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A B S T R A C T   

Urban wastewater treatment plants (UWTPs) are essential for reducing the pollutants load and protecting water 
bodies. However, wastewater catchment areas and UWTPs emit continuously antibiotic resistant bacteria (ARB) 
and antibiotic resistance genes (ARGs), with recognized impacts on the downstream environments. Recently, the 
European Commission recommended to monitor antibiotic resistance in UWTPs serving more than 100 000 
population equivalents. Antibiotic resistance monitoring in environmental samples can be challenging. The ex
pected complexity of these systems can jeopardize the interpretation capacity regarding, for instance, wastewater 
treatment efficiency, impacts of environmental contamination, or risks due to human exposure. Simplified 
monitoring frameworks will be essential for the successful implementation of analytical procedures, data anal
ysis, and data sharing. This study aimed to test a set of biomarkers representative of ARG contamination, selected 
based on their frequent human association and, simultaneously, rare presence in pristine environments. In 
addition to the 16S rRNA gene, ten potential biomarkers (intI1, sul1, ermB, ermF, aph(3′’)-Ib, qacEΔ1, uidA, mefC, 
tetX, and crAssphage) were monitored in DNA extracts (n = 116) from raw wastewater, activated sludge, treated 
wastewater, and surface water (upstream and downstream of UWTPs) samples collected in the Czech Republic, 
Denmark, Israel, the Netherlands, and Portugal. Each biomarker was sensitive enough to measure decreases (on 
average by up to 2.5 log-units gene copy/mL) from raw wastewater to surface water, with variations in the same 
order of magnitude as for the 16S rRNA gene. The use of the 10 biomarkers allowed the typing of water samples 
whose origin or quality could be predicted in a blind test. The results show that, based on appropriate bio
markers, qPCR can be used for a cost-effective and technically accessible approach to monitoring wastewater and 
the downstream environment.   

1. Introduction 

Human sewage is a major source of antibiotic resistant bacteria 
(ARB) and antibiotic resistance genes (ARGs) (Munk et al., 2022). In 
most world regions, human sewage is collected along with domestic 

liquid wastes. These raw wastewaters should be treated before returning 
to the environment. According to the European Commission, in Europe, 
over 90% of urban wastewater is dealt accomplishing the EU standards. 
Still, 10 million Europeans and half of the world population do not have 
access to adequate sanitation systems (European Commission, 2023; 
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UN-Water, 2020). Even in regions where urban wastewater treatment 
plants (UWTPs) are implemented and operating properly, it is demon
strated that antibiotic resistance emissions may have noticeable impacts 
on the receiving environment (Mukherjee et al., 2021; Manaia 2023). 
However, the scientific community and regulators recognize that it is 
still difficult to assess the risks associated with exposure. Simplified and 
low-cost monitoring methods might contribute to mapping the distri
bution of ARGs, measuring their removal during wastewater treatment, 
and assessing potential impacts on the receiving environment. Over the 
last years, metagenomic-based studies have unveiled the impressive 
diversity of ARGs that can be found in wastewaters (Numberger et al., 
2019; Hendriksen et al., 2019; Munk et al., 2022). However, it has been 
argued that not all genes are equally important or relevant in terms of 
human health risks (Manaia 2017). Recognizing that some prioritization 
is needed, Zhang et al. (2021) proposed a list of 37 ARGs to be consid
ered regarding potential human-health risk. This list was inspired by the 
World Health Organization pipeline for Antibacterial Agents in Clinical 
Development (WHO, 2019). Genetic assays used for tracking antibiotic 
resistance across One-Health compartments, assessing environmental 
impacts or measuring wastewater treatment efficiency, may be also 
useful for supporting the development of quality criteria and policy for 
controlling the spreading of antibiotic resistance in water systems 
(Manaia 2023; Miłobedzka et al., 2022). UWTPs may have an essential 
role on the prevention of ARGs dissemination (Manaia 2023). However, 
while one primary role of sewage collection and treatment is to limit the 
spreading of pathogens, UWTPs have not been primarily designed to 
remove ARB or ARGs. The recent proposal of the European Parliament 
and Council to revise the 30-years-old EU Directive 91/271/EEC con
cerning urban wastewater treatment (European Commission, 2022) 
addresses the need to monitor antibiotic resistance emissions by UWTPs 
larger than 100 000 population equivalent (p.e.). Such an effort should 
contribute to reduce the impacts of antibiotic resistance release from 
UWTPs in downstream environments. Environmental impacts of anti
biotic resistance are well documented in recreational waters, wild-life, 
or agriculture soils, enhancing the risks of dissemination and human 
exposure (Han et al., 2022; Laborda et al., 2022; Leonard et al., 2018; 
Christou et al., 2017; Vredenburg et al., 2014). Selective culturing, qPCR 
assays, and shotgun metagenomics have been frequently used for 
monitoring antibiotic resistance in the environment (Franklin et al., 
2021). However, these procedures need to be customized and harmo
nized for routine monitoring, as it must be feasible and cost-effective, 
enabling wide implementation, objective interpretation, and consis
tent data sharing. The most successful example of microbiological 
routine monitoring is based on the detection and enumeration of 
Escherichia coli, used as an indicator of faecal contamination (e.g., ISO 
9308–1:2014) (Harwood et al., 2017). Nevertheless, this indicator is of 
little value for antibiotic resistance monitoring, as a myriad of culture 
and non-culturable bacteria belonging to a wide range of taxonomic 
groups may harbour ARGs in interest. For this reason, the detection and 
quantification of ARGs based on culture-independent methods has been 
considered the best option to investigate or monitor antibiotic resistance 
in the environment (Grenni, 2022; Manaia et al., 2018). Quantitative 
PCR (qPCR) has been suggested as an interesting option for the 
customized monitoring of ARGs in wastewater environments (Keenum 
et al., 2022; Ferreira et al., 2023; Manaia, 2023). As a targeted method, 
qPCR-based monitoring relies on the selection of a set of genes repre
sentative of the contamination of interest. In the case of ARGs this is 
challenging, since more than 2500 genes are reported and frequently 
updated in public databases like CARD (Comprehensive Antibiotic 
Resistance Database) (Yao and Yiu, 2019). As recently proposed, the 
selection of adequate biomarkers that represent the diversity of waste
water ARGs should follow some criteria: (i) be present in every sample 
suspected to contain clinically relevant ARGs; (ii) be frequently associ
ated with mobile genetic elements; (iii) be sufficiently abundant to 
permit a reliable quantification even after wastewater treatment or 
dilution; and (iv) be stable in the environmental resistome, i.e., not 

emerging or in process of extinction (Manaia, 2023). 
The present study aimed to establish a set of genes that could be used 

as representative biomarkers of antibiotic resistance contamination for 
monitoring wastewater and downstream aquatic environments. The 
selection of potential biomarkers relied on a risk prioritization list of 
ARGs (Zhang et al., 2021), trimmed for genes with frequent occurrence 
in human-impacted areas and simultaneous absence in pristine water 
sources. This rationale allowed the shortlisting of ten candidate genetic 
biomarkers, which were tested on wastewater and surface water samples 
collected in five countries, namely the Czech Republic, Denmark, Israel, 
the Netherlands, and Portugal. The study focused on evaluating the 
variation in biomarker abundance in different types of wastewater, and 
also aimed at antibiotic resistance typing of raw sewage, treated sewage, 
and surface water samples. 

2. Material and methods 

2.1. Biomarkers selection 

The selection process (Fig. 1) started with a group of 60 antibiotic 
resistance and housekeeping genes and mobile genetic elements (MGEs) 
that have been frequently associated with anthropogenic impact, have 
been classified as being clinically relevant, and/or observed to occur in 
wastewater environments (Manaia 2023; Karkman et al., 2019; 
Pärnänen et al., 2019; Zhang et al., 2021). To be considered as a po
tential biomarker, each of these genes was classified according to their 
frequent occurrence in humans or in environments with human 
contamination (e.g. human gut, wastewater, sewage), and that were not 
reported in clean environments, i.e. not expected to be under strong 
human impact (such as clean freshwater, marine water, or soil). The 
occurrence of each gene in these different environments was assessed 
based on metagenomes querying using the public database MGnify 
(Richardson et al., 2023) available in https://www.ebi.ac.uk/meta 
genomics/ (hosted by EMBL-EBI, accessed between September 21 and 
October 28, 2021 - supplementary Table S1_annex). The 33 827 meta
genomic analyses present in the database were about 54 % from 
human’s; 19 % environmental - 14 % aquatic environments, specifically 
1 % of freshwater, and 4 % of engineered habitats, specifically 2 % of 
wastewater. To perform the blastP query, for each genetic determinant, 
the complete deduced amino acid sequence was collected from CARD, 
NCBI (National center for Biotechnology Information) database, or the 
respective publication. According to the MGnify BLAST requirements, 
fragments of less than 600 amino acids were used for search and when 
the gene allelic variant was not indicated, the most frequent variant was 
used as reference. For aminoacid sequences longer than 600 amino acids 
(e.g., tetQ and tetM) was used a segment corresponding to the amplicon 
frequently used for qPCR measurements (Pärnänen et al., 2019).The 
search criteria required a query coverage of >75 % and an e-value <1.0 
e − 25. The 15 best hits (lowest e-values and highest scores found) were 
polled according with the metagenome source (Fig. 1, Table S1) and 
each query gene was labelled as "Human", if mainly reported in the 
human gut, wastewater and sludge, or as "Human + Environment" when 
reported in both human associated metagenomes and in environmental 
metagenomes not expected to have anthropogenic contamination (e.g. 
glaciers, soil, deep ocean or marine environments). In no situation, did 
the first 15 entries list only, or mainly, pristine sites. Genes labelled as 
“Human” (n = 21) constituted the preliminary list of potential bio
markers and were screened for a second query round, based on the 
search of similar sequences in freshwater metagenomes, leading to a 
short list of five genes (ermB; tetX; mefC; aph(3′’)-Ib; crAssphage) asso
ciated with humans and not detected in freshwater. The crAssphage 
gene was already previously describe as a suitable indicator of humn 
faecal contamination (Park et al., 2020). Aiming to benchmark these 
with other potential indicators, other genes were included. The genes 
intI1 (class 1 integron integrase), sul1 (sulfonamide resistance), and 
qacEΔ1 (quaternary ammonium compound resistance) that may occur 
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Fig. 1. Pipeline for the biomarkers selection. Step 1: search in the literature for relevant genes associated with anthropogenic pollution, that resulted in the pre- 
selection of 60 genes. Step 2: BlastP query of the 60 genes against > 30 000 metagenomes in the MGnify public database. Step 3: Poll of the results obtained. 
And Step 4: classification of the gene occurrence according to type of samples where the gene was detected. 

Table 1 
Characterization of the water samples collected in different countries and analysed in this study.  

WATER TYPE SAMPLE DESCRIPTION/TREATMENT SAMPLING DATE POPULATION EQUIVALENT 
(INHABITANTS – P.E.) 

Influent (I) 
(no. of DNA 
extracts = 41) 

PT_RWW_AIRPT airport UWTP influent March 29, 2017 N.A. 
PT_RWW_WWTP municipal UWTP influent July 26, 2017 80 000 
PT_HE hospital effluent March 11, 2019 N.A. 
PT_RWW_UWTP municipal UWTP influent March 12, 2019 170 513 
NL_RWW1/2/3 municipal UWTP influent February 24, 26, 

28, 2020 
308 333 

CZ_RWW1/2/3 municipal UWTP influent February 1, 2, 3, 
2022 

800 000 

DK_RWW1/2/3 municipal UWTP influent February 8, 9, 10, 
2022 

265 000 

IL_SWG_1/2/3 raw sewage February 7, 8, 9, 
2022 

N.A. 

Sludge (S) 
(no. of DNA 
extracts = 4) 

PT_S activated sludge - based secondary treatment July 26, 2017 80 000 
NL_S activated sludge - (municipal) – conventional UWTP November 23, 

2021 
814 800 

CZ_S activated sludge - sludge recirculation February 25, 2020 800 000 
Effluent (E) 

(no. of DNA 
extracts = 47) 

PT_TWW_AIRPT secondary airport effluent - preliminary treatment, primary treatment, 
and activated sludge-based secondary treatment 

March 29, 2017 N.A. 

PT_TWW_WWTP secondary municipal effluent - preliminary treatment, primary treatment, 
and activated sludge-based secondary treatment 

July 26, 2017 80 000 

PT_TWW_UWTP secondary municipal effluent - preliminary treatment, primary treatment, 
and activated sludge-based secondary treatment 

March 14, 2019 170 513 

NL_TWW1/2/3 pre-treatment, Nereda technology - aerated granular sludge plant, sand 
filtration 

February 24, 26, 
28, 2020 

308 333 

CZ_TWW1/2/3 secondary clarifier effluent - activation tanks (fine-bubble aeration), 
secondary clarification, sludge recirculation 

February 1, 2, 3, 
2022 

800 000 

DK_TWW1/2/3 secondary municipal effluent February 8, 9, 10, 
2022 

265 000 

IL_MABR_1/2/3 membrane aerated bioreactor (MABR) February 7, 8, 9, 
2022 

N.A. 

IL_RES_1/2/3 4500 L polypropylene reservoir February 7, 8, 9, 
2022 

N.A. 

Surface water (SW) 
(no. of DNA 
extracts = 24) 

PT_RA river upstream UWTP (450 m) March 14, 2019 170 513 
PT_RB river downstream UWTP (850 m) March 14, 2019 170 513 
CZ_RA1/2/3 river upstream UWTP (200 m) February 7, 8, 9, 

2022 
800 000 

CZ_RB1/2/3 river downstream UWTP (800 m) February 7, 8, 9, 
2022 

800 000 

N.A. – not available. 
1/2/3: sampling day one, two and three. 
Countries: PT – Portugal; NL - The Netherlands; CZ - Czech Republic; DK – Denmark; and IL - Israel. 
Note: Heavy crosswind (50–70 km/h) on Feb 1–2, possible admixing of WWTP effluent into sample #3 stream water, in Czech Republic (CZ_RA2). 
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independently (Table S1), although are part of the conserved regions of 
class 1 integrons, a recognized proxy for anthropogenic pollution (Gil
lings 2014). In addition, the gene encoding the beta-glucuronidase 
(uidA), a molecular tag for E. coli (Chern et al., 2009), and the gene 
ermF (MLSB: macrolide, lincosamide, streptogramin B), sporadically 
found in clean freshwater (2 metagenomes) were included. 

Based on this approach six ARGs (ermB; ermF; tetX; mefC; aph(3′’)-Ib; 
sul1), one gene associated with genetic recombination (intI1), an efflux 
pump gene (qacEΔ1) and two indicators of faecal contamination (uidA, 
E. coli; and crAssphage, Bacteroides intestinalis) were selected to be tested 
as potential biomarkers (Table S1 in SI). 

2.2. Samples’ collection and processing 

A total of 41 water samples from 5 different countries (the Czech 
Republic, Denmark, Israel, the Netherlands, and Portugal) were avail
able for the study. These included influent (I; airport, hospital, munic
ipal UWTPs); effluent (E; secondary effluents of UWTPs as well as a 
tertiary effluent (tE) from a 4500 L polypropylene reservoir receiving 
secondary effluent (IL_RES samples)); sludge (S; UWTPs activated 
sludge); and surface water (SW; river water, upstream and downstream 
of UWTPs) (Table 1). A total of 116 DNA extracts obtained from 
duplicate or triplicate sample replicates was used to measure the 
abundance of each of the selected potential biomarkers and the bacterial 
16S rRNA gene by qPCR. The collection and processing of samples were 
performed at the origin country, according to a standard protocol 
(Table S2 in SI). The DNA extracts, whenever needed, were shipped to 
the laboratory where qPCR assays were performed, in Portugal. All DNA 
extracts were preserved at − 20 ◦C until being analysed. 

2.3. Genes quantification using quantitative polymerase chain reaction 
(qPCR) 

The concentration of all DNA extracts was determined using a Qubit 
fluorometer (Thermo Fisher Scientific, USA) in the laboratory con
ducting the qPCR analyses. The qPCR primers and conditions to test the 
biomarkers candidates (ermB; ermF; tetX; mefC; aph(3′’)-Ib; qacEΔ1; intI1; 
uidA; sul1 and crAssphage) and the 16S rRNA gene are indicated in 
Table S3 in SI. Each qPCR reaction was run in duplicate and performed 
in StepOne™ Real-Time PCR System (Life Technologies, Carlsbad, CA, 
USA), using reaction mixtures of 20 μL. The gene copy numbers were 
interpolated from the Ct values in the respective standard curve built 
with known concentrations of the target gene. The standard curve 
method was implemented as described in Brankatschk et al. (2012), 
using gBlocks Gene Fragments (Integrated DNA Technologies, Inc), 
except the standard curve for the 16S rRNA gene that used genomic DNA 
from E. coli ATCC 25922. The four quality criteria for acceptance of 
qPCR measurements included: (i) standard curve efficiency between 90 
and 110 % (as an exception, we accepted 88 % of efficiency for two 
samples analysed for ermB and two original river samples with low copy 
number for tetX); (ii) Ct values in the technical replicates could be 
interpolated in the standard curve and differed by less than <0.5 cycles; 
(iii) each amplification provided a single and expected melting tem
perature; and (iv) absence of shoulders (increased signal in the baseline), 
e.g., due to primer dimers. 

2.4. Blind test samples 

A blind test was performed with 15 samples whose source was un
known to the operator (including biological triplicates of raw waste
water, secondary treated wastewater, wastewater after UV disinfection, 
and surface water) and three negative control food samples (sausage, 
ham, and grilled chicken). The qPCR operator received the DNA extracts 
and processed and analysed them as previously described for the other 
samples. 

2.5. Statistical analysis 

The qPCR results were expressed as the logarithm of gene copy 
number per volume of sample (log (gene copy/mL)) or per 16S rRNA 
gene copy number (log (gene copy/16S rRNA gene copy)). The one-way 
analysis of variance (ANOVA) and Tukeýs and Bonferroni post hoc tests 
were used to infer statistically significant differences (p < 0.05) in the 
abundance of total bacteria and genes by using the SPSS Statistics for 
Windows v.28.0 (IBM Corp., Armonk, NY, USA). A dendrogram and a 
Pearson’s correlation were created, also with SPSS resources, based on 
biomarkers abundance hierarchical cluster method (between-groups 
linkage) with interval squared Euclidean distance and bivariate analysis, 
respectively. A Principal Component Analysis (PCA) was performed 
using the prcomp and biplot commands and a heatmap was performed 
with heatmap () function of the RStudio statistical software for Windows 
v.2022.12.0 Build 353 (Posit Software, PBC). 

3. Results 

3.1. Abundance and prevalence of biomarkers 

Quantitative PCR analyses were expressed as abundance (log-units 
gene copy / mL) and prevalence (log-units gene copy / gene copy of 16 
rRNA) (Fig. 2). The total bacterial abundance assessed using the 16S 
rRNA gene ranged between 6.3 and 8.7 log-units gene copy/mL in 
influent DNA extracts (n = 41) and 6.9–8.0 log-units gene copy/mL in 
sludge DNA extracts (n = 4), and it was significantly lower (p<0.05) in 
effluent (5.8–7.8 log-units gene copy/mL; n = 47) and surface water 
(4.9–7.6 log-units gene copy/mL; n = 24) DNA extracts. 

The abundance of the ten biomarker candidates (intI1, sul1, ermB, 
ermF, aph(3′’)-Ib, uidA, qacEΔ1, tetX, mefC, and crAssphage) ranged be
tween 1.0 and 7.9 log-units gene copy/mL; intI1 and uidA were the most 
and least abundant genes, respectively (Fig. 2a and Figure S1 in SI). 
When expressed as a ratio to the 16S rRNA gene, the prevalence of the 10 
genes varied (in average values) between − 4.7 ± 0.5 and − 0.9 ± 0.5 
log-units gene copy number/16S rRNA gene copy number; as expected, 
intI1 and uidA were the most and least prevalent genes, respectively 
(Fig. 2b and S2). 

In influent samples, the gene abundance values ranged from 4.3 ±
0.5 to 6.5 ± 0.4 log-units gene copy number/mL; in decreasing abun
dance, the genes organized as intI1 > ermB > ermF > qacEΔ1 > mefC >
aph(3′’)-Ib > sul1 > tetX > crAssphage > uidA. The abundance values for 
activated sludge samples ranged from 2.8 ± 0.6 to 6.6 ± 0.7 log-units 
gene copy number/mL sample, with intI1 > sul1 > qacEΔ1 > aph(3′’)- 
Ib > ermF > tetX > crAssphage > ermB > mefC > uidA (Fig. 2a). In 
effluent (E and tE) samples, values varied between 2.2 ± 0.8 and 4.9 ±
0.8 log-units gene copy number/mL sample, and the genes abundance 
ranking was similar to although slightly different from the activated 
sludge: intI1 > sul1 > qacEΔ1 > aph(3′’)-Ib > ermF > mefC > ermB > tetX 
> crAssphage > uidA. In surface water, the biomarker candidates were 
ranked as intI1 > mefC > sul1 > ermB > ermF > qacEΔ1 > aph(3′’)-Ib >
crAssphage > tetX > uidA, with lower average values of abundance (1.7 
± 1.0 to 4.1 ± 0.7 log-units gene copy number/mL sample) than in 
effluent samples (Fig. 2a). No statistically significant differences on 
biomarkers’ abundance were observed in surface water samples, up
stream and downstream the UWTPs discharge point (Figure S3 in SI). 

Collectively, these results show that the abundance of all the selected 
biomarker candidates significantly decreased from raw wastewater to 
surface water, although not all of them showed the same pattern of 
variation (Fig. 2 and Figures S1-S3 in SI). The Pearson’s correlation 
coefficient between the abundance (per volume of sample) of each of the 
ten putative biomarkers in the different types of samples and the 
respective 16S rRNA gene abundance values ranged from 0.78 (tetX) to 
0.88 (ermB and ermF), and the determination coefficient (R2) values 
ranged from 0.61 to 0.77 (Fig. S4 in SI). These results suggest that the 
fate of bacteria harbouring the biomarker candidates follows the same 
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trend as total bacteria. The strongest Pearson’s correlation values 
(>0.95) were observed between the gene uidA and the genes ermF and 
ermB. The weakest values (<0.75) were observed between the gene mefC 
and the genes intI1, sul1, qacEΔ1 and crAssphage, suggesting that mefC 
can be considered a good biomarker for clean waters samples (Table S5 
in SI). 

3.2. Biomarkers removal variation’s 

To evaluate the sensitivity of the biomarker candidates to assess 
treatment efficiency and downstream impacts, the biomarkers removal 

variations, in terms of reduction log values (per volume of sample), were 
determined between influent - effluent (I-E) and effluent – surface water 
samples (E-SW) (Table 2). These values ranged from 1.2 to 2.3 for 
wastewater treatment and 0.3 to 1.0 log-units gene copy/mL for impacts 
in the downstream environment. The biomarker candidates showing the 
highest I-E variation were ermB, uidA and crAssphage (2.3–2.0 log-units 
removal), while sul1 showed the lowest variation (1.2 log-units gene 
copy/mL). Regarding the E-SW log reduction values, which would 
indicate mainly the dilution of the UWTP effluent in the receiving 
environment, the variations were in general lower than between influent 
(I) and effluent (E). The highest E-SW log reduction values were 

Fig. 2. Abundance and prevalence of biomarkers across samples. a) Abundance (log (gene copy/mL of sample)) and b) prevalence (log (gene copy/16S rRNA gene 
copy number)) of the 16S rRNA gene and selected biomarkers (intI1, sul1, ermB, ermF, aph(3′’)-Ib, uidA, qacEΔ1, tetX, mefC and crAssphage) in different DNA extracts 
from different samples. Influent (raw wastewater), sludge, effluent (treated wastewater), and surface water (upstream and downstream of WWTPs) samples are 
indicated in red, orange, grey and green, respectively. The asterisk (*) indicates the presence of unspecific amplification for PT_RA sample, in surface water sample 
group (green). α, β, γ and ε indicate significantly (p < 0.05) different Tukeýs groups comparing the genotype of samples: influent, sludge, effluent, and surface 
water samples. 

Table 2 
Removal of biomarkers within the wastewater treatment system and at the discharge interphase. Log-reduction (per volume of sample) differences values between 
influent (I) – effluent (E) and effluent (E) - surface water (SW) samples. Measurements in bold and in red indicate the highest and the lowest values, respectively.   

aph(3′’)- 
Ib 

intI1 ermF sul1 uidA ermB mefC qacEΔ1 crAssphage tetX Average log-reduction of all 
biomarkers 

I-E 1.6 1.6 1.8 1.2 2.1 2.3 1.7 1.5 2.0 1.7 1.8 
E - SW 0.8 0.8 0.7 0.9 0.5 0.4 0.3 1.0 0.6 1.0 0.7 
Average log- reduction across 

samples 
1.2 1.2 1.3 1.1 1.3 1.4 1.0 1.3 1.3 1.4   
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observed for qacEΔ1 and tetX (1.0 log-units gene copy/mL) and the 
lowest for mefC and ermB (0.3–0.4 log-units gene copy/mL) (Table 2). 
The log-removal of the genes (log-units gene copy/mL) was also deter
mined for each UWTP, between the influent - effluent (I-E) (Table S4 in 
SI). The average log-removal values observed for the different UWTPs 
ranged for all biomarkers (1.7–1.9 log-units gene copy/mL), except the 
Netherlands (1.0 log-units gene copy/mL). Despite UWTP-dependant 
variations, the biomarker candidate genes that presented log removal 
values above the average were the ARG ermB and the faecal indicator 
uidA. 

3.3. Wastewater and water antibiotic resistance-based typing 

The system-dependant variations (e.g., country, UWTP) were minor 
when the different types of sample (I, E, S, SW) were compared by 
Principal Component Analysis (PCA), in which the dimensions 1 and 2 
explained ~ 93 % of the variance (Fig. 3). As expected, in general, the 
influent (I) samples were separated from effluent (E) and surface water 
(SW) samples along PC1 (~88 % variance), confirming major differ
ences amongst sample types. Moreover, the biomarkers had a similar 
weight (vectors) amongst them and varied between 8.2 % (mefC) to 10.9 
% (ermF). In particular, the vectors with the highest percentage values in 
this order: ermF > uidA > qacEΔ1> tetX > crAssphage, hence those with 

highest potential as biomarker candidates. In the PCA, effluent (E) and 
surface water (SW) were separated along axis 1 in most situations, 
suggesting the usefulness of the biomarkers also for typing these water 
samples and for indicating a high degree of ARG contamination of sur
face waters (displayed by samples SWup_CZ, in Fig. 3), while the tE 
profile was similar to SW samples. The potential of the tested biomarkers 
for typing water types was demonstrated in the heatmap (Fig. 4), where 
a major group represented influent (I) samples and another joined two 
sub-clusters of effluent (E) and surface water (SW) samples. The analysis 
was sensitive enough to identify effluents inadequately treated or 
contaminated surface waters, i.e. treated wastewater clustering with 
raw wastewater or surface water clustering with treated wastewater (e. 
g. PT_TWW_WWTP and CZ_RA2). 

3.4. Blind test analysis 

The usefulness of biomarkers for typing water quality was further 
tested through a blind test, in which the operator was challenged to 
correctly identify 15 blind test (BT) samples, based on the inspection of 
the 10 biomarkers. The presumable origin of the 12 of the BT water 
samples could be identified based on the clustering analysis (Fig. 4 and 
Fig. S5, in SI). Three of the BT samples (2, 6, 15) were of influent (I), 
three (1, 9 e 11) were of effluent (E), three (3, 7, 14) UV treated effluent 

Fig. 3. Biomarkers Principal Component Analysis (PCA). Biplot showing the distribution of the different types of samples: influent (I), effluent (E), sludge (S) and 
surface water (SW) samples, based on the quantification by qPCR of the ten putative biomarkers (intI1, sul1, ermB, ermF, aph(3′’)-Ib, uidA, qacEΔ1, tetX, crAssphage 
and mefC), for the five countries in the study (NL = The Netherlands, CZ= Czech Republic, DK = Denmark, IL=Israel, and PT= Portugal). 
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samples, and three (4, 10, 13) were surface water (SW) samples. Other 
three BT samples (5, 8, 12) represented negative controls selected from 
street food products, in which most of the analysed biomarkers were 
below the quantification or detection limits (data not shown). The BT 
analysis confirmed the reliability of biomarker candidates for typing 
water quality, and for hinting heavily contaminated surface waters, as 
was confirmed by the BT samples 4, 10, and 13. Conventional analysis 
showed that these samples tested positive for coliforms (data not 
shown). 

4. Discussion 

Wastewater-based epidemiology has gained a renewed interest with 
the recent COVID-19 epidemics (Fuschi et al., 2021; Monteiro et al., 
2022; Riquelme et al., 2022). The concept has been proposed to survey 
antibiotic resistance (Aarestrup and Woolhouse, 2020) and the Global 
sewage project (www.globalsurveillance.eu) has been investigating in 
this area for some years. Recently, Munk et al. (2022) have profiled 
ARGs in more than 750 sewage samples from 101 countries. However, 
the monitoring of antibiotic resistance in wastewater has implications 
far beyond its epidemiological value. Indeed, it is essential to assess the 

effectiveness of UWTPs in removing human pathogens and the impact of 
wastewater treatment plant discharges on the receiving environment. 
Moreover regular and integrated monitoring processes have the poten
tial to build a realiable body of information that maps antibiotic resis
tance in the environment and the possible relationships with geographic 
or socioeconomic contexts (Manaia, 2023). Nonetheless, although 
feasible, such monitoring needs to be optimised and the selection of 
appropriate biomarkers is one of the first aspects to be addressed. The 
range of suitable biomarkers for monitoring antibiotic resistance in the 
One Water cycle has recently been discussed (Keenum et al., 2022; 
Liguori et al., 2022; Manaia, 2023). In this study, the major criteria for 
biomarker selection were the association to humans and the high 
abundance in sites under strong human impacts. To test the suitability of 
these biomarker candidates, we analysed wastewater and receiving 
waters of different geographic regions and also tested blind samples to 
validate the reliability of the process. The genes tested in this study 
could have been considerably longer (Table S1), however, it was 
possible to demonstrate that genes associated with genetic recombina
tion, antibiotic resistance or faecal contamination are suitable bio
markers that can be used to track anthropogenic contamination. 

The candidate biomarkers investigated in this study (intI1, sul1, 

Fig. 4. Heatmap representation with corresponding dendrograms of concentration (log (gene copy/mL of sample)) of the ten putative biomarkers (intI1, sul1, ermB, 
ermF, aph(3′’)-Ib, uidA, qacEΔ1, tetX, crAssphage and mefC), where colours represent the absolute abundance of each gene found in the different samples. 
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ermB, ermF, aph(3′’)-Ib, qacEΔ1, mefC, tetX, uidA and crAssphage) sup
ported the assessment of the treatment efficiency and the impact of 
UWTPs discharges, while indicating highly contaminated surface wa
ters. In general, the removal of total bacteria and ARB/ARGs occurs 
fairly at the same rate, which explains that estimating treatment efficacy 
or impacts based on prevalence (relative abundance) is poorly infor
mative. This is an advantage of using qPCR and express the results per 
volume of sample to report ARGs occurrence (Manaia, 2023). However, 
it must be noted that although the rate of variation of the 16S rRNA gene 
was highly correlated with that of each biomarker, the monitoring of 
total bacteria alone cannot be used to predict water quality. 

The persistence of ARGs after wastewater treatment, the impact of 
UWTPs discharges, and the influence of factors such as climate condi
tions or treatment types, have been extensively addressed in the litera
ture (Ferreira et al., 2022; Pärnänen et al., 2019; Cacace et al., 2019; 
Rafraf et al., 2016). In this study, all UWTPs demonstrated an average 
log-removal for all biomarkers ranging 1.7–1.9 log-units gene copy/mL, 
except the Netherlands (1.0 log-units gene copy/mL). This latter result 
matched with the study of Calderón-Franco et al. (2022) where ARGs 
measured from intracellular DNA fractions decreased by 1.1 log gene 
units/mL during wastewater treatment. In general, the results showed 
that the group of 10 biomarker candidates could reliably inform about 
wastewater treatment or discharge impacts. The detailed analysis of 
data suggested that some biomarker candidates may be redundant, as 
provide similar responses (Table S5 in SI). Redundancy can result of 
common host or to genetic linkage as is known for intI1, sul1, qacEΔ1 
(Gillings 2014). However, these three genes did not show the same 
behaviour, as amongst the biomarkers tested, intI1 was the most abun
dant in wastewater, and also the most abundant in clean waters, a 
behaviour that was not observed for sul1, qacEΔ1. This means that when 
other biomarkers may be below the limit of quantification, intI1 may still 
be used to indicate the possible presence of low abundant ARGs. In 
contrast, the highest average variation between treated effluents and 
surface water was observed for qacEΔ1 and tetX, suggesting that these 
may be poorly sensitive to assess impacts in surface waters. Still 
considering genes possibly linked, it is interesting to note that the gene 
sul1 was that with the lowest average reduction between raw and treated 
wastewater, suggesting its suitableness to assess wastewater treatment 
efficacy. While the usefulness of the intI1 gene has been noted before 
(Zheng et al., 2020) and was confirmed here, its pattern of variation 
cannot be assumed to be identical and presumably linked genes, which 
may occur in other sources, as is also confirmed in the metagenomes 
query made for this study (Table S1). In contrast, the macrolide resis
tance gene mefC was suggested as an adequate biomarker in clean wa
ters, confirming its widespread occurrence in wastewater (Sugimoto 
et al., 2017). This discussion leads to the recommendation that amongst 
the 10 biomarkers tested, a subset can be used according to the types of 
water to monitor or the purpose of the monitoring. 

Despite the essential role as barriers to reduce the dissemination of 
ARB, small UWTPs (10 000 m3/day) can discharge 13–17 log-units/day 
of ARGs and large UWTPs (1 000 000 m3/day) can reach 15–19 log- 
units/day (Manaia 2023). These discharges have important impacts in 
the surrounding environment and may contribute to the propagation of 
ARB and ARGs through distinct One Health compartments (Manaia 
2023). This situation motivated the integration of antibiotic resistance 
monitoring as part of the EU-Urban Wastewater Treatment Directive 
(European Commission, 2022). Monitoring of antimicrobial resistance 
in wastewater and the receiving environment has been largely a research 
endeavour. However, efforts to transfer this knowledge into routine 
practice are increasingly called for, with the selection and harmo
nisation of methods being crucial to promote integrated and global 
monitoring of antimicrobial resistance (Keenum et al., 2022; Liguori 
et al., 2022; Nguyen et al., 2021; Rocha et al., 2020; Rocha and Manaia, 
2020). It must combine easiness of implementation, cost-effectiveness, 
and objective interpretation. Culture-based methods have the limita
tions of overlooking important ARGs harbours, while are heavily 

laborious for full analysis (i.e., pure culture, species identification, strain 
typing, gene detection) (Manaia et al., 2018). The culture-independent 
methods that could be considered for this purpose are mainly meta
genomics and qPCR, relevant and complementary (Calderón-Franco 
et al., 2021, 2022; Ferreira et al., 2023; Yin et al., 2023). From the high 
resolution provided by DNA sequencing, metagenomics provides an 
exhaustive overview of ARGs and mobile genetic elements, mainly 
expressed as relative abundance values. Besides higher sensitivity, qPCR 
provides results that can be expressed as gene concentrations per volume 
of water or mass of biomass (Ferreira et al., 2023), that can be translated 
as ARG loads that are important to assess treatment efficiency and im
pacts on the receiving water body. In addition, adequate antibiotic 
resistance biomarkers can be used as sentinels for water pollution. This 
has been suggested for detection from coastal waters (sul1, tetX, ermF 
and intI1) (Zhang et al., 2020), deep ocean (Mariana Trench) (cfxA2, 
ermF, and mefA) (Yang et al., 2021), or surface waters (crAssphage) 
(Chen et al., 2023). Also, sul2, tetB, tetC, and tetW on the Beijiang River 
(Jiang et al., 2018) and a list of ARGs found in the Subalpine area in 
various studies, which include amongst others, the genes sul1, ermB, 
qnrS, and blaOXA (Eckert et al., 2018). Hospital effluents, considered 
domestic effluents that can be treated in UWTP, may contain high load 
of some emerging ARGs (Ferreira et al., 2022), and in such cases the list 
of candidate biomarkers may be complemented with genes such as those 
enconding carbapenemases (e.g. blaKPC or blaNDM) (Proia et al., 2018; 
Ferreira et al., 2022). In summary, the targeted nature of qPCR allows 
the selection of a rational set of biomarkers that can be used globally, 
allowing comparative and evolution analyses (Manaia 2023). This 
objective is demonstrated in this study, which can also be a relevant 
contribution to the implementation of the revised EU Urban Wastewater 
Treatment Directive (European Commission, 2022). Based on the 
implementation of standardized methods, indexed to international di
rectives, and the definition of a group of biomarkers, it will be possible 
to share and compare data, and monitor and analyse water quality 
patterns. 

5. Conclusions 

The biomarker candidates selected by querying metagenomes (ermB, 
aph(3′’)-Ib, mefC, tetX, and crAssphage) and/or because of the recog
nized association with anthropogenic impacts (intI1, sul1, qacEΔ1, ermF 
and uidA) were quantified by qPCR, allowing the assessment of the 
variation of antibiotic resistance load from raw wastewater (influent) to 
surface water samples (n = 116 + blind test DNA extracts) collected 
from five countries. The use of these biomarkers enabled the typing of 
(waste)waters based on their level of ARGs contamination, and was 
validated by a blind test with 15 unknown samples. This study not only 
showed the feasibility of globally monitoring antibiotic resistance in 
(waste)waters to assess treatment efficiency and environmental impacts, 
but also showed the importance of a regular and integrated monitoring 
to map the occurrence of antibiotic resistance in surface waters. 
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Ambrozeviciene, C., Penny, C., Bastaraud, A., Rasolofoarison, T., Collard, J.M., 
Samison, L.H., Andrianarivelo, M.R., Banda, D.L., Amin, A., Rajandas, H., 
Parimannan, S., Spiteri, D., Haber, M.V., Santchurn, S.J., Vujacic, A., Djurovic, D., 
Bouchrif, B., Karraouan, B., Vubil, D.C., Pal, P., Schmitt, H., van Passel, M., 
Jeunen, G.J., Gemmell, N., Chambers, S.T., Mendoza, F.P., Huete-Pιrez, J., 
Vilchez, S., Ahmed, A.O., Adisa, I.R., Odetokun, I.A., Fashae, K., Sørgaard, A.M., 
Wester, A.L., Ryrfors, P., Holmstad, R., Mohsin, M., Hasan, R., Shakoor, S., 
Gustafson, N.W., Schill, C.H., Rojas, M.L.Z., Velasquez, J.E., Magtibay, B.B., 
Catangcatang, K., Sibulo, R., Yauce, F.C., Wasyl, D., Manaia, C., Rocha, J., 
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