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A B S T R A C T

Wastewater is among the most important reservoirs of antibiotic resistance in urban environments. The abun-
dance of carbon sources and other nutrients, a variety of possible electron acceptors such as oxygen or nitrate,
the presence of particles onto which bacteria can adsorb, or a fairly stable pH and temperature are examples of
conditions favouring the remarkable diversity of microorganisms in this peculiar habitat. The wastewater mi-
crobiome brings together bacteria of environmental, human and animal origins, many harbouring antibiotic
resistance genes (ARGs). Although numerous factors contribute, mostly in a complex interplay, for shaping this
microbiome, the effect of specific potential selective pressures such as antimicrobial residues or metals, is
supposedly determinant to dictate the fate of antibiotic resistant bacteria (ARB) and ARGs during wastewater
treatment. This paper aims to enrich the discussion on the ecology of ARB&ARGs in urban wastewater treatment
plants (UWTPs), intending to serve as a guide for wastewater engineers or other professionals, who may be
interested in studying or optimizing the wastewater treatment for the removal of ARB&ARGs. Fitting this aim,
the paper overviews and discusses: i) aspects of the complexity of the wastewater system and/or treatment that
may affect the fate of ARB&ARGs; ii) methods that can be used to explore the resistome, meaning the whole ARB
&ARGs, in wastewater habitats; and iii) some frequently asked questions for which are proposed addressing
modes. The paper aims at contributing to explore how ARB&ARGs behave in UWTPs having in mind that each
plant is a unique system that will probably need a specific procedure to maximize ARB&ARGs removal.

1. Introduction

Urban wastewater treatment plants (UWTPs) have a pivotal role in
the protection of the environment, in particular, the natural water

bodies. The removal of organic matter, chemical pollutants and un-
desirable microorganisms from sewage, using combinations of physico-
chemical and biological treatments, was a major technological
achievement of the last century, allowing the return to the environment
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of water with good quality. However, the final UWTPs effluents are far
from being sterile and, hence, release to the environment high amounts
of bacteria, many of which are of animal (e.g. pets or small husbandry
or animal farms) or human origin (Berendonk et al., 2015; Manaia,
2017; Rizzo et al., 2013). Many of these bacteria harbour acquired
antibiotic resistance genes (ARGs) and are potential carriers for the
dissemination of these genes in the environmental microbiome
(Berendonk et al., 2015; Manaia, 2017; Pruden, 2014). As such, these
bacteria are considered a potential threat to humans and/or animals
health since they may lead to more cases of difficult-to-treat infections.
Moreover, although only part of the ARB released from UWTP will be
able to cause disease in humans or animals, the risk of enriching the
environmental resistome either through selection or horizontal gene
transfer (HGT), and therefore contribute to the emergence of resistance
in pathogenic bacteria cannot be neglected (Manaia, 2017). UWTPs
bring together antibiotic resistant bacteria (ARB), antibiotic residues
and other potential selectors that favour the selection towards these
bacteria and, simultaneously, offer a rich supply of nutrients and close
cell-to-cell interaction, capable of facilitating the horizontal transfer of
ARGs. These arguments make the UWTPs environment one of the most
exciting niches to unveil the fate of ARB&ARGs. This paper is the result
of a think tank of Early Stage Researchers summer school organized by
the Marie Skłodowska-Curie Innovative Training Networks, project
ANSWER (http://www.answer-itn.eu/), and discusses the tools and the
environmental conditions that may rule the fate of ARB&ARGs
throughout the wastewater treatment.

The paper is divided into four major sections: 1) one dissecting the
UWTPs compartments where analyses of ARB&ARGs may be relevant
given the potential constraints that are imposed to the microbiota, as
well as 2) the bio-physico-chemical conditions that may shape the dy-
namics of populations and genes within the bacterial communities; 3)
another revising the pros and cons of the most commonly used methods
to analyse antibiotic resistance in environmental samples; and 4) a final
section where the previous three are combined to give an integrated
overview of the major information on ARB&ARGs ecology, exemplified
through the answers to some frequently asked questions. Above all, this
work intends to serve as a guide for wastewater professionals who aim
at optimizing wastewater treatment for the removal of ARB&ARGs.

2. Urban wastewater treatment plant, the big black box

UWTPs were first developed to assure the removal of debris, high
organic loads and pathogens from sewage before discharging into en-
vironmental receptors (water streams/rivers, lakes, sea). Benefits of
their worldwide implementation include avoidance of eutrophication
and the spread of potentially harmful microorganisms (Henze et al.,
2008). However, socio-economic evolution and increasing human po-
pulation density created new challenges for an efficient wastewater
treatment, with the consensual recognition that improvements are re-
quired in order to produce final effluents that effectively will protect
the environment and humans.

Nowadays, a wide variety of UWTPs designs are available.
Nonetheless, all of them assemble at least 3 sequential steps: the pre-
liminary (pre)-, the primary-, and the secondary-treatment (Grady
et al., 2011; Henze et al., 2008). Pre-treatment aims at removing from
the raw wastewater all the materials that can damage the downstream
equipment, including bulky solids and sand which are mechanically
removed or settled. In addition, in some UWTPs this step includes an
equalization tank, not only to avoid flow peaks but also to homogenise
the raw wastewater composition, avoiding the sporadic income of high
loads of chemicals, which could inhibit the following secondary treat-
ment. The removal of the floating fat and grease is also undertaken in
some large UWTPs. The remaining sedimentable solids are removed in
the primary settling tanks, and channelled into the sludge treatment
facilities, whereas the effluent of this primary treatment enters the
secondary treatment. A wide variety of processes are nowadays

available for secondary treatment, but all of them aim at removing the
biodegradable compounds from wastewater (Henze et al., 2008). Sus-
pended and/or dissolved compounds are mainly those resultant from
human excreta, food waste, and detergents, but a wide variety of in-
organic (e.g. heavy metals) and organic compounds (e.g. pharmaceu-
tical residues, pesticides) is also present (Henze and Comeau, 2008;
Köck-Schulmeyer et al., 2013; Rizzo et al., 2013; Tchobanoglous et al.,
2003). Hence, wastewater does not only contain microorganisms and
readily biodegradable compounds but also recalcitrant substances,
some of which may be potentially toxic to at least a fraction of the cells
entering and/or inhabiting the reactor(s), i.e., substances capable of
generating selective pressure. Nevertheless, the high organic load of the
wastewater supports the growth of the microbiota able to cope with the
prevailing conditions, which consequently can reach high densities. The
resultant excess of biomass must be removed, although its release to the
environmental receptors should be avoided. This is possible thanks to
the prevailing conditions in the secondary treatment that favour the
floc/biofilm forming organisms. The extracellular polymer substances
(EPS) produced by these cells act as adsorbents not only of micro-
organisms unable to produce EPS but also of organic and/or inorganic
chemical compounds, the so-called activated sludge, which is settled in
the secondary sedimentation tanks. Hence, the microbial load of the
secondary effluent is 1 to 2 log-units lower than raw wastewater (EPA,
1986), and the spent biomass is channelled to the sludge treatment line.
Indeed, microbes that enter, survive or even proliferate during the
wastewater treatment can be pollutants themselves if released in the
environment, in the sense that they will occur in an environment to
which they do not belong, and where they can cause directly or in-
directly any kind of damage.

At least in some countries, conventional wastewater treatment relies
mostly upon activated sludge tanks to reduce the organic load of the
primary effluent to values compatible with its discharge in the en-
vironment (EEA, 2017; Grady et al., 2011). However, upgraded UWTPs
include re-circulation of the mixed liquor between aerobic, anoxic, or
even anaerobic tanks to ameliorate the removal of inorganic N and P,
respectively, from the secondary effluents (EEA, 2017; Grady et al.,
2011). The tertiary treatment has been increasingly regarded as a
measure to obtain a final treated wastewater of high quality, i.e., not
only without readily organic metabolizable compounds but also free of
nutrients (N/P) and recalcitrant chemical micropollutants as well as
with very low microbiological loads (Henze et al., 2008). Given the
high costs involved in the removal of the chemical micro-pollutants,
most of the currently operating UWTPs if include any additional step,
this is the disinfection of the secondary effluent, before discharge in the
environment (EEA, 2017). Chlorination, UV radiation, and ozonation
are the most common disinfection technologies currently applied in
WWTPs (e.g., EPA-Victoria, 2002; EPA, 1986). Fig. 1 summarizes the
main steps of the majority of the UWTPs operating nowadays world-
wide.

2.1. Wastewater treatment events affecting ARB and ARGs

Looking into the process from a microbiological point of view, sharp
variations occur in each wastewater treatment step. Sewage microbiota
is mainly composed of human commensal bacteria, which is mixed with
bacteria from distinct origins that may be entering and colonizing the
sewage system (e.g., Cai et al., 2014; Shanks et al., 2013; Shchegolkova
et al., 2016; Wang et al., 2014). In this environment, the fraction of ARB
may reach more than 50% at least within a given group (e.g., en-
terobacteria or enterococci) (e.g., Manaia et al., 2016; Rizzo et al.,
2013). A high fraction of the organisms thriving in sewage adheres to
organic and/or inorganic particles, which in first instance can be re-
moved from wastewater if retained in the primary sedimentation tank.
Nonetheless, those in suspension or forming less dense flocs end up in
the biological treatment tank(s). The secondary treatment is thus where
the fraction of ARB&ARGs not removed in the primary treatment gets in
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contact with sludge bacteria, and with potential selective pressures
present in the raw inflow. To potentiate the degradation process, pre-
viously formed biomass (activated sludge), settled in secondary sedi-
mentation tanks, returns to the biological reactor(s) where it is mixed
with the arriving primary effluent. This process ensures enough cells to
reduce the organic load of the wastewater in the shortest time possible,
i.e. achieve a low hydraulic retention time. Hence, the arriving mi-
crobiota, including ARB, is stimulated to compete with sludge bacteria
for the available organic matter. The intense metabolic activity that
takes place during the biological treatment leads to important bacterial
community dynamics. The shifts occurring in the bacterial community
can be dramatic at this stage and the fitness of ARB and the success with
which their ARGs are spread to other bacteria, through HGT (Marano
and Cytryn, 2017), will be crucial to dictate the effectiveness of treat-
ment on resistance removal.

Besides the readily metabolised organic matter, wastewater con-
tains substances that may exert an array of effects on bacteria, being
sometimes designated as stressors, of which are examples heavy metals,
and recalcitrant natural or synthetic compounds, including antibiotic
residues and metabolites thereof. These stressors may also shape the
surviving community because different organisms or groups of related
organisms have different degrees of tolerance or defensive responses
against their adverse effects (Berendonk et al., 2015; Manaia et al.,
2016; Seiler and Berendonk, 2012). Moreover, the stressors, together
with the high nutrient load, stable pH and temperature, and the close
proximity of cells in the flocs, may facilitate HGT of genetic elements
encoding for resistance, including against antibiotics (Di Cesare et al.,
2016; Dröge et al., 2000; Kim et al., 2014; Marano and Cytryn, 2017).
Altogether, the conditions prevailing inside the biological treatment
tanks may lead to the numerical or proportional increase of the cells
capable of tolerating adverse conditions, including antibiotics. Even-
tually, the majority of these cells settle in the secondary sedimentary
tank, and only a minority will leave the conventional UWTPs without

further treatments, suspended in the secondary effluent. However, as
described above, part of these cells return to the biological tank, in a
cycle that allows the enrichment of sludge with cells highly adapted to
the conditions prevailing in the UWTPs, including a wide array of
stressors. Hence, when finally released, the secondary effluent may
represent a discharge of up to 1012 ARB/day or 1018 ARGs/day (Manaia
et al., 2016; Vaz-Moreira et al., 2014). In this context, the time ARB stay
in the reactor may be a critical determinant of the likelihood of their
proliferation or of being involved in HGT events. In this aspect, it is
arguable that the re-recirculation of biomass between different tanks
can promote the enrichment of the sludge in ARB and ARGs, clearly an
undesirable consequence of upgrading UWTPs with improved nutrient
removal (EEA, 2017). Table 1 reviews the parameters that may influ-
ence the fate of ARB&ARGs in each treatment stage, and how their
variations and potential impact can be assessed throughout the treat-
ment process.

In UWTPs with a disinfection step, the cells face again the stressful
conditions imposed by the disinfection process before discharge into the
environment. From the microbiological and genetic points of view,
there is no reason to expect that ARB can survive better to disinfection
than their susceptible counterparts. Hence, disinfection, given its ca-
pacity to reduce the microbial loads, will contribute to the removal of
ARB&ARGs (Manaia et al., 2016). However, attention must be given to
the disturbance of microbial communities and reactivation of ARB&
ARGs during treated wastewater storage. It has been demonstrated that
when disinfection is applied, a great fraction of cells will die, including
ARB, while others will enter a state of dormancy due to the stress, re-
covering when the stressors are released (Becerra-Castro et al., 2016;
Moreira et al., 2018; Sousa et al., 2017), which in nature is what
happens, for example, due to the dilution of the final effluent in the
receiving water body or water storage. Disinfection and the fate of ARB
&ARGs is an issue far from being fully understood. It is known that the
effectiveness of processes such as chlorination, UV radiation, and

Fig. 1. Schematic of the UWTP with sampling sites 1–5 labelled: 1) pre-treated raw wastewater; 2) biological treatment; 3) secondary effluent; 4) final effluent; 5)
recirculating activated sludge. (Recommended: 24 h composite water samples or multiple sludge sub-samples; 1–2 L volume; three days in a row each trimester; for
DNA samples, preferentially three replicates at each sampling time.)
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ozonation are not only dose-dependent but also influenced by several
physico-chemical factors (Alexander et al., 2016; Di Cesare et al., 2016;
McKinney and Pruden, 2012). While high doses of disinfectant may
impose severe microbial community rearrangements, it is also observed
that higher doses may be needed to inactivate ARGs than bacteria
(McKinney and Pruden, 2012; Moreira et al., 2018). In addition, some
disinfectants, as peracetic acid or chlorine were even observed to have a
selective effect on ARGs (Di Cesare et al., 2016). This selective effect
means that even if a decrease in abundance (gene copies per mL of
sample) is observed, the relative abundance or prevalence of the gene
(gene copies per total bacteria) may increase. However, considering that
disinfection can lead to reductions of 2–4 log-units in the bacterial
loads, even in the presence of increases of ARB&ARGs prevalence after
disinfection, it may be a preferable alternative, in particular for critical
effluents as those discharged by hospitals (Manaia, 2017). Nevertheless,
the recommended disinfection approach in face of type, volume and
final destiny of the effluent, as well as, the balance environmental
benefits versus associated costs is an issue still under debate and for that
reason, no specific disinfection process was considered in Table 1 or
Fig. 1.

3. Major factors affecting the fate of ARB and ARGs

In spite of the expected influence that abiotic factors (e.g. tem-
perature, pH, electric conductivity, among others) may have on the
bacterial community dynamics and, hence, on the fitness of ARB during
wastewater treatment, no evidence has been gathered so far in a way
that the measurement of a specific bio-physico-chemical factor or
condition could be used as unequivocal predictor of the efficiency of
ARB removal during secondary treatment. While it is not expected that
any of these conditions will have a selective effect on ARB in relation to
antibiotic susceptible bacteria, they will certainly have the potential to
influence the development of specific physiological and biochemical
groups of bacteria. In this sense, these factors may influence the sur-
vival of ARB. Many ARB of simultaneous clinical and environmental
relevance are strictly chemoorganoheterotrophic, mesophilic, neu-
trophilic and facultative or aerobic bacteria, whose survival and

proliferation will be conditioned by the adequate balance of all these
variables. Some studies explored the effect of temperature and pH on
the removal of ARGs during sludge treatments to conclude that high
temperatures or high pH were more effective than other conventional
or low temperature treatments in the removal of ARGs or class 1 in-
tegrons (Diehl and Lapara, 2010; Gao et al., 2012; Munir et al., 2011;
Zhang et al., 2015). Arguably, temperature or pH values deviating from
the mesophilic (temperature) and neutral (pH) range where most ARB
thrive have the potential to contribute to ARB&ARGs removal. This
rationale may explain the observations of those authors that studied the
effects of these parameters on ARGs removal from sludge. However, it is
not possible to extrapolate such effects for wastewater treatment, where
pH and temperature are maintained in the mesophilic and neutral
range. For wastewater treatment, it is probably the combination of all
the factors listed in Table 2, and eventually many others, instead of a
single factor per se, that rules the fate of ARB&ARGs during wastewater
treatment.

Despite these considerations, different studies aimed at finding re-
levant associations between some of the listed bio-physico-chemical
factors or conditions and the variation of antibiotic resistance during
wastewater treatment. For instance, Novo et al. (2013) observed a
positive correlation between temperature and loads of sulfonamide
resistant bacteria in treated wastewater, although no significant cor-
relation between ARB and the chemical oxygen demand (COD), biolo-
gical oxygen demand (BOD), water flow or temperature in raw waste-
water. Also, Di Cesare et al. (2016) observed a relationship between the
prevalence of the genes tetA, ermB, qnrS and the different biotic and
abiotic factors (total organic carbon, the overall prokaryotic cell
number, and the number of bacterial aggregates). Kim et al. (2007)
tried to understand the fate of tetracycline resistant bacteria as a
function of activated sludge organic loading rate and growth rate, using
lab-scale sequencing batch reactors (SBRs). These authors concluded
that the organic load (achieved by altering the inflow wastewater flux)
and growth rate (achieved by altering sludge retention time, SRT) re-
sulted in an increase of tetracycline resistance.

The measurement of antibiotic residues in wastewater samples and
the attempt to correlate with the occurrence of antibiotic resistance

Table 1
Sampling sites and type of microbiological and potentially related parameters to analyse and expected outcomes regarding antibiotic resistance removal (according to
Fig. 1).

Site (No. refers to Fig. 1) Parameters Expected outcomes

Raw wastewater (1) Total microbial load

Quantification of ARB&ARGs (abundance or
prevalence)b

Concentration/dose of other contaminants (e.g.
heavy metals, biocides, antibiotic residues)

Indication of the “contamination index” of the inflow and the required treatment
effort

Biological treatment (2) and
secondary effluent (3)

Measure of the increase/decrease of the total microbial and/or ARB&ARGs loads
Inference about selection and/or HGT due to selective pressures (antibiotics, heavy
metals) or treatment
The difference between 2 and 3 will give an insight of the fraction of ARB&ARGs that
was removed (meaning incorporated in the sludge, loss of viability or outcompeted)
The difference between 1 and 3 will give an insight of the fraction of total microbial
load, ARB&ARGs that was removed
Evaluation of possible improvements of biological/secondary treatment regarding
ARB/ARGs removal

Final effluenta (4) The difference between 3 and 4 will give an insight of the disinfection/tertiary
treatment efficiency
The overall efficiency of wastewater treatment
Potential impact of the discharge of treated wastewater on the surrounding/receptor
environment

Recirculating activated sludge (5) Quantification of ARB&ARGs (abundance or
prevalence)b

Concentration/dose of other contaminants (e.g.
heavy metals, biocides, antibiotic residues)

Compared with 2 and 3 gives an indication if sludge recirculation may contribute to
ARB&ARGs enrichment
May contribute to estimate the critical sludge age (e.g. when desorption of
contaminants or ARB&ARGs starts)
Inference about co-selection of ARB/ARGs due to sorption of chemicals (e.g.
antibiotics) on particles

ARB, antibiotic resistant bacteria; ARGs, antibiotic resistance genes; HGT, horizontal gene transfer.
a Can be secondary effluent, disinfected secondary effluent, or tertiary effluent, depending on the UWTP configuration.
b Abundance, is the number of cells or gene copy number per mass or volume of sample; prevalence or relative abundance, is the number of cells or gene copy

number per total number of cells or gene copies of a housekeeping gene (e.g. 16S rRNA gene).
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may be challenging. First, because of the lifetime of antibiotics, which
can be biodegraded, transformed or adsorbed to sediments, is too short
when compared with that of ARB that can proliferate and transfer
ARGs. Second, because the concentrations measured in bulk samples
hardly reflect what can be found in a bacterial microenvironment.
However, although not detected in the commonly used sampling and
analytical protocols, these potential selectors may have exerted their
effect, affecting the bacterial community, and possibly giving an ad-
vantage to some bacteria, including ARB. This is a hypothesis that
should be considered, even if difficult to prove in field conditions. In
spite of these constraints, some putative indications of selective pres-
sures have been reported. Novo et al. (2013) found a positive correla-
tion between tetracyclines concentration in raw wastewater and the
loads of resistant bacteria present in the final effluent. In a study with
municipal and hospital effluents, Varela et al. (2014) found a significant
positive correlation between ciprofloxacin and arsenic concentration
and the loads of quinolone resistant bacteria, while Narciso-da-Rocha
et al. (2014) also observed significant positive correlations between the
concentration of sulfonamides and tetracycline and the prevalence of
the genes intI1, blaTEM, and vanA. In none of these studies, it was pos-
sible to conclude about a cause-effect relationship, although it is pos-
sible to witness the association of resistance removal or enhancement
with a specific environmental variable. Yet, it is worth mentioning that
such associations may result simply from the simultaneous occurrence
of two events. For example, high concentrations of antibiotics co-oc-
curring with a high density of ARB or removal of organic matter co-
occurring with starvation of bacteria and hence the decrease of bac-
terial loads. In theory, selective pressures can either exert their effect
due to the favouring of a subset of individuals in a community and/or
by promoting HGT. Indeed, estimates of the predicted antibiotics con-
centration that might contribute to select for ARB has been proposed by
different authors (Bengtsson-Palme and Larsson, 2016; Gullberg et al.,
2011, 2014; Tello et al., 2012). According to these studies, concentra-
tions able to select for ARB or to promote HGT can be very low, below
the inhibitory concentrations (sub-inhibitory concentrations). Kim et al.
(2014) observed that the pB10 plasmid transfer rate to the activated
sludge microbiota could be significantly increased in the presence of 10
to 100 ppb of tetracycline or sulfamethoxazole. Similar results were
observed by Jutkina and colleagues (Jutkina et al., 2016, 2018) for
tetracycline (10 μg/L), chlorhexidine (24.4 μg/L), triclosan (100 μg/L),
gentamicin (100 μg/L) and sulfamethoxazole (1000 μg/L). While these
concentrations do not inhibit antibiotic susceptible bacteria, it is known
that they are normally found in wastewater environments (Kulkarni
et al., 2017; Kümmerer, 2009; Michael et al., 2013). In spite of these

evidences, it is consensual that, in practice, in extremely complex mi-
crobial communities subjected to variable environmental conditions
and in the presence of a myriad of chemical (organic, inorganic, poly-
meric) substances with variable life-times, it is difficult to predict the
selective effect taking place in a UWTP in a given moment.

Other ecological drivers are also supposed to affect the ecology of
ARB&ARGs in the biological reactors and sedimentation tanks. For
example, the selective and unselective predation or the viral lysis may
have an impact on ARB&ARGs fate, and that deserves further in-
vestigation. For instance, the interactions of ARB with predatory bac-
teria (e.g. Bdellovibrio), protozoa or virus (Miki and Jacquet, 2008) may
be worth of studying. Indeed, heterotrophic nanoflagellates (HNF), to-
gether with ciliates, are recognized as a major source of bacterial pre-
dation/mortality in soil, marine, and freshwater environments (Miki
and Jacquet, 2008). They may affect the bacterial community through
the excretion of growth stimulating compounds, enhancing the bac-
terial activity, or by contrast, the selective predation of some bacteria
(Faust and Raes, 2012; Miki and Jacquet, 2008). In addition, these
eukaryotes can also work as a vehicle for some bacteria that can sur-
vive, and even replicate, within predatory protozoa. Also, virus may
impact the bacterial community composition through selective mor-
tality through bacterial lysis (Bouvier and Del Giorgio, 2007; Winter
et al., 2004). The role of these agents as biotechnological tools for ARB
control should not be overlooked.

3.1. Where to sample and what for?

To estimate the contribution of UWTPs on the fate of ARB&ARGs,
the sites where samples are collected and the parameters analysed must
be selected based on specific questions. Because all the steps of the
treatment are interconnected, when following the fate of ARB&ARGs in
a UWTP, a sampling schedule should be carefully planned. It may be
important to sample each of the described major steps of the treatment
(Fig. 1, Table 1). It is also important to evaluate the influence of pos-
sible selective pressures through the analysis of contaminants such as
heavy metals, biocides or antibiotic residues, as well as other physico-
chemical parameters currently analysed in UWTPs (Table 2). A suffi-
cient number of representative samples should be collected over time,
allowing statistical analyses in order to assess whether a given event is
consistently observed or is simply a random occurrence (Novo et al.,
2013; Novo and Manaia, 2010; Varela et al., 2014). Yet, even if it is a
random event, it may be relevant to infer about the implications it
might have on the fate of ARB&ARGs.

Table 2
Bio-physico-chemical factors and conditions which measurement is recommended and the type of information that can provide (according to Fig. 1).

Bio-physico-chemical factors and conditions Reasons to study this factor Site (Fig. 1)

Temperature; pH; EC; DO These factors may affect the microbial community composition and structure because they may
impose stress conditions capable of inducing the survival/overgrowth of specific populations;

1–5

COD; BOD; Total N, C, P; TSS The removal of total organic load (biodegradable and non-biodegradable) indicates treatment
efficiency;
The organic load and other nutrients (P and N) affect bacterial growth/survival;
TSS reflects the bacterial load and the cell aggregation capacity (likelihood of HGT and bulking risk);

1–4

HRT, SRT, wastewater flow and expected dilution factor in
the receptor environment

Retention times are important as an estimate of the potential opportunities for bacterial selection
and/or genetic recombination (HGT);
Wastewater flow is useful to assess the impact of the wastewater discharge in the surrounding/
receptor environment regarding ARB&ARG dissemination;

1–5

Antibiotic residues, metals (e.g. As, Pb, Hg, Cd, Cu, Ni, Zn,
Cr, etc) and other contaminants

Potential impact on the wastewater and sludge microbial communities as selective pressures;
Impact of the wastewater discharge in the surrounding/receptor environment regarding
micropollutants contamination;

1–5

Bacterial community composition and ARB&ARG
quantification

Variations in the bacterial community composition and structure in each step of the treatment;
Potential correlations between specific populations and some ARB&ARG;
Combined with wastewater flow and expected dilution factor in the receptor environment allows the
assessment of the impact of wastewater regarding ARB&ARG dissemination;

1–5

EC, electric conductivity; DO, dissolved oxygen; COD, chemical oxygen demand; BOD, biological oxygen demand; TSS, total suspended solids; HRT, hydraulic
retention time; SRT, sludge retention time.
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4. How to track ARB and ARGs in the UWTP?

Different methods are available to study either the diversity of ARB
&ARGs or to measure the abundance (per mass or volume of sample) or
prevalence (per total bacteria) in a given environment (Supplementary
Table S1). These methods are often designated as culture-dependent
and culture-independent, depending on the use of cultivation methods
or direct analyses of nucleic acids (DNA or RNA). In addition, methods
can be classified as targeted and non-targeted, according to the cap-
ability of searching for a specific bacterial group or gene or of surveying
the community as a whole, respectively. Culture-dependent methods
can survey microorganisms that are viable at a given moment and for
which the growth conditions are known. In spite of skipping non-cul-
turable microorganisms, culture-dependent methods have the im-
portant advantage of permitting the phenotypic characterization of
isolates, relevant to assess for instance their profile of multidrug re-
sistance, the minimum inhibitory concentration of different antibiotics
or the capability to take part in HGT processes. However, depending on
the type of environment, less than 1–10% of bacteria can be culturable
(Amann et al., 1995; Vaz-Moreira et al., 2013), with the largest ma-
jority of environmental bacteria falling, permanently or transiently,
within the wide category of non-culturable microorganisms. Viable but
non-culturable bacteria (VBNC) have been extensively studied, being
recognized that in some situations, the physiological state of non-cul-
turability, does not preclude viability, capacity to infect and activation
of virulence mechanisms (Pommepuy et al., 1996; Rozen and Belkin,
2005). These arguments underlie the need to explore the potential oc-
currence of ARB among the non-culturable bacteria. In these situations,
the direct analyses of DNA to survey or quantify genes or of RNA to
assess gene expression are important approaches, used alone or in
combination with culture-dependent methods, to unveil the fate of ARB
&ARGs in the environment. In addition, the use of DNA-based analyses
to characterize ARB, which bring important epidemiological insights
about ARB and ARGs became more and more popular over the last
years.

The selection of the best method to analyse ARB and ARGs must be
made based on the questions the researchers seek to answer. If all re-
sources are available, the best approach will comprise a combination of
different methods, but sometimes one or two approaches can give re-
liable answers. The next sections make an overview of three major
approaches used, two targeted (culture-based and quantitative PCR)
and one non-targeted (metagenomics) and discuss the associated
strengths, weaknesses, opportunities, and threats (SWOT) (Table 3).
While most of these methods may not be available in wastewater
treatment companies, the highly desirable and increasing collaboration
between the research institutions, services and companies may make
possible and fruitful the efforts to combat antibiotic resistance.

4.1. Culture-based methods

One of the main advantages of cultivation is the possibility of de-
termining phenotypic traits, many of which are crucial for under-
standing the ecology of a given bacterial group. In the case of antibiotic
resistance, this knowledge is the basis to assess the propagation or gene
transfer potential of specific ARB under environmental conditions. In
this aspect, relevant phenotypic traits that can be examined in bacterial
isolates include metabolism (e.g. carbon source utilization, identifica-
tion of auxotrophies), required physico-chemical conditions for growth
(e.g. pH or temperature range, salinity), biofilm formation capacity,
sporulation, motility, tolerance against stressful conditions, among
others (McLain et al., 2016). In addition, culture-based methods allow
the enumeration of viable cells, and the possibility for assessing anti-
biotic resistance profiles (i.e. minimal inhibitory concentration and
antibiotic resistance spectrum) of isolates (Buthelezi et al., 2010;
Garcha et al., 2016; Li et al., 2009), being the most commonly used
method to determine multidrug resistance phenotypes. Other methods

can be used to assess resistance phenotypes but may imply sophisticated
equipment and know-how, e.g. flow cytometry combined with live/
dead assays after exposure of the sample/bacteria to multiple drugs
(Berney et al., 2007).

In addition, the analysis of ARB isolates facilitate the analysis of the
harboured ARGs, as well as the mobile genetic elements to which they
are associated, and above all supports the identification of the species
or clones that may be of major relevance for the spread of a given ARG
(Guardabassi et al., 2002; Hembach et al., 2017; Kaplan et al., 2015;
Varela et al., 2015; Vaz-Moreira et al., 2014). Last, but not least,
standardized procedures based on cultivation methods, currently used
for water quality monitoring worldwide, may be adapted to develop
guidelines for ARB surveillance in aquatic environments, for example,
based on the epidemiological cut-off values (ECOFFs) (Kronvall, 2010).

With the advent of the culture-independent methods, with in-
creasing effulgence over the last decades, culture-based methods be-
came unpopular. Besides the limited capacity to survey microbial
communities, the fact that these methods can be time-consuming, re-
quiring experienced operators, and involving high costs for proper post-
isolation analyses (e.g. in molecular epidemiology), often resulted in
the preference for direct DNA analyses. Also important is the fact that
working with ARB isolates requires adequate safety equipment and
procedures due to the potential biohazard contamination of exposed
operators and environment. This can be a limitation in some labora-
tories. However, the usefulness of cultivation is increasingly becoming
evident, mainly because it is now supported by information provided by
culture-independent methods. Indeed, when information available in
databases refers essentially to DNA analyses, in which gene functions
are mainly inferred based on in silico analyses, cultivation, i.e. phe-
notype, is again regarded as a crucial need to advance the microbiology
knowledge. The designated culturomics efforts, involving high
throughput culture-based methods are now considered a priority
(Greub, 2012; Lagier et al., 2012, 2015). In summary, the combination
of culture-based methods with culture-independent approaches may be
the ideal way to explore the environmental resistome (Batt et al., 2007;
Li et al., 2015; Port et al., 2014; Yang et al., 2014).

4.2. Culture-independent methods

Culture-independent approaches rely, primarily, on the extraction
of genetic material, most of the times DNA, and not so often RNA, from
a sample. As happens with the choice for the cultivation conditions, also
the nucleic acids extraction may introduce biases in these analyses. For
example, the DNA or RNA extraction efficiency may vary with the
protocol used as well as with the matrix to analyse; it may favour the
extraction of nucleic acid from specific bacterial groups (e.g. Gram-
negative in comparison to Gram-positive) or it may be more or less
effective on the removal of inhibitors (Knauth et al., 2013; Li et al.,
2018; McCarthy et al., 2015; Terrat et al., 2012; Thomas et al., 2012).
For these reasons, it is clear that the choice of the nucleic acids ex-
traction method is relevant and it should be maintained in any com-
parative analyses as, for example, of raw and treated wastewater. The
direct analyses of DNA may bring an additional limitation that is the
incapability to distinguish living from dead cells. Some studies have
shown methods useful to overcome such limitation, for example, the
use of propidium monoazide (PMA) to distinguish membrane injured-
cells from intact cells (Cangelosi and Meschke, 2014; Nocker et al.,
2007). However, it is important to consider that other mechanisms of
cell inactivation, e.g. those caused by UV radiation, may be not detected
when using PMA. While DNA-based analyses are the best choice for
gene survey, RNA-based analyses will be the option when gene ex-
pression, rather than gene presence, is to be investigated. ARGs ex-
pression analyses in environmental samples are not common, in con-
trast with the surveying of ARGs based on DNA analyses, which became
highly popular. Two major approaches, the quantitative PCR (qPCR)
and the metagenomics, have been used to assess the wastewater
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Table 3
SWOT analysis of the most commonly used methods to analyse antibiotic resistance in urban wastewater treatment plants (UWTP).

Culture-based

Strengths • Permits enumeration of viable cells

• Allows purification and further phenotype characterization, including determination of minimal inhibitory concentrations

• Permits the identification and monitoring of clinically relevant species or strains

• It makes the link with worldwide implemented methods to assess the microbiological water quality

• Enable to link phenotype of resistance to a given genetic and/or physiological mechanism (e.g. virulence mechanisms; tolerance to oxidative stress)

Weaknesses • Laborious, time consuming and expensive if post-isolation processing is aimed at (e.g. molecular epidemiology)

• Culture are not representative of the whole bacterial community diversity

• Under non-selective condition the limits of quantification may be very high

Opportunities • May lead to the isolation of new antibiotic resistant bacteria, for example harbouring emerging antibiotic resistance genes

• Permits the establishment of reproducible/standardized procedures

• Supports the characterization of multidrug-resistance profiles

• Supports further assessments of potential horizontal gene transfer (transformation, transduction, conjugation)

• Supports gene-function and/or regulation studies

• Permits the establishment of guidelines for environmental ARB (ECOFF)

• Detection limits can be lowered to enable the targeting of rare antibiotic resistance phenotypes

Threats • Potential for biohazards contamination – requires that good environmental and personal safety practices are adopted

• Requires practical professional microbiology skills

• Biases, leading to the over- or sub- quantification of antibiotic resistant bacteria

Quantitative PCR

Strengths • It is a targeted analysis that allows the search for a specific gene or gene mutation

• Allows the quantification of abundance (per volume of sample) or prevalence (per total bacteria) of specific antibiotic resistance genes (ARG) in a given sample

• Permits the simultaneous quantitative analysis of multiple ARG as well as of housekeeping genes

• Methods (primers, references and conditions) are consistently described in the literature and it is possible to reproduce in different labs

Weaknesses • The limit of quantification may be considered too high compared with the risk associated with some ARGs

• DNA extraction may represent an important bias on the genes quantification

• The presence of PCR inhibitors in complex matrices may jeopardize the accuracy of ARGs quantification

• The protocols available are limited to ARG that were previously characterized

• Complex matrices may lead to incorrect amplifications (e.g. incorrect melting temperature, shoulders, double peaks)

Opportunities • Possibility to infer about ARG selection or horizontal gene transfer in a trans-sectional analysis (time or space)

• Possibility to settle universal guidelines to survey ARG in environmental samples, e.g. in a water treatment plant

• When based on live cells (e.g. PMA) or in total cDNA can give an overview of active/expressed ARGs

• It is possible to analyse extracellular DNA

Threats • Due to the high specificity or poor sensitivity, slight variations in ARG abundance or rare ARGs may be neglected or sub-estimated

• The analysis is independent from the phenotype or ARB host

• Even using standardized methods, the results may be affected by factors such as the batch of reagents, the equipment used or even the nature of the sample
matrix

• The protocols are settled according with the materials and machines, making standards and methods specific from the laboratory that settled it

• Difficulty of design primers that are completely universal or sufficiently specific

Metagenomics

Strengths • Based on high throughput methods, it is capable of providing wide sets of genomic information

• Gives an overview of the majority of organisms and/or genes and/or putative functions present in a sample

• Biases due to primer use or cultivation methods can be avoided

Weaknesses • Requires sophisticated equipment and expertise in bioinformatics

• The amount of sample that can be analysed and DNA extraction efficiency can limit the analyses outcome

• Sequencing depth may be a shortcoming when rare genes are searched

• High variation between replicas may be observed, meaning that higher numbers of replicates are required to detect statistically significant differences

• Read length may be too short to perform accurate sequences assembly

• Does not allow inferences about the antibiotic resistance phenotypes and, hence, may have a limited value on the assessment of risks

• It does not provide info about the host that carry a plasmid or an ARG

• The lack of standard methods for data analysis reduces the reproducibility and comparison between similar projects

Opportunities • Analyses can be performed as an external service

• Used mainly as a non-targeted method that may support the finding of novel ARGs

• It permits the continuous enrichment of public databases, where genes information of different geographic origins can be compiled over time and used for
future studies dealing with historic presence of newly discovered genes

• The costs of high throughput sequencing methods decreased considerably over the last years

• Metatranscriptomics allow inferences about the expressed/active genes or populations

• The read length is now higher and tends to increase, overcoming gene identification and assemblage limitations

• Using adequate informatics tools and methods may facilitate the inference about the ARGs associations or putative hosts

Threats

(continued on next page)
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resistome and will be the focus of the next paragraphs.
The qPCR is designed to follow in real-time the amplification of a

specific gene fragment, through the use of specific primers and the
development of fluorescence, which emission is proportional to the PCR
amplicon produced, due to the use of a fluorescent dye or a probe
(Stratagene®, 2005). The continuous improvements of the method, in
terms of chemistry (dye and probes) and machines, have conducted to
improve the sensitivity and specificity of the qPCR process. SYBR
Green, a double-stranded intercalating agent, and TaqMan, based on a
dual labelled oligonucleotide and exonuclease activity of Taq poly-
merase, are the most popular fluorescent dye and probe used, being the
first preferable due to its lower costs, in spite of the lower sensitivity.
TaqMan systems may be preferred for gene mutation detection or
multiplex gene quantification (Fyfe et al., 2007). When applied to ARGs
analyses, qPCR can be adapted to assess prevalence values, through the
ratio ARGs/housekeeping gene, normally the 16S rRNA gene, or when
using a housekeeping gene that can be considered the signature for a
species (e.g. uidA for E. coli) it may allow inferences on ARGs loss or
acquisition (Stefani et al., 2015). Due to its potential for quantitative
and highly specific analyses, the qPCR has been increasingly used, with
an ever-increasing number of recommended primers and reference
conditions, consistently described in the literature (Czekalski et al.,
2015; Rocha et al., 2018). The use of qPCR array is, in this respect, an
important advance, allowing the simultaneous analyses of a large
number of genes (Karkman et al., 2016).

Nevertheless, qPCR has still some limitations that should be taken
into account when data is to be analysed and interpreted. An important
limitation refers to the impossibility to design primers for new/un-
known genes, since the primers design is based on reference sequences
that are already described and deposited in the databases. For both
universal and specific primers, primer design may be a difficult task. A
universal primer, working for all the taxa with the same efficiency, may
be difficult to achieve (Wintzingerode et al., 1997). Conversely, when
ARGs are the targets, a primer set that is too specific may fail to detect
variants of the gene. On the contrary, since primers only require
homology with a small fragment of DNA, annealing may occur with
non-target genes with regions of high identity with the primers. How-
ever, these false positive reactions can be easily identified based on
melting temperature of the amplicon (Rocha et al., 2018). Other trou-
bleshooting of qPCR analyses of environmental samples, refers to dif-
ferent types of often unknown or unexpected interferences or inhibitor
agents (e.g. humic acids), which can reduce the accuracy of the process
(Sidstedt et al., 2015; Smith and Osborn, 2009). In addition, the limits
of quantification of the method may be too high compared with the risk
associated with the ARGs, being important a critical analysis of the
results (Christou et al., 2017).

One of the limitations that may be pointed out to qPCR is the fact
that it represents a targeted analysis, meaning that we only find what
we are looking for. Metagenomics is a suitable approach to overcome
such a limitation since it circumvents possible biases due to primer use
through the sequencing of whole metagenome present in the sample
(Schmieder and Edwards, 2012). An important asset of metagenomics
analyses is that it has the potential to provide not only an overview of
the already known ARGs but also of their variants or possible new ARGs
that may exist in a given environment (Oulas et al., 2015). As for qPCR

primer design, in metagenomics analyses the availability of re-
presentative databases, from which it is possible to extract reliable in-
formation, may also constitute a bottleneck, due to the limited size and
phylogenetic and geographic coverage of the databases (Arango-Argoty
et al., 2017; Bengtsson-Palme et al., 2017; Carr and Borenstein, 2014).
Compared with the qPCR, which permits the expression of the results as
gene copy number per volume of wastewater sample, the metagenomics
allows the estimation of relative abundance values, either calculated
based on specific versus total reads number, or versus the number of
reads of a housekeeping gene, most commonly the 16S rRNA gene
(Bengtsson-Palme et al., 2017; Parsley et al., 2010; Schmieder and
Edwards, 2012; Thomas et al., 2012; Tian et al., 2016; Zhang et al.,
2012). Metagenomics has benefited from the technical and scientific
development of high throughput sequencing methods, combined with a
progressive reduction of costs (Thomas et al., 2012), a trend that is now
even more encouraged by the increasing read length offered by tech-
niques such as Pacific Biosciences (PacBio) and Oxford Nanopore
Technologies (Nanopore) (Escalona et al., 2016; Goodwin et al., 2016).

The usefulness of metagenomics to study ARGs and bacterial di-
versity in several environments, including wastewater, has been widely
demonstrated (Li et al., 2015; Munck et al., 2015; Tang et al., 2016).
However, it is arguable if this approach is sensitive enough to infer
about the fate of ARGs in a UWTP. For instance, metagenomics may
have a limited capacity to explore i) if the abundance of a given ARG
decreases with the treatment, ii) an extremely rare ARG in a given
sample, or iii) different ARGs variants (polymorphisms) with distinct
clinical relevance in the same sample. In some of these cases, the se-
quencing depth may have to be extremely increased to support a reli-
able assessment. In alternative to metagenomics, a targeted analysis
based on the PCR amplification of a specific genetic element, i.e., me-
tagenetics, may be preferable (Handelsman, 2009). This approach may
circumvent the problems noted for metagenomics in what concerns rare
or diverse genetic elements, allowing the study of antibiotic resistance
gene cassettes known for their variability (Gatica et al., 2016). As for
qPCR, neither metagenetics nor metagenomics allows the identification
of the hosts of a specific ARG (Luby et al., 2016). In addition, the lack of
standard methods or universal tools to be used in metagenomics ana-
lyses, may represent a constraint for the analyses of reproducibility and
comparability of data obtained in different occasions or places
(Escobar-Zepeda et al., 2015). In summary, ARGs metagenomics re-
presented a tremendous advancement in the exploitation of the di-
versity and biogeography of the environmental antibiotic resistomes.
Besides showing the distribution of the contaminant resistome, meta-
genomics has also the potential to unveil the occurrence of other genes,
some potentially emerging ARGs in the future. The possibility of me-
tagenomics data archiving and sharing in public databases is an in-
valuable contribute to writing the history of antibiotic resistance evo-
lution.

5. Frequently asked questions (FAQs)

The recognition that UWTPs may represent important ARB&ARGs
reservoirs, raises concerns related to the capability of treatment pro-
cesses to maximize the removal of these contaminants. In this section,
we address five frequently asked questions regarding the role of UWTPs

Table 3 (continued)

• Technologies evolve fast and data provided by currently used sequencing platforms can be obsolete in few years

• Combined skills on bioinformatics and microbiology are essential to correctly analyse metagenomics data, under both data analyses and biological meaning
perspectives

• The analyses and hence the results can be biased by the database used

• It may be difficult to detect rare/specific genes in metagenomics data pools, giving the wrong perspective of gene absence (risk absence)

• It is not known if the method is sensitive enough to infer about a gene fate in a UWTP

• Non-redundancy (if the coverage is not adjusted to the sample diversity)

PMA, propidium monoazide.
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in the dissemination of ARB&ARGs (Table 4). We suggest that through
an adequate experimental design, combining the proper selection of
sampling sites and analytical parameters, it will be possible to enlarge
the body of information that may contribute to a better understanding
of the fate of ARB&ARGs over wastewater treatment. In the next
paragraphs the five FAQs proposed are listed.

5.1. Is a given wastewater treatment process contributing to increase or to
remove the ARB and/or ARGs?

To address this question it is required the measurement of the
abundance per unit of sample (volume if a liquid sample or mass if a
solid sample) of the specific ARB or ARG, over the different steps of the
wastewater treatment process. The simplest approach is the comparison
of ARB and/or ARGs abundance in the raw inflow and in the final ef-
fluent.

5.2. Are there any possible positive or negative selective pressures or
conditions contributing to increase the ARB or ARGs in this UWTP?

This question may refer to variations in the prevalence of ARB or
ARGs, meaning if their abundance varied (increased or decreased) in
relation to the total bacteria. Using culture-dependent methods it can
be assessed based on the ratio between ARB and total bacteria, mea-
sured by cultivation on antibiotic-supplemented culture medium or
cultivated on antibiotic-free culture medium, respectively. Using qPCR
or metagenomics it will be the ratio between the ARGs and a house-
keeping gene (most commonly the 16S rRNA gene), measured in gene
copy numbers or reads number, respectively. However, it is not only the
observation of possible variations on ARB or ARGs that are of interest in
this case. It is also intended the inference of possible associations be-
tween the increase or decrease of the aforementioned ratios and the
occurrence of some conditions, such as higher or lower concentrations
of antibiotic residues or metals in the inflow, the occurrence of specific

Table 4
Frequently asked questions (FAQs) on the suitable approaches to explore the AR throughout the treatment process.

FAQs How

Is a given wastewater treatment process contributing to increase or to remove the ARB
and/or ARGs?

Quantify and compare the loads of ARB or ARG over the different UWTP stages

Culture-dependent methods: culture
Estimate ARB abundance: population resistant to an antibiotic vs the volume of
sample

Culture-independent methods: qPCR; metagenomics
Estimate ARG abundance: specific gene per mass of sample

Are there any possible positive or negative selective pressures or conditions contributing to
increase the ARB or ARGs in this UWTP?

Assess possible associations between physico-chemical and microbiological data:

Physico-chemical analysis: mass spectrometry, chromatographic methods, etc.
(e.g., temperature, HRT, SRT, metals, antibiotics and other micropollutants
quantification)

Culture-dependent methods: culture
Estimate ARB prevalence: population resistant to an antibiotic vs total population
Analysis of bacterial population changes

Culture-independent methods: qPCR; metagenomics; metatranscriptomics
Estimate ARG prevalence: specific gene per 16S rRNA gene copies or reads of a gene
per reads of a housekeeping gene
Analysis of bacterial population changes
Quantification of ARGs
Detection or quantification of expressed genes

In the complex wastewater microbiome, which bacterial groups may facilitate or represent
an obstacle to the proliferation of invasive ARB or ARGs?

Culture-independent methods: Microbiome analysis (NGS); qPCR (with PMA or
cDNA based, if only live bacteria are targeted) over the different treatment stages
Targeted analysis of total or live bacterial populations
Culture-dependent methods: culture
Targeted analysis of bacterial populations recognized as relevant carriers of ARGs
(e.g. faecal coliforms; enterococci) using selective culture media

Where is a given ARG or ARGs set? Looking for the bacterial host or genetic environment Culture-dependent methods: culture; PCR; Whole genome sequencing
Targeted analysis of ARB populations followed by detection of the ARG by PCR and
identification by sequencing, or by sequencing of the whole bacterial genome

Culture-independent methods: epicPCR; Whole genome sequencing
Amplification of the ARB by PCR and sequencing of the final product or by culture-
independent whole genome sequence analyses

Does the final effluent of this UWTP contain new, emerging or extremely rare ARGs?

Examples of these ARB/ARG: carbapenemase producing Klebsiella pneumoniae and
Enterobacteriaceae; methicillin-resistant Staphylococcus aureus; and vanA, mecA, blaCTX-
M, blaNDM-1, blaKPC, blaIMP, blaVIM, and mcr1

Culture-dependent methods: culture; PCR
Targeted analysis of ARB culturable populations recovered under selective pressure,
followed by detection of the ARG by PCR and identification by nucleotide
sequencing

Culture-independent methods: PCR; qPCR; FISH
Detection of targeted ARB or ARG by PCR
Detection of ARB with FISH
Quantification of ARB or ARG by qPCR
Functional metagenomics
Sequencing of mobile genetic elements using high-throughput sequencing methods
(e.g. PacBio)

NGS, next generation sequencing; ARB, antibiotic resistant bacteria; ARG, antibiotic resistance genes; PMA, propidium monoazide; FISH, fluorescence in situ
hybridization.
Underlined are the different types of methods that can be used to answer the questions.
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ARB populations in the raw inflow, or the observation of an extreme
rain event (in lato sensu designated as stressor conditions). This kind of
studies may also benefit from gene expression insights, based on a RNA-
based analysis. This can involve the measurement of a specific gene
based on qPCR or a metatranscriptomics analysis. The reliability of all
these analyses and possible associations between stressors, ARGs or
gene expression patterns, is strongly dependent on a robust sampling
scheme and statistical analyses. It should be noted however, that var-
iations on ARB or ARGs ratios, even if statistically associated with pu-
tative selective pressure factors, may be due to shifts in the microbial
community and not necessarily resultant from a direct effect of a given
selective pressure factor on a specific ARB or ARG. Hence, additional
studies may be required to study the effect of the putative selective
pressure factor or the behaviour of a specific target ARB or ARG. In this
case, the study must be focused on the specific target in order to unveil
the physiological or genetic mechanisms involved.

5.3. In the complex wastewater microbiome, which bacterial groups may
facilitate or represent an obstacle to the proliferation of invasive ARB or
ARGs?

To assess this aspect, the first step will be the characterization of the
bacterial community, in the raw inflow, sludge, and final effluent, and
how it changes during treatment. This involves a nowadays routine
approach (normally 16S rRNA gene metagenetics analysis), based on
the analysis of the microbiome using high-throughput sequencing
technologies (e.g. Illumina) to compare the total bacterial community
over the UWTP. Culture-dependent methods may be used as a com-
plement, in an attempt to assess which bacterial populations or meta-
bolic groups might be favoured/disfavoured during wastewater treat-
ment.

5.4. Where is a given ARG or ARGs set? Looking for the bacterial host or
genetic environment

The identification of the ARB that may play a pivotal role in the
dissemination of a given ARG, may be determinant to control its oc-
currence over the wastewater treatment and, hence, for reducing its
presence in the final effluent. Emulsion, Paired Isolation and
Concatenation PCR (epicPCR) (Spencer et al., 2016) and inverse PCR
(Pärnänen et al., 2016) are two approaches of choice to meet this ob-
jective. It relies on PCR and DNA sequencing of the final products and
thus may be affected by the limitations already described above for the
methodologies that require the use of DNA amplification. EpicPCR is
specifically designed to link the presence of a target gene (e.g. an ARG)
to the phylogeny of the bacterial host for that gene, whereas inverse
PCR identifies the association of a target ARG with any type of mobile
genetic element that is associated within a bulk DNA extract (Pärnänen
et al., 2016; Spencer et al., 2016). Both have the specificity and sensi-
tivity advantages of PCR-based procedures, target one ARG at the time
and have the potential to associate an ARG to a host or mobile genetic
element. In addition to these methods, whole genome sequencing ap-
proaches are promising tools to unveil the preferential hosts of relevant
ARGs (Fournier et al., 2013).

5.5. Does the final effluent of this UWTP contain new, emerging or
extremely rare ARGs?

This must be one of the most important questions for wastewater
treatment professionals, mainly because emerging ARGs and some of
the most hazardous ARB are at extremely low abundance and pre-
valence in environmental samples, being easily ignored in spite of the
high risk that they represent. Examples of these ARB are the carbape-
nemase-producing Klebsiella pneumoniae or other Enterobacteriaceae and
methicillin-resistant Staphylococcus aureus. Examples of ARGs of con-
cern are, for example, the vanA, mecA, blaCTX-M, blaNDM-1, blaKPC, blaIMP,

blaVIM, and mcr-1, that in spite of the low levels at which occur in
wastewater may spread rapidly and widely, representing a higher risk
than other environmental bacteria considered as antibiotic resistance
reservoirs (Manaia, 2017). For the detection and measurement of these
genes, it is recommended the use of targeted methods, either qPCR or
cultivation under selective pressure conditions, meaning in the pre-
sence of the antibiotic to which confer resistance. However, for the
detection of unknown ARGs the abovementioned approaches may not
work. In such situations, the use of functional metagenomics analysis or
the targeted analyses of integrons or plasmids, where the probability of
finding ARGs may be higher, may be the best option (Gonzalez-Plaza
et al., 2017; Lau et al., 2017; Razavi et al., 2017).

6. Conclusions

The study of the fate of ARB&ARGs during wastewater treatment is
complex, influenced by a myriad of external factors, difficult to control
and monitor in real-world systems. This is probably the reason why we
can find contradictory findings in the literature and many unanswered
questions, albeit the important efforts researchers around the world
have been making. Although researchers did not find a magic formula
to study ARB&ARGs in UWTPs, it is now possible to settle some re-
commendations, which are unanimous among researchers, as it is
consensual the evidence that we need a larger body of information to be
able to open this black box and maximize the removal of ARB&ARGs
during wastewater treatment. Irrespective of the type of methods to use
and the plethora of information that can be collected, the establishment
of solid hypotheses as a basis for experimental design and the incisive
critical thinking on data analyses are essential to advance even more
our current knowledge in the field.

Supplementary data to this article can be found online at https://
doi.org/10.1016/j.envint.2018.03.044.
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