/As/Hg/Te; aminoglycoside and Ni/Fe/Zn; tetracycline and Zn/Fe; or beta-lactam and
As/Zn/Hg.) Co-selection may also be due to the use of common resistance mechanisms against
antibiotics, metals and/or biocides, for example, using efflux systems that can excrete all those
types of substrate (Tong et al., 2021; Webber & Piddock, 2003). The role of biocides as possible
environmental AR selectors, although if scantly investigated, has been discussed and evidenced
(Paul et al., 2019). Oxidative stress, induced by metals, pharmaceutical compounds or nanopar-
ticles, is also reported as being capable of promoting ARG acquisition through horizontal gene
transfer (Guerin et al., 2009; Qiu et al., 2012; Wang et al., 2019; Zhang et al., 2018). Zhang et al.
(2018) showed that oxidative stress and SOS response were part of the effects triggered by envir-
onmentally-relevant and sub-inhibitory concentrations of Cu(II), Ag(I), Cr(VI), or Zn(II) capable
of enhancing the transfer of ARGs in Escherichia coli strains through conjugation. Indeed, a
recent review (Liu et al., 2020) reports the potential of a wide array of substances (e.g., aluminum
oxide-, copper, or silver-nanoparticles, polycyclic aromatic hydrocarbons, triclosan, chloramine,
hydrogen peroxide, preservatives, ionic liquids, carbamazepine, gentamicin or CO2) to promote
horizontal gene transfer. However, the same review referred to a long list of other substances able
to inhibit horizontal gene transfer. Antagonistic effects between metals and antibiotic selection
have also been reported. For example, zinc has been suggested as capable of raising the cipro-
floxacin selective concentration (Vos et al., 2020). These observations show how complex can be
the prediction of conditions that will promote or avoid AR selection.

In addition, it is necessary to consider the complex nature of the matrix (e.g., wastewater,
freshwater, sediments) and the micrometre scale environment of the bacterial cell. For instance,
the biosolids onto which bacteria can adsorb may favor ARG concentration and eventual mobil-
ization (Proia et al., 2018b). The potential of microplastics to simultaneously adsorb chemical pol-
lutants and ARB and enhance the effects of selective pressures has been observed in terrestrial
and aquatic environments including in UWTPs (e.g., anoxic stages, primary settling tank, selector
tank, aerated tank) (Liu et al., 2021). Again, these examples show how difficult may be the predic-
tion of AR selection in environments as complex as sewage and wastewater. This is probably the
reason why it has been concluded that no specific selective pressures are needed to observe
increases of some ARB or ARGs. For example, Lehmann et al. (2016) showed that nutrients and/
or microbiota supplied by a UWTPs effluent might explain the increase of the gene intI1 in river
water and biofilms. In addition, it was shown that the same group of selective agents can produce
an effect in a specific context and not in another. Kl€umper et al. (2019) demonstrated that the
minimal selective concentration of an antibiotic may be increased when the target bacteria are
integrated in a complex microbial community. This is important evidence of the role of robust
microbial communities to serve as buffer systems capable of halting ARB&ARG propagation
(Ribeirinho-Soares et al., 2021). Exploring the drivers of ARB/ARG selection and dissemination is
among the most ambitious goals in this field, yet with a long way of research to go.

5.2. AR dissemination: much more than the effect of selective pressures

A major question that has been addressed in the literature refers to the factors that might be con-
trolled to improve wastewater treatment efficiency, as well as to reduce the impacts of final efflu-
ents. Different studies (Laht et al., 2014; P€arn€anen et al., 2019) suggested that, compared with
larger UWTPs, small facilities may be more vulnerable to changes in inflowing wastewater com-
position and flow rates. In addition, a higher daily flow may be associated with a lower hydraulic
residence time, with longer periods favoring increasing ARB/ARG removal (Novo & Manaia,
2010; Pallares-Vega et al., 2021; Vilanova et al., 2004). Numerous studies (Bengtsson-Palme et al.,
2016; Du et al., 2015; Ding et al., 2020; McConnell et al., 2018b; Novo et al., 2013; Tong et al.,
2019) have identified factors such as the wastewater microbial community composition,
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conductivity, nutrients (nitrite, nitrate, total nitrogen, phosphate), redox potential, COD, pH,
temperature, and oxygen availability to be significantly correlated with ARGs. These studies high-
lighted the importance of achieving a good reduction of microbial biomass and nutrients (mainly
nitrogen compounds) that are supposed to be associated with the fate of ARGs during wastewater
treatment. However, the stochasticity of the wastewater treatment process, seems to the major
explanation for the deep variations in ARB/ARG composition observed in treated when compared
with raw wastewater (Bengtsson-Palme et al., 2016; Lira et al., 2020). This evidence hints an inev-
itable limitation to predict the removal rate of ARB&ARGs with accuracy. The apparent random-
ness is, on one hand, the result of the complex interplay of variables that affect ARB&ARG
survival and proliferation and, on the other side, a major limitation to fully understand the fac-
tors that may need to be controlled to maximize resistance removal. The same uncertainty rules
the impacts on the receiving environments. Some studies have reported significant correlations
between antibiotic residues, or metals and ARGs or ARB in rivers impacted by UWTPs (Hubeny
et al., 2021; Proia et al., 2018b). Yang et al. (2019b) in a study in natural wetlands observed that
ammonium content in soil was positively correlated with ARGs and concluded that temperature
was a determinant of ARG accumulation in riverine, wetlands, and lacustrine in the Qinghai-
Tibetan Plateau. The influence of temperature, noted also by others in distinct contexts
(McGough et al., 2020), calls the attention for potential alterations in ARG behavior due to the
warming climate trend. The scenario of climate change has also increased the occurrence of
floods that may cause the failure of UWTPs and contribute to increase the emission from mul-
tiple pollution sources and to leachate microcontaminants with selective pressure potential.
Garner et al. (2016) evaluated the abundance of ARGs in the Colorado River after an overflow
and observed that although it decreased after the event, 10months later the levels returned to val-
ues close to those observed previously, with the aggravating effect that the contamination started
to spread to previously pristine areas. Also, the production of drinking water can be a problem.
Despite the drinking water catchment is normally made upstream the UWTPs discharging points,
the risks that microcontaminants (antibiotics, metals, among others) released in rivers and lakes
will contaminate the drinking water distribution systems and exert relevant AR selection deserves
attention (Rilstone et al., 2021). Amos et al. (2015) developed three models in which the gene
intI1 was used as AR indicator. As the authors showed, factors to consider in the assessment of
impacts caused by UWTPs include different variables, such as the size of the plant, type of treat-
ment, pollution and dilution effects, as well as the combination of the different water parameters.
These models may be difficult to implement in complex microbial ecosystems, of which only a
very reduced number of parameters is known and based on casuistic determinations. However,
online monitoring, metadata and artificial intelligence tools may improve this situation in the
future, permitting reliable predictive models and associated control systems (Fan et al., 2022).

6. Risk assessment and prevention require systematic and comprehensive data

The risks associated with ARB&ARG emitted by UWTPs can be regarded at two levels: i) the dis-
semination of contaminant AR in the environment, meaning direct input and potential for hori-
zontal gene transfer and self-replication; and ii) the transmission to humans, due to higher
exposure and occurrence of hazardous ARB&ARGs in the environment. Both are connected, as
dissemination of ARB&ARGs leads to higher human exposure and consequently to a higher prob-
ability of transmission to humans. This is the principle that underlies the One-Health concept,
which assumes that any niche where ARB can persist or develop is a potential source of transmis-
sion to humans (Hernando-Amado et al., 2019; McEwen & Collignon, 2018). ARB are mainly
opportunistic pathogens, and the host colonization may be never noticed until an ARB infection
is revealed. This situation may be unlikely in a healthy individual (although there are unformal
reports of skin infections due to environmental ARB in healthy individuals). Therefore, ARB
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hosts are mostly asymptomatic carriers (colonized but not infected) who, through sewage, con-
tribute to the dissemination of these contaminants, largely through UWTPs.

UWTPs emit final effluents with high loads of ARGs (�3–7 log-units/mL) embedded in a
complex matrix of other contaminants and nutrients, contributing to enrich the environmental
ARB&ARG pool. These emissions will be directly dispersed and sometime self-replicated in the
environment and, simultaneously can be infiltrated in soil/and groundwater and be transported
over long distances, mainly through water and wildlife. Eventually, autochthonous environmental
bacteria may also contribute to the acquisition of new ARGs. Such a scenario implies that
ARB&ARGs are maximally reduced in final UWTPs effluents, although the definition of thresh-
olds may be challenging, given the current knowledge gaps (Manaia, 2017). Some attempts of
estimating risks of due to ARB or ARGs have been proposed in the literature. Mughini-Gras
et al. (2019) identified 1220 occurrences of Escherichia coli containing beta-lactamase encoding
ARGs in humans (478 in patients, 742 healthy people, including poultry and pig farmers, and
travelers) and 6275 occurrences in non-human sources (479 in companion animals, 4026 in farm
animals, 66 in wild birds, 1308 in meat products, 51 in raw vegetables, 71 in seafood, 274 in sur-
face freshwater). Attributed transmission from non-human sources could be ranked as food prod-
ucts with a mean value of 18�9% � 6.6% seafood, 1.1% raw vegetables and 11.2% meet/meet
products, 2.3% for swimming in surface freshwater and 0.3% for contact with wild birds. These
values were probably biased by the number of occurrences that were registered for each type of
sources and therefore may be underestimated for raw vegetables, water and wildlife. Leonard,
Yin, et al. (2018) also measured the exposure of people practicing aquatic sports to E. coli con-
taining beta-lactamase-encoding-ARGs. Based on the occurrence of E. coli in bathing water, the
number of sport events and of practitioners and the average number of ARGs in an ARB cell
(1.24), the authors estimated that in 2016 all water sports sessions in England (� 123 millions)
might have resulted in the ingestion of one or more E. coli ARGs. Moreover, the authors esti-
mated that 2.5 (out of �123) million of those sessions involved the ingestion of 100 or more
ARGs harbored by E. coli. As a confirmation, the authors conducted an epidemiological survey,
where they concluded that 6.3% of surfers (9/143) were colonized by E. coli containing a beta-lac-
tamase encoding ARG, while these were only observed in 1.5% of non-surfers (Leonard, Zhang,
et al., 2018). These results suggested that transmission from water is likely to occur, with treated
wastewater being a relevant source of this form of pollution.

Nonetheless, these models may be underestimating the real impacts. The fact that are based on
E. coli, which is an indicator of fecal contamination, implies an important underestimation since
its presence above a defined threshold is not permitted in drinking and bathing waters or food
products. Indeed, it is expected that members of this bacterial species are in lower abundance in
important human-exposure sites than other ubiquitous, although relevant ARB, such as other
Enterobacteriaceae (e.g., Enterobacter, Citrobacter, Klebsiella), Pseudomonas spp., Acinetobacter
spp., Aeromonas spp. among other. The second limitation is that only direct transmission is con-
sidered in those studies and that is probably not the major path of transmission, since
ARB&ARGs are known to spread in the environment. Therefore, these models do not consider
that ARB can have intermediate hosts/habitats, for instance colonize the food products, via irriga-
tion water influenced by wastewater, and access humans by multiple paths, in particular leisure
and directly or indirectly through food-chain.

Another aspect that needs a critical evaluation refers to the limits of detection and of quantifi-
cation of ARGs that can be considered high, mainly in relation to the associated risks. The major
limiting factor on the establishment of the limit of quantification is the DNA extraction in which
the total DNA of the sample can be concentrated 1000–5000 fold (100� 500mL of water/waste-
water filtered result in 0.1mL of DNA extract). Consequently, ARGs that are at abundance values
�1 log-units/mL will not be detected in a sample. Nevertheless, this apparently low load may rep-
resent a risk, mainly if it refers to emerging ARGs that typically occur at very low abundance,
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until are spread and stabilized in the natural environment. A non-detected emission of rare
ARGs may correspond to daily emissions of 11–12 log-units by a small UWTP (10 000m3/day)
and of 13–14 log-units in a large UWTP (1 000 000m3/day). Probably, the effects of these emis-
sions may only be noticed several months later, for instance in sediments or after being trans-
ported to other areas. However, these emissions are not innocuous. As self-replicative entities,
ARB will be able to multiply whenever adequate conditions are met (mainly nutrients, tempera-
ture). This can occur in the receiving environment, mainly if it is already strongly impacted by
humans, or in a further environment, for instance agriculture field or wildlife. Although the dou-
bling time of bacteria is expected to be delayed in the natural environment, when compared with
the ideal experimental conditions, a few days may be sufficient to reach ARB loads that are haz-
ardous, for both types of risk – dissemination in the environment and transmission to humans.
For example, considering the doubling times (hours) of 15 for E. coli, 2.3 for P. aeruginosa, 1.87
for S. aureus and 1.1 for V. cholerae (Gibson et al., 2018) it is possible to estimate that, in under
favorable conditions and in absence of competition and predation, only two weeks may be suffi-
cient for these bacteria reach loads ranging 8.6–25.6 log-units. These reasons contribute to explain
why direct evidence for transmission to humans through the environment have not been gathered
so far (Huijbers et al., 2015; Munck et al., 2015).

The types of risks posed by ARB&ARG emissions by UWTPs vary according to multiple factors
that include the geographic and climate conditions, pollution load, or socioeconomic factors.
Although the impacts due to UWTPs need to be minimized worldwide, some critical areas need spe-
cial attention. In general, these may be the same that are signalized as sensitive to other forms of pol-
lution and impacts, as ARB&ARGs are closely linked to chemical pollution and high loads of organic
nutrients, typical of eutrophic systems. Major criteria to define sensitive or priority areas regarding
ARB&ARGs include different aspects related with the capacity of ARB/ARGs to persist and proliferate
and the degree of exposure, direct or indirect, of humans to these environments (Figure 2, Box 2).

7. Monitoring antibiotic resistance

7.1. Why and where

Humans and animals that can benefit from antibiotic use are those endangered by the dissemin-
ation of ARB&ARGs as environmental contaminants. Although no evidence exists that a direct
transmission of ARB may occur from wastewater to humans, the risks posed by these bio-con-
taminants should not be ignored (Berendonk et al., 2015; Manaia, 2017; Huijbers et al., 2015.). A
first step to reduce the continuous emissions of contaminant ARB&ARGs by UWTPs to the sur-
rounding environment is the implementation of regular monitoring and the definition of treat-
ment objectives. This same strategy was used in Europe in the past for other contaminants
emitted by UWTPs (e.g., N, P, organic matter) with the adoption of the Urban Waste Water
Treatment Directive in 1991 (Council Directive, 1991, 91/271/EEC). The establishment of these
criteria was an important turning point that promoted the improvement of urban wastewater

Box 2. Major criteria to define sensitive or priority areas regarding ARB&ARG dissemination

� Receiving environments under other pollution impacts (e.g., industry, intensive agriculture), including diffuse pollution;

� Limited dilution capacity of the receiving environment, particularly in drought regions and/or seasons;

� Regions subjected to successive overflows and floods;

� Discharging sites with direct human exposure (e.g., river or sea beaches, leisure, sports areas);

� Discharging sites with indirect human exposure (e.g., drinking water catchment, agriculture irrigation);

� Refuge areas of migratory or urban wildlife;
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treatment across the European Union, with clear gradual upgrades since 1990 to 2017 (ea.euro-
pa.eu/data-and-maps/indicators/urban-waste-water-treatment/urban-waste-water-treatment-assess-
ment-5). The range of contaminants that today threaten the quality of effluents has been expanding
over the years and AR is certainly part of this set. The inclusion of AR monitoring in the Urban
Wastewater Directive would contribute to the improvement of existing treatment processes and to
minimize the impacts on the surrounding environment as well as risks due to dissemination.
Beside permitting the estimation of AR removal rates during wastewater treatment, monitoring
should focus also on impacts, since an effluent even with a low AR load may have a negative
impact on a sensitive or fragile receiving environment (Box 2). Moreover, because ARB&ARGs can
accumulate in the receiving water body and in sediments, long-term impacts should be assessed on
a regular basis. Hence, corrective measures could include interventions in the treatment process
and/or at the receiving environment, aiming at reducing the impacts of UWTPs emissions. Since
ARB&ARGs have been observed to be correlated with multiple factors, AR monitoring could be
complemented by demographic (big)data and geographic information systems. The monitoring of
UWTPs emissions and of the receiving environments is essential to identify critical points of AR
discharge and accumulation and to produce integrated pollution maps, associated with UWTPs.
These systems might be articulated with other One-Health surveillance schemes.

7.2. Targets and methods

Based on the current knowledge, as summarized in section 5, it is not possible to predict AR lev-
els from any kind of surrogate data (e.g., antibiotic residues, nutrients). Therefore, AR must be
monitored directly, i.e., ARB or ARGs. Among ARB, E. coli is a likely candidate to be monitored,
used for example in the Global Tricycle Surveillance (World Health Organization, 2021) and in
different studies (Ferreira da Silva et al., 2007; Honda et al., 2020; Marano et al., 2020; Novo &
Manaia, 2010; Pallares-Vega et al., 2021). However, in wastewater and water most ARGs hosts are
non-culturable and/or non-enteric bacteria, such as Pseudomonas, Acinetobacter, Aeromonas,
among other (Dai et al., 2022; Narciso-da-Rocha et al., 2018). Moreover, the same gene may be
harbored by members of different taxa (Keenum et al., 2022). E. coli and related bacteria (coli-
forms) have been used as microbiological indicators of fecal contamination, often interpreted as a
measure of human health risk, although fail to properly represent waterborne pathogens
(Korajkic et al., 2018). Although E. coli is still a reference to define threshold values to categorize
water quality and safety (Table SI-2), it is not an adequate AR indicator in wastewater. A recent
study that analyzed 228 influent and 244 effluent samples of 57 UWTPs located in 22 countries
of five continents showed that coliforms abundance, in which group E. coli was the predominant
species, ranged 5.5 log-units of CFU/mL in the influent and 3.0 log-units of CFU/mL in the efflu-
ent (Marano et al., 2020). Different studies have shown that wastewater enterobacteria, including
E. coli, may yield antibiotic resistance percentage values that vary between <1% to >20%, against
penicillins, cephalosporins, quinolones, tetracycline, among other (Honda et al., 2020; Hutinel
et al., 2019; Marano et al., 2020; Narciso-da-Rocha et al., 2018). These observations suggest that
the measurement of antibiotic resistant E. coli might imply the need to analyze large volumes of
water, and multiple culture media (supplemented with antibiotics). Despite the importance of this
microbiological indicator, transecting different type of environments, it represents a minor frac-
tion of the microbial community and may not represent the whole ARB community. This is
another reason to advise against the use of E. coli to monitor AR. If a major aim of AR waste-
water monitoring is to gain new insight into the dissemination of ARB&ARGs through the One-
Health cycle (Hernando-Amado et al., 2019; McEwen & Collignon, 2018) E.coli will not permit
an integrated surveillance. E. coli are not expected to occur in most human interfaces (drinking
water, food and open spaces). Therefore, recommended targets are ARGs with common occur-
rence in wastewater and receiving environments and with clinical relevance. Because most
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environmental bacteria may be non-culturable, culture-independent methods are strongly recom-
mended. These methods can be more informative, less laborious, and cheaper than culture-based
approaches. The methods available so far to monitor AR fall within three major categories (Table
2). Because the assessment of treatment efficiency and of human’s transmission risks should be
based on absolute quantifications, i.e., normalized per volume or mass of sample, culture-based
or quantitative PCR (qPCR) methods are more adequate. However, all methods have advantages,
and the best information, whenever feasible, should result from the combination of the three.
The use of biomarkers that can be quantified based on routine methods is the best option for a
regular and affordable monitoring scheme. The information available, summarized and discussed
in a recent review (Keenum et al., 2022) shows the reliability and suitability of culture-independ-
ent methods, mainly of qPCR, to assess AR loads and provide comparative data (Table SI-1,
Figure 1). A critical step to meet this goal is the definition of suitable biomarkers.

7.3. Goals and biomarkers: evidence-based decisions

The recommendation of regular AR monitoring in wastewater must be supported by the estab-
lishment of minimum requirements for discharges. One possibility of defining such requirements
is the establishment of a threshold corresponding to the maximum ARG abundance that could be
emitted by UWTPs. The current knowledge about occurrence, distribution, and risks associated
with a specific ARG dose, as well as about the wastewater treatment processes required to guaran-
tee such ARG dose, does not provide adequate background for such decision. Therefore, at the
moment, a specific threshold cannot be recommended as the minimum requirement. An alterna-
tive approach to define an attainable goal is the proposal of minimum percentage of reduction.
This type of goal has been in place for more than 30 years in the Urban Waste Water Directive
(Council Directive, 1991, 91/271/EEC), with successful results, as have been recently published by
the European Environmental Agency (https://www.eea.europa.eu/data-and-maps/indicators/urban-
waste-water-treatment/urban-waste-water-treatment-assessment-5). In that directive, beside max-
imum admissible concentrations, also minimal percentage of reduction in relation to the load in
the influent are recommended, for instance, for Biological Oxygen Demand (70–90%), Chemical
Oxygen Demand (75%), Total Suspended Solids (90%), total nitrogen (70–80%) and total phos-
phorus (80%). This approach seems particularly adequate to establish goals of AR removal after
wastewater treatment. Attainable percentage reduction values can be proposed based on the mul-
tiple studies available that show removal rates ranging from 1 to 3 log-units (per volume). Based
on previous studies, the proposal of a minimum requirement of 95–99% (1.5–2.0 log-units),
reduction of bacteria and indicator ARGs is a realistic and achievable goal that will contribute to
reduce risks. Although if some regions may be prepared to implement more stringent require-
ments, an attainable objective may contribute to a measurable reduction of ARG emissions.

The proposal of suitable biomarkers must also rely on previous knowledge. Recent publications
have discussed criteria and rankings to establish priority ARGs (Keenum et al., 2022; Zhang et al.,
2021) in terms of human health risk and suitability to survey AR in surface water, recycled water and
wastewater. The choice of the most suitable ARG candidates to monitor in water and wastewater is
far from being a simple decision, being difficult to find common agreements. However, before listing
ARGs, it may be helpful to establish some crucial criteria, specifically that the biomarker is:

1. Present in every sample suspected to contain contaminant ARGs with clinical relevance and
associated to mobile genetic elements;

2. Abundant, permitting a reliable quantification, even after reduction due to wastewater treat-
ment, dilution or other processes;

3. Stable in the environmental resistome, i.e., is part of the environmental ARG pool, and its
distribution is not significantly increasing or reducing over time.
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Some genetic determinants fulfill these criteria and may be proposed as suitable potential bio-
markers (Table 3). Other are, for example, beta-lactam encoding resistance genes (e.g., blaTEM,
blaOXA, blaSHV), tetracycline resistance genes (e.g., tetA, tet39, tetW, tetM or tetO), macrolide resist-
ance (e.g., mefA), all frequently detected in UWTPs (Table SI-1; Keenum et al., 2022). Ideally a multi-
biomarker system, including 5–10 ARGs or correlated MGEs and housekeeping genes, should be
implemented. This process is feasible considering the current knowledge and technical developments.

Table 3. Examples of biomarkers that might be used to monitor AR removal in UWTPs, impacts on the environment, and to
establish a first line of human-health risk assessment.

Biomarker Description Criterion References

16S rRNA gene Universal biomarker
of bacteria

� Assessment of
� bacterial abundance
� bacterial removal/increase
� ARG relative abundance

1,2

crAssphage Phage, associated with the
genus Bacteroides,
abundant in human gut

� Abundant in wastewater
� Molecular indicator of fecal

contamination

3,4

Class 1 integron integrase
gene, intI1

Related with MGEs that
may harbor ARGs

� Among the most used
AR biomarkers

� Abundant in wastewater
� Related with ARGs
� Occurs in multiple wastewater

bacterial species
� Occurs in the chromosome

and plasmids

5,6

Dihydropteroate synthase
gene, sul1

Encodes resistance against
sulfonamides, the first
class of antibiotics used
in medicine

� Among the most examined ARGs
in wastewater

� Abundant in wastewater
� Associated with intI1
� Occurs in multiple wastewater

bacterial species
� Occurs in the chromosome

and plasmid

7,8

Aminoglycoside
nucleotidyltransferase
gene, aadA

Encodes resistance against
streptomycin

� Aminoglycoside resistance genes
are among the most abundant
in wastewater

� Associated with intI1
(variable region)

� Occurs in multiple wastewater
bacterial species

� Occurs in the chromosome
and plasmids

9,10

Beta-lactamase gene
blaCTX-M

Encodes resistance against
beta-lactams (penicillins
and may include third
generation
cephalosporins)

� Occurs in multiple wastewater
bacterial species

� Include extended-spectrum beta-
lactamase producers, a high
clinical relevance
(risk assessment)

� Occurs in the chromosome
and plasmids

11,12

Erythromycin resistance
methyltransferase
genes, ermB or ermF

Encodes resistance
against macrolides

� Macrolide resistance genes are
among the most abundant
in wastewater

� Occur in multiple wastewater
bacterial species

2, 13,14,15

Plasmid-mediated
quinolone
resistance, qnrS

Encodes resistance
to quinolones

� Abundant in wastewater
� Occurs in multiple wastewater

bacterial species
� Mostly plasmid-associated

1,11

References: 1. Narciso-da-Rocha et al. (2018); 2. Pallares-Vega et al. (2019); 3. Karkman et al. (2019); 4. Park et al. (2020); 5. Gillings
et al. (2015); 6. Ma et al. (2017); 7. Le et al. (2018); 8. Storteboom et al. (2010); 9. Iakovides et al. (2021); 10. P€arn€anen et al.
(2019); 11. Moreira et al. (2018); 12. Tong et al. (2019); 13. Zheng et al. (2019); 14. Tong et al. (2019); 15. Takali et al. (2020).
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Monitoring methods can generate reproducible and comparable data in different laboratories
(Rocha et al., 2019, 2020). The recent publication of guidelines for qPCR quality control, and the
reporting of AR in wastewater and aquatic environment are excellent examples of the interest
and feasibility of implementing interlaboratory monitoring schemes (Borchardt et al., 2021;
Hassoun-Kheir et al. 2021; Keenum et al., 2022). Besides the increasing availability of real-time
PCR and droplet digital PCR, the robustness of PCR primers design and protocols design, also
the routinization and service providing for ARG analysis in environmental samples expanded in
the last years (e.g., qiagen.com/�/media/genetable/ba/antibioticresistancegenes; takarabio.com;
resistomap.com). Commercial services offer high throughput methods that can be customized for
the analysis of a selected number of genes in many samples. In general, ARG analyses will be
increasingly feasible, customizable, and affordable. The body of knowledge about ARGs and
related genetic elements in wastewater and receiving environments, as well as the technical avail-
ability to implement routine analysis capable of generating reproducible, objective and easy to
interpret data, are strong arguments to put wastewater AR monitoring in place.

8. Final considerations

UWTPs are crucial to contain the spread of ARB&ARGs. AR monitoring framed within the set
of quality parameters defined for treated wastewater will contribute to an improved knowledge of
the best conditions to prevent its spread and will offer the operators the tools to optimize treat-
ment conditions and infrastructure.

The definition of minimum quality requirements regarding the emission of ARGs by UWTPs
would ideally reflect the risk posed to humans and the environment. However, the current scien-
tific knowledge and technological wastewater treatment capabilities do not support yet the defin-
ition of science-evidence-based thresholds. Recent regulations (Table SI-2) show this same
limitation. Hence, the definition of a minimum percentage reduction (>95–99%%) is an attain-
able goal that can be more stringent in countries that are already above this removal goal.
Multiple ARG indicators measured in, at least the influent and final effluent of UWTPs, will sup-
port the determination of removal rates and impacts on the receiving environment (Figure 3).
Both can contribute to develop and implement corrective measures and through data sharing and
metadata integration may support actions under the scope of One- and Global-Health (Figure 4).
Considering the current technological and scientific means available and the critical awareness

Figure 3. Proposed flow diagram for ARG monitoring in UWTPs to measure treatment efficiency, assess impacts, and to support
the design of corrective interventions. Where, refers to preferential sampling sites; When, refers to periodicity of monitoring;
How, summarizes the procedures; What, proposes what should be analyzed and the expected reporting outputs.
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worldwide of the threat posed by ARB&ARGs, the collaboration of all nations to implement
monitoring and control systems is an urgent priority.
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