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• Determination of ARG load of an urban
sewer system with different catchment
areas

• Monitoring over 1 year identified critical
control points for ARG dissemination.

• A selection of 5 out of 9 ARGs enabled
comprehensive ARG burden.

• Flow volume-based analysis indicates
benefit of decentralized/on-site interven-
tions.

• Cultivation of MDR bacteria supports
qPCR findings.
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Disrupting the spread of clinically relevant antibiotic resistance genes (ARGs) is one of the key components for the suc-
cess of the One Health strategy. While waste water treatment plants (WWTPs) represent a final control point for daily
discharges of antibiotic resistance genes (ARGs) to the aquatic environment, a decentralized upstream monitoring of
wastewater feeds of selected urban drainage areas for blaCTX-M32, blaCTX-M15, blaOXA48, blaCMY-2,mecA, blaNDM-1, blaKPC3,
vanA, and mcr-1 representing clinically relevant ARGs has been performed. Besides hospitals, also retirement homes
were found to be responsible for high levels of ARG discharges compared to housing area sewer systems. Themonitor-
ing combines qPCR-based quantifications, flow volume-based analyses, and multiple antibiotic resistance analyses of
isolates. As result of the study, local actions at identified critical control points could help to prevent contaminations of
larger volumes of wastewaters. This strategy will support a more cost-effective treatment compared to central actions
at WWTPs, only. A polluter-pays principle should be applied by this monitoring strategy.
Keywords:
Antibiotic resistance
Multiple-resistant bacteria
Decentralized control points
Wastewater pipe system
1. Introduction

In the future, the management of bacterial infections should not only
focus on the treatment of patients, but also on the prevention of the dissem-
ination and wide spread of antibiotic-resistant bacteria and the mobile ge-
netic elements coding for clinically relevant antibiotic resistance genes
discharged from critical local sources like hospitals (Sib et al., 2019;
r B.V. This is an open access article
WHO, 2019). Hence, the surveillance of possible transmissions of
antibiotic-resistant bacteria to the local population or their dissemination
into the environment is an important factor and should be the focus of fu-
ture surveillance strategies (Dafale and Purohit, 2016). The successful ap-
plication of antibiotics in human and veterinary medicine is well
recognized, but the misuse of these drugs leads to antibiotic resistance se-
lection and evolution in pathogenic bacteria that will result in untreatable
bacterial infections in the near future (O'Neil, 2014).

Antibiotic-resistant bacteria and their resistance genes are frequently
detected in wastewater systems of wastewater treatment plants (WWTPs)
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and reach the aquatic environment via WWTP discharge (Alexander et al.,
2020; Hembach et al., 2017). The interruption of such pathways and
prevention of selecting processes using adequate strategies can effectively
interfere with antibiotic resistance evolution (Bengtsson-Palme et al.,
2018; Munir et al., 2011; Rizzo et al., 2013). This also includes the identifi-
cation of hotspots of antibiotic resistance and multiple resistance emission
in municipal sewer systems. In many cases, specific antibiotic resistance
genes and also their microbial carrier organisms have already been de-
tected in different areas of the aquatic environment (Koczura et al., 2012;
Mieszkin et al., 2009; Templar et al., 2016). Furthermore, several of these
resistance genes are genetically transferable to different bacterial species
via horizontal gene transfer in nature (Hu et al., 2016).

For identification of critical control points in sewer systems, a specific
focus of this study is directed to particularly important hygienically rele-
vant antibiotic resistance genes, which mediate resistances that are
i) directed against reserve antibiotics (antibiotics of last choice in case of in-
fections), and ii) are detected in intermediate or low abundances in waste-
water systems via genetic detection methods (Hembach et al., 2019). This
group includes the carbapenem resistance genes often associated with
Gram-negative facultative pathogenic bacteria (Federal Office of
Consumer Protection and Food Safety, 2014) (e.g. Escherichia coli, Klebsiella
pneumoniae, Enterobacter spp., Pseudomonas aeruginosa) with the resistance
genes blaCTX-M32, blaCTX-M15, blaOXA-48, and blaCMY-2 (Hembach et al.,
2019). Among the less frequently occurring but highly important group of
antibiotic resistance genes are the methicillin resistance gene from
staphylococci (mecA), the colistin resistance gene of Gram-negative bacte-
ria (mcr-1), the vancomycin resistance gene from enterococci (vanA), and
the especially critically evaluated mobile carbapenem resistance genes
from Gram-negative bacteria (blaNDM-1 and blaKPC-3) (Hembach et al.,
2019; Ventola, 2015). In addition, multiple resistances of extended-
spectrum β-lactam (ESBL) producing Gram-negative bacteria were
analyzed in all samples and resistances against three or four different
classes of antibiotics were determined in some sampling points within the
municipal sewer system.

2. Materials and methods

2.1. Sampling, sample preparation, and DNA extraction

Four sampling campaigns were performed from February to December
in 2020 in a grab samplingmanner. In the first sampling campaign hospital
sewer 2 could not be sampled, otherwise each sampling campaign consists
of 2 hospital sewers, 5 retirement home sewers, and 8 housing sewer sam-
ples from a city with 20,000 population equivalents leading to 59 individ-
ual samples in total with a volume of 400 mL each. It was ensured that no
rain event was present before and during each sampling campaign to
allow comparability between sampling campaigns and normal drainage op-
eration. Volumes of 50 mL raw wastewater of each individual sampling
point were centrifuged at 20,400 ×g for 15 min (Avanti J-25, Fullerton,
California), decanted, and the complete pellet was used for DNA extraction
using the FastDNA Spin kit for soil utilizing the lysing matrix E and the
FASTPREP Instrument (MP Biomedical, Illkirch, France), according to pre-
vious studies and stored until further analysis at −20 °C (Hembach et al.,
2017). The concentration and purity of the obtained DNA were assessed
using the NanoDrop 1000 Spectrophotometer (Thermo Scientific,
Germany), and minimum and maximum DNA concentrations were deter-
mined between 15.5 and 153.4 ng/μL (SI Table 1).

2.2. Antibiotic resistance genes and quantitative PCR (qPCR) analysis

Antibiotic resistance genes for identification of critical control points in
municipal sewer systems were chosen based on their previously described
abundance (Hembach et al., 2019) and consisted of blaCTX-M32, blaCTX-M15,
blaOXA48, blaCMY-2, mecA, vanA, mcr-1, blaNDM-1, blaKPC3 (Table S2). Addi-
tionally the facultative pathogenic bacteria enterococci (23S), E. coli
(ycct), K. pneumoniae (gltA), A. baumannii (secE), P. aeruginosa (ecfx) were
2

quantified with qPCR for additional evaluation. All qPCR systems targeting
ARGs and facultative pathogenic bacteria were run in technical triplicates
according to Hembach et al. (2017, 2019).

For qPCR analysis, a Bio-Rad Cycler CFX96 (CFX96 Tou.ch Deep Well
Real-Time PCR Detection System, Bio-Rad, Munich, Germany) was used.
The specific resistance-directed genes in the entire bacterial community
were quantified utilizing an SYBR Green qPCR approach according to
Hembach et al. (2019) and Jäger et al. (2018). All qPCR systems targeting
ARG were analyzed for specificity and sensitivity using reference bacteria
according to Hembach et al. (2019). Full primer sequences, primer efficien-
cies, calibration equations, amplicon size, and Limit of Detection (LOD) of
each primer detection system for qPCR reaction analysis with reference
bacteria are listed in the Supplementary information (SI Table 2). Gene
copy calculation according to Hembach et al. (2017, 2019) was performed
to determine the absolute concentration of ARG normalized to 100 mL of
wastewater.

2.3. Clustering of sampling areas

To derive a general observation aiming on the identification of hotspots
for antibiotic resistance dissemination, results from 59 raw wastewater
samples from a sewer pipe network were divided into clusters of hospital-
influenced, retirement homes, and housing areas according to their
location.

Besides the logical clustering of residence based on their inhabitants
and their different needs and medication, various publications also showed
the distinct antibiotic resistance profile of wastewater from hospital and
other health associated institutions. The selection of clusters is basing on
these previously gained experiences or other publications (Alexander
et al., 2020; Kumar and Pal, 2018; Paulus et al., 2019; Sib et al., 2020).
The cluster of Hospital sewers consists of seven individual samples in
total, the Retirement home consists of 20 independent samples each, and
the Housing sewer cluster consists of 32 individual samples. Based on
their abundance in the microbial community, ARGs were grouped into
frequent abundant (blaCTX-M32, blaCTX-M15, blaOXA48, blaCMY-2), and less
abundant, but critical ARGs (mecA, vanA, mcr-1, blaNDM-1, blaKPC3). For sta-
tistical significance of the quantitative combined abundance of all frequent
and critical antibiotic resistance genes, a two-sided, non-parametric Mann-
Whitney U test was performed.

2.4. Multiple resistance determination in Gram-negative bacteria

In addition, each sample was screened for ESBL-producing Gram-
negative bacteria using CHROMagar ESBL (Mast Diagnostics GmbH,
Reinfeld, Germany) and the manufacturers' protocol. For this, a dilution se-
ries was prepared for eachwastewater sample, which contained the follow-
ing original volumes: 50mL, 1mL, 0.1mL, and 0.01mL.With the exception
of the 50 mL native wastewater sample, each dilution was adjusted to a
volume of 10 mL in order to ensure uniform wetting of the nitrocellulose
membrane (0.45 μm, Ø 50 mm, Whatman) during the vacuum filtration
process. After incubation at 36 ± 1 °C for 21 ± 3 h, a maximum of ten
ESBL-producing CFUs per sample were further analyzed for multiple resis-
tance using the “Recommendations of the Commission for Hospital Hy-
giene and Infection Prevention (KRINKO) and the EUCAST definition for
phenotypic antibiotic resistance determination (as of February 28, 2019/
No. 9). The testing of multiple resistance bacteria was completed with the
protocol for the EUCAST disc diffusion test. No further characterization of
bacteria isolates for antibiotic resistance enzyme activity was carried out.

3. Results and discussion

3.1. Absolute abundance of the 16S rRNA gene in sewers with distinct influences

For a first overview about the different sampling sites and their corre-
sponding influences, the abundance of the 16S rRNA gene, as a marker



Fig. 1. Boxplot of the abundance of the 16S rRNA gene in the three different sewer
wastewaters. (Hospital sewers, n=7, retirement home sewers n=20, and housing
sewers n = 32). Whiskers represent minimal and maximal observed abundances.
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for overall bacteria population, was calculated per 100 mL wastewater
(Fig. 1).

Median values of all three clusters displayed similar concentration rang-
ing from 7,6 × 107 gene copies/100 mL (Hospital sewers) to 9,7 × 107

gene copies/100 mL (Retirement home sewers) and 7,7 × 107 gene cop-
ies/100 mL (Housing sewers). While the hospital sewers were more consis-
tent in its 16S gene copy abundance, a higher diversification in the
retirement home sewers and especially in the housing sewerswas observed.
This can be attributed to the increasing number of sampling points com-
pared to the hospital sewers indicating also more individual differences in
discharge habits per residence of retirement homes aswell as in the housing
sewers.

3.2. Relative abundances of ARGs in microbial communities, structures, and di-
versities

The two investigated hospital sewers revealed distinct differences in
ARG diversity and abundance in their microbial wastewater populations
normalized to the 16S gene copy number. Here, Hospital sewer 1 was the
only sampling point where all ARGs were quantified via qPCR during all
sampling campaigns (Fig. 2A). In contrast, Hospital sewer 2 displayed 6
out of 9 ARGs continuously. The colistin resistance gene mcr-1 and the
carbapenem resistance gene blaKPC3 were detected in only one sampling
campaignwith values of 1.57×10−8 and 7.68×10−5 per 16S copy num-
ber, respectively. The reason for this difference in ARG diversity may be
Fig. 2.Median concentration of antibiotic resistance genes (ARGs) in all investigated sew
values for each ARG are derived from the total amount of 4 sampling campaigns. Each
detected once during all sampling campaigns.
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attributed to the different hospital types. While Hospital 1 is focused
more on general medical practices, the primary function of hospital 2 is
characterized by its large psychiatric department.

In contrast to the specific ARG situations in hospital associated waste-
waters, the blaCTX-M32, blaCTX-M15, blaCMY2, blaOXA48 ARGs were found to
be equally distributed in all sewer samples of the study including retirement
homes and housing areas. Here, Hospital sewer 1 showed no significant dif-
ference in the abundances of these 4 ARGs, with median values ranging
from 5.48 × 10−5 to 4.23 × 10−4 per 16S copy number (p > 0.05). In
Hospital sewer 2 the ARGs blaCTX-M32 was analyzed with 1.1 × 10−4 per
16S copy number, blaCTX-M15 with 1.12 × 10−5 per 16S copy number,
and blaCMY2 with 3.19 × 10−5 per 16S copy number. The one exception
was the ARG blaOXA48, which was found in significant higher abundance
(2.07 × 10−3 per 16S copy number, p < 0.05). Generally, a comparable
abundance of these 4 ARGs (blaCTX-M32, blaCTX-M15, blaCMY2, blaOXA48) in-
cluding the dominant blaOXA48 abundance was also found in Retirement
home sewers 3 and 5. These two retirement homes are characterized by a
nursing home unit, which could explain the similar ARG pattern compared
to Hospital sewer 2.

The less abundant ARGs (mcr-1,mecA, blaNDM-1, vanA, and blaKPC3) were
only consistently detected in Hospital sewer 1, which is associated with the
mainmunicipal hospital, indicating a continuous presence of these ARGs in
the bacterial population. The highest median abundance was measured for
blaKPC3 with 2.33 × 10−5 per 16S copy number followed by blaNDM-1 with
2.92 × 10−6, mcr-1 with 2.23 × 10−6, mecA with 3.26 × 10−7 and vanA
with 2.86 × 10−8 per 16S copy number. While in Hospital sewer 2
(psychiatric department) the ARGs mcr-1 and blaKPC3 were only detected
sporadically, blaKPC3 exhibited an equivalent abundance with 7.69 ×
10−5 per 16S copy number, which is comparable to its abundance in
Hospital sewer 1. For mcr-1 only a low abundance with 1.57 × 10−8 per
16S copy number was detected in hospital sewer 2.

All 8 retirement homes sewers exhibited permanent high abundances of
blaCTX-M32, blaCTX-M15, blaCMY2, and blaOXA48 in their wastewater bacterial
population (Fig. 2B) with median values ranging between 1.99 × 10−6

(blaCMY2, Retirement home sewer 4) and 3.22 × 10−3 per 16S copy num-
ber (blaOXA48, Retirement home sewer 5). Themain difference of retirement
home sewers regarding ARGs in bacteria populations is characterized by
the diverse distribution of the less abundant detected ARGs. Here, mcr-1
and blaKPC3 displayed the lowest detection frequency, being only present
during sampling campaign 2 (April 2020), or sampling campaign 3
(September 2020) with single values between 2.02 × 10−4 (blaKPC3,
Retirement home sewer 1) and 2.50 × 10−8 per 16S copy number
ers. Whiskers showmaximum andminimum values of each respective ARG.Median
parameter was measured in technical triplicates. Values marked with [*] were only



Fig. 4.Median concentration of each critical ARG in all investigated sewer cluster
( mecA, mcr-1, vanA, blaNDM-1, blaKPC3). Whiskers show the upper (0.75
and lower quartiles (0.25) of each respective ARG. The mean ( ) and median
( ) value of each respective sewer cluster is derived from all critical ARG.More
than half of the ARG parameter concentrations in the clusters Retirement home and
Housing where equal to zero.
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(mcr-1, Retirement home sewer 3). Noteworthy, two retirement home
sewers showed low, but continuous abundances for vancomycin resistance
gene vanA with median values between 2.36 × 10−9 (Retirement home
sewer 3) and 7.58 × 10−9 per 16 S copy number (Retirement home
sewer 2). In Retirement home sewer 4 and 5 no vanA genes could be de-
tected during all four sampling campaigns. But, the staphylococcal specific
methicillin ARG mecA was present in all retirement home sewer microbial
populations with median values between 2.55 × 10−7 and 8.19 × 10−5

per 16 S copy number.
The housing sewer samples showed the lowest ARG diversities

with only 4 ARGs permanently present during all sampling campaigns
(blaCTX-M32, blaCTX-M15, blaCMY2, blaOXA48). Here, blaCTX-M32 one of the
most frequently detected ARGs displayed abundances between 1.33 ×
10−4 (housing sewer 1) to 1.31 × 10−3 per 16S copy number (housing
sewer 8). On the other side, blaCMY2 displayed the lowest abundance out
of these 4 ARGs with median values between 1.58 × 10−6 (housing
sewer 5) and 7.29 × 10−5 per 16S copy number. The less abundant
ARGs (mcr-1, mecA, blaNDM-1, vanA, and blaKPC3) were found only sporadi-
cally (Fig. 2C). Here, housing sewer 3, 4, 5, and 6 displayed conspicuous
higher abundances of vanA and blaKPC3 on a random basis compared to
the other housing sewers reaching abundances between 8.48 × 10−9

(housing sewer 3) to 6.78× 10−7 (housing sewer 4) per 16S copy number
of vanA and between 5.18 × 10−8 (housing sewer 6) and 5.84 × 10−7

(housing sewer 4) per 16S copy number of blaKPC3. The ARG blaNDM-1 was
only detected during one sampling campaign in housing sewer 1 with
7.93 × 10−7 per 16S copy number.

3.3. Absolute abundances of ARGs and clustering of sampling areas

Absolute abundances of ARGswithin the distinct volumes of each sewer
sample were determined and divided in the categories of frequently
abundant ARGs (blaCTX-M32, blaCTX-M15, blaCMY2, blaOXA48) and less abun-
dant, but more critical ARGs (mcr-1, mecA, blaNDM-1, vanA, and blaKPC3)
(Figs. 3, 4). Furthermore, sampling areas were clustered into “Hospitals”,
“Retirement homes”, and “Housing” sewers clusters to focus our findings
on the identification of hotspots of antibiotic resistance dissemination.

Over the period of all sample campaigns, the hospital-influenced sewer
cluster displayed a median absolute concentration for all frequently
abundant ARGs of 3.95 × 106 gene copies per 100 mL (Fig. 3), which is
derived from the individual median value of blaOXA48 (8.79 × 106 gene
copies per 100 mL), blaCTX-M32 (7.23 × 106 gene copies per 100 mL),
blaCTX-M15 (6.80 × 105 gene copies per 100 mL), and blaCMY-2 (4.62 ×
105 gene copies per 100 mL).
Fig. 3.Median concentration of each frequent abundant antibiotic resistance gene of
all investigated sewer clusters ( blaCTX-M32, blaOXA48, blaCTX-M15, blaCMY-2).
Whiskers show the upper (0.75) and lower quartiles (0.25) of each respective
ARG. The mean ( ) and median ( ) value of each respective sewer
cluster is derived from all frequent abundant ARG. (values and standard
deviations are listed in SI Table 3).

4

s
)

The median absolute concentration of all frequent abundant ARGs in the
Retirement home sewer cluster was 2.59 × 106 gene copies per 100 mL.
In contrast to the hospital-influenced sewer cluster, the highest median
abundance was blaCTX-32 (9.3 × 106 gene copies per 100 mL), followed
by blaOXA48 (4.4 × 106 gene copies per 100 mL), blaCTX-M15 (7.81 × 106

gene copies per 100 mL), and blaCMY-2 (2.84 × 105 gene copies per 100
mL). A similar distribution in the ARG pattern of frequent abundant ARGs
was displayed in the sewer clusters of housing areas with blaCTX-M32 being
also themost abundant ARGwith amedian value of 6.64×106 gene copies
per 100 mL. This is followed by blaOXA48 with 1.68 × 106 gene copies per
100 mL, and blaCTX-M15 with 7.72× 105 gene copies per 100 mL. The low-
est abundance in the Housing sewers cluster of this ARG category was
blaCMY-2 with 3.57 × 105 gene copies per 100 mL.

In the following, the mean and median values of each sewer cluster are
compared for all frequently abundant ARGs under investigation. The mean
value of Hospital sewers (4.29× 106 gene copy numbers per 100 mL) was
only 8.8% higher compared to its median value (3.95 × 106 gene copy
numbers per 100 mL), indicating a stable and continuous presence of all
four ARGs throughout all sampling campaigns (Fig. 3). The other two clus-
ters displayed higher differences between median and mean values, with
Retirement home sewers showing a median and mean ARG concentration
of 2.59× 106 and 3.69× 106 gene copies per 100mL, respectively, result-
ing in a 42.5%highermean value difference. For the Housing sewer cluster,
this difference increases to 91.84%, comparing median and mean concen-
trations of 1.23 × 106 and 2.36 × 106 gene copies per 100 mL. An expla-
nation for these abundance fluctuations of the indicated categorized
ARGs in sewer clusters of Retirement homes and Housing compared to
hospital-influenced sewers may lie in the different prescription habits of
hospital doctors compared to general practitioners. Here, Kern et al.
(2006) describe the variation of outpatient antibiotics prescription in
Germany to be substantially different compared to inpatient antibiotics pre-
scriptions. Hospital doctors are found to be more stringent in antibiotics
prescription which may lead to the observed more stable output of mea-
sured frequently abundant ARGs over all four sampling campaigns.

The less abundant, but critical evaluated ARGs, which are directed
against reserve antibiotics (vancomycin, carbapenems, polymyxin B-type
antibiotics), displayed a different pattern of abundances in the investigated
sewer clusters compared to the previously described frequently abundant
ARGs. These more individual differences observed are suited to identify
critical control points of antibiotic resistance spread.

All five critical ARGs were only detected in the hospital-influenced
sewer cluster indicating a higher ARG spectrum compared to the other
sewer clusters, where only two out of five critical ARGs were consistently
detected (Fig. 4). Actually, methicillin resistance gene mecA was found to
possess the highest absolute abundance in all clustered sewer systems. A
distinguishing feature for hospital-influenced sewers was the constant
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abundance of the antibiotic resistance genes vanA and blaKPC3 with median
values of 7.95× 101 and 1.64× 102 gene copies per 100mL, respectively.
In contrast, the other sewer clusters displayed only sporadic abundances of
these 2 critical ARGs.

The Retirement home cluster is characterized by a high median abun-
dance of blaNDM-1 (4.28 × 103 gene copies per 100 mL), which was
33.8% higher than that of the hospital-influenced sewer cluster (3.13 ×
103 gene copies per 100 mL). The blaNDM1 was not detected in the housing
sewer clusters during the sampling campaigns in February, April, and Sep-
tember. However, in the December sampling campaign of 2020, blaNDM-1

was sporadically detected also in Housing sewers (in 4 of 8 samples),
which may be due to the COVID-19 pandemic-related lockdown in
Germany, putting an increased number of people in home-associated self-
care (Peine et al., 2020) and self-medication (Malik et al., 2020). The con-
sequence of this home-associated self-medication during this periodmay be
responsible for the fact that antibiotic resistances like blaNDM-1, typically as-
sociated with hospital-acquired infections (Weber et al., 2019), could also
be detected in housing sewers.

In the Housing sewer clusters, only mecA and mcr-1 being continuously
detected. The median abundances ofmecA andmcr-1 were 9.29× 103 and
2.71 × 103 gene copies per 100 mL. In addition, there was significant dif-
ference in ARG abundance between Housing, Hospital, and Retirement
home clusters (p < 0.05).

Comparing the different sewer clusters based on the concentration of all
critical ARGs present in each cluster, the joint-mean value of critical ARGs
in the Hospital sewer cluster (7.90 × 103 gene copies per 100 mL) was
157% higher compared to its joint-median value (3.07 × 103 gene copies
per 100 mL). Compared to the frequently abundant ARGs of the same
sewer cluster, its joint-mean value was only 8.8% higher compared to the
joint-median value. This indicates a greater fluctuation of these critical
ARG abundancies in the Hospital sewer cluster in contrast to the frequently
abundant ARGs of this sewer cluster. For the other sewer clusters, no com-
parison between joint-mean and joint-median could be performed due to
the absence of most of the critical ARGs in the Retirement home and Hous-
ing sewer clusters during the four sampling campaigns (Fig. 4).

Therefore, mean values for critical ARGs were used to compare these
sewer clusters. The highest abundance of critical ARGs was found in the Re-
tirement home sewer cluster with a mean value of 1.19 × 104 gene copies
per 100 mL derived only from mecA and blaNDM1 abundance. It has to be
mentioned that this must be discussed in a critical way since the spectrum
of ARGs in the Hospital sewers cluster was higher, but with overall lower
abundances of the more dominant ARGs (Fig. 4). In relation to the other
sewer clusters, thismeans 50.6%more critical ARGswas detected in the Re-
tirement sewer cluster compared to the Hospital sewer cluster, and 395.8%
more critical ARGs compared to the Housing sewer cluster. The lowest
mean value for critical ARG abundance was calculated for Housing sewers
Fig. 5. Quantitative combined abundance of all frequently (blue) and critical antibiotic
sewers. *p < 0.05, **p > 0.05.
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with 2.40× 103 gene copies per 100 mL, derived only frommecA andmcr-
1 abundance.

3.4. Summation of categorized ARGs for critical control point identification

Based on the results of the investigated ARGs in each sewer cluster it
became apparent that the biggest difference was observed in the spectra
and abundancies of critical ARGs. Therefore, to identify critical control
points of ARG dissemination in urban sewer systems, the ARG diversity
(quality) and the ARG concentration (quantity) are important factors to
be considered. Therefore, the groups of frequently abundant ARG and hy-
gienically critically evaluated ARGs were compared in terms of cumulated
qualitative abundance and quantitative concentration in 100 mL (Fig. 5).
The cumulative joint concentration of all frequent ARGs in the clusters
Hospital sewers and Retirement sewers reached median values of 2.35 ×
107 and 2.39 × 107 gene copies per 100 mL, respectively. The cumulative
joint median values of frequently abundant ARGs in the Housing sewer
clusters were 58% lower compared to the cumulative joint median values
of Hospital and Retirement home sewers with 9.84 × 106 gene copies
per 100 mL.

For the cumulative joint concentration of critical ARGs, the highest con-
centration was found in Retirement home sewers with 2.95 × 105 gene
copies per 100 mL, despite of only having two out of five critical ARG pa-
rameters. The second highest cumulative joint concentration of critical
ARGs was found in Hospital sewers with 6.28 × 104 gene copies per 100
mL factoring in all five ARG parameters. Housing sewers contained the
least cumulative joint concentration of critical ARG with median values of
1.38 × 104 gene copies per 100 mL. This translates to 95% and 78% less
critical ARG burden in Housing sewers compared to Retirement and Hospi-
tal sewers, respectively. Interestingly, in contrast to other sewer clusters,
Housing sewers' cumulative joint concentration of critical ARGs displayed
the lowest standard deviation (SI Table 3) out of all sewer clusters, indicat-
ing low fluctuations of critical ARG concentrations throughout all sampling
campaigns.

To determine elevated levels of ARG concentrations in relation to all in-
vestigated sewer samples (hotspot identification), mean values for fre-
quently abundant and critical ARGs were calculated and cumulative joint
ARG concentration values of each individual sewer cluster were put into
prospective (Fig. 5). For frequently abundant ARGs, Hospital and Retire-
ment home sewer clusters were above the overall mean concentration
(1.80 × 107 gene copies per 100 mL), while the Housing sewer cluster
were below this threshold giving indications for a possible hotspot either
in the Hospital or Retirement home sewer clusters. For critical ARGs, the
overall mean value of 1.00 × 105 gene copies per 100 mL was only
surpassed by the Retirement home sewer cluster. In addition, one of the re-
tirement home sewer samples kept consistent elevated concentrations of
resistance genes (orange) in hospital sewers, retirement home sewers, and housing



Table 1
Average load of total frequent ARGs and total critical ARGs in each sewer cluster as
well as in the downstreamWWTP. The average flow volume of each sample cluster
represents a snapshot taken during the sampling campaigns (4). No time-corre-
sponding sampling was performed.

Sample cluster Flow [L ∗
s−1]

Time of
sampling

Frequent ARGs
[copies ∗ s−1]

Critical ARGs
[copies ∗ s−1]

WWTP influent 102.75 08:33 h 1.18E+11 9.11E+07
WWTP effluent 102.75 08:27 h 4.05E+08 3.11E+08
Hospital sewers 2.56 12:20 h 7.52E+08 7.68E+06
Retirement home sewers 1.25 11:37 h 5.29E+08 2.39E+08
Housing sewers 4.75 11:32 h 1.46E+09 8.58E+06
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critical ARGs leading to the highest standard deviation compared to all
other sewer clusters (SI Table 3). By comparing cumulative joint concentra-
tions of frequent and critical ARGs, the Retirement home sewer cluster was
identified to contribute the most to the dissemination of ARGs. While it is
important to also consider the high ARG diversity in the Hospital sewer
cluster, selected retirement homes were identified to be the greatest quan-
titative hotspots for frequent as well as critical ARGs.

3.5. Flow volume-based analysis to estimate impact of on-site treatments

In addition, the volume flow of each wastewater system branch must
also be considered as another parameter that influence subsequent contam-
ination potentials of central wastewater volumes. Here, the average flow
volume of each sewer cluster including the receiving local WWTP influent
and effluent during the sampling period is displayed in Table 1. The calcu-
lations of ARGs in copies per second are based on the results presented
above. For all frequently abundant ARGs (blaCTX-M32, blaCTX-M15, blaOXA48,
and blaCMY-2) the raw wastewater of the WWTP influent displayed the
highest load with 1.18 × 1011 gene copies per s. Within all investigated
sewer clusters, the Housing sewers flow volume contained on average
1.46 × 109 frequently abundant ARG copies per s. In comparison, the
load of the Housing sewer cluster had on average 2-times more frequently
abundant ARGs than the Hospital sewer cluster (7.52 × 108 copies per s),
and 3-times more than the total load of the Retirement home sewer cluster
(5.29 × 108 copies per s).

A different situation is presented when focusing on the total load of
critical ARGs (mecA, blaNDM-1, blaKPC3, vanA, andmcr-1) in the investigated
sewer clusters. Here, the Retirement home cluster contained more than 25-
times the total load of critical ARGs (2.39× 108 copies per s) compared to
Housing (8.58 × 106 copies per s) and Hospital sewer cluster (7.68 × 106

copies per s). Putting the total load of critical ARGs of the different sewer
clusters in prospective to the in- and effluent of the local WWTP, it becomes
evident that the high ARG load found in the retirement home wastewaters
(2.39×108 copies per s) will be diluted by otherwastewater streams (9.11
×107 copies per s,WWTP influent), but undergoes no additional reduction
by the wastewater clarification process like observed for frequently abun-
dant ARGs. This flow volume-based approach corresponds well with the
quantitative PCR results, identifying retirement homes as well as hospitals
to be important sources of clinically relevant ARGs.

These findings strongly supporting centralized actions at WWTPs to be
more suited to interrupt the dissemination of frequently abundant ARGs
Table 2
Qualitative abundance of multiple-resistant ESBL-producing Gram-negative bacteria in e
teria analyzed.

Antibiotic class Cephalosporines Fluorchinolones Carbap

Test substances Cefotaxim [5 μg]
Ceftazidim [10 μg]

Ciprofloxacin [5 μg]
Levofloxacin [5 μg]

Imipen
Merop

Sewer cluster
Hospital-influenced 46/60 31/60 23/60
Retirement homes 76/80 36/80 13/80
Housing area 30/30 23/30 3/30
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from diffuse sources (e.g. Housing sewer cluster, Table 1). While on-site ac-
tions would effectively interrupt the dissemination of critical ARGs, which
are attributed to specific hotspots like retirement homes and hospital waste-
waters. Here, the contaminated flow volume is small and therefore more
cost-effective to treat compared to the higher flow volumes reaching down-
stream WWTPs. Possible on-site treatment options for hospital wastewater
were previously discussed (Paulus et al., 2019) and found to a have positive
effects on the communal WWTP.

3.6. Multiple antimicrobial resistance analysis

Furthermore, cultivation experiments characterizing extended-
spectrum beta-lactamase-producing (ESBL) Gram-negative bacteria in
water samples of each sewer cluster. Up to 10 ESBL-producing Gram-
negative bacteria from each sample (when available) were used for further
phenotypical characterization, resulting in 60 isolates from the hospital
cluster, 80 from the retirement housing associated sewers, and 30 isolates
from the housing sewer cluster, which were tested for their resistance pro-
file (Table 2).

The analysis revealed a total count of 32 multiple-resistant bacteria
from hospital sewers, which are subdivided into 19 ESBL isolateswith resis-
tance against 3 antibiotic classes and 13 ESBL isolates being resistant to-
wards 4 antibiotic classes (Table 2).

It is noteworthy that ESBL isolates from the Hospital sewer cluster
contained the highest number of four-times multiple-resistant bacteria
(i.e. 13/60). The Retirement home cluster displayed the highest total
amount of analyzed multiple-resistant ESBL-producing Gram-negative bac-
teria (combined 3 and 4 multiple-resistant ESBL, i.e. 36). 32 out of 80 iso-
lates were characterized to be resistant towards three antibiotic classes,
but in contrast to theHospital sewer cluster, only four out of 80 isolates con-
ferred resistance towards four antibiotic classes. However, comparison of
the total number of analyzed ESBL-producing bacteria of each sewer cluster
corresponded well with the quantitative PCR results, indicating retirement
homes to be an important source of clinically relevant antibiotic-resistant
bacteria. Here, implementing intervention strategies could have the highest
impact on the reduction of ARG/ARB loads in urban sewer systems before
they reach the aquatic environment via localWWTP discharges. In addition
to cultivation experiments specific taxonomic gene targets were used to
quantify the abundances of facultative pathogenic bacteria being part of
the ESKAPE-group defined by the WHO (World Health Organization,
2017) via qPCR according toHembach et al. (2019). The results underlined
the presence of this group of bacteria in all sewer systems in comparable
gene copy quantities (Fig. S1). Hence, the taxonomic gene markers are
not suitable for the identification of critical microbiological control points
in sewer systems.

It could be demonstrated that the selection of appropriate biological pa-
rameters (i.e. critical ARGs) made it possible to identify hotspots of clini-
cally relevant antibiotic resistances released into the municipal sewer
system, reaching the municipal WWTP and subsequently also the receiving
body (SI Table 4).

Our findings identified retirement homes to be one of the greatest quan-
titative hotspots for frequently as well as critically occurring ARGs. This is
attributed by this clusters total load of critical ARGs being 25-times higher
compared to the Housing and Hospital sewer clusters.
ach sewer cluster based on the total number of ESBL-producing Gram-negative bac-

enems Acylureido-penicillines Multiple-resistant ESBL

em [10 μg]
enem [10 μg]

Piperacillin [30 μg]
Tazobactam [6 μg]

Resistant to 3 Resistant to 4

41/60 19/60 13/60
62/80 32/80 4/80
28/30 23/30 1/30
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There is a specific concern about the clinically relevant ARGs in general,
but especially for the critical ARGs against the so-called reserve antibiotics
as these ARGs can also pass the wastewater treatment plants reaching the
receiving bodies (Hembach et al., 2017; Pärnänen et al., 2019). In addition,
the Retirement home cluster displayed the highest total amount of isolated
multiple-resistant ESBL-producing Gram-negative bacteria indicating also
an important source of such clinically relevant antibiotic-resistant bacteria.
Here, implementing on-site intervention strategies could have a high im-
pact on the reduction of ARG/ARB loads in the urban sewer system before
they reach the aquatic environment via local WWTP discharges.

Thiswas previously demonstrated for other frequent occurring antibiotic
resistances, but partially also for some of the critical antibiotic resistance
genes directed against reserve antibiotics like carbapenems, colistin, and
vancomycin (Alexander et al., 2020; Hembach et al., 2017, 2019). So far,
such critical resistance genes have only been quantified in low abundancies
in WWTP effluents, but without advanced and/or innovative interventions
at hotspots, it is only a matter of time before these determinants also appear
more frequently in aquatic compartments with wastewater influences. This
has already happened for antibiotic resistances such as sul1, blaTEM or ermB
(Jäger et al., 2018). The recent study demonstrated a possible implementa-
tion of suitable parameters as a routine surveillance in amonitoring strategy,
which can also help to detect shifts in the spread of clinically relevant
antibiotic resistance to identify emerging critical control points.

Often, hospitals are described to be primary hotspots for the develop-
ment and dissemination of antibiotic resistances and corresponding gene
pools via clinic-associated pathways (Sib et al., 2019, 2020). Actually,
about 7 to 12% of the patients in hospitals suffer from bacterial infections
worldwide, i.e. 1.7 million people (Haque et al., 2018). Specific and
targeted hygiene concepts would be helpful here in order to reduce the in-
fection rates or outbreaks in clinics (Hota et al., 2009). The International
Nosocomial Infection Control Consortiums reported that approximately
46% of all hospital-acquired infections are due to Enterobacteriaceae and
27% due to Pseudomonas aeruginosa followed by Acinetobacter spp. with
6%, and Staphylococcus spp. with 3% (Dafale and Purohit, 2016). Within
the Enterobacteriaceae, an alarming increase in resistance to carbapeneman-
tibiotics has been documented. Here, the most prominent carbapenemases
aremediated by the resistance genes blaNDM-1, blaOXA-23, and blaKPC indicat-
ing an alarming situation (Dafale and Purohit, 2016). Part of these genes
was also detected and quantified in the present study. Ultimately, it is a
matter of implementing local measures in accordance with the polluter-
pays principle, in order to relieve central WWTPs and thus be able to coun-
teract a further spread of critical antibiotic resistance genes in the aquatic
environment. Although the introduction of distinct threshold values for
ARB/ARGs is difficult to establish by regulations, the observed emission
of these microorganismens to the environments bears the potential risk of
their spread and proliferation. In addition, the horizontal gene transfer of
ARGs from emitted facultative pathogens being present in WWTP effluents
to indigenous aquatic bacteria and vice versa from environmentally occur-
ring bacteria toWWTP released facultative pathogenic bacteria describe ge-
netically dynamics, which might influence the population gene pools and
drive the antibiotic resistance evolution.

This is particularly important when subjects of public protection such as
water reservoirs, bathingwaters, waters used for recreational purposes, and
waters used in agriculture (e.g. for irrigation) are affected. Last but not
least, there is also a distinct health responsibility for persons working as
sewer workers in municipal wastewater systems. Colonization with
antibiotic-resistant and especially multi-resistant facultative pathogenic
bacteria is a critical issue when people come into direct contact with con-
taminated wastewater (Amarasiri et al., 2020; Rosenberg Goldstein et al.,
2014).
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