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• Application of WBE to assess community 
usage of antibiotics and spread of ARGs 

• Normalized WBE data of antibiotics 
partly coincided with prescription data 

• A steady decrease in antibiotic use, in
dependent of the season, was observed 

• Fluctuations in antibiotic mass loads 
were not directly reflected in ARGs 
loads 

• ARGs correlate with 16S rRNA, linking 
microorganism abundance to popula
tion size  
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A B S T R A C T   

Understanding the development and spread of antimicrobial resistance (AMR) is important for combating this 
global threat for public health. Wastewater-based epidemiology (WBE) is a complementary approach to current 
surveillance programs that minimizes some of the existing limitations. The aim of the present study is to explore 
WBE for monitoring antibiotics and antibiotic resistance genes (ARGs) in wastewater samples collected during 
2021/2022 from the city of Castellon (Spain). Eighteen commonly prescribed antibiotics have been selected and 
measured by liquid chromatography coupled to tandem mass spectrometry (LC-MS/MS), with triple quadrupole 
mass analysers. Moreover, qPCR for specific ARGs has been performed to obtain information of these genes in co- 
presence with antibiotics. All selected ARGs, along with a total of 11 antibiotics, were identified. The highest 
population-normalized daily loads were observed for the macrolide azithromycin, followed by the quinolones 
ciprofloxacin and levofloxacin. Subsequently, daily consumption estimates based on wastewater data were 
compared with prescription data of antibiotics. Statistical analyses were conducted to explore if there is corre
lation between antibiotics and ARGs. While no correlations were found between antibiotics and their corre
sponding ARGs, certain correlations (p < 0.05) were identified among non-corresponding ARGs. In addition, a 
strong positive correlation was found between the sum of all antibiotics and the intl1 gene. Moreover, population- 
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normalized ARG loads significantly correlate with the 16S rRNA-normalized ARG loads, serving as an indicator 
for population size. Results provide a baseline for future work and a proof-of-concept emphasising the need for 
future work and long-term surveillance, and highlight the need of similar programs at a regional and global levels 
worldwide.   

1. Introduction 

Antibiotic usage and the resulting antimicrobial resistance (AMR) 
pose one of the most significant threats to global public health. This 
crisis raises the alarming possibility that some of our essential medicines 
may cease to be effective, complicating the treatment of common in
fectious diseases. Current surveillance initiatives are mainly focused on 
a clinical level and have proven difficult to coordinate and harmonize 
both sampling and testing results (Aarestrup and Woolhouse, 2020). 
Furthermore, the assessment of antibiotic usage and spread of AMR in a 
wider community can be challenging. Hence, improvements are ur
gently required to obtain more epidemiological information on a pop
ulation scale and ensure more accurate assessment of the threat (World 
Health Organization, 2022). 

Wastewater-based epidemiology (WBE), also known as wastewater 
surveillance, is an exploratory and complementary approach to current 
clinical surveillance programs that minimizes some of the existing lim
itations such as sampling biases, long realization time, ethical approval 
and high economic costs. WBE relies on the determination of specific 
chemical and biological markers in wastewater produced by a popula
tion as a proxy to derive information about its health-related aspects 
(Daughton, 2012). It is relatively cheap, straightforward to implement 
and there are less ethical considerations, as the anonymity of individuals 
is maintained (Prichard et al., 2014). The WBE approach has primarily 
been applied to monitor lifestyle habits (González-Mariño et al., 2020; 
Gracia-Lor et al., 2017). However, it also found application in virus 
surveillance (Hellmér et al., 2014; Iaconelli et al., 2020). Yet, it entered a 
new era when providing fast response to SARS-CoV-2 transmission, 
demonstrating its unique features (Bivins et al., 2020; Medema et al., 
2020). Accordingly, the European Commission recently recognized WBE 
by proposing a new directive concerning urban wastewater treatment 
where several public health parameters are recommended for moni
toring in wastewater (European Commission, 2022). 

Surveillance of AMR through wastewater analysis is one of the most 
important and promising applications for the future. It can provide data 
that is otherwise hard to obtain and may sometimes be the easiest route 
to providing any information at all, especially in low- and middle- 
income countries, where prescription and sales data are limited, or 
antimicrobial medications can be bought over-the-counter with ease 
(Aarestrup and Woolhouse, 2020; Hendriksen et al., 2019; Perry et al., 
2018; Sims et al., 2023a; Zieliński et al., 2021). Since one of the major 
drivers of AMR is the use (and misuse) of antibiotics, the combined 
analysis of antibiotic residues and antibiotic resistance genes (ARGs) in 
the same influent wastewater is complementary to better interpret the 
dynamic nature and burden of AMR. Thus, even a single sample can be 
representative of a large urban community, allowing for a complete 
profile (occurrence and abundance) of antibiotic medication and ARGs 
within that population. 

Some promising results have been published, which allowed 
spatiotemporal profiling of antibiotics and ARGs in WWTPs and evaluate 
the potential exposure and emission of AMR (Cacace et al., 2019; Holton 
et al., 2022b; Munk et al., 2022; Osińska et al., 2020; Pärnänen et al., 
2019; Steenbeek et al., 2022). Moreover, WBE data and prescription 
data were triangulated to provide more comprehensive information and 
insight in antibiotic use at the community level (Holton et al., 2022b; 
Sims et al., 2023a). Although these outcomes are encouraging, more 
research is needed before WBE can be implemented routinely and ensure 
valid, reliable, and comparable spatial and temporal data from waste
water catchment areas across the world. 

The aim of the present study is to explore the potential of WBE by 
combining chemical and biological analysis for the monitoring of anti
biotics and ARGs in the same wastewater samples collected from the city 
of Castellon (Spain). Variability in levels of antibiotics and ARGs, and 
their relationships are investigated. Moreover, the data are compared to 
other studies to evaluate if similar occurrence and correlations are 
observed. To the best of our knowledge, this is the first pilot study in 
Spain that can provide a baseline for future and ongoing surveillance 
allowing the evaluation of trends and effects of interventions and 
highlight the need of similar programs at a regional level worldwide. 

2. Materials and methods 

2.1. Chemicals and reagents 

Eighteen antibiotics belonging to different classes: β-lactams 
(amoxicillin - AMX, ampicillin - AMP, cloxacillin - CLX, cefditoren - CFT, 
cefuroxime - CFX), macrolides (azithromycin - AZM, clarithromycin - CLR, 
erythromycin - ERY, roxithromycin - ROX), quinolones (ciprofloxacin - CIP, 
levofloxacin - LEV, moxifloxacin - MXF, norfloxacin - NFX), lincosamide 
(clindamycin - CLI), tetracycline (doxycycline - DOX), nitroimidazole 
(metronidazole - MTZ), sulfonamides (sulfamethoxazole - SMX) and dia
minopyridine (trimethoprim - TMP) were determined by liquid chroma
tography coupled to tandem mass spectrometry (LC-MS/MS) in influent 
wastewater. These compounds were selected based on information on 
antibiotic consumption provided by suppliers, the General University 
Hospital and the Pharmacy Service of the Health Department of 
Castellón (Gracia-Marín et al., 2024) and on the ARGs targeted in this 
study. Quantitative PCR (qPCR) analysis of six specific ARGs have been 
performed: β-lactams (blaCTX-M), macrolides (ermB), quinolones (qnrS), 
tetracyclines (tetW), sulfonamides (sul 1), class 1 integron-integrase 
gene (intI 1) and bacterial 16S rRNA. The general selection criteria of 
the target ARGs was based on: 1) their presence in wastewater; 2) the 
antibiotic to which they confer resistance; and 3) the mechanism of 
resistance. All of the selected ARGs, except for tetW, have been sug
gested as possible indicators to assess the antibiotic resistance status in 
environmental settings (Berendonk et al., 2015). Reference standards of 
antibiotics and their isotopic labelled internal standard (ILIS) used for 
quantification were purchased from LGC (Teddington, UK) and Merck 
(Darmstadt, Germany). Sterile Cellulose Nitrate Membranes (0.2 μm; 
Whatman, UK) and LC-MS grade methanol, acetonitrile, formic acid, and 
ammonium acetate (> 98 %) were acquired from Scharlab (Scharlab, 
Barcelona, Spain). LC-MS grade water was obtained by purifying dem
ineralized water using an Ultramatic Plus GR from Wasserlab (Navarra, 
Spain). Table 1 gives an overview of the antibiotics and ARGs studied. 

2.2. Sample collection 

In total, 23 untreated wastewater samples were collected at the inlet 
of the wastewater treatment plant (WWTP) of Castellon, Spain, that 
serves approximately 178,141 inhabitants (inh., based on census data of 
2021). Composite samples were collected during 24 h (time-propor
tional every 10 min, starting and finishing time at 8:00 am) using a 
temperature-controlled (4 ◦C) automatic sampler device to limit po
tential degradation (Holton et al., 2022b). After each sampling day, the 
sample was immediately transported to the laboratory, and stored in the 
dark at − 20 ◦C until analysis. Moreover, the flow rate (m3/day) entering 
the WWTP was recorded and used to calculate daily loads. Samples were 
collected between April 2021 and May 2022. More details on sampling 
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date and flow rate can be found in Table S1 of the Supporting infor
mation (SI). When available, water quality parameters i.e., biological 
oxygen demand (BOD), chemical oxygen demand (COD), total nitrogen 
(N) total phosphorus (P), and pH measured by the WWTP were also 
included. 

2.3. Chemical analysis 

The determination of antibiotics in wastewater was performed by 
employing a validated methodology based on a direct injection 
approach previously developed by our research group (Fabregat-Safont 
et al., 2023). Briefly, 2 mL untreated influent wastewater was centri
fuged for 10 min at 12,500 rpm and the supernatant was 5-fold diluted 
with ultrapure water (final volume 1 mL). Subsequently, 40 μL of the 
ILIS mix was added to the diluted samples to reach a final ILIS con
centration of 200 ng L− 1. The samples were injected (100 μL) and ana
lysed using a Waters Acquity UPLC™ H-Class liquid chromatography 
system (Waters Corp, Milford, MA, USA) with an Atlantis T3 3.0 × 150 
mm, 3 μm analytical column (Waters Corp, Wexford, Ireland). The 
column temperature was set at 40 ◦C and the mobile phases consisted of 
water (solvent A) and methanol (solvent B), both with 2 mM ammonium 
acetate and 0.1 % formic acid, at a flow rate of 0.4 mL min− 1. The 
gradient elution was: 0 min 10 % B, 6.0 min 99 % B, 8.0 min 99 % B, and 
8.1 min 10 % B maintained to 10 min for re-equilibration of the column. 
The LC system was interfaced to a Xevo TQ-S triple quadrupole mass 
spectrometer (Waters Corp, Manchester, UK) equipped with a Z-Spray 
electrospray ionization interface (ESI) (Waters Corp, Manchester, UK). 
LC-MS/MS data were acquired and processed using MassLynx 4.1 soft
ware and TargetLynx application (Waters Corp, Manchester, UK). 

2.4. Microbiological analysis 

ARGs in wastewater were determined by applying a previously 
developed methodology based on qPCR (Xu et al., 2019). First, each 
sample was homogenized thoroughly just before filtration and DNA 
extraction was carried out under identical conditions for all samples. 
Approximately 60 mL of untreated influent wastewater were filtered 
using a vacuum filtration apparatus through 0.2 μm Cellulose Nitrate 
Membranes and stored at − 20 ◦C until DNA extraction. Genomic DNA 
extraction was performed according to the manufacturer’s instructions 
using a FastDNA SPIN Kit for Soil (MP Bio, UK). DNA yield was 

measured by Qubit 4.0 Fluorometer (Thermo Fischer Scientific, Ger
many) and kept at − 20 ◦C for downstream qPCR analysis. More infor
mation about plasmids and primers are included in Supporting 
Information (Table S2). 

Six-point standard curves with copy numbers ranging from 103 to 
108 for qPCR were generated using 10-fold serial dilutions of the 
plasmid DNA carrying target ARGs. Detailed information on standard 
preparation and primer sets used in this study can be found in a previous 
study (Xu et al., 2019). A final volume of 20 μL reaction mixture was 
used for qPCR, consisting of 10 μL of Luna Universal qPCR Master Mix 
(New England Biolabs, UK), 1 μL of each primer (10 μM), 1 μL DNA 
template, and 7 μL of PCR grade water. The qPCR protocol was as fol
lows: 1 min at 95 ◦C, followed by 40 cycles of 15 s at 95 ◦C, 30 s at 60 ◦C, 
and then a final melt curve stage with temperature ramping from 60 to 
95 ◦C. Each reaction run in triplicate and a non-template control was 
included. All the qPCR assays were performed, as per the instructions of 
the manufacturer, in an AriaMx Real-Time PCR system (Agilent Tech
nologies, UK). qPCR data were acquired and processed using AriaMx 
software. 

2.5. Quality assurance 

Antibiotics chemical analyses were performed by employing a fully 
validated methodology using LC-MSMS. Quality control samples (QCs), 
i.e., spiked wastewater samples with known concentrations of the anti
biotics, were also measured in each sequence of analysis. The analyses 
were considered satisfactory, when QC recoveries were in the range of 
60–140 % for each analyte (European Commission, 2021). More infor
mation about method validation and QCs is presented in Fabregat- 
Safont et al. (2023). 

The detection and quantification of the six ARGs was carried out 
using qPCR assays. The qPCR assays were considered satisfactory if the 
standard curves demonstrated good linearity R2 > 0.99, and high effi
ciency between 90 and 110 %. Furthermore, samples were measured in 
triplicate and the relative standard deviation was, in general, ≤ 20 %, 
illustrating a good precision. 

2.6. Data analysis 

The derivation (back-calculation) of antibiotic and ARG mass loads 
were used to compare results across different days. Daily mass loads and 
population normalized daily mass loads of antibiotics (mg day− 1 1000 
inh− 1) and ARGs (copies day− 1 1000 inh− 1) were calculated using 
concentrations (C in ng L− 1 or copies L− 1), flowrate of wastewater (F in 
m3 day− 1) and the population contributing to the sample (P based on 
census data): 

Population normalized daily loads =
C × F

P 

In addition, qPCR data were normalized to the measured 16S rRNA 
gene copies as a proxy of the abundance of ARGs per total bacteria and to 
investigate possible selection occurrence. Its ratio can be referred to as 
the ARG prevalence (Pärnänen et al., 2019). 

Statistical analysis was performed as follows: a Shapiro-Wilk test was 
employed to test for a normal distribution of the data. If the data did not 
meet the normality criteria, data were transformed using the formula 
Log(x + 1). Correlation between the variables were calculated using 
Pearson’s coefficient. A correlation between variables was considered 
when p < 0.05. Differences between summer and winter loads of anti
biotics and ARGs were studied by means of ANOVA I (p < 0.05). Finally, 
a Principal Component Analysis (PCA) was performed to obtain the 
maximum relevant information on the relationships between the vari
ables considered in this study. 

All calculations were carried out using MS EXCEL and STAT
GRAPHICS Centurion XV. 

Table 1 
Antibiotic class, abbreviations and corresponding ARGs of the antibiotics 
studied.  

Antibiotic class Antibiotic Abbreviation ARG 

β-Lactams Amoxicillin AMX blaCTX-M 

Ampicillin AMP 
Cloxacillin CLX 
Cefditoren CFT 
Cefuroxima CFX 

Macrolides Azithromycin AZM ermB 
Clarithromycin CLR 
Clindamycin CLI 
Erythromycin ERY 
Roxithromycin ROX 

Quinolones Ciprofloxacin CIP qnrS 
Levofloxacin LEV 
Moxifloxacin MXF 
Norfloxacin NFX 

Tetracycline Doxycycline DOX tetW 
Sulphonamide Sulfamethoxazole SMX sul 1 
Diaminopyridine Trimethoprim TMP  
Nitroimidazole Metronidazole MTZ     

intl 1a    

16Sb  

a Class 1 integron-integrase gene. 
b Bacterial 16S rRNA. 
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3. Results and discussion 

3.1. Occurrence of antibiotics 

In total, 11 antibiotics were detected in the untreated wastewater 
samples analysed. Table S3 and Fig. S1 show the absolute concentrations 
and corresponding boxplots, respectively. When an antibiotic was 
detected (i.e., above limit of detection (LOD) but below limit of quan
tification (LOQ)), a concentration corresponding to half the LOQ was 
taken for further calculations and statistical analysis. Quantified con
centrations ranged from 53 ng L− 1 for MTZ to 6565 ng L− 1 for AZM, with 
population normalized daily mass loads from 9.6 mg day− 1 1000 inh− 1 

for MTZ to 1343 mg day− 1 1000 inh− 1 for AZM (Figs. 1, S2 and 
Table S4). In general, population normalized daily mass loads found in 
wastewater were highest for AZM followed by CIP > LEV > CLR > SMX 
> NFX > TMP > ERY and MTZ. This did not entirely coincide with the 
estimated normalized daily consumption of antibiotics in 2021 in Cas
tellon based on prescription data (Fig. 2 and the non-continuous arrows 
in Fig. 1). Where these determined antibiotics can be arranged in the 
following order: CIP > MTZ > SMX > AZM > LEV > CLR > TMP > NFX 
> ERY. Moreover, several antibiotics monitored were only detected 
occasionally (CFX and CLI) or not detected at all i.e., AMX, CLX, DOX, 
CFT, AMP, MXF and ROX. The latter three were also sold, prescribed and 
presumably consumed at lower quantities. However, estimated daily 
consumption of AMX was 9.4 g day− 1 1000 inh− 1, whereas no AMX was 
detected in any of the wastewater samples collected. The analysis of 
AMX has shown to be challenging, due to its polar nature. Moreover, the 
stability of this antibiotic in wastewater, affecting sampling procedure 
and storage, was questioned (Fabregat-Safont et al., 2023). Several of 
the antibiotics included in this study (AZM, SMX, TMP, CLR and CIP) are 
stable in wastewater under different temperature conditions. Other 
compounds, such as MTZ degrade under refrigerated conditions, 
whereas concentrations of ofloxacin (not included in this study) can 
increase possibly due to biotransformation of metabolites (Holton et al., 
2022b). In this study all samples were stored in the dark at − 20 ◦C in 
order to limit possible degradation. Nevertheless, more research related 
to the stability of antibiotics in wastewater is required, especially for 
those compounds for which limited information is available. Other 
reasons for lower detection rates of some of the target antibiotics could 
be related to inefficient ionization in the LC-MS/MS source, matrix 
composition (i.e., some compounds are more prone to matrix effects), 
losses due to sorption to solids or sampling containers, and/or metabolic 
and excretion pathways. For example, estimated total consumption of 
CLI and CLR in the year 2021 was about 14 kg per antibiotic. However, 
CLR was quantified in most samples (up to 1005 ng L− 1), whereas CLI 
could only be detected in some of the samples, this could be due to the 
different excretion rates. CLI is excreted in its original form (unchanged) 
approximately 11 % in urine and faeces after human consumption, 
whereas CLR is excreted around 34 % (Drugbank; Holton et al., 2022b). 
The determination of appropriate metabolites could be an alternative (if 
reference standards are available) to obtain concentration data in 
wastewater that can be used to estimate consumption by a population. 
However, in both CLI and CLR, the unaltered form was excreted at a 
higher proportion than the corresponding desmethyl metabolites. Yet, 
these metabolites should be considered as viable options in future 
monitoring campaigns as they may estimate consumption better (Holton 
et al., 2022b). 

The back-calculation to population normalized daily mass loads is 
typically applied to correct for dilution factors related to the size of the 
population, the sewage system and weather conditions (i.e., rainwater). 
It allows a more accurate comparison of the results across different days 
and locations. Population normalized daily mass loads of the encoun
tered antibiotics can be found in Figs. 1, S2 and Table S4. Overall, 
variations in mass loads between sampling days are in the same order of 
magnitude. However, it is interesting to observe that several antibiotics 
were only detected towards the end of our study. For instance, in May 

2022, the macrolides AZM and CLR were mainly detected (not quanti
fied i.e., < LOQ) as well as the quinolone NFX indicating a decrease in 
consumption. On the contrary, the β-lactam CFX, which was not previ
ously found, could be detected in these samples. A clear explanation 
cannot be given, stability does not seem to be a major issue since most 
samples were stored over similar periods of time (max. 3 months) until 
analysis. Besides, as previously mentioned, macrolides are stable in 
wastewater, and would affect the β-lactam CFX more. A possible hy
pothesis is related to the higher number of COVID-19 cases and subse
quent treatment with antibiotics in 2021, which declined over the 
studied period due to changes in the vaccination status of the popula
tion, among others (Diaz-Högberg et al., 2021). 

In the literature, population normalized data is not always available 
thus, in those cases, concentrations were used for comparison of the 
results with those reported in other studies. However, it is noteworthy 
that higher concentrations do not necessarily mean higher antibiotic 
usage as samples could simply be less diluted by for example rainfall. In 
general, the mean population normalized data obtained in this study are 
in the same range as observed elsewhere. For example, mean daily loads 
for SMX were 220 mg day− 1 1000 inh− 1 (the Netherlands (Steenbeek 
et al., 2022)), 131 mg day− 1 1000 inh− 1 and 45 mg day− 1 1000 inh− 1 

(UK, Bath and Keynsham, respectively (Holton et al., 2022b; Sims et al., 
2023a)) and in this study 93 mg day− 1 1000 inh− 1. In China, however, 
there was more variation with daily loads ranging from 3 to 1715 mg 
day− 1 1000 inh− 1 (Gao et al., 2022) and in South Africa mean daily 
loads of 481 mg day− 1 1000 inh− 1 were found (Holton et al., 2022a). In 
Spain, the concentrations reported over the years were in the same range 
as reported in this study i.e., 426 ng L− 1 (Carballa et al., 2008; Escolà 
Casas et al., 2021; Rodriguez-Mozaz et al., 2015). Another example, 
TMP was found at a mean daily mass load of 30 mg day− 1 1000 inh− 1 

(concentration 136 ng L− 1) in this study, comparable to the mass loads 
and concentrations found in the previously mentioned European studies. 
Yet, a higher mean daily mass load of 102 mg day− 1 1000 inh− 1 (con
centration 1173 ng L− 1) was observed in South Africa (Holton et al., 
2022a), whereas a lower mean daily mass load 10 mg day− 1 1000 inh− 1 

(concentration 34 ng L− 1) was reported in China, where the consump
tion of TMP was considered lowest among all antibiotics studied (Gao 
et al., 2022). Finally, concentrations of the studied antibiotics within the 
Spanish studies were generally within the same range over the years, 
except for AZM where a high variation could be observed i.e. 135 ng L− 1 

in 2015 (Rodriguez-Mozaz et al., 2015), 1370 ng L− 1 in 2019 (Escolà 
Casas et al., 2021) and 3231 ng L− 1 in 2021/2022, this study. A possible 
explanation could be related to the COVID-19 pandemic, where specif
ically the use of AZM increased up to 400 % (Gonzalez-Zorn, 2021). 
However, this is not necessarily the only explanation as the catchment 
areas covered in each study should also be considered e.g., number of 
hospitals connected to the sewer network. 

3.2. Abundance on ARGs 

Gene copies of the six ARGs and bacterial 16S rRNA measured in the 
influent wastewater samples collected were normalized to the popula
tion served within the catchment area (i.e., the entire city of Castellón). 
Population normalized mass loads (copies day− 1 1000 inh− 1) are shown 
in Table S5. Subsequently, Fig. 1 and Table S6 shows the data normal
ized to the measured 16S rRNA gene copies (copies 16S gene− 1 day− 1 

1000 inh− 1). Loads ranged from 0.2 to 22,546 copies 16S gene− 1 day− 1 

1000 inh− 1, with ermB as the most prevalent ARG. Although β-lactams 
are the antibiotic class mostly prescribed (approximately 75 % of all 
antibiotics, Fig. 2), blaCTX-M was the less abundant gene present in the 
wastewater samples analysed. Moreover, only β-lactam CFX could be 
detected in the wastewater samples. For future studies other bla indi
cator genes e.g., blaSHV, blaOXA, blaTEM should be considered to better 
assess the β-lactam resistance status in wastewater (Berendonk et al., 
2015). Possible correlations between antibiotics and ARGs are further 
discussed in Section 3.3. 
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Fig. 1. Normalized daily mass loads of antibiotics (mg day− 1 1000 inh− 1) and ARGs (copies 16S gene− 1 day− 1 1000 inh− 1) in the influent wastewater samples 
collected. Daily loads corresponding to (A) macrolides AZM, CLR, CLI, ERY and the ermB gene; (B) quinolones CIP, LEV, NFX and the qnrS gene and; (C) other 
antibiotic classes SMX, TMP, MTZ and the genes intl 1, sul 1, tetW and blaCTX-M. The non-continuous arrows indicate the estimated normalized daily consumption (mg 
day− 1 1000 inh− 1) based on prescription data of Castellón in 2021 (the colour corresponds to the antibiotic). 
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In general, high variability in mass loads between sampling days can 
be observed for all measured ARGs. This could be associated with the 
inherent sampling biases or other phenomena that influence the sam
ples. More research and data are needed to understand better all vari
ables affecting environmental AMR. Yet, some noteworthy observations 
are, for example, the ermB loads of August 25th and September 23rd 
2021 with >20,000 copies 16S gene− 1 day− 1 1000 inh− 1, whereas the 
sampling day in between September 7th showed loads by a factor of 10- 
fold lower (i.e., 1689 copies 16S gene− 1 day− 1 1000 inh− 1). Similarly, 
the high qnrS loads on May 15th 2022, and the much lower loads on May 
14th and 16th 2022 (Table S6) or the high loads of sul1 in April 2021 
compared to the other sampling dates. Furthermore, substantial increase 
by one order of magnitude could be observed for intl1 in May 2022 
compared to January 2022 and earlier measurements in 2021. This in
crease of intI1 coordinates with the prevalence in May 2022, where more 
antibiotics were detected. Significant daily variability in mass loads in 
influent wastewater was also seen in other studies (Pärnänen et al., 
2019; Steenbeek et al., 2022). For instance, sul1 and ermB loads varied 
up to one order of magnitude between July and September 2019 in the 
Netherlands (Steenbeek et al., 2022). However, variability of ARGs in 
the UK was less prone, whereas seasonal fluctuations of several antibi
otics were observed, indicating that antibiotic usage might not directly 
affect most ARG levels but rather spans over a longer period (Sims et al., 

2023b). 
For further comparison with the literature, Tables S7 and S8 shows 

ARGs concentrations (gene copies L− 1) and absolute ARG concentrations 
[Log (gene copies mL− 1)], respectively. In the UK, concentrations of 
sul1, ermB, qnrS and int1 were all within the same range as reported here 
(Sims et al., 2023b). However, in Finland and Estonia, average con
centrations of ARGs blaCTX-M, sul1 and tetW in influent wastewater were 
significantly higher than in this study, 5 × 109 vs 2 × 106 blaCTX-M copies 
L− 1, 3 × 1011 vs 7 × 108 sul1 copies L− 1, 1 × 1012 vs 2 × 108 tetW copies 
L− 1, respectively (Laht et al., 2014). Moreover, higher average concen
trations i.e., by a factor 100, were also observed for sul1 and int1 in the 
Netherlands compared to the current study. Whereas average concen
trations of ermB and qnrS were very similar 1 × 1010 and 1 × 107 copies 
L− 1, respectively (Paulus et al., 2019). In Spain, mean absolute ARG 
concentrations in influent wastewater were reported by Rodriguez- 
Mozaz et al. in 2015. Compared to this study, they observed slightly 
higher concentrations for qnrS (log ~5 copies mL− 1) and tetW (log ~6 
copies mL− 1), and similar concentrations for ermB (log ~6 copies mL− 1) 
and sul1 (log ~5 copies mL− 1) (Rodriguez-Mozaz et al., 2015). Although 
no effluent wastewater was monitored in this work, incomplete removal 
of antibiotics and ARGs by WWTPs has been demonstrated (Amarasiri 
et al., 2020; Rodriguez-Mozaz et al., 2015). Consequently, releasing 
these effluents into the aquatic environment will contribute to the 

Fig. 2. Estimated normalized daily consumption (mg day− 1 1000 inh− 1) of antibiotics in Castellón in 2021 based on information provided by suppliers, the General 
University Hospital and the Pharmacy Service of the Health Department of Castellón (insert percentage of antibiotic class consumed in 2021). 
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spread AMR with potential impact on associated environmental and 
human health risks (Amarasiri et al., 2020). 

3.3. Correlation between antibiotics and ARGs 

A Shapiro-Wilk test (p < 0.05) was used to check the normality of the 
data. In order to comply with normality, data were transformed using 
the formula Log(x + 1). Correlations between 16S rRNA normalized 
loads of ARG vs. population normalized loads of antibiotics, and be
tween 16S rRNA normalized loads vs. population normalized ARG loads, 
were calculated using the Pearson’s correlation coefficient (Tables 2 and 
3, respectively). When analysing the correlations between loads of in
dividual antibiotics and ARGs (Table 2) only CFX showed significant 
correlations with intl1, ermB and tetW. However, no correlation was 
observed for blaCTX-M, the ARG target gene for β-lactams such as CFX. Yet 
it should be taken into account that CFX was only detected in some of the 
samples therefore more research and quantitative data is needed to 
confirm these relationships. Furthermore, results also illustrate that the 
antibiotic classes macrolides and quinolones correlate with intl1 and 
tetW (but not with ermB, an ARG more specific to macrolides), whereas 
the sum of all antibiotics only correlate with intl1 loads. This is in 
accordance to other studies, where strong correlations were found be
tween the antibiotics and non-corresponding ARGs (Paulus et al., 2019; 
Steenbeek et al., 2022). Despite the limited understanding of the sig
nificance of these relationships, it is plausible that horizontal gene 
transfer of plasmids contains multidrug resistance (Wang et al., 2019). 
Moreover, it has been reported that ARGs are more stable than fluctu
ations in antibiotic use (Sims et al., 2023b). The results obtained in our 
study would support this fact. Hence, changes in antibiotic consumption 
would not be immediately reflected in ARGs in wastewater. Higher 
sampling frequencies were therefor suggested to capture fluctuations 
and obtain representative estimates (Steenbeek et al., 2022). 

Table 3 shows significant correlations between ARGs loads normal
ized to the measured 16S rRNA and ARGs loads normalized to the 
population served within the catchment area. As can be observed, cor
relation coefficients were statistically significant in all cases except for 
tetW (p > 0.05). Based on the results, it can be deduced that the 
normalization of gene loads to the measured 16S rRNA can be used as a 
proxy for the number of inhabitants within the localities studied. This 
correlation has been also found by Sims et al. in a one-year study in two 
cities (Sims et al., 2023b). Hence, this indicates a clear relationship 
between population size and the abundance of microorganisms in the 
western Mediterranean area, similar to Southern UK. 

Possible differences in population normalized loads of antibiotics 
and ARGs over the studied period were also explored employing ANOVA 
I. Table 4 shows significant differences (ANOVA I, p-value = 0.0088) 

along the different seasons presenting decreasing loads of antibiotics 
over time, while ARGs loads do not present differences (data not shown). 
This is in accordance with the hypothesis of steadier ARGs loads over 
time with respect to fluctuations in antibiotic use (Sims et al., 2023b). 
Yet, Steenbeek et al. observed substantial variance in ARG loads be
tween days and over the studied period (Steenbeek et al., 2022). As for 
the population normalized antibiotic loads, a decrease in the use of 
antibiotics in summer would be expected, however the results obtained 
illustrate a continuous decrease in the antibiotic loads from the summer 
of 2021 to the summer of 2022. Considering that in 2021 there was still a 
strong pressure of COVID-19 cases, which declined over the studied 
period, this may explain this continuous drop in antibiotic use, masking 
the typical summer-winter fluctuations (Xu et al., 2022). 

Principal Components Analysis (PCA) was applied to annotate the 
different components and obtain all relevant information from the ac
quired data. As can be observed in Fig. 3, intl1 and CFX are positioned on 
the right-hand side of component 1 i.e., opposite to a set of variables that 
include population normalized loads of antibiotics and ARGs. The 
variance explained in component 1 would be based on the opposite 
behaviour of CFX and intl1 vs. most of the other variables, without any 
apparent cause. Considering that, as discussed above, fluctuations in 
antibiotic use are not reflected in ARGs. Hence, the PCA results are 
consistent with that fact. Similarly, component 2 interprets opposite 
behaviour between MTZ loads and those of the qnrS and blaCTX-M genes. 
It is interesting to note that the plot components show antibiotics or 

Table 2 
Statistically significant Pearson’s correlation coefficients between pairs of variables (ARGs data normalized to the measured 16S rRNA gene copies (copies 16S gene− 1 

day− 1 1000 inh− 1) and population normalized loads of antibiotics (mg day− 1 1000 inh− 1)).   

CFXa Macrolides Quinolones Sum_ABb intl1 ermB tetW 

CFX        
Macrolides − 0.7160 

0.0001       
Quinolones − 0.5309 

0.0091 
0.8572 
0.0001      

Sum_AB − 0.7019 
0.0002 

0.9857 
0.0001 

0.9131 
0.0001     

intl1 0.8731 
0.0001 

− 0.6364 
0.0011 

− 0.4878 
0.0185 

− 0.6080 
0.0021    

ermB − 0.4320 
0.0395 

ns ns ns − 0.4719 
0.0230   

tetW − 0.5528 
0.0062 

0.4441 
0.0337 

0.4528 
0.0300 

ns ns ns  

Correlation coefficient and p value (in italics). ns: not significant. 
a CFX was only detected. 
b Sum of the loads of all antibiotics. 

Table 3 
Pearson’s correlation coefficients between ARGs loads normalized to the 
measured 16S rRNA and population normalized ARG loads.   

intI 1 sul 1 tetW ermB qnrS blaCTX-M 

Pearson’s coef.  0.9493  0.9598  0.1916  0.7476  0.9893  0.6324 
p-Value  0.0001  0.0001  0.3810  0.0001  0.0001  0.0012  

Table 4 
Results of ANOVA I (LSD “a posteriori test”) applied to the population normalized 
loads of antibiotics over time.  

Sampling period Mean (in population normalized loads of 
antibiotics) 

Homogeneous 
groups 

Spring/summer 
2021 

0.0802 (0.0690–0.0960) X  

Autumn/winter 
2021 

0.0477 (0.0264–0.0690) X X 

Spring/summer 
2022 

0.0225 (0.0012–0.0438)  X 

(Confidence limits.) 
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families of antibiotics that are very close, although the correlation co
efficients were not significant, such as TMP and SMX with sul1 (ARG 
target gene for sulfonamides) and macrolides with ermB (ARG target 
gene for macrolides). Larger studies have described significant correla
tions between the last two (Sims et al., 2023b). However, other studies 
did not find direct one to one correlations between antibiotics and ARGs, 
which would indicate more complex interactions between antibiotics 
and ARGs and the need for further research (Cai et al., 2022; Huang 
et al., 2015; Zhao et al., 2021). 

Fig. 4 shows the scatter plot of objects (days of sampling). As can be 
observed the samples are approximately ordered along component 1, 
coinciding with the chronological order of sampling. This component 
could be interpreted as the decreasing tendency in antibiotic use from 
2021 to 2022, as previously discussed above. Prior to and during the 
COVID-19 pandemic, a decrease in community antibiotic consumption 
has been observed in the European Union (EU), especially between 2019 
and 2020 (Diaz-Högberg et al., 2021). However, interpretation could 
not be extrapolated to the hospital sector and an increase in use and 
overuse by the community have also been reported during the pandemic 
(Langford et al., 2021). 

This study illustrates that WBE can provide complementary insight in 
current AMR surveillance However, changes in antibiotic consumption 
and possible implications to antibiotic resistance need to be further 
evaluated, and long-term monitoring programs are required worldwide. 
These advancements are essential and urgently needed as highlighted by 
the World Health Organization (WHO). Moreover, the study aligns with 
the One Health concept, where the aquatic environment is considered an 
important compartment for the evolution and spread of AMR (Miło
bedzka et al., 2022). Finally, within the EU there is a proposal for a 
harmonised and integrated action, between health and wastewater 
competent authorities, for surveying key public health parameters in 
wastewater in the near future (European Commission, 2022). 

4. Conclusions 

Tracking changes in AMR and understanding consumption habits in 
communities is critical for appropriate policy making to this growing 
concern. This study explored wastewater analysis as a complementary 
approach to reach an understanding of antibiotic usage and AMR within 
the city of Castellon (Spain). In total, 11 antibiotics were determined in 
the untreated wastewater samples collected during 2021/2022. Highest 
population normalized daily loads were measured for the macrolide 
AZM followed by the quinolones CIP and LEV. This did not entirely 
coincided with the estimated normalized daily consumption of antibi
otics in 2021 in Castellón based on prescription data. Variability in mass 
loads between sampling days can be observed for all six ARGs measured. 
However, fluctuations in ARGs were not directly reflected in antibiotic 

loads. Certain correlations were identified among non-corresponding 
ARGs i.e., macrolides and quinolones correlated with intl1 and tetW, 
suggesting a potential cross-selection mechanism of bacterial resistance. 
Besides a correlation was found between the sum of all antibiotics and 
intl1. Moreover, population normalized ARG loads correlated signifi
cantly with the ARGs loads normalized to the 16S rRNA, indicating that 
the abundance of this gene is proportional to population. Furthermore, 
the analysis over the studies period suggests a steady decrease in anti
biotic use, independent of the season. This might be related to the 
treatment during the COVID-19 pandemic i.e., a steady decline of cases 
and change in vaccination status over time. Finally, results obtained in 
this study provide functional information and a baseline to further 
develop and validate this tool to predict the burden and potential risk of 
communities to AMR based on the analysis of wastewater. 
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Christophoridis, C.E., Covaci, A., Delémont, O., de Voogt, P., Devault, D.A., Dias, M. 
J., Emke, E., Esseiva, P., Fatta-Kassinos, D., Fedorova, G., Fytianos, K., Gerber, C., 
Grabic, R., Gracia-Lor, E., Grüner, S., Gunnar, T., Hapeshi, E., Heath, E., Helm, B., 
Hernández, F., Kankaanpaa, A., Karolak, S., Kasprzyk-Hordern, B., Krizman- 
Matasic, I., Lai, F.Y., Lechowicz, W., Lopes, A., López de Alda, M., López-García, E., 

Löve, A.S.C., Mastroianni, N., McEneff, G.L., Montes, R., Munro, K., Nefau, T., 
Oberacher, H., O’Brien, J.W., Oertel, R., Olafsdottir, K., Picó, Y., Plósz, B.G., 
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