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This study quantified antibiotic and antibiotic resistance gene (ARG) concentrations in hospital and communal
wastewaters as well as the influents and effluents of the receiving urban wastewater treatment plants (UWWTP)
in two Dutch cities. In only one city, hospital wastewater was treated on-site using advanced technologies,
including membrane bioreactor treatment (MBR), ozonation, granulated activated carbon (GAC) and UV-
treatment.

On-site hospital wastewater (HWW) treatment reduced gene presence of hospital-related antibiotic resistance
genes and antibiotic concentrations in the receiving urban wastewater treatment plant. These findings support
the need for on-site treatment of high-risk point sources of antibiotic resistance genes.

13 antibiotic resistance genes, Integrase Class 1 and 16S rRNA concentrations were quantified using multiplex
quantitative real-time PCR (qPCR) assays and the presence and/or concentration of 711 antibiotics were ana-
lyzed.

Hospital wastewater contained approximately 25% more antibiotics and gene concentrations between 0.4 log
to 1.8-fold higher than communal wastewater (CWW). blakpc and vanA could be identified as hospital-related
genes and were reduced to under the limit of detection (LOD) during on-site treatment. Advanced on-site
treatment removed between 0.5 and 3.6-fold more genes than conventional biological urban wastewater
treatment (activated sludge). Advanced on-site treatment was able to eliminate 12 out of 19 detected antibiotics,
while urban waste water treatment eliminated up to 1 (out of 21 detected). Different advanced treatment
technologies were able to target different pollutants to varying extents, making sequential alignment more ef-
fective. MBR treatment was most efficient in antibiotic resistance gene reduction and ozonation in antibiotic
reduction.

blakpc could only be detected in the influent of the urban wastewater treatment plant receiving untreated
hospital wastewater. Similarly, vanA was only consistently detected in this treatment plant. These results in-
dicate a positive effect of on-site treatment of hospital wastewater on the communal sewage system.

1. Introduction (Brown et al., 2006; Kiimmerer, 2001; Lien et al., 2016) and ARGs

(Berendonk et al., 2015; Harris et al., 2010; Harris et al., 2013a,b;

Antibiotic Resistance (AR) is a growing global threat which will
require worldwide joint efforts to be conquered (ECDC/EMEA Joint
Technical Report: The bacterial challenge, 2009; ECDC strategic multi-
annual programme 2014-2020, 2014). Hospitals have been in the focus
of AR research as one of the high-risk point sources of antibiotics

Harris et al., 2013a,b; Lien et al., 2016; Rowe et al., 2017). Although,
the release of untreated HWW might be posing a hazard to the en-
vironment and human health, there are still few studies investigating
the release and direct impact of HWW into the environment or com-
munal sewage system (Czekalski et al., 2014; Wang et al., 2018a). Due
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Fig. 1. Pharmafilter Installation and Process Steps; samples taken (1)—(6): (1) Untreated HWW, (2) Sludge, (3) MBR, (4) Ozonation, (5) GAC, (6) UV Treatment/

Effluent.

to this gap in information, regulations for the treatment of HWW are
absent in most countries (Aukidy et al., 2017; Liu et al., 2010;
Rodriguez-Mozaz et al., 2015).

The release of untreated HWW could increase ARG prevalence in
environmental water bodies. Antibiotic resistant bacteria were shown
to survive in the HWW, in the UWWTPs and, subsequently, the UWWTP
effluent (Thompson et al., 2013). The risk potential of HWW is further
increased by the fact that hospitals use last-resort antibiotics (e.g. pi-
peracillin and vancomycin) more frequently and thus their ARG profiles
might be different when compared to other wastewaters (Kiimmerer
and Henninger, 2003). Overall, conventional wastewater treatment
renders limited results in terms of antibiotic and ARG removal and
might even increase the concentration of certain ARGs (Berendonk
et al.,, 2015; Luo et al.,, 2014; Narciso-Da-Rocha et al., 2014;
Szczepanowski et al., 2009; Szekeres et al., 2017).

The present study investigates the impact and efficiency of anti-
biotic, ARG and bacterial removal of advanced on-site treatment com-
pared to urban wastewater treatment. The effect of different advanced
treatment steps and their impact on the downstream urban wastewater
system are studied. ARG occurrence and concentrations in HWWs and
CWWsin the Netherlands are compared to identify potential differences.
To this end genes conferring resistance to aminoglycosides (aph(IIl)a),
B-Lactam Antibiotics (blagpc, blasyy, blapxa, mecA), macrolides (ermB,
ermF), quinolones (gnrS), sulfonamides (sull), tetracyclines (tetB, tetM)
and vancomycines (vanA, vanB) as well as a class 1 Integrase (intI1)
were screened for and quantified. A total of 711 antibiotics were in-
vestigated, out of which 41 were quantified and 670 were screened for
presence in the samples. Further, correlations between antibiotic and
ARG concentrations were studied.

2. Materials and methods

2.1. Sampling

Samples were taken from two cities in the Netherlands, namely from
Delft (location 1) and Nieuwegein (location 2). At location 1 HWW was
treated on-site. The following samples were taken from each location:
hospital wastewater, communal sewage (at a location not impacted by
HWW), on-site hospital wastewater treatment plant (Pharmafilter, lo-
cation 1 only) and samples from the receiving UWWTPs. Two sampling
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rounds were conducted at all sampling locations with at least 6 months
in between sampling rounds. The first sampling round took place in
spring and the second in winter.

2.1.1. Hospitals

Samples were taken from combined HWW at location 1 (H1) and
location 2 (H2). All samples were composite sample (12 h-composites —
1st sampling round; 8 h-composites — 2nd sampling round).

Both hospitals contained wards that typically have high antibiotic
use.

2.1.2. Communal WW

CWW samples were taken from the urban sewage system, which was
accessed by street manholes. Samples were taken at a location at which
the sewage system was not impacted by HWW. Samples were combined
grab samples consisting of at least 3 subsamples taken approx. 3 h
apart, which were pooled together before analysis.

2.1.3. Urban WWTPs

Samples were taken from two UWWTPs: 1) W1 (location 1) and 2)
W2 (location 2).

W1 (built in 2006): The treatment plant processes a quantity of
water which compares to a population equivalent of 1.260.000 (PE)
and has an average in- and outflow of 180.000 m>/d. W1 receives CWW
including wastewater from H1. Wastewater treatment consists of pri-
mary and secondary treatment, including: influent screening (6 mm
bars), primary sedimentation, biological (activated sludge) treatment,
final clarification and biological phosphorus removal.

W2 (built in 1975 and renovated in 2010): The treatment plant has
a volume capacity which compares to 144.000 PE and an average in-
and outflow of 25.700 m3/d. W2 receives CWW including wastewater
from H2. Wastewater treatment consists of primary and secondary,
including: influent screening, primary sedimentation, biological (acti-
vated sludge) treatment and biological Nitrogen and phosphorus re-
moval.

24 h-composite samples (taken by automatized composite samplers)
were obtained from each UWWTP (influent and effluent wastewater).

2.1.4. Pharmadfilter
HWW at location 1 was treated on-site by an installation called the
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Pharmafilter. Pharmafilter treatment consists of 4 sequentially aligned
treatment steps (see Fig. 1):

o Membrane Bioreactor (Microfiltration) (MBR)
e Ozonation (Ozon.)

e Granulated Activated Carbon (GAC)

e UV Treatment (UV)

24 h-composite samples were taken after each treatment step, as
well as from the MBR-Sludge (see Fig. 1).

2.2. Sample preparation
Samples were processed immediately after arrival to the laboratory.

2.2.1. Biological analysis

Samples were filtered using 0.22-pum-pore-size polycarbonate track-
etch filter membranes (Sartorius). DNA was extracted from the filters
using DNeasy PowerSoil Kit (QIAGEN Benelux B.V). Extraction was
performed according to manufacturer instructions, with one exception:

An internal control (IC) plasmid was added to the samples (con-
centration: 2.5 x 10 gene copies/uL) to quantify the DNA loss caused
by the extraction process (Wullings et al., 2007).

Extraction blanks yielded negative results. DNA loss was corrected
for, based on IC concentrations measured by qPCR.

2.2.2. Chemical analysis

The sample preparation protocol involved clean-up and 4000x pre-
concentration on an Atlantic HLB-M Disk, using a HORIZON SPE-DEX
4790 (USA) with 47 mm disk holder. Conditioning and extraction
programs used for the preparation of the wastewater samples can be
found in the SI (Table SC.2). The extract was evaporated using a gentle
stream of nitrogen and was reconstituted with 250 pl of 50:50 metha-
nol:water mixture for instrumental analysis. Before analysis, extracts
were filtered through RC syringe filters of 4 mm diameter and 0.2 ym
pore size (Phenomenex, USA). See SI (SC.1) for information on chemi-
cals and reagents.

2.3. ARG detection and quantification — biological analysis

2.3.1. Multiplex qPCR assays

DNA extracts were stored at —20°C prior to qPCR analysis. All
qPCR assays were performed at least twice using technical duplicates
each time. 16S rRNA was quantified using a SYBR Green qPCR assay.
The following genes were quantified by qPCR: aph(Ill)a, blagpc, blaoxa,
blagyy, ermB, ermF, intl1, mecA, qnrS, sull, tetB, tetM, vanA and vanB.
Multiplex qPCR assays were performed under the conditions described
in the SI (SB 1-3). Standards, a positive and a negative control were
included in every assay to confirm multiplex qPCR quality. Standards
were made up of 5 subsequent dilutions with concentrations ranging
from 2.5 X 10* to 2.5 x 10° gene copies/uL. Multiplex qPCR assays
were performed using the iQ™ Multiplex Powermix (Bio Rad, Miinchen,
DE) and qPCR reactions were performed using a CFX96™ Real-Time
PCR Detection System (Bio Rad, Miinchen, DE). CFX96™ Real-Time PCR
Detection System data was interpreted by CFX Manager
v.3.1.1517.0823.

2.3.2. Data analysis

Python 3.6.0 (Hunter, 2007; Mckinney, 2010) executed in Jupyter
Notebooks was used to clean and analyze raw data, to calculate de-
scriptive statistics and correlations and to create data visualizations. R
version 3.5.0 was used to perform inferential statistical analysis. Sig-
nificant differences between experiments and/or measurements were
detected by employing paired or unpaired Student's t-Tests, or Welch's
t-Tests for the case that the sample variances were not comparable and
data transformation not possible. Two samples/measurements were
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defined to be significantly different from each other for p < 0.05.
Correlations between antibiotic and ARG concentrations were calcu-
lated using Pearson's rank correlation coefficient. An ARG and anti-
biotic were considered correlated for R> > 0.5, p < 0.05 and if there
were =4 common data points available. Relatedness with values of
0.5 < R? < 0.7 was considered a ‘moderate correlation’, while
R? > 0.7 was considered a ‘strong correlation’.

2.4. Antibiotic detection and quantification — chemical analysis

2.4.1. Instrumental analysis

Instrumental analysis was performed with a Thermo UHPLC Accela
system connected to a TSQ Quantum Access triple quadrupole mass
spectrometer from Thermo Electron Corporation (San Jose, CA, USA)
equipped with an electrospray ionization source (Thermo IonMAX) in
positive mode. Chromatographic separation was achieved on an
Atlantis T3 C18 (100mm X 2.1 mm, 3um) column from Waters
Corporation (Milford, MS, USA) at a constant flow rate of 100 puL/min.
The mobile phase, the gradient elution programs and the ESI para-
meters are presented (SI Table SC.3). Identification and quantification
were performed under selected reaction monitoring (SRM) mode, re-
cording the transitions between the precursor ion and the two most
abundant product ions for each target analyte, thus achieving 4 iden-
tification points per compound (2002/657/EC). SRM transitions for
each compound were optimized by infusion of standard solutions at
mean concentration 1mg/L. The optimized ionization mode, frag-
mentation voltages, collision energies for each antibiotic (41 in total)
are summarized in (SI SC.4). To assure that as many antibiotics as
possible were captured, extracts were also injected in a UHPLC-QTOF-
MS system, equipped with a UHPLC apparatus (Dionex UltiMate 3000
RSLC, Thermo Fisher Scientific, Dreieich, Germany), coupled to the
QTOF-MS mass analyzer (Maxis Impact, Bruker Daltonics, Bremen,
Germany). Chromatographic separation was performed on an Acclaim
RSLC C18 column (2.1 X 100 mm, 2.2 pym) from Thermo Fisher Scien-
tific (Dreieich, Germany) preceded by a guard column of the same
packaging material, kept at 30 °C. Gradient program, ESI parameters
and mobile phases are summarized in (SI SC.5). See SI SC.8 for detailed
data analysis.

3. Results and discussion
3.1. Antibiotics and ARGs in the urban WW cycle

3.1.1. Hospital wastewater had higher prevalence and concentrations of
antibiotics and ARGs than communal wastewater

HWW samples showed 0.4-1.8-fold higher relative ARG con-
centrations than CWW samples (Fig. 2). No ARGs were observed in
significantly higher concentration in CWW samples. Similarly, absolute
ARG concentrations (meaning: ARG concentrations per mL sample)
which significantly differed from each other between HWW and CWW
samples showed between 0.8 and 2.3-fold increase in HWW samples (SI
Fig.SB9). The higher ARG pollution of HWWs suggests higher in-
cidences of AR and can potentially suggest multi-drug-resistant bac-
teria, as has been found previously in several studies (Amador et al.,
2015; Magalhaes et al., 2016; Vaz-Moreira et al., 2015) or a larger
proportion of resistant organisms compared to CWW.

blaKPC and vanA were not found in any of the analyzed CWW
samples, suggesting that these genes are hospital-related ARGs and that
occurrences at other location of the urban wastewater cycle originate
from health care facilities. VanA has previously been suggested as an
indicator gene to monitor AR of anthropogenic origins in the environ-
ment (Narciso-Da-Rocha et al., 2014). VanA and blaxpc have repeatedly
been detected in HWW (Chagas et al., 2011; Cuzon et al., 2011; Gootz
et al., 2009; Hu et al., 2012; Iversen et al., 2002; Mascini and Bonten,
2005; Novais et al., 2005; Sahlstrom et al., 2009; Zhang et al., 2012).
Occurrences of blakpc in the environment were only recently and rarely
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is referred to the Web version of this article.)

shown (Sellera et al., 2017). Some of these occurrences could be traced
back to hospital-associated bacterial strains (Cerdeira et al., 2017). The
assumption of association of HWW with blaxpc and vanA is strength-
ened by previous findings that these genes are more prevalent in hos-
pitals which use more carbapenems (Nasri et al., 2017) or vancomycin
(Iversen et al., 2002). VanA, is found downstream of hospital sewage
release with higher prevalence (Novais et al., 2005). The potential risks
of these specific genes would be exacerbated by the possibility to be
transferred horizontally between strains. At least in case of blakpc,
transconjugants were detected after horizontal gene transfer (HGT) (Hu
et al.,, 2012), suggesting a heightened transfer risk potential of this
gene.

Ciprofloxacin (2706 ng/L — H1, 3752 ng/L - H2) and sulfamethox-
azole (367 ng/L - H1, 269 ng/L - H2) were detected at concentration
levels of up to several orders of magnitude higher than in CWW sam-
ples. Metronidazole with a frequency of detection of 92% across all
samples, reached concentrations as high as 4 ng/L (H1) and 7500 ng/L
(H2) (see Table SC.6). While antibiotic concentrations in HWWSs can
vary widely (Lien et al., 2016), concentrations within the same di-
mensions have been previously recorded, with ciprofloxacin, sulfa-
methoxazole and metrondazole frequently being detected (Baquero
et al., 2008; Brenner et al., 2011; Lien et al., 2016; Martins et al., 2008,
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2010; Vasconcelos et al., 2009).

Some antibiotics could only be detected in HWW (Fluconazole,
Sulfaclozine, Trimethoprim) or were detected in HWW with dis-
proportionally higher concentration than in CWW (Sulfamethoxazole,
Ciprofloxacin; both detected at concentrations over 2-fold higher in
HWWs). Ampicillin and Amoxicillin, on the other hand, were only de-
tected in CWW. These findings are consistent with previous reports,
that B-lactam antibiotics are largely used inside and outside hospitals
with Amoxicillin being one of the most frequently used antibiotics for
outpatient prescription (Durkin et al., 2018; Hicks et al., 2015;
European Centre For Disease Prevention And Control, 2018). Quino-
lones and sulfonamides are more frequently used in hospitals than for
outbound patients in the Netherlands (European Centre For Disease
Prevention And Control, 2018).

3.2. Reduction of antibiotics and ARGs during communal and on-site
treatment

3.2.1. On-site treatment eliminated antibiotics and ARGs efficiently
Blaxpc, blasyy, mecA, qnrS, tetB, tetM and vanA were

reduced < LOD from HWW during MBR treatment (Fig. 3). The fol-

lowing genes could not be detected in the MBR permeate but were
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Table 1

Mean and Standard Deviation for log;o-fold Gene Reduction and Increase in
W1, W2, and Pharmafilter (combined data from two sampling rounds); ? - only
detected in first sampling round, 2 - only detected in second sampling round, % —
reduced to < LOD, * —only detected during 2nd sampling round of W2 effluent, ® —
non-quantifiable reduction from < LOQ to < LOD, * - Pharmafilter reduction
significantly higher than UWWTP reduction, bold: gene concentrations significantly
increased.

ARG w1 w2 Pharmafilter
aph(liDa 0.4 = 0.9 0.5 = 0.1 >38*3
blagpc ns 1.0 = 2.6 >17 %3
blaoxa 0.7 + 0.1 n.s >36%3
blaguy 1.0 = 0.1 0.6 = 0.1 >31%3
ermB 0.8 + 0.1 ns > 4.4 %3
ermF 1.1 £ 0.3 n.s 1.7 £ 0.8
intl1 n.s n.s 05 £ 09~
mecA >1.73 >20%3 s

qnrs 1.0 >1.33 >093
sull n.s 0.5 + 0.1 1.7 = 0.4 *
tetB 1.3 = 0.1 0.9 + 0.1 >31%*3
tetM 1.2 + 22 0.5 * 0.2 >313
vanA ns?! >223 >243
vanB - 4 -

detected in the MBR sludge: blaSHV, tetB, tetM and vanA (see Supple-
mentary Material SB.5). No genes were consistently eliminated during
the ozonation treatment step. GAC treatment showed some variation
between the two sampling rounds, with some genes being significantly
reduced or increased. Intl1 and sull were consistently detected in the
highest and second-highest concentration, respectively.

Overall changes in gene concentrations showed high consistency
between the two sampling rounds. All detected genes were significantly
reduced in absolute concentration and most also in relative con-
centration during the Pharmafilter treatment (Table 1). 9 out of 13
initially detected ARGs in HWW were reduced < LOD during Phar-
mafilter treatment, including blaxpc, blaoxa, blasyy, ermB, mecA, gnrS,
tetB, tetM and vanA. Aph(Ill)a, ermF, intl1 and sull stayed detectable but
were significantly reduced.

Notably, the bacterial load increased during ozonation treatment.
This can be explained by hydraulic retention times up to 2h before
ozonation, during which the microbial community has time to adjust to
the new conditions and propagate.

Pharmafilter treatment reduced ciprofloxacin from 2706 ng/L to
62 ng/L. Sulfamethoxazole was reduced from 367 ng/L to 0.9 ng/L
(Fig. 5). Ozonation was the crucial treatment step for the elimination.
MBR treatment seems to release cleavage forms of certain types of
antibiotics thus increasing concentrations of certain antibiotics such as
metronidazole, which is increased from 4 ng/L to 1203 ng/L during this
step. The same trend was observed for other compounds: sulfa-
methoxazole (concentration difference after MBR treatment: +96%),
ofloxacin (+110%), fluconazole (+289%) and erythromycin (17-fold
difference). In some cases, concentrations of pharmaceutical residues
appear to increase through MBR treatment, a documented phenomenon
(Snyder et al., 2007), and might be explained by the cleavage of con-
jugated residues. For example, sulfamethoxazole can be generated
during treatment by cleavage of its human metabolite N4-acet-
ylsulfamethoxazole in WWTPs (Radjenovic et al., 2009). Moreover, it is
known that antibiotics are absorbed onto negatively charged surface of
sewage sludge through ionic interactions. In case of malfunction of
membranes or poor maintenance it is possible that desorption phe-
nomena may happen (Radjenovic¢ et al., 2009).

3.2.2. Urban wastewater treatment plants show low efficiency in antibiotic
reduction and varying efficiency in ARG reduction

ARG concentrations did not uniformly show significant decrease
during urban wastewater treatment (Fig. 4). Significant gene reductions
varied between 0.5 = 0.1 (aph(IlD)a) to > 2.2-fold (vanA) in UWWTPs
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(see Table 1). ARG reduction efficiency varied between the two
UWWTPs. Significant changes in relative gene concentration were
uniformly reductions in W1, while three ARGs significantly increased in
concentration in W2. Genes which did not significantly decrease in
concentration were intl1 and blagyy (during both sampling rounds),
blagpc, blagxa and sull (during the 2nd sampling round). On the other
hand only one ARG was reduced < LOD in W1; mecA and tetM during
the 1st and 2nd sampling round,respectively; while 3 ARGs were re-
duced < LOD in W2; gnrS and vanA (in both sampling rounds) and
mecA (1st round) or blagpc (2nd round).

In W1 50-67% of present ARGs could be significantly reduced,
while only 23-36% of present ARGs were significantly reduced in W2.
A large proportion of genes did not show a significant change in relative
concentration after treatment at W2. IntI1 is the only gene that does not
show any significant changes in relative concentration in any of the
different WWTPs and sampling rounds (see Fig. 4). Previous studies
showed that secondary wastewater treatment decreased half of 78 de-
tected ARGs by < 94% in concentration (Yang et al., 2014), while
tertiary treatment has been found to retain 2%-50% of ARG raw in-
fluent concentrations (Mao et al., 2015). Generally UWWTPs were
shown to have varying effects on ARG concentrations depending on
wastewater treatment conditions and the type of ARG, even for was-
tewater treatment plants with tertiary treatment steps (Du et al., 2014;
Rodriguez-Mozaz et al., 2015).

Conventional urban wastewater treatment was not capable of re-
moving ciprofloxacin effectively (removal efficiency: 41% for W1, 39%
for W2). Similarly, sulfamethoxazole could not be eliminated effec-
tively (removal efficiency: 25% for W1, 19% for W2). Both investigated
UWWTPs fail to remove most of the detected antibiotics. Other anti-
biotics with poor removal efficiency were ofloxacin, trimethoprim,
clarithromycin, sulfachloropyridazine, fluconazole, azithromycin, ery-
thromycin and lincomycin (Fig. 5). Low biodegradability of many an-
tibiotics might explain the inefficient antibiotic removal (Kiimmerer
et al., 2000).

Conventional urbanwastewater treatment might therefore not be
the most efficient method to reduce antibiotic and ARG concentrations
from CWW, contaminated with HWW, prior to release into the en-
vironment. Due to substantial fluctuations in antibiotic and ARG con-
centrations and CWW quality, the resulting effluent will be of variable
quality with unknown environmental impact.

3.3. Advanced on-site treatment is more efficient and constant than regular
urban wastewater treatment

While relative ARG concentrations did not uniformly decrease in
UWWTPs and increased for approximately 10-30% of all ARGs de-
tected, all relative ARG concentrations were consistently significantly
reduced during the Pharmafilter process (Fig. 3). Only intll was not
consistently significantly removed during Pharmafilter treatment.
Pharmafilter treatment reduced approx. 70% of all detected ARGs
to < LOD, while regular urban wastewater treatment reduced between
10% (W1) and 22% (W2) of detected ARGs to < LOD. Furthermore,
the reduction of ARG concentrations, of genes which were still quan-
tifiable after the respective treatments, was 0.5-4.4-fold during Phar-
mafilter treatment and 0.5-2.2-fold during UWWT. Pharmafilter re-
duces individual genes with efficiencies between 0.5-fold (intll) to
more than 3.6-fold (ermB) higher than that of UWWTPs. This dis-
crepancy in efficiency is further increased considering that UWWTPs
could increase certain ARG concentrations more than 1-fold.

The increased ability of the Pharmafilter treatment compared to
urban wastewater treatment is, with high probability, due to several
interconnected factors: Conventional wastewater treatment has a lim-
ited capacity to remove resistance genes (Bouki et al., 2013; Narciso-
Da-Rocha et al., 2014; Szekeres et al., 2017) while advanced waste-
water treatment (including MBR, Ozone and UV treatment) has been
shown to have a better efficiency (Zhang et al., 2015; Zhuang et al.,
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2015). The sequential set-up of the Pharmafilter treatment steps seems
to be of importance, as single treatment steps, seem to have the po-
tential to increase the relative ARG concentrations when applied alone
(Mao et al., 2015; Sousa et al., 2017). This study showed similar find-
ings. While MBR seems to be the single most effective treatment step to
eliminate ARGs, only 7 out of 13 detected ARGs were reduced < LOD
during this step. Two ARGs (blapxa, ermB) were reduced < LOD, aph
(IINa was significantly reduced in concentration in the subsequent
treatment steps. The subsequent treatment steps therefore accounted
for approximately 1/4 of the overall removal efficiency of the Phar-
mafilter. UV treatment had the least positive impact. Each of these
advanced treatment types have their benefits and disadvantages
(Aukidy et al., 2017) with ARG removal efficiency strongly depending
on the type of ARGs present, the quality of wastewater influent and the
applied treatment processes (Barancheshme and Munir, 2018; Sun
et al., 2016). The high efficiency of MBR treatment is likely to be due
largely to size exclusion, thus filtering out ARG-carrying microorgan-
isms (Visvanathan et al., 2000; Judd, 2010). MBRs have been shown to
develop characteristic communities, which differ from the influent
community (Judd, 2010). Subsequent partial detachment of micro-
organisms from this characteristic community might explain why some
ARGs are eliminated to a higher extent than others during this treat-
ment step.

Further, antibiotics and other pharmaceutical compounds which
might exert selective pressure and increase HGT of ARGs (Bengtsson-
Palme and Larsson, 2015; Wintersdorff et al., 2016; Xiong et al., 2015)
are thoroughly eliminated by the Pharmafilter process. Correlations
between antibiotic and ARG concentrations have been shown (Li et al.,
2015b; Mao et al., 2015). Elevated concentrations of (-lactam anti-
biotics, glycopeptides and trimethoprim were detected in untreated
HWW (Szekeres et al., 2017). In contrast to the Pharmafilter, UWWTPs
were shown to eliminate a much lower percentage of chemicals, in-
cluding antibiotics. Elimination of antibiotics can be as low as 20% for
sulfamethoxazole, 69% for trimethoprim and 70% for ofloxacin (Brown
et al., 2006).

Correlations between antibiotic and ARG concentrations were de-
tected during the present study. Of the 41 quantified antibiotics, con-
centrations of two antibiotics correlated strongly with ARG
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concentration ((rifaximin, metronidazole), two correlated moderately
(azithromycin and norfloxacin) and ciprofloxacin correlated moder-
ately to strongly (depending on the ARG). Antibiotics correlated with
different numbers of ARG (azithromycin(3), rifaximin(7), me-
tronidazole(6), ciprofloxacin(3), norfloxacin(5) (SI Table SB.8)). While
most correlations were observed between unrelated antibiotic-ARG
pairs, azithromycin (a macrolide) and ermF (R? = 0.66), ciprofloxacin
(a fluorquinolone) and gnrS (R? = 0.56) and norfloxacin (a quinolone)
and gqnrS (R* = 0.64) correlated moderately. Interestingly, rifaximin
and metronidazole concentrations correlated with ARG concentrations
of a large number of unrelated ARGs. This could indicate that selective
pressure of antibiotics on unrelated ARGs might be an larger problem
than selective pressure on related ARGs. Antibiotics like metronidazole
which do not largely cause resistance (Otte et al., 2017; Regnath et al.,
2017) might then have a larger impact on AR. Another explanation for
these correlations could be co-selection. Co-selection of related and
unrelated genes can be caused by co-occurrence on plasmids or other
mobile genetic elements (Baker-Austin et al., 2006; Di Cesare et al.,
2016; Stepanauskas et al., 2006; Gaze et al.,, 2011; Seiler and
Berendonk, 2012; Li et al., 2015a). Finally, (non-antibiotic) pharma-
ceuticals which have not been investigated but are largely present in
wastewaters, could be further driving HGT thus increasing AR (Hegstad
et al., 2010; Wang et al., 2018Db). It is to be noted that correlation does
not necessarily imply causation and that further research will be needed
to conclude if one of the described mechanisms are responsible for the
observed correlations. Nevertheless, these observations are of interest,
in case future research can find similar relationships between the re-
spective antibiotics and ARGs.

3.4. The impact of pharmafilter treatment on ARG concentration in hospital
wastewater effluents and the urban wastewater system

On-site wastewater treatment with the Pharmafilter reduces the
number of quantified ARG present in hospital wastewater discharge
from 13 to 4 and the number of quantified antibiotics from 17 to 7. ARG
concentrations of the four genes still detectable after treatment are
reduced between 0.5 * 0.9 to > 3.8-fold (Fig. 3). Similarly, relative
gene concentrations are reduced for genes detectable after treatment.
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Intl1 has been identified as a measurement of HGT potential and gene
acquisition (Narciso-da-Rocha et al., 2014) and it has been proposed as
an indicator for anthropogenic pollution (Gillings et al., 2015). Intl1
was found to show the highest relative concentrations of all genes in all
analyzed HWW samples. A study had previously found that high anti-
biotic concentrations increase intl1 rearrangement, thus increasing the
likelihood of HGT (Barraud and Ploy, 2015). The overall discharge of
ARGs concentrations, including intll, from HWW to the communal
sewage system is therefore greatly reduced by Pharmafilter treatment,
decreasing the potential for HGT events induced by this otherwise high
pollution point source for ARGs.

There are indications of a positive impact of the Pharmafilter
treatment on the downstream urban wastewater system and, as a con-
sequence, a benefit in terms of downstream environmental pollution. A
lower number of genes was detected in influent samples of W1 (re-
ceiving treated HWW) than of W2 (receiving untreated HWW).
Interestingly, hospital-related genes (not found in CWW) eliminated
during Pharmafilter treatment could rarely be detected in W1. blaxpc

could not be detected in W1 samples and vanA could only be detected
during one of the two sampling rounds (Fig. 6). Both genes were con-
sistently detected in W2 samples (Fig. 6). Similar results could be found
for hospital-related antibiotics, which were consistently detected at
elevated concentrations in W2, with concentrations up to > 5-fold
higher (Fig. 6). Antibiotics only detected in W1 influent (amoxicillin,
azithromycin clarithromycin, erythromycin, flumequine and sulfa-
moxole) were not detected in treated HWW (location 1) and must
therefore originate from other sources. Antibiotics detected only in W2
influent (marbofloxacin, norfloxacin and sulfathiazole) were similarly
only detected in H2, with the exception of norfloxacin, which was also
detected in CWW, albeit at low concentrations.

4. Conclusion

On-site treatment was substantially more efficient in reducing an-
tibiotic and ARG concentrations than UWWTPs. On-site treatment of
HWW did also reduce UWWTP influent loads with hospital-related
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pollutants. Intl1 concentrations were reduced to a considerably larger
extent, which could subsequently reduce HGT potential in wastewaters.
Combining these findings with elevated levels of antibiotics and ARGs
in HWWs (compared to CWW), on-site treatment of HWWs with se-
quentially aligned advanced treatment technologies is an important
step to decrease the risk potential of HWWs and to decrease the impact
of wastewater effluents on the environment and subsequently on
human health. Alternatively, upgrading existing UWWTPs to include
more advanced treatment technologies could mimic the benefits of on-
site wastewater treatment of high-risk point sources.

Pharmafilter treatment results in the reduction of pharmaceuticals,
including antibiotics, in the treated wastewaters. Correlations between
antibiotic and ARG concentrations, suggest potential interactions be-
tween these two factors. This reduction could further decrease HGT
events as potential sources of selective pressure are diminished, espe-
cially for last-resort antibiotics frequently used in hospitals.

Summarizing it can be said that on-site treatment of high-risk
wastewater sources was proven to be highly advantageous in regard to
antibiotic and ARG reduction. Legislative guidelines and requirements
would be conducive to create incentives and increase practical im-
plementation of on-site wastewater treatment.
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