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ABSTRACT

The occurrence and removal patterns of 24 antimicrobial agents and antimicrobial resistant determinants
namely 6 antibiotic resistance genes (ARGs) and 2 mobile genetic elements (MGEs), and the fecal indica-
tor E. coli were investigated in three full-scale wastewater treatment plants. Their waterlines and biosolids
lines (including secondary treatment based on both granular and activated sludge) were sampled monthly
throughout one year. Samples were analyzed by means of LC-MS/MS, qPCR and cell enumeration, respec-
tively. The influence of rainfall, temperature, and turbidity on the occurrence and removal of the afore-
mentioned agents was assessed through statistical linear mixed models. Ten of the antimicrobial agents
(macrolides, fluoroquinolones, tetracyclines, and sulfonamides) were commonly found in influent in con-
centrations of 0.1-2 ug L', and the predominant ARGs were ermB and sull (6.4 and 5.9 logy mL~! re-
spectively). Warmer temperatures slightly reduced gene concentrations in influent whilst increasing that
of E. coli and produced an uneven effect on the antimicrobial concentrations across plants. Rainfall di-
luted both E. coli (-0.25 logs, p < 0.001) and antimicrobials but not genes. The wastewater treatment
reduced the absolute abundance of both genes (1.86 logs on average) and E. coli (2.31 logs on average).
The antimicrobials agents were also partly removed, but 8 of them were still detectable after treatment,
and 6 accumulated in the biosolids. ARGs were also found in biosolids with patterns resembling those
of influent. No significant differences in the removal of antimicrobials, genes and E. coli were observed
when comparing conventional activated sludge with aerobic granular sludge. Irrespective of the type of
sludge treatment, the removal of genes was significantly reduced with increasing hydraulic loads caused
by rainfall (-0.35 logs per A average daily flow p < 0.01), and slightly decreased with increasing turbidity
(-0.02 logs per A1 nephelometric turbidy unit p < 0.05) .

© 2020 The Authors. Published by Elsevier Ltd.
This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/)

1. Introduction

plants (WWTPs) to the environment. WWTPs, primarily designed
for nutrient removal, have therefore been hypothesized as key vec-

The occurrence of anthropogenic antibiotic resistance genes tors in the environmental dissemination of antibiotic resistance

(ARGs) in the environment seems to be strongly related to fe-
cal pollution (Karkman et al, 2019). Human fecal bacteria are
transported through sewage networks and wastewater treatment

* Corresponding author at: Institute for Risk Assessment Sciences, Utrecht Uni-
versity, 3508 TD, Utrecht, Netherlands.
E-mail address: H.Schmitt@uu.nl (H. Schmitt).

https://doi.org/10.1016/j.watres.2020.116752

(Rizzo et al., 2013). The fate of ARGs in WWTPs has been assessed
in recent years, providing a wide range of results. In some cases,
WWTPs reduced the absolute concentration of ARGs (Di Cesare
et al., 2016; Rodriguez-Mozaz et al., 2015), while in others, the rel-
ative and even absolute abundances of ARGs increased after treat-
ment (Rafraf et al., 2016).

There is a growing interest in determining which technolo-
gies or operational conditions achieve greater ARGs removal. How-

0043-1354/© 2020 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/)
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ever, due to the wide diversity of treatment processes, it is dif-
ficult to obtain general results that are applicable across the va-
riety of WWTP systems and ARG types (Korzeniewska and Har-
nisz, 2018; Novo and Manaia, 2010). Previously, broad sampling ef-
forts to analyze the influent and effluent of more than 60 WWTPs
in The Netherlands helped to determine that the removal of ARGs
was significantly smaller when the baseline hydraulic load of the
WWTPs increased because of rainfall events (Pallares-Vega et al.,
2019). Yet, even under dry weather conditions, process design and
operational parameters did not explain the remaining variability.
This suggests that other factors contributed to the detected differ-
ences.

One factor that may impact the occurrence and removal of
ARGs is the presence of antimicrobial and disinfectant residues.
These compounds are collected in the wastewater along with the
feces and might accumulate in the sewage sludge (Gao et al.,
2012; Gobel et al., 2005). Antimicrobial and disinfectant residues
may enhance the co-selection of resistance genes and promote
horizontal gene transfer even at subtherapeutic concentrations
(Gullberg et al.,, 2014). In addition, fluctuations in other abiotic
factors such as temperature might also influence the occurrence
and removal of ARGs. Higher antimicrobial consumption in colder
seasons (Coutu et al.,, 2013; Marx et al.,, 2015) might increase the
discharge of resistant bacteria and their ARGs into the sewer. In
addition, cold temperatures reduce the efficiency of water treat-
ment (Johnston et al., 2019), and might also reduce the abil-
ity to remove ARGs. Literature addressing the effect of tempera-
ture on the occurrence and fate of ARGs during wastewater treat-
ment is, however, scarce. A few studies have focused on quanti-
fying the seasonal variation of ARGs in influent and their removal
(Caucci et al., 2016; Jiao et al., 2018). Moreover, temperature or sea-
sonality have seldom been addressed in combination with rainfall
or flow (Schages et al., 2020). Thus, there is a need for a compre-
hensive approach studying the combined effect of these variables
on ARG patterns.

Furthermore, biotic factors such as the accumulation of ARGs in
the natural microbiome of the biological treatment deserve atten-
tion. In the biological treatment, the microbial community, which
converts wastewater compounds, is aggregated into flocs (activated
sludge), biofilms, or granular sludge. Such bioaggregates might pro-
vide a suitable environment for cell-to-cell interactions and ge-
netic exchange of mobile genetic elements (MGE) containing ARGs,
(Manaia et al., 2018) potentially increasing the so-called resistome
of the sludge. Diverse sludge types (flocculent, granules) might ac-
cumulate ARGs differently, derived from their characteristic phys-
ical structure and microbial community. Ultimately, the intrinsic
sludge resistome may counterbalance a further elimination of ARGs
during the wastewater treatment. The accumulation of ARGs in the
biosolids is also of concern, given that sludge is often processed
and applied as a fertilizer due to its high content of organic nu-
trients and phosphorus. As such, this practice comprises another
possible route for the spread of anthropogenic ARGs to the envi-
ronment (Rahube et al., 2014).

Generally, studies covering the effect of a broad number of
variables on ARGs are restricted to few time-point measurements.
Although cross-sectional studies provide relevant information, it
is necessary to investigate whether measurements at single time
points are valid throughout extended periods. Such information is
needed to determine suitable sampling strategies to answer spe-
cific research questions. Hence, the aim of the present study was
to investigate the occurrence and fate of ARGs, MGEs, and viable
fecal bacteria over one year of operation at three different full-
scale municipal WWTPs located in The Netherlands. These treat-
ment plants performed biological nutrient removal, with three sys-
tems based on activated sludge and one system based on aerobic
granular sludge. Besides gene determinants, we investigated the
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WWTP1
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Fig. 1. Plant design and sampling points (in italic) of the waterline (v) and the
biosolids line (¢) of the 3 WWTPs included in this study. Abbreviations: AGS: Aer-
obic Granular Sludge; CAS: Conventional Activated Sludge, BioChemP: BioChemical
Phosphorus Removal. Samples abbreviations: IN: Influent; PT: after Primary Treat-
ment; AST: after A Stage; AB-E: Effluent after AB treatment; AGS-E: Effluent after
Aerobic Granular Sludge treatment; FE: Final Effluent; DS: Digested Sludge

presence of selective agents as antimicrobial compounds and disin-
fectants in both the water and biosolids line. Analyses were aimed
at determining the role of abiotic parameters such as the hydraulic
load factor, seasonal temperature , and the effluent turbidity (as a
surrogate for effluent TSS) on the gene removal capacity of WWTPs
for an extended sampling period of one year, and to study the de-
gree of temporal variability.

2. Material & methods
2.1. Characteristics of the selected WWTPs

Three Dutch WWTPs (supplementary information Figure S1),
of different sizes and process design, were considered. The sam-
pling points are displayed in Fig. 1.

WWTP1 (Leeuwarden, 226'667 p.e.) processes 25’000 m3 d-!
under dry weather conditions. The biological nutrient removal ac-
tivated sludge process is operated on raw wastewater. To support
the biological phosphate removal, iron (Fell) is added to the ac-
tivated sludge tanks. The chemical oxygen demand load (COD) to
the plant consists of 56% household wastewater and 26% industrial
wastewater (from which half corresponds to a dairy industry). The
catchment area includes a medium-size hospital (650 beds) with a
load contribution of 1%.

WWTP2 (Harnaschpolder, Den Haag, 1'260'000 p.e) is the
largest plant in The Netherlands. It treats an average of 150’000 m3
d-1. 84% of the COD load comes from households and 16% from
industry. The catchment area includes several hospitals, totalling
2610 beds. The design of this WWTP consists of 8 identical paral-
lel lines. Each line is composed of primary settling and a biological
nutrient removal activated sludge process.

WWTP3 (Garmerwolde, Groningen, 340'146 p.e.) treats
71’800 m3 d-! (64% households,14% industry, and 1% hospital
(totalling 1920 beds) in two separate treatment lines. Approx-
imately 50% of the influent is treated in a two-stage activated
sludge adsorption-bioxidation (AB) process (Bohnke, 1997). The
other half of the wastewater is treated by an aerobic granular
sludge process (Nereda®). The AB system has been described in
detail by De Graaff et al. (2016). The raw influent undergoes two
consecutive treatment steps. First, the organic content is removed
in the highly loaded A-stage activated sludge process operated at
a short solid retention time. Phosphate is removed in the A-stage
by the addition of iron (Fe III). After the intermittent clarifier,
the second B-stage activated sludge process is operated at a long
solids retention time to allow nitrification and removal of the
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remaining biological oxygen demand (BOD). Nitrogen removal is
limited by the low BOD content; therefore, methanol is added to
promote denitrification. The parallel aerobic granular sludge line
(Pronk et al., 2015) includes a buffer tank to store the influent
wastewater for up to 3 h before treatment, and two Nereda®
reactors containing aerobic granular sludge. The activated sludge
is mainly in granular form but also contains a fraction of flocs
(Ali et al.,, 2019). The HRT of this reactor is 6-h in dry weather
conditions. All removal processes (BOD, denitrification, and phos-
phate removal) occur under the alternation of anaerobic feeding
and aeration. Denitrification partly occurs as simultaneous nitri-
fication/denitrification and partly by on/off aeration. Phosphate
removal is essentially biological, with supplemental addition of
iron (Fe III) only taking place during extreme rain weather flow.
In all three WWTPs, the surplus sludge is digested in a
mesophilic reactor, and the digested sludge is subsequently dewa-
tered and incinerated. In WWTP1, the digester receives sludge from
other industrial physical-chemical treatment plants in the area.

2.2. Collection of samples from the wastewater line and the biosolids
line

Waterline and biosolids line samples were taken every month
over one year from April 2017 until March 2018 from the three
aforementioned WWTPs.

For the waterline, volumes of 1 L of 24-h flow-proportional
composite samples were collected in sterile plastic bottles (VWR,
NL), except for the effluent of the AB line in WWTP3 that lacked
an autosampler. In that case, a grab sample was collected instead.
All autosamplers for the waterline collection had a refrigeration
system to ensure samples were kept cold during the 24-h collec-
tion period. To account for possible daily variations, the waterline
samples were collected three days in a row except for WWTP3, for
which this was not possible due to technical reasons. All waterline
samples were filtered for DNA and culture-based methods within
6 h after collection. Filters were stored at -20 °C upon DNA ex-
traction. Waterline samples were backed up frozen at -20 °C for
downstream chemical analysis.

For the biosolids line, samples were collected once per month
as grab samples in 0.5 L sterile plastic bottles. The flocculent
biomass samples (further referred to as “AS”) were collected from
the mixed liquors from the activated sludge tanks. The aerobic
granular sludge samples (further referred to as “AGS”) were taken
from the purge of excess sludge. Digested sludge samples (fur-
ther referred to as “DS”) were taken as a grab sample from the
digested sludge leaving the digestor. All samples were stored in
cooling boxes and kept cold (4 °C) during transportation. Biosolids
line samples were serially diluted and filtered for the culture-based
method within -6 h after collection. Additionally, aliquots were
backed up frozen at -20 °C until processing for the downstream
chemical analysis and DNA extraction.

2.3. Filtration for E. coli enumeration

Monitoring the presence and removal of E. coli was used to
evaluate whether fecal bacteria and ARGs would follow similar
trends. E. coli was chosen as a surrogate for fecal indicators. For
the waterline, samples were processed as previously described in
Verburg et al., 2019. For the biosolids line, 2 g of homogenous sam-
ple was re-suspended in 20 mL of the saline solution (NaCl) 0.85%
(w/v). Serial dilutions were performed and filtered as indicated for
the waterline.

After filtration, the resulting filters from both the water and the
biosolids lines were plated on Tryptone Bile X-Glucuronide (TBX)
selective media (Oxoid, Thermofisher, UK). The plates were incu-
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bated for 24 h at 37 °C, and The CFUs were enumerated following
ISO guidelines (ISO 89199:2005-12).

2.4. DNA extraction and qPCR analysis

In order to analyze the water and sludge samples for the pres-
ence of ARGs and MGEs, samples were pre-treated and extracted
as follows.

For the waterline samples, volumes of 200 mL of effluent
and 25 mL of influent (and samples with similar solids content)
were filtered through 0.22 pm Durapore PVDF membranes (Merck-
Millipore) in a Millipore-Sigma filtration system. The filters were
frozen at -20 °C upon extraction. The DNA extraction for waterline
samples was performed using the DNeasy kit Power Water from
(Qiagen, NL) following the manufacturer’s instructions.

For the biosolids line samples, 0.50 g of all types of AS, 0.05 g
of DS and 0.10 g of AGS samples were extracted according to
the MiDAS Field Guide to the Microbes of Activated Sludge and
Anaerobic Digesters, versions 7.0 (AS), and 1.0 (DS) (ref: http:
//[www.midasfieldguide.org) with small modifications: the bead-
beating step was performed at 6800 rpm in a Precellys homoge-
nizer (Bertin Technologies SAS, FR) which is equivalent to a speed
mode of 5.5 in the FastPrep homogenizer. The final elution was re-
duced to 100 pL to achieve more concentrated DNA extracts.

After the extraction, the DNA extracts were diluted 10 or 100-
fold to avoid inhibition and ensure the target was within the
range of quantification. The diluted DNA was analyzed by quan-
titative polymerase chain reaction (qPCR). The panel of studied
genes (Table 1) included six ARGs (sull, sul2, tetM, qnrS, ermB,
and blacrx.v), two MGEs (intll gene and korB gene). The 16S
rRNA gene acted as a surrogate for total bacteria. The reactions
were prepared and performed as previously described in Pallares-
Vega et al. (2019) with small modifications for the korB assay. This
information is specified in Appendix A.

2.5. Total solids content and antimicrobial and disinfectant
compounds in water and biosolids samples

The total solids (TS) content of the sludge samples was deter-
mined by standard methods (Clesceri et al., 1998). This informa-
tion was required to express the results from the microbiological,
molecular, and physicochemical analyses in biosolids as normalized
to the total solids (TS).

The determination of antimicrobial and disinfectant residues in
waterline and biosolids lines samples was performed using lig-
uid chromatography-tandem mass spectrometry (LC-MS/MS). The
analyzed compounds are compiled in Table 1. Pretreatment and
analysis of the waterline samples were performed, as described in
Verburg et al. (2019). Biosolids sample preparation, specifications
of the device, and run are summarized in Appendix B. For each
sample, a surrogate sample spiked with the known concentrations
was used to calculate the recovery.

2.6. Sampling factors and statistical analysis

Information about abiotic factors during sampling collection
was obtained as follows: data about daily flow and average annual
flows for 2017 and 2018 were obtained from the WWTP operators.
With this data, the hydraulic load factor (HLF) was calculated. This
parameter stands for the ratio of the flow (i.e. volume of water
treated) on the day of sampling divided by the average daily flow
(derived from the annual flow) of each WWTP (Pallares-Vega et al.,
2019).

Air temperature on the day of sampling was retrieved from
https://weerstatistieken.nl. Turbidity in effluent samples was ana-
lyzed by means of a turbidimeter (2100 N IS, Hach). The influence
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Table 1

Gene targets for qPCR and chemical targets for LC-MS/MS analysis of antimicrobial residues.
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qPCR targets

Gene Function Group Gene Resistance to Group
16S rRNA  Ribosomal sub unit  All bacteria ermB Erythromycin ARGs
sull Sulfonamides
intl1 Integrase 1 MGEs sul2 Sulfonamides
korB (IncP plasmids) tetM Tetracyclines
qnrS Fluoroquinolones
blacrx-m B-lactamases
Antimicrobials and disinfectants
Abrev. Compound Class Abrev. Compound Class
DM Dimetridazole Azoles LINCOM Lincomycin Lincosamides
AMOX Amoxicillin B-lactams M Clindamycin
AMP Ampicillin DOX Doxycycline Tetracyclines
PENG Penicillin G OTET Oxytetracycline
PENV Penicillin V TET Tetracycline
CFT Cefotaxime Cephalosporines SMX Sulfamethoxazole Sulfonamides & Trimethoprim
AZI Azithromycin Macrolides SUCLOP Sulfachloropyridazine
CLAR Clarithromycin SUDOX Sulfadoxine
ERY Erythromycin SUPY Sulfapyiridine
TYLOS Tylosin TRIM Trimethoprim
TILMIC Tilmicosin BAC;, Benzalkonium chloride 12 Quaternary ammonium compounds (QACs)
CIP Ciprofloxacin
OFX Ofloxacin Fluoroquinolones BACq4 Benzalkonium chloride 14
FLUMEQ Flumequine

of these factors in the incoming and removal of genes and E. coli,
as well as the role of intermediate steps in the removal of genes,
were analyzed by linear models and linear mixed models, further
described in detail in Appendix C.

3. Results & discussion

3.1. Antimicrobials, ARGs and E. coli in the influent: role of rain
dilution and seasonal temperature

From the 24 antimicrobials included in this study, 10 were de-
tected in the influent of the three WWTPs, in general, in con-
centrations within the ng L' scale (supplementary informa-
tion Table S1). Overall, the values observed in this study were
consistent with several other works across different countries
(Felis et al., 2020). The fluoroquinolone ciprofloxacin was the
most abundant compound in the influent, consistently exceed-
ing the predicted no inhibitory concentrations (PNEC) described
by (Bengtsson-Palme and Larsson, 2016) for selection of antimi-
crobial resistance for this compound (0.064 pg L~1), with maxi-
mum levels reaching 1.20 pg L~!. The macrolides azithromycin and
clarithromycin, and the therapeutic group of sulfonamides (sul-
fapyridine sulfamethoxazole)-trimethoprim were also commonly
detected in influent and sometimes exceeding their correspond-
ing PNEC levels. In contrast, tetracyclines (doxycycline and tetra-
cycline), which are the second most consumed antibiotics, were
prevalent in the influent but below their PNEC levels (2 and 1 ug
L1 respectively).

The quaternary ammonium compounds (QACs), benzalkonium
chloride (BAC) 12, and 14 were also prevalent in the influent, es-
pecially in WWTP1, with values up to 8.22 pg L~1. These QACs are
used as surfactants in cleaning products and disinfectants. Qac re-
sistance genes are frequently associated with class 1 integrons, and
other ARGs included in those MGEs (Gillings et al., 2009). QACs
selective pressure might entail the co-selection of MGEs and their
associated ARGs. Possibly, the use of disinfectants by a neighbour-
ing dairy industry in the catchment area of WWTP1 (contributing
to ~12% of the influent) could explain these higher levels.

The occurrence of a selected panel of ARGs and MGEs in the
influent of the waterline followed similar trends across the three
WWTPs (supplementary information Table S2). From the ARGs se-
lected, ermB (6.39 log gene copies mL~!) and sull (5.85) had
the highest average annual concentration values, while the -
lactamase blacrgx.y had the lowest (4.05). The overall ARG pat-
terns are in accordance with our previous study of more than
60 Dutch WWTPs (Pallares-Vega et al., 2019) and in other recent
works (Di Cesare et al., 2016; Rodriguez-Mozaz et al., 2015). The
high concentration of ermB gene in the influent cannot be associ-
ated with a direct antibiotic selective pressure within sewage, as
erythromycin residues were not detected in the influent. The high
occurrence of ermB might result from its location in Lactobacillales,
which are common in the gut microbiome and, therefore, predomi-
nant taxa in the influent (Ali et al., 2019; Cai et al., 2014). The high
occurrence of sull may be explained by its extended use in the
past and its association with MGE, such as integron class 1. Their
presence could also be maintained by the persistence of sulfon-
amide antibiotic residues in wastewater (Baran et al., 2011). As for
the prevalence of MGEs, both korB (standing for incP-1 plasmids)
and intl1, encoding for the integrase of class 1 integron, were ubig-
uitous in the influent samples. Moreover, intl1 had a significantly
higher concentration (p < 0.01) in the influent of WWTP1 (7.04
log gene copies mL~!) when compared to the other two WWTPs
(6.16 logs on average), and above the range measured in our pre-
vious study (Pallares-Vega et al., 2019). These results might be ex-
plained through co-selection events by the extended use of QACs
within the dairy industry facilities. Further analysis addressing the
presence of gac resistance genes and qac-intll1 relation would be
necessary to confirm such a hypothesis.

To investigate the role of rainfall on the occurrence of antimi-
crobials, ARGs, and E. coli in influent, both their concentrations
and their daily loads per population equivalent (pe) (i.e. the abso-
lute number of gene copies passing the WWTP per day divided by
the population equivalent) were studied. Unlike concentrations, the
daily load per pe should be constant despite differences in rainfall
dilution if freshly discharged human feces were the only source of
these compounds. Therefore, using daily loads or daily loads per pe
(of both genes and E. coli) for graphical representation and model
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Fig. 2. Influent trends: Panels on the left show the incoming concentrations of antimicrobials (panel A) and genes and E. coli (panel B) in function of rainfall measured
as hydraulic load factor (HLF). Panels on the right show the incoming daily loads of antimicrobials (panel C) and genes and E. coli (panel D) in function of the average
atmospheric temperature on the day of sampling . In panels C and D loads are used instead of concentration to account for the influence of flow and graphically observe
only the variability caused by seasonal changes in temperature. Values corresponding to each of the four seasons are displayed with different symbols.

response should be better suited to detect possible effects of sea-
sonal temperature.

Increased rainfall led, as expected, to decreased concentrations
of E. coli (-0.25 logs per Aaverage daily flow, p < 0.001) but not to
decreased daily loads per pe (+0.06 logs per Aaverage daily flow,
p = 0.15), Fig. 2, supplementary information Figure S3 and Table
$3 models 5-7, confirming the dilution effect of E. coli upon heavier
rainfall. In contrast, for the studied genes, the reduction in concen-
trations with increased rainfall was less clear (the best model did
not include HLF as a determinant), and there was a significant pos-
itive effect of increased rainfall on the genes when the daily loads
per pe were used as the response variable (+0.42 logs per A av-
erage daily flow, p < 0.001), Fig, 2, supplementary information
Figure S3 and Table S3 models 1-4.

An increase of the daily loads per pe of ARGs and MGEs with
increased rainfall might point to an additional source of genes be-
sides freshly discharged feces. We hypothesized that such a source

could consist of resident antibiotic resistant microbiota in the sew-
ers, located for instance, within sewer biofilms or sewer sediments
(Auguet et al., 2017). These might also have been originally in-
troduced into sewers with fecal microbiota. With increasing flow
due to rainfall, a washout of the sewer microbiota could increase
the incoming loads of resistance genes per pe, similar to washout
of in-sewer stocks of, e.g. organic matter (Gromaire et al., 2001).
The contrasting behavior of the loads per pe of E. coli during rain-
fall events might indicate a minor accumulation of this organ-
ism in the sewer pipes. A limited accumulation of E. coli 0157:H7
and gammaproteobacteria in sewer biofilm has been previously
detected (Auguet et al., 2017). However, the observed discrepan-
cies between genes and E. coli might also be a consequence of a
methodology bias. Unlike qPCR, culturable-based methods account
for neither the dead nor a viable-but not-culturable fraction of bac-
teria.
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With respect to seasonal temperature, the studied agents in in-
fluent (antimicrobials, genes, and E. coli) showed an inconsistent
response (Fig. 2, supplementary information Figures S2-S4 and
Table S3 models 1-7). The antibiotic loads varied per plant, with
only WWTP2 showing an increase of antibiotic loads at colder
temperatures. With respect to resistance genes, a slight but signif-
icant decrease of incoming genes (for both concentration and daily
loads per pe) with increasing temperatures was observed for the
set of genes as a whole (-0.02 logs per °C, p < 0.05). In contrast, in-
creasing temperatures significantly enhanced both concentrations
and daily loads per pe of E. coli in the influent of all three WWTP.
The effect was mild as per degree increased (0.03 logs increase per
°C, p < 0.001).

Overall, there is limited information regarding seasonal fluctu-
ations in influent of both antimicrobials and ARGs. Some studies
have observed an increase in loads of some antibiotics during win-
ter months (Coutu et al., 2013; Marx et al., 2015). This has been
related to higher consumption of antibiotics used to treat winter-
related conditions (Marx et al., 2015), which could increase the
selective pressure and enhance the occurrence of resistant bacte-
ria and ARGs in the sewage. This hypothesis is supported by three
studies conducted in German and Chinese WWTPs. In these stud-
ies, either higher relative abundance of several ARGs (Caucci et al.,
2016; Jiao et al., 2018) or higher absolute concentration of nu-
merous bla genes (Schages et al., 2020) were found in cold sea-
sons. In contrast, Karkman et al. (2016) did not observe any differ-
ence across seasons after quantifying the relative concentration of
a broad set of ARGs in a Finnish WWTP. Differences in antibiotic
prescriptions across countries and the degree of seasonality might
explain the contradicting observations. Moreover, integrating flow
variations of the sampling days into the studies might contribute
to explain the uneven results.

3.2. Removal of resistance determinants and E. coli

3.2.1. Removal of E. coli and gene determinants through conventional
water treatment and novel aerobic granular sludge

All three WWTPs significantly (p < 0.001) removed the fecal
indicator bacteria and the tested genes. The removal efficiency var-
ied across WWTPs and measured agent (Fig. 3, supplementary in-
formation Table S3). WWTP1 achieved the best removal for both
E. coli and genes, with an average removal of 2.31 logs for E. coli
(supplementary information Figure S5) and >2 logs of tested
genes (except for korB). The other two WWTPs performed signif-
icantly worse (+ 0.4 logs p < 0.001) removing both ARGs and
E. coli (+ 0.2-0.4 logs p < 0.05, supplementary information Ta-
ble S3, models 11 and 12), although within the range of removal
previously observed for Dutch WWTPs (Pallares-Vega et al., 2019).
Moreover, the patterns for gene removals were, in general, similar
in all three WWTPs and are following our previous study. The most
successfully removed genes were ermB (2-3 logs on average), tetM,
and blacrx.m (2 logs on average). Blacty.y was undetectable or un-
quantifiable in 10-40% of the effluent samples of WWTPs 3 and 1,
respectively. The most resilient ARGs of the panel were those re-
lating to sulfonamides (sull and sul2) with average removals that
ranged from 1 to 2 logs. The two MGEs genes, intl1 and korB, were
also more resilient to the treatment, with removals in the range of
0.6-1.5 logs on average, except for WWTP1 in which intl1 was sig-
nificantly better removed (2.75 logs, p > 0.01). Therefore, although
WWTP1 received a more considerable amount of intl1 gene, it suc-
ceeded in removing it to the same or lower levels than the other
two WWTPs.

For the greatest part of the measured genes, the wastewater
treatment did not exacerbate but rather decreased the relative
abundance of the studied ARGs. For some of the genes (intl1, sull,
or sul2), a non-significant change or a slight relative increase was
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found in some of the WWTPs. In contrast, korB relative abundance
increased significantly (p < 0.001) after the treatment in all three
WWTPs (supplementary information Figure S6). These data con-
firm our previous observations for one-time measurements in 60
WWTPs for more extended sampling periods.

A sampling of intermediate steps within the treatment was per-
formed to evaluate the contribution of each treatment step to the
removal of both E. coli and genes. The primary treatment step
(WWTP2) did not affect the removal of genes and exhibited a mod-
erate but significant effect in removing the fecal indicator (-0.11
logs, p < 0.05). The A-stage (AB line, WWTP3) moderately removed
E. coli (-0.17 logs, p < 0.05) and genes (-0.36 logs, p < 0.001).
Therefore, the greatest removal of both E. coli and the genes oc-
curred in the biological nutrient removal stages. Activated sludge
with short solid retention times and short clarification, as in the A-
stage, is likely not sufficient for the removal of pathogens or ARGs.

Lastly, we compared the removal efficiencies of two parallel
lines- AB-line (based on flocculent sludge) and aerobic granular
sludge- treating the same influent. Aerobic granular sludge is a
modern water treatment technology requiring smaller space and
footprint than conventional activated sludge systems (Pronk et al.,
2015). Aerobic granular sludge is based on bacterial aggregation in
granules instead of flocs. This configuration comprises a different
spatial distribution and bacterial community that could affect the
removal of ARGs compared to flocculent sludge. The presence of
ARG in granules has so far only been studied concerning accumula-
tion during the granulation processes in bench-scale aerobic gran-
ular sludge reactors (Li et al.,, 2020). However, information on the
occurrence of ARGs in the sludge fraction of full-scale AGS instal-
lations as compared to conventional sludge is missing.

After a one-year of sampling, no significant differences were ob-
served in removing ARGs and MGEs among the two parallel treat-
ments. Exceptionally, ermB gene was better removed in the AB
system than in the aerobic granular sludge system (+0.22 logs,
p < 0.01). The removal of E. coli was also similar to the AB system
(Figure S5), in line with a recent study addressing the removal of
fecal indicators (Barrios-Hernandez et al., 2020).

3.2.2. The removal of genes and E. coli is compromised by high
hydraulic loads and effluent suspended solids but not by seasonal
temperature

The effect of abiotic parameters (HLF, turbidity, and average
temperature) on the removal of ARGs, MGEs, and E. coli, was in-
vestigated through linear mixed models (supplementary informa-
tion Table S3 models 8-10). Irrespective of the type of wastewater
treatment, the removal of both E. coli and genes was hampered at
high HLF (Fig. 4). The removal capacity was modeled to decrease
by 0.53 log CFUs (p < 0.001) and 0.35 log gene copies (p < 0.01)
at double the average daily flow. This gene removal rate is in good
agreement with that obtained in our previous study (-0.38 logs)
based on single measurements across many plants. Higher turbid-
ity in the effluent was also correlated with a minor but significant
decrease in the removal of E. coli, (-0.01 logs per A1 Nephelometric
turbidity unit~! p < 0.05) and genes (-0.02 logs p < 0.05), Fig. 4.
In contrast, seasonal changes in the average air temperature on
the day of sampling did not alter the removal of E. coli nor genes
(supplementary information Figure S7). Hence, opposite to what
was observed for influent, variation in flow was the leading cause
of variability, and the seasonal temperature had no contribution.
The mechanisms by which the removal capacity of WWTPs might
be disturbed with the increasing flow have been discussed previ-
ously (Pallares-Vega et al., 2019). In short, increasing flow causes
wastewater to spend a shorter time in the biological treatment and
sedimentation steps.

The lack of effect of seasonal temperature in the removal capac-
ity might appear unexpected, since fluctuations in seasonal tem-
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Fig. 3. Absolute abundance of 16S rRNA, ARGs, and MGEs in the waterline of three Dutch WWTPs through a year. Abbreviations: IN: Influent; PT: after Primary Treatment;
AST: after A Stage; AB-E: Effluent after AB treatment; AGS-E: Effluent after Aerobic Granular Sludge treatment; FE: Final Effluent

perature are known to significantly shape the bacterial community
composition within the activated sludge (Griffin and Wells, 2017)
and alter the treatment performance, ie., by nitrification failure
during winter (Johnston et al., 2019). Surprisingly, the impact of
seasonal temperature on ARGs and E. coli removal during full-scale
wastewater treatment is seldom reported and therefore remains
poorly understood. From the available studies, no statistical differ-
ences can be found regarding the seasonal occurrence of E. coli in
full- scale WWTPs effluents (Lépesova et al., 2019; Osinska et al.,
2020). Moreover, Barrios-Hernandez et al. (2020) described no ef-
fect of seasonal temperature on the removal of E. coli.

Seasonal peaks of absolute ARGs in effluent have been previ-
ously reported in winter and spring (Harnisz et al., 2020) or sum-
mer (Jiao et al.,, 2018). In this study, seasonal fluctuations in ab-
solute effluent concentrations (moderately higher with lower tem-
peratures) were observed only in WWTP2 (supplementary infor-
mation Figure S8). Despite this trend, our results indicate that
changes in the seasonal temperature did not influence the removal
rates in any of the WWTPs (supplementary information Figure
S$7). In contrast, Jiao et al. (2018) reported a better removal of ARGs
during summer. However, in Jiao$ study, the effect of temperature
cannot be detached from that of flow dynamics (highly significant
according to our results), because information about the flow was
not included. The degree in which temperature or flow influence
the removal efficiency of the treatment might vary across countries
with different temperature and precipitation regimes. Thus, addi-
tional studies in other locations accounting for both flow and tem-
perature might be needed to understand further the role of tem-

perature and flow in the removal of resistance determinants and E.
coli.

3.2.3. Fate of antimicrobials and disinfectants during wastewater
treatment

The fate of the different antimicrobials and disinfectant residues
during wastewater treatment depended on the compounds stud-
ied (Fig. 5 and S8). Some compounds were found both in efflu-
ent and biosolids (azithromycin, ciprofloxacin, sulfapyridine), while
others were present either in the effluent samples (sulfamethox-
azole, trimethoprim, clarithromycin) or in the biosolids line as
the tetracyclines (tetracycline and doxycycline) and the disinfec-
tants (BACy, and BACy4). Last, although erythromycin was not de-
tected in any of the influent samples, it was sometimes present
in AGS and DS from WWTP3. All types of treatments, including
that based on granular sludge (Figure S9), reduced to a similar
extent the antimicrobial concentrations (2-10-fold, depending on
the compound). Specifics of the concentrations in each WWTPS ef-
fluents are gathered in supplementary information Table S1. De-
spite the partial decrease, eight of the tested antimicrobials were
still detectable in some of the effluent samples, although only
ciprofloxacin and azithromycin were above the PNEC levels. Most
of those compounds have not been commonly detected either in
the upstream or downstream surface waters of the WWTPs dis-
charge points (Sabri et al.,, 2018; Verburg et al., 2019). Hence, de-
spite WWTPs discharging antimicrobials into the receiving water-
bodies, the residues are diluted and/or sorbed to sediment, reduc-
ing their concentrations in the water stream below the limits of
detection.
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turbidity (panel B).

The compounds that sorbed to the biosolids line were found
in both DS and AS, although with higher concentrations in the
DS samples than in the AS samples, likely derived from the dif-
ference in the solids content of each type of sample. Ciprofloxacin
was again the most common antibiotic residue (2-4 mg kg~1TS).
Ofloxacin, while barely detected in influent, was often detected
in the biosolids line but in lower quantities than ciprofloxacin, in
agreement with previous studies in Europe (Lindberg et al., 2005;
Radjenovic et al., 2009). In general, the concentration of tetracy-
clines and sulfapyridine followed the trends observed elsewhere
(Gobel et al.,, 2005; Lindberg et al., 2005; Shafrir and Avisar, 2012).
Tetracyclines were often detected in values ranging between 0.1-
1.2 mg kg~ 1TS for both AS and DS samples, which is around 5 to
40 pg keg~! of fresh digested sludge for tetracycline and doxycy-
cline respectively. Concentrations of 15 pg L1 of tetracycline (150
times below the minimum inhibitory concentrations) have shown

to enhance the growth of tet resistant bacteria (Gullberg et al.,
2014) and to stimulate horizontal gene transfer events in vitro
(Jutkina et al., 2016), although the bioavailability of these residues
in the biosolids may reduce such an effect.

Besides the aforementioned antimicrobial residues, the two dis-
infectants tested were also highly sorbed onto sludge. Concentra-
tions ranged between 1-14 mg kg~! TS in CAS-like AS samples
and 3-23 mg kg~! TS in DS samples. The highest levels were re-
ported for the AS in the A stage of WWTP3 with up to 49 and
101 mg kg~! TS for BACy; and BACy4, respectively (supplementary
information Figure S9 and Table S4). These concentrations meet
with literature reports (Martinez-Carballo et al., 2007) and reflect
the important accumulation of these compounds in the sludge.
A high occurrence of BACs has been shown to hamper methano-
genesis in anaerobic digesters (Zhang et al., 2015). Moreover, field
amendments of BACs rich biosolids could result in the accumula-
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tion of these compounds, especially in clay soils, which could po-
tentially lead to the selection of gac genes and co-selection of ARGs
(Mulder et al., 2018).

3.2.4. The occurrence of resistance determinants in biosolids mirrored
those in the influent

The occurrence of the ARGs in the biosolids line of the three
WWTPs reflected the patterns observed in the influent (supple-
mentary information, Figure S10). The highest concentrations
were found for ermB, and sull with 9.4-9.9 log copies g~ TS, re-
spectively (Fig. 6). On the lower rank were once again qnrS and
blacrxy, which often laid below the limit of detection or quan-
tification (up to 86% of some of the DS and AGS samples). Con-
trarily, a recent study analyzing a broad range of ARGs suggested
no contribution of influent ARGs to the recycled activated sludge
resistome, which was richer in abundance but poorer in diversity
when compared to the influent (Quintela-Baluja et al., 2019). Since
mixed liquors and not sedimented sludge were used in our study,

a higher resemblance to influent ARGs patterns can be expected.
Our data also demonstrate a high occurrence of MGE elements in
the biosolid line, particularly in the AS systems, where the korB
gene was found in similar ranges than the integrase (intl1) gene.
In contrast, intll was 1-2 log more abundant than korB in influ-
ent samples. The high prevalence of korB in the activated sludge
might explain the poor removal of this gene and the subsequent
equalization of intl1 and korB levels in the effluent. IncP-1 plasmids
have been detected in biosolids of activated and digested sludge
(Droge et al.,, 2000). However, to the best of our knowledge, this
is the first time incP-1 plasmids have been quantified in activated
sludge samples showing a high occurrence, which confirm their
relevance in studies addressing horizontal gene transfer events in
biosolids-like systems.

Neither the flow nor the seasonal temperature seemed to ho-
mogenously alter the concentration of genes in the CAS-like acti-
vated sludge systems (supplementary information Table S3, Fig-
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ure S11); Even though some trends could be observed across
plants with increasing temperatures, the effect varied per stud-
ied gene (i.e. a decrease of ermB and tetM and an increase of gnrS
absolute concentrations). Overall, there was a modest variation of
concentrations of ARG in biosolids between WWTPs (roughly 0.5
logs) and across the year. However, the absolute abundance of
most of the genes was greater in AS than DS. The same effect was
observed for the E. coli concentrations (supplementary informa-
tion Figure S5, Table S5). Lower absolute concentrations of ARGs,
MGEs, and E. coli were also observed among AGS in contrast to the
AS from the B stage (which is comparable to a conventional acti-
vated sludge system). These differences are likely due to normal-
ization per gram of TS, which is roughly 10-fold higher in the DS
and AGS samples compared to AS ones. When normalized to the
16S rRNA (supplementary information, Figure S12), the relative
concentration of several of the ARGs and MGEs in biosolids was
similar among the aforementioned pairs (AS vs. DS and AGS vs. AS
from the B stage). Only a slightly lower relative concentration of
ermB was observed in AGS. A lower adhesion of bacteria harboring
ermB gene to the granular sludge fraction could explain its poorer
removal after AGS treatment in comparison with the AB line.
Consistently higher relative concentrations of ARGs in AS A
stage were observed in comparison to AS from B stage, and an-
other flocculent AS from WWTP1 and WWTP2, and AGS (Figure
$12). This difference could be due to the operational conditions
of A stage, where the solids retention time is significantly shorter
(0.3 days) than that used for B stage (23 days), and another con-
ventional flocculent AS systems (15-20 days) or AGS (>30 days)
(Barrios-Hernandez et al., 2020; De Graaff et al., 2016). Shorter

10

solids retention time most likely limits the natural decay of incom-
ing antibiotic resistant bacteria by out competition of indigenous
sludge microbiota and protozoa predation.

A persistent higher concentration of tetM gene after the anaer-
obic digestion was observed when compared with AS samples for
both absolute and relative abundances (Figure S12). This suggests
that the anaerobic treatment might select for bacteria harboring
this gene. As aforementioned, the concentrations of tetracycline
residues in digested sludge might also contribute to the selection
of tet genes, although similar effects were not found for quinolone
resistance. A slight enrichment of the relative abundance after
anaerobic digestion was also observed for ermB (Figure S9). These
findings are in accordance with the results of Ma et al. (2011) in
bench-scale mesophilic digesters, where they even observed an in-
crease in the absolute abundance of erm genes and some of the
tested tet genes. In contrast, intl1 and sul genes decreased in both
relative and absolute abundance. An increase of several ARGs, in-
cluding erm, tet, and sul genes was also observed in two full-scale
anaerobic digestors in China (Tong et al., 2019), while in another
full-scale study in the US, the relative abundance of three tet genes
varied depending on the sampling dates (Ghosh et al., 2009). Di-
gested sludge is used in some countries as fertilizer for crops. The
impact of pathogens and ARGs from sludge amendments in soil is
still under debate (Rahube et al., 2014; Rutgersson et al., 2020). In
The Netherlands, digested sludge undergoes incineration. However,
there is a growing interest in nutrient recovery from this byprod-
uct; therefore, increasing the knowledge of possible hazards in the
handling and downstream processing of digested sludge is impor-
tant.
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3.3. Depicting sampling strategies

If the results obtained in this studied are compared with those
of our previous work (sampling multiple WWTPs but on a sin-
gle occasion), the former managed to capture similar variability in
ARGs occurrence and removal as in repeated sampling across one
year (supplementary information Figure $13). Thus, shorter sam-
pling efforts might be enough to evaluate the removal abilities of
a WWTP. If the objective is to evaluate variability in performance
(and address possible solutions), rainy and dry periods might be
more interesting to assess than seasons.

In the absence of molecular methodology or the need for rapid
results, the use of bacterial surrogates to evaluate the fate of ARGs
might be necessary. Correlation analysis (Pearson’s correlations)
highlighted that E. coli should not be used to evaluate the vari-
ation in incoming concentrations of ARGs but could be consid-
ered as a surrogate to evaluate the removal of specific ARGs such
as blacrx.y, ermB, and tetM (supplementary information Figures
$14-S16), commonly associated to Enterobacteriaceae and Lacto-
bacillae. These taxa follow E. coli removal patterns during wastew-
ater treatment (Barrios-Hernandez et al.,, 2020; Ferreira Da Silva
et al., 2007; Ottoson et al., 2006).

4. Conclusions

A one-year sampling campaign of three full-scale WWTPs high-
lighted that warmer seasonal temperature marginally decreased
the concentrations of resistance genes in the influent but increased
those of E. coli. However, seasonal temperature variation had an
impaired effect on concentrations of antimicrobials in the influent.
Instead, rainfall played a major role by diluting the concentrations
of antimicrobials as well as fecal indicators such as E. coli, but not
of resistance genes. Rainfall increasing the typical hydraulic load
of each WWTPs significantly reduced the efficiency of wastewater
treatment removal of genes and E. coli, in agreement with previous
findings across The Netherlands. Increasing effluentsS turbidity was
also related to slightly poorer removal. In addition, we concluded
that the occurrence of resistant determinants in the biosolids line
followed the occurrence patterns in the influent and that incP-1
plasmids are highly abundant in biosolids. Finally, full-scale acti-
vated sludge and granular sludge technologies displayed compara-
ble performance in the ability to remove antimicrobials, resistant
determinants, and the fecal indicator E. coli.
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Appendix A

DNA extraction quality control and qPCR reaction reagents and
conditions

Quality of the extractions

To assess the efficiency and quality of the DNA extraction,
all the samples were spiked with an internal standard consist-
ing of 1 x 107 copies of synthetic gene fragments (gBlocks, IDT
technologies, IA EE.UU) of the synthetic blue fluorescence protein
(bfp) gene prior to extraction. DNA extracts were quantified us-
ing a Quantus™ fluorometer (Promega, NL) according to the sup-
plier’s instructions. DNA quality was assessed by gel electrophore-
sis (agarose at 1.5% m/v) and by measuring absorbance ratio at
260/280 nm and 260/230 nm using a Nanodrop spectrophotometer
(ThermoScientific, UK)

Table A.1.

qPCR: oligonucleotides, probes, and reaction and conditions

Preparation of qPCR reagent mix and reaction conditions was
performed as indicated in Pallares-Vega et al., 2019, except for the
korB assay, for which an increase of the primer concentration was
used (400 nm), and for the inclusion of the bfp assay, that fol-
lows the average reaction conditions with annealing temperature
at 60 °C
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Oligonucleotides and probes used for gene detection by qPCR reactions. In primes/probes with degenerate code, Y stands for pyrimidine bases (C or T), R stands for purine

(A or G), S for strong bases (C or G), and V for A, C, G (IUPAC nomenclature).

Target gene Reference Probe name Oligonucleotide sequence 5’-3’ Conc. in reaction (nmol L) Ann. T* (in °C)

16S rRNA (Lane, 1991; Muyzer et al., 1993) 338F ACTCCTACGGGAGGCAGCAG 300 60
518R ATTACCGCGGCTGCTGG

qnrS (Marti and Balcazar, 2013) qnrSrtF11 GACGTGCTAACTTGCGTGAT 400 60
qnrSrtR11 TGGCATTGTTGGAAACTTG

tet(M) (Peak et al., 2007) tet(M)F GGTTTCTCTTGGATACTTAAATCAATCR 500 60
tet(M)R CCAACCATAYAATCCTTGTTCRC

sull (Pei et al., 2006) Sul1-F CGCACCGGAAACATCGCTGCAC 300 65
Sul1-R TGAAGTTCCGCCGCAAGGCTCG

sul2 (Pei et al., 2006) Sul2-F TCCGGTGGAGGCCGGTATCTGG 400 61
Sul2-R CGGGAATGCCATCTGCCTTGAG

erm(B) (Knapp et al., 2010) ErmB-F AAAACTTACCCGCCATACCA 400 60
ErmB-R TTTGGCGTGTTTCATTGCTT

bla . (Marti and Balcazar, 2013) q_CTXM-F CTATGGCACCACCAACGATA 400 60
q_CTXM-R ACGGCTTTCTGCCTTAGGTT

intll (Barraud et al., 2010) Intl-F GATCGGTCGAATGCGTGT 400 60
Intl-R GCCTTGATGTTACCCGAGAG

korB (IncP-1) (Jechalke et al., 2013) IncP-F TCATCGACAACGACTACAACG 400 55
IncP-Fz TCGTGGATAACGACTACAACG 400
IncP-R TTCTTCTTGCCCTTCGCCAG 400
IncP-Rd TTCTTG ACTCCCTTCGCCAG 400
IncP-Rge TTYTTCYTGCCCTTGGCCAG 400
Probe-P TCAGYTCRTTGCGYTGCAGGTTCTCVAT 400
Probe-Pgz TSAGCTCGTTGCGTTGCAGGTTYUCAA T 400

bfp (De Roojj et al., 2019) q_bfp CAACGTCTATATCATGGCCGAC 300 60
q_bfp CAACGTCTATATCATGGCCGAC 300

Pei, R., Kim, S.-C., Carlson, K.H., Pruden, A., 2006. Effect of river
landscape on the sediment concentrations of antibiotics and cor-
responding antibiotic resistance genes (ARG). Water Res. 40, 2427-
2435. 10.1016/j.watres.2006.04.017

Appendix B

Sample preparation for antimicrobials and disinfectants
measurements in biosolids

For the sludge line samples, aliquots stored at — 20 °C were de-
frosted overnight at 5 °C. AGS samples were homogenized by bead-
beating at 4500 rpm for 30 s in the Precellys homogenizer (Bertin
Technologies SAS, FR) with the help of 4 mm glass beads (Merk,
NL). AS and DS samples were homogenized by vigorous manual
agitation. A total of 0.15 g of homogenized AGS and 0.75 g of ho-
mogenized AS or DS were used for the analysis.

The conditioning of the sludge matrix was achieved by mix-
ing the sample with 1.5 mL of buffer (ammonium formate/formic
acid (50:50, v/v), pH 2). To this mix, the following was added:
0.1 mL of an internal standard with isotopically labeled compounds
(Table B3), 1.5 mL of modifier (consisting of in 100 mL: 50 mL of
oxalic acid at 1 mol L', 15 mL of ammonia at 5 mol L', 5 mL
of formic acid at 99% (v/v) and 35 mL of ultrapure deionized wa-
ter), 3 mL of methanol at 99% v/v and 1 mL of organic modifier
(acetonitrile/methanol (50:50 v/v) + 1 % formic acid). In order to
calculate the recovery of each compound in each sample, a paral-
lel vial was prepared, including 0.4 mL of a standard containing

Table B1

Table B2
Elution gradient program specifications in positive electrospray ionization for liquid
chromatography (LC) separation of the antimicrobials and disinfectant residues.

Time (min) Mobile phase B (%) Pump (mLmin') Pressure (bar)
0.10 5 0.250 500.00
1.0 65 0.250 500.00
8.0 75 0.250 500.00
8.5 5 0.250 500.00
13.0 5 0.250 500.00

a mix of all the tested compounds. For both samples and recov-
ery surrogates, the volume was completed up to 15 mL with ultra-
pure deionized water. The mix was vortexed for 30 min at speed
8 (1700 rpm) and subjected to sonication for 15 min in a bath
sonicator (Bandelin electronic, DE). The vials were centrifuged at
3475 x g for 10 min, and the supernatants used directly for analy-
sis by LC-MS/MS.

All samples were injected in an Agilent 6420 Triple Quadrupole
LC-MS/MS system with an electrospray ion source. All the com-
pounds were detected in the positive mode after separation in a
ZORBAX Eclipse Plus C18 RRHD L = 50 x d = 2.1 mm column with
1.8 pm particle size. Detailed information about the mobile phases
and data analyses can be found in Tables B1, B2, B3, B4.

The limit of detection (LOD) and limit of quantification (LOQ)
of the method were determined for each compound as the lowest
detectable amount of compound with a signal-to-noise ratio of 3
and 10, respectively. The recovery rates for each compound in each

Composition of mobile phases and parameters for liquid chromatography (LC) separation of the antimicrobials and disinfectant residues.

Mobile phase

Mobile Phase A
acid 1 M.

Positive electrospray ionization: 2,5 L ultrapure deionized water + 5 mL formic acid (99% v/v), 0,5 mol L' ammonia 5 mol L'! + 0,1 mL Oxalic

Negative electrospray ionization: 2,5 L ultrapure deionized water + 5 mL ammonia (5 mol L'') + 1 mL Formic acid (99% v/v) + 0,1 mL Oxalic

acid 1 mol L.
Mobile Phase B
Negative electrospray ionization: Acetonitrile.

Positive electrospray ionization: Acetonitrile + 0,1% Formic acid.
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Table B3 sample were calculated from the spiked samples. The samples val-
Isotopically labeled compounds used as internal standards. ues were then recalculated by multiplying each result by the cor-
1 M M O/
Concentration in Standard responding recovery, only if this was among 50-1.50/0. When the
Compound  Name solution (ug mL"") Supplier recovery value was below or above the aforementioned threshold,
- - - - the sample was excluded. For the disinfectant residues BAC;, and
TRIM-D9 Trimethoprim-D9 0,253 Sigma-Aldrich . . .
DIA Diaveridine 0.253 Sigma-Aldrich BACy4, the recoveries were not applied, as t.he con.centratlons al-
TRCD3 Triclosan-D3 0,253 Sigma-Aldrich ready present in the samples were 10-30 times higher than the
FNPF Fenoprofen 1,262 Sigma-Aldrich spiked concentrations. Thus, the results displayed are the concen-
ATL-D7 Atenolol-D7 0,253 Sigma-Aldrich tration in the sample without further recalculations.
CFX-D8 Ciprofloxacin-D8 0,253 Sigma-Aldrich
SUDOX-D3  Sulfadoxin-D3 0,253 Sigma-Aldrich
Table B4
Monitored ions and mass spectrometry parameters used for correction of peak areas of the antimicrobials and disinfectant residues.
Compound Precursor lon Product lon Fragmentor voltage (V) Collision energy (V) Ret Time (min) Polarity
AMOX 366.1 3491 100 3 0.88 Positive
AMOX 366.1 208 100 8 0.88 Positive
AMP 350.1 160.1 100 10 2.95 Positive
AMP 350.1 106 100 22 2.95 Positive
ATd7 274 145 125 19 0.86 Positive
AZI 749.5 591.4 100 30 44 Positive
AZI 749.5 158.1 100 40 44 Positive
BaC12 304.3 212.2 140 15 6.03 Positive
BaC12 304.3 91 140 32 6.03 Positive
BaC14 3323 240.2 140 18 6.55 Positive
BaC14 3323 91 140 35 6.55 Positive
CFT 456.2 396.2 110 4 41 Positive
CFT 456.2 324.2 110 8 41 Positive
cIp 3321 3141 115 20 413 Positive
cIp 3321 231 115 41 413 Positive
CIPd8 340 322 130 17 413 Positive
CLAR 748.5 158.1 150 28 4388 Positive
CLAR 748.5 116.1 150 45 4388 Positive
M 4253 377.2 110 20 448 Positive
M 4253 126.1 110 30 448 Positive
DIA 261.2 2452 155 16 2.03 Positive
DM 1419 96.2 100 15 1.62 Positive
DM 1419 811 100 28 1.62 Positive
DOX 4452 428 150 13 452 Positive
DOX 4452 3211 150 34 452 Positive
ERYT 7345 576.4 165 15 468 Positive
ERYT 7345 158.1 165 30 468 Positive
FLUMEQ 262.2 244 100 15 5.11 Positive
FLUMEQ 262.2 202 100 36 5.11 Positive
GAPE 1723 154.2 85 11 1.45 Positive
GAPE 1723 137.2 85 13 1.45 Positive
LINCOM 407.8 360.3 140 18 1.77 Positive
LINCOM 407.8 126.1 140 30 1.77 Positive
OFX 362.3 318.2 120 16 4.05 Positive
OFX 362.3 261.2 120 28 4.05 Positive
OTET 4612 426.1 120 18 3.92 Positive
OTET 4612 283.1 120 35 3.92 Positive
PENG 3352 217 180 12 49 Positive
PENG 3352 202 180 24 49 Positive
PENV 351.2 257 180 10 5.02 Positive
PENV 351.2 229 180 14 5.02 Positive
SMX 253.9 156.1 100 13 465 Positive
SMX 253.9 108.1 100 24 465 Positive
SUCLOP 284.9 156 100 13 451 Positive
SUCLOP 284.9 108 100 27 451 Positive
SUCRAL 416 201 85 9 4,05 Positive
SUCRAL 414 199 85 9 4,05 Positive
SUDOX 3111 155.9 120 17 461 Positive
SUDOX 3111 108 120 30 461 Positive
SUDOXd3 3141 156 120 17 46 Positive
SULFAM 279 186 120 16 4,02 Positive
SULFAM 279 156 120 18 4,02 Positive
SUPY 250.1 184 90 14 225 Positive
SUPY 250.1 156 90 1 2.25 Positive
TET 4452 410.2 130 26 42 Positive
TET 4452 349.1 130 30 42 Positive
TILMIC 869.5 696.6 280 47 451 Positive
TILMIC 869.5 174.2 280 54 451 Positive
TRIM 2911 2751 140 24 2.98 Positive
TRIM 2911 261.1 140 24 2.98 Positive
TRIMd9 300 264 145 26 2.74 Positive
TYLOS 916.5 7723 240 34 472 Positive
TYLOS 916.5 173.6 240 36 472 Positive
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Linear models and linear mixed models used in this study. Abbreviations not explained above: Model Nb: model number; FM: full model; RM: Reduced model.

Variable Model Nb  Model type Model formula
Influent- factors 1 FM log gene copies mL! ~ HLF + T.Aver + WWTP + (1|gene.type) + (1|sample.code.month)
2 RM log gene copies mL! ~ T.Aver + (1|gene.type) + (1|sample.code.month)
3 FM gene load.pe ~ HLF + T.Aver + WWTP + (1| gene.type) + (1|sample.code.month)
4 RM gene load.pe ~ HLF + T.Aver + (1| gene.type) + (1|sample.code.month)
5 FM/RM log.CFUs mL! ~ HLF + T.Aver + WWTP
6 FM CFUs load.pe ~ HLF + T.Aver + WWTP
7 RM CFUs load.pe ~ HLF + T.Aver
Removal- factors 8 FM removal log gene copies ~ HLF + T.Aver + Turbidity + WWTP + (1| gene.type) + (1|sample.code.month)
9 RM removal log gene copies ~ HLF + Turbidity + WWTP + (1| gene.type) + (1|sample.code.month)
10 FM/RM removal log CFUs ~ HLF + T.Aver + Turbidity + WWTP
Removal- steps 11 FM log gene copies mL! ~ sample.type* + (1| gene.type) + (1|sample.code.month)
12 FM log CFUs mL™! ~ sample.type* + WWTP + (1|sample.code.month)
*sample.type: IN vs FE
13 FM log gene copies mL!~ sample.type** (1| gene.type) + (1|sample.code.month)
14 FM log CFUs mL™! ~ sample.type** + (1|sample.code.month)
**sample.type: IN vs PT
15 FM log gene copies mL! ~ sample.type*** + (1| gene.type) + (1| sample.code.month)
16 FM log CFUs mL™! ~ sample.type*** + (1|sample.code.month)
***sample.type: IN vs AST
Activated sludge - factors 17 FM log gene copies gTS -! ~ HLF + T.Aver + WWTP + (1|gene.type) + (1|sample.code.month)
18 FM log gene copies gTS -! ~ HLF + T.Aver + WWTP
Antimicrobials 19 FM Antimicrobial concentration pg L' ~ HLF + T.Aver + WWTP + (1|antimicrobial.type) + (1|sample.code.month)

Appendix C
Statistical analysis

The statistical analysis, linear models, and mixed models were
conducted in R 3.6.5 (R Core Team, 2018) and Rstudio (http://www.
rstudio.com) with the packages, stats, Imer, and ImerTest (Bates
et al., 2016; Kuznetsova et al., 2017).

Only for the statistical analysis, the final effluent samples hav-
ing blacry.y values below the LOQ were replaced by the LOQ value
(6 out of 36 values). All other genes were above the LOQ in all
samples before the removal was calculated.

For the comparison analysis of single gene occurrences in in-
fluent, or the comparison of single genes and E. coli removal per-
formance across all three WWTPs or across the two parallel lines
of WWTP3 and its final effluent, an analysis of the variance was
used (when normality was met) followed by Tukey post-hoc anal-
ysis. The comparisons were made using the log concentrations of
genes mL! or the log transformed removal values, respectively. If
the distribution did not meet the normality, the group comparison
was performed with non-parametric test (Kruskal-Wallis).

The influence of abiotic factors in the incoming and removal of
antimicrobials genes and E. coli as well as the role of intermediate
steps in the removal of genes, were analyzed by linear models and
linear mixed models. The summary of the models is displayed in
Table C1, and the construction of the models is described below:

To evaluate the contribution of either the overall treatment or
the intermediate steps (primary treatment in WWTP2 or A-stage
in the AB line of WWTP3) to the removal of genes determinants
and E. coli, linear mixed models were used with observations clus-
tered by sampling time-point. The log-transformed concentrations
(log10 of gene copies of ARGs, MGEs, and E. coli log10 CFU counts
per mL) from each sample type were used as the response vari-
able. The explanatory variables tested in the mixed model were
“sample.type”, fixed term, representing the location of the sample
within the WWTP, and the "gene.type" (only in the gene models),
“WWTP” and "sample.code.month" as independent random terms
(random intercept modelled). The latter allowed the model to ac-
count for paired measurements from the same month of influ-
ent (IN) and final effluent (FE), primary treatment (PT) or A stage
(AST). The result of these models are coefficients describing the
gene reduction per location, and differences in gene concentrations
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per WWTP, across all resistance genes or E. coli and sampling time-
point.

For single plants, similar linear mixed models (or linear models
as for E. coli) were also used to investigate the influence of ad-
ditional explanatory factors (sampling parameters) on the removal
of either ARGs and MGEs or E. coli CFU counts. In this case, the
response variable was the removal value, calculated as the log10
of the ratio of the concentration of genes or CFU counts in the
influent versus the final effluent. The explanatory variables (fixed
terms) were the WWTP, the average temperature, the turbidity (as
a surrogate for TSS presence in effluent), and the hydraulic load
factor (HLF). The random terms were the “gene type” (only in the
gene model) and the “sample.code.month” that allowed grouping
all the genes from the same WWTP and sampling time point. For
E. coli, only one explained variable (CFU counts) was available, and
thus neither “gene type” nor “sample.code.month” random terms
were applicable. The inclusion of WWTP as fixed term lead to sin-
gular fit problem. Thus, for E.coli, a linear model was used instead.

The role of explanatory factors for the concentrations of re-
sistance genes and E. coli in influent was also investigated
through linear mixed models. The response variable was the log10-
transformed influent concentration per mL of either ARGs and
MGEs gene copies or CFU counts. In addition, the “load.pe” or
absolute daily amount of resistance genes and CFU per popula-
tion equivalent was used as a response variable. The load was ob-
tained from multiplying influent concentrations with the flow on
the measurement day, thereby correcting for increased treatment
volumes. Last, the load was normalized per population equivalent
(pe) “load.pe”, (where 1 pe stands for 150 g of total oxygen de-
mand), and used as a response variable (log10 transformed). The
average atmospheric temperature and HLF from the day of sam-
pling were used as the fixed term explanatory variables. Again,
“gene type” (only in the gene models) and "sample.code.month"
were used as the random terms whilst HLF and temperature were
used as fixed effects.

The same explanatory factors were also modelled against the
concentration of genes in the biosolids, by using a similar approach
than for the influent models, but with the log10 transformed con-
centration of genes (ARGs and MGEs) or CFUs per g of TS as a re-
sponse variable. Due to high percentage of missing values, gnrS and
blacrx.m genes were not included in the model.
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Finally, a linear mixed model was used to address the ef-
fect of both temperature and HLF in the incoming concentrations
of antimicrobials commonly found in influent (azithromycin, clar-
ithromycin, ciprofloxacin, sulfamethoxazole, sulpyridine, trimetho-
prim, doxycycline, tetracycline, and clindamycin). Missing values
were replaced by LOD/,/2 of each compound. The response vari-
able was the concentration of antimicrobial in pg L' and the ex-
planatory variables were the HLF and temperature in the fixed
terms, and “antimicrobial.type” to group for each type of antibiotic
and “sample.code.month” in the random terms to account for sam-
ples from the same location and sampling time-point. After analy-
sis, the model was considered to not being well-fitted, according to
the optical inspection of residuals, and thus, results of this model
are not further included in the results and discussion section.

In the linear mixed models with several explanatory variables,
the relevance of the explanatory variables was determined through
stepwise backward model reduction, and the quality of the models
was assessed by visual inspection of the normality of the residuals.

The datasets used in this study are available in Mendeley
Data repository doi:10.17632/53fk4cht32.1
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