Association between antibiotic residues, antibiotic resistant bacteria
and antibiotic resistance genes in anthropogenic wastewater An
evaluation of clinical influences
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HIGHLIGHTS

o Clinically influenced wastewater differs from municipal wastewater (WW).

e Statistical associations between antibiotics and resistant bacteria are observed.

o Ciprofloxacin seems to be an indicator for the presence of ESBL producing bacteria.
e P. aeruginosa, resistant against 3rd gen. cephalosporins, were mainly in clinical WW.
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ABSTRACT

The high use of antibiotics in human and veterinary medicine has led to a wide spread of antibiotics and
antimicrobial resistance into the environment. In recent years, various studies have shown that antibiotic
residues, resistant bacteria and resistance genes, occur in aquatic environments and that clinical
wastewater seems to be a hot spot for the environmental spread of antibiotic resistance. Here a repre
sentative statistical analysis of various sampling points is presented, containing different proportions of
clinically influenced wastewater. The statistical analysis contains the calculation of the odds ratios for any
combination of antibiotics with resistant bacteria or resistance genes, respectively. The results were
screened for an increased probability of detecting resistant bacteria, or resistance genes, with the
simultaneous presence of antibiotic residues. Positive associated sets were then compared, with regards
to the detected median concentration, at the investigated sampling points. All results show that the
sampling points with the highest proportion of clinical wastewater always form a distinct cluster con
cerning resistance. The results shown in this study lead to the assumption that ciprofloxacin is a good
indicator of the presence of multidrug resistant P. aeruginosa and extended spectrum 3 lactamase (ESBL)
producing Klebsiella spec., Enterobacter spec. and Citrobacter spec., as it positively relates with both
parameters. Furthermore, a precise relationship between carbapenemase genes and meropenem,
regarding the respective sampling sites, could be obtained. These results highlight the role of clinical
wastewater for the dissemination and development of multidrug resistance.
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1. Introduction

The detection and spread of antibiotic residues (AR), antibiotic
resistant bacteria (ARB) and their resistance genes (ARG), in the
aquatic environment are of interest for the general public, envi
ronmental science and political discussions.

Ninety years after the discovery of penicillin by Alexander
Fleming (Fleming, 1945), a critical situation has arisen. The number
of resistant bacteria has increased in recent years, while the
introduction of new antibiotics into medicine has stalled, especially
for infections with Gram negative bacteria (Walsh, 2010). The WHO
specified ARB as a serious threat to modern medicine (WHO, 2014)
and listed specific organisms, in three priority classes, based on
their virulence and resistance capabilities, e.g. carbapenem
resistant Acinetobacter baumannii, Pseudomonas aeruginosa and
Enterobacterales (priority “critical”) or vancomycin resistant
Enterococcus faecium and methicillin resistant Staphylococcus
aureus (priority “high”) (WHO, 2017b).

Two recent studies showed the hazard of the transmission of
multidrug resistant organisms (MRO) from surface water back to
humans and the potential impact on public health, the transmission
of a KPC3 producing Klebsiella pneumoniae in Frankfurt (Germany)
(Heudorf et al., 2018) and IMI2 producing Enterobacterales in the
south of France (Laurens et al., 2018). In contrast, another study
dealing with German bathing water as a further route of exposure,
did not find a critical exposure to MRO (Dohla et al., 2019). How
ever, the aquatic environment has to be generally considered a
“melting pot” for ARB, as AR and ARG are present (Baquero et al.,
2008; Bengtsson Palme and Larsson, 2016; Feuerpfeil et al., 1999;
Jutkina et al., 2018; Westphal Settele et al., 2018).

The main entry pathways of microorganisms, with ARG and
trace pollutants, into the environment, are the effluents of munic
ipal sewage treatment plants (STP) (Miiller et al., 2018; Stange et al.,
2019; Watkinson et al., 2009), and in the case of heavy rain fall
events, the combined sewer overflow discharges (Christoffels et al.,
2014; Schreiber et al., 2016), and the run off from manured fields
(Christian et al., 2003; Schmithausen et al., 2018; Schreiber et al.,
2015). Antibiotics will pass treated organisms unchanged or will
be excreted as metabolites or conjugates (Kiimmerer, 2009).

Previous studies have detected AR in raw wastewater (WW) in
the pg L~! range. Furthermore, in treated WW, AR concentrations
ranged between the 2 digit ng L~! and the lower pg L™! range, as
well as in surface water downstream of STP, due to an incomplete

degradation of antibiotics (Kiimmerer, 2009; Watkinson et al.,
2009).

ARB and ARG excreted by infected, or colonized, humans or
animals are only partially eliminated within the STP (Hembach
et al,, 2017; Miiller et al., 2018) as WW treatment processes are
not specifically designed for the removal of (resistant) bacteria
(Schreiber, 2011). However, different types of WW (especially raw
WW) should be distinguished according to their origins. Various
studies have already dealt with clinical WW, consisting of ARB, AR
and MRO harboring resistance genes (Koh et al., 2015; Lindberg
et al, 2004; Ory et al., 2019; Picao et al., 2013; Simo Tchuinte
et al., 2016; Zhang et al., 2014).

The aim of this study was to investigate the association between
the occurrence of AR, ARB and ARG and whether the presence of AR
might be used as a surrogate marker for the occurrence of ARB, or
vice versa. To this end, the concentrations of AR and ARB, as well as
ARG, were analyzed in various types of WW (clinically unaffected,
and influenced), using state of the art and newly developed
methods. Finally, these results were related with each other in an
explorative multivariate data analysis.

2. Methods and materials
2.1. Sampling sites and procedure

Between September 2016 and June 2018, various wastewater
samples were compared in an urban catchment area in Germany
(Case study A: “clinical urban system”) and in the rural catchment
area of the river Swist in Germany (Case study B: “rural system”).
The samples used for case study A were taken at a sewage disposal
site of a maximum care hospital (TCWW), at a sewage disposal site,
influenced by clinic/urban wastewater (CUWW), and at the two
influents of the local STP (iSTP E (s) (clinically influenced) and iSTP
E (n) (no clinical influence). The samples taken for case study B
were from the influents and effluents of all four STPs discharging
into the river Swist (iSTP A — D; eSTP A D). Table 1 gives a review
about the characteristics of the investigated sampling sites.

In a six week cycle, 24 h automated mixed samples were taken
from the sewage system and at the inlets and outlets of the sewage
treatment plants (samples were stored in an automated sampler at
4 °C until collection). The samples were collected and processed in
the laboratory, not more than 24 h after the finishing time (stored at
2—-8°C).

Table 1
Overview about the investigated sampling sites (abbreviation, composition, total amount of WW and the total number of inhabitants and population equivalents).
# ID Sampling Site Composition Total amount of WW PT
Case study A
1 CUWW Clinical Urban WW Mixture of clinical and urban WwW unknown unknown
2 TCWW Total clinical WW Clinical WW of a maximum care hospital 27.1 m?;/h (2016) (>1000 beds)
3 iSTP E (s) Influent I of STP E Mixture of clinical and urban WW 17.5 Mio m?/a 278,760
4 iSTP E (n) Influent II of STP E Urban WW, without clinical influences 17.5 Mio m?/a 278,760
5 eSTP E Effluent of STP E Treated WW (mixture of clinical and urban WW) 17.5 Mio m3/a 278,760
Case study B
6 iSTP A Influent of STP A untreated municipal WW 4.5 Mio m®/a 35,797
7 iSTP B Influent of STP B untreated municipal WW 2.0 Mio m?/a 19,871
8 iSTP C Influent of STP C untreated municipal WW 0.5 Mio m?/a 7705
9 iSTP D Influent of STP D untreated municipal WW 0.9 Mio m®/a 10,198
10 eSTP A Effluent of STP A treated municipal WW 4.5 Mio m®/a 35,797
11 eSTP B Effluent of STP B treated municipal WW 2.0 Mio m?/a 19,871
12 eSTP C Effluent of STP C treated municipal WW 0.5 Mio m3/a 7705
13 eSTP D Effluent of STP D treated municipal WW 0.9 Mio m3/a 10,198
Legend.

STP  Sewage treatment plant.
PT total number of inhabitants and population equivalents.
WW  Wastewater.



2.2. Antibiotic residues

The measurement of 45 antibiotics and two metabolites, N
acetylsulfamethoxazole and anhydroerythromycin (Table S1), was
performed with an Agilent 1290 Infinity™ II LC System in combi
nation with a QTRAP® 6500 + mass spectrometer from AB Sciex
GmbH (Germany, Darmstadt). Generally, all samples were diluted
(1:1) with a water acetonitrile (95:5, v/v) mixture with 0.8 g L™!
Na, EDTA and filtered via a water wettable H PTFE filter (0.45 pm
pore size) from Macherey and Nagel (Diiren, Germany). The injec
tion volume was 20 pul. The chromatographic separation was per
formed on a Nucleoshell RP18Plus® column 2 mm x 100 mm,
2.7 um (M. & N., Diiren) using a binary gradient containing a water
acetonitrile and methanol acetonitrile solution with a total flow of
0.4 pL min~!. Formic acid was used as an ion modifier to improve
the ionization.

The identification and quantification were achieved by an
electrospray ionization (positive mode, 5000 V) and a detection in
the scheduled multiple reaction monitoring (sSMRM) mode (two
specific mass transitions). The complete method is published by
(Voigt et al. (2019b)).

2.3. Cultivation of multi drug resistant bacteria

With the consideration of the Global priority list of antibiotic
resistant bacteria to guide research, discovery, and development
of new antibiotics (WHO, 2017b), nine different bacteria species
were selected as target organisms. Microbiological parameters
included Gram negative ESBL producing bacteria of the species
Klebsiella spec., Enterobacter spec., Citrobacter spec. (grouped as
KEC, because of morphological similarity on the used agar plates),
ESBL producing Escherichia coli, and Proteus mirabilis as well as
Pseudomonas aeruginosa and Acinetobacter calcoaceticus baumannii
complex showing resistance to 3rd generation cephalosporins
(3GCR), and the Gram positive species methicillin resistant Staph
ylococcus aureus (MRSA), vancomycin resistant Enterococcus fae
cium and vancomycin resistant Enterococcus faecalis (VRE).

The isolation of the antibiotic resistant target bacteria was
executed on CHROMagar plates (CHROMagar ESBL, CHROMagar
MRSA and CHROMagar VRE; MAST Diagnostica, Germany), which
are chromogenic media used for isolation and differentiation of
ARB from human materials. Depending on the expected target
bacteria, and background flora, 1 mL and/or a dilution of the sample
was spread directly on agar plates. The plates were then incubated
for 24 h at 42 °C for CHROMagar MRSA and CHROMagar ESBL and
48 h at 42 °C for CHROMagar VRE. Classification and preselection of
the grown colonies was done according to Miiller et al. (2018).

2.4. Identification and characterization of ARB

Final confirmation and identification of the bacterial colonies
grown on the selective agar plates (chapter 2.3) was performed via
matrix assisted laser desorption/ionization time of flight mass
spectrometry (MALDI TOF MS) using the VITEK® MS mass spec
trometer (bioMerieux, Marcy I'Etoile, France) employing Myla™
software. In addition, VITEK MS CHCA matrix (# 411,071) and
disposable targets (# 410,893) were used.

Bacteria belonging to A. calcoaceticus baumannii complex,
Enterobacterales and P. aeruginosa were tested for antibiotic resis
tance towards temocillin, piperacillin, piperacillin/tazobactam,
cefotaxime, ceftazidime, imipenem, meropenem, amikacin, tige
cycline, chloramphenicol, fosfomycin, trimethoprim/sulfamethox
azol, ciprofloxacin, levofloxacin and colistin, utilizing the
microdilution assay Micronaut S MDR MRGN Screening 3 system

(MERLIN, Gesellschaft fiir mikrobiologische Diagnostika GmbH,
Bornheim Hersel, Germany). The interpretation of susceptibility
status was performed according to the European Committee on
Antimicrobial Susceptibility Testing (EUCAST) criteria (EUCAST,
Version 9.0, 2019).

In regard to multidrug resistance, all isolates were tested for
their susceptibility against different antibiotic substances. Isolates
displaying resistance against three of four clinically relevant anti
biotic classes, (piperacillin/tazobactam, fluoroquinolones (cipro
floxacin), third generation cephalosporins (cefotaximeand/or
ceftazidime) and carbapenems (meropenem and/or imipenem),
were classified as 3MRGN. All isolates that showed resistance to all
of the antibiotic groups mentioned above were classified as
4MRGN. The use of piperacillin/tazobactam is a modification of the
rules defined by the German Commission for Hospital Hygiene and
Infection Prevention (KRINKO) which includes only piperacillin.
However, it is not used as a single drug in the clinic (KRINKO, 2012;
KRINKO, 2019). In case of the detection of a carbapenemase gene,
the isolate was deemed 4MRGN independently of the phenotypical
resistance against the tested antibiotics.

2.5. Resistance genes

2.5.1. Detection of resistance genes in the isolates

For determination of resistance genes within phenotypical car
bapenem resistant isolates, via quantitative polymerase chain re
action (qPCR), three single colonies of a fresh bacterial culture were
resuspended in 100 puL nuclease free water. The suspension was
heated to 95 °C for 15 min and centrifuged at 14,000 g for 5 min 2 puL
of the supernatant was used for the PCR reaction. The primers used
for the detection via qPCR are listed in Table S2 (Annex).

2.5.2. Detection of resistance genes in the water samples

Because of a high concentration of insoluble substances, the
samples were shaken and then rested for 5 min to allow the raw
material to settle. The supernatant was then filtered through
47 mm polycarbonate membranes (pore size 0.2 um, Whatman).
The filtered volume was noted and later used for the calculation of
the number of genes in 1 mL wastewater. The DNA extraction and
purification method, for the samples of case study A, was done
according to the protocol and manufacturer's instructions for the
Aquadien™ kit (BioRad), including the extraction step with W2
Wash Solution. The DNA extraction and purification method, for the
samples of case study B, was carried out according to the protocol
and manufacturer's instructions for the FastDNA SPIN kit for soil
(MP Biomedicals). The extracted DNA was stored until analysis
(<20°C). The primer sequences used for the detection of the tax
onomy and resistant genes are listed in Table S3 (Annex).

2.6. Statistical analysis

All results (positive (>limit of detection) and negative (<limit of
detection)) were dichotomized and used for the first step of the
statistical analysis in a fourfold table. To indicate the strength of the
association between the two binary datasets, the corresponding
odds ratios were calculated, which compares the odds that Y is 1
given Xis 1 and Y is 1 given X is O (Sheskin, 2003). In this case the
events of a positive finding of the analyzed bacteria were compared
with the positive detection of an analyzed antibiotic in the waste
water. Then the odds ratio was given as the number of positive
samples (ARB) in the group of positive antibiotic findings divided
by the number of positive ARB in the group of negative antibiotic
findings. If the odds ratio is larger than 1, the odds of finding a
resistant bacterium in the group of positive antibiotic samples is
higher than in the group of negative antibiotic samples. To prove



that the calculated odds ratio, between two variables, was signifi
cant, a p value was computed. If the p value was lower than 0.05,
the odds ratio was declared significant (Sheskin, 2003).

After calculation of the odds ratio for every combination of AR
and ARB, significant combinations for a cluster analysis were
selected. Because of the large number of colonies on the agar plates,
it was not possible to determine resistance profiles for all the col
onies present, so this was only done for selected isolates. In order to
estimate the resistance of the population, at this sample site,
against a given antibiotic (e. g. ciprofloxacin), the number of colony
forming units on the agar plates was multiplied with a resistance
factor (RF), as the percentage of colonies resistant to the respective
AR, thus estimating the number of resistant colonies. This was done
for each sampling site, each antibiotic and each bacterial species,
individually. The number of colony forming units, for the respective
MRGN status, was evaluated by calculating the same factor for the
number of isolates with a respective MRGN status, in comparison to
all isolates of the respective bacteria species, at one sampling site.
To enable a direct comparison between the numeric differences of
the two data sets, a z transformation was conducted. In this case,
the sampling points were compared to each other in regard to the
detected median concentration of AR and number of ARB. An
agglomerative hierarchical clustering analysis, with the Ward
method, was used, starting with the assumption that all sampling
points constitute their own cluster, then connecting the two that
are most similar and proceeding until all sampling points were
included. The cluster analysis is a descriptive method; therefore, it
is subjective as to how many clusters are useful. To help with the
interpretation a dendrogram was computed to show at what dis
tances the clusters were generated.

3. Results and discussion
3.1. Occurrence of AR in WW

From September 2016 to June 2018, a total number of 206 WW
samples (from 13 different sampling sites) were analyzed for AR,
ARB and ARG, for this study.

Residues of at least one antimicrobial substance could be
detected in all WW samples. Overall, the most frequently detected
substance classes were macrolide antibiotics (e.g. clarithromycin,
azithromycin and erythromycin), sulfonamides (sulfamethoxazole
and its synergist trimethoprim) and fluoroquinolones (e.g. cipro
floxacin, ofloxacin and moxifloxacin).

The ubiquitous detection of sulfamethoxazole (and trimetho
prim), with detection frequencies between 93% (88%) and 100%
(100%), and residue concentrations up to 30.9 ugL~! (16.6 pgL™ 1)
for untreated WW, and 94% (50%) and 98% (77%) for treated WW
with concentrations up to 1.1 pgL~! (0.4 ugl™1), can be explained
by the high inpatient and outpatient prescription rate in the ther
apy of, inter alia, respiratory diseases and urinary tract infections
(BVL and Paul Ehrlich Gesellschaft fiir Chemotherapie e.V., 2016;
Schwabe and Paffrath, 2016). Also, the frequent detection in WW
effluents is in line with former studies (Kiimmerer, 2009) and can
be explained by the incomplete degradation during WW treatment
processes (Radke et al., 2009). Comparable results could be ob
tained for macrolides, most notably clarithromycin and erythro
mycin, as well as its metabolite anhydroerythromycin and
clindamycin.

The most commonly detected fluoroquinolone was ciprofloxa
cin, followed by ofloxacin and moxifloxacin. Residue concentra
tions of ciprofloxacin ranged between 0.2 pg L~ and 88.3 pg L™}, in
clinically influenced WW, and from 0.4 pgL~! up to 16.6 pgL™! in
municipal WW, respectively. Residues of clinically relevant antibi
otics, such as carbapenems or glycopeptides, could be detected in

TCWW up to eSTP E. The highest concentration of, for example,
meropenem (vancomycin; piperacillin) could be detected in TCWW
with maximum values of 197 ygL™! (160 ug L™'; 4000 pg L™1). The
obtained residue concentrations decreased within the WW
pathway. Thus, meropenem (vancomycin; piperacillin) residues of
about 02 pgL~! (0.7pgL™'; 1.1 pgL™!) could be detected in the
eSTP E. These findings can be explained by the predominantly
parenteral application during the therapy of serious nosocomial
infections caused by Gram positive (e.g. vancomycin) and Gram
negative (e.g. meropenem) bacteria. The fast and strong decrease
of these relevant antibiotics is caused by a dilution with uncon
taminated WW and possible degradation processes. Accordingly,
the reduction of B lactams, such as meropenem, ceftazidime or
piperacillin, could be explained by their instability against hydro
lytic cleavage of the penam or lactam ring (Deshpande et al., 2004).

Residues of at least one tetracycline (doxycycline and tetracy
cline) could only be detected in 9.2% of the examined samples (19 of
206 samples). This low detection frequency could be explained by
the formation of chelate complexes, with calcium or magnesium
ions and the sorption to organic matter, whereby “bound” tetra
cyclines are analytically camouflaged and could not be detected in
the aqueous phase (Christian et al., 2003; Kiimmerer, 2009; Lindsey
et al., 2001). Furthermore, tetracycline could only be detected in
untreated WW. Another explanation is the lack of intensive live
stock farming and slaughterhouses in the investigated catchment
area, as tetracyclines are largely used in veterinary medicine,
especially chlortetracycline and doxycycline (BVL and Paul Ehrlich
Gesellschaft fiir Chemotherapie e.V., 2016; Wallmann et al., 2017).
In addition, no classical veterinary antibiotics, such as enrofloxacin,
spiramycin, chlortetracycline or tylosin, were detected in the
sampling period. Thus, these results confirm that the catchment
area can be regarded as predominantly influenced by human
medical healthcare facilities. Median concentrations of the further
examined AR are given in Fig. 1.

3.2. The detection of ARB in WW

Resistant bacteria were found in all WW samples (including STP
effluents) in different abundances. ESBL E. coli could be found in
85.7% of all WW samples, taken at case study A, and in 96.4% of the
WW samples of case study B. ESBL KECs (Klebsiella spec., Entero
bacter spec., Citrobacter spec.) could be found in 88.2% and 91.4% of
the WW samples in case study B, and case study A, respectively.
P. aeruginosa 3GCR were primarily found in the clinical WW, that is,
in 56—68% of the samples taken at the sampling points TCWW and
CUWW, and only in up to 12% of the samples taken at the influent of
the local treatment plant (iSTP E (s)). In case study B, P. aeruginosa
3GCR could only be detected in 11.8% of all WW samples. Acineto
bacter calcoaceticus baumannii complex 3GCR could be detected in
81.8% of the WW samples of case study A and in 85.3% of the WW
samples of case study B. If positive, the overall concentrations
varied between 3 and 5 log10 cfu/100 mL (median) in the raw WW
of both case studies, to 1-2 log10 cfu/100 mL (median) in the
samples of treated WW (Schreiber et al., 2019). Median concen
trations of the further examined bacterial species are given in Fig. 2.

The KEC group was generated due to the similar morphology on
the used agar plates. The overall results of positive detection of the
KEC group in the WW samples show a relatively even distribution
of the target organisms within this group, with 37.6% Klebsiella
spec., 31.0% Enterobacter spec. and 31.4% Citrobacter spec in raw
WW of case study A. a distribution of 38.1%/36.0%/25.8% in case
study B.

The distribution in treated WW shifted to a slightly higher
amount of Klebsiella spp. with 60.0%/24.0%/16.0%, in case study A,
and 40.2%/35.2%/24.6% in case study B. All STP included in this
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study use a mechanical and one or two biological sewage steps, further evaluated and will be investigated in future studies. This
thus the treatment process could possibly be neglected. Reasons for study will further only refer to the KEC group without the species
the differences, such as capsule formation by Klebsiella spp. (Amako differentiation.

et al., 1988) or additional influences of clinical WW need to be Whereas the results show that ARB could be isolated from all



sampling sites of both case studies, the degree of multidrug resis
tance varied. Clinical WW was charged with a high proportion of
MRO, and contained a few strains that were only susceptible to one
or two antibiotic classes (extensively drug resistant (XDR) bacteria
(Magiorakos et al., 2012)). In the same sampling period, case study
B yielded eight carbapenemase producers and no XDR strains.
Although most of these bacteria were eliminated during WW
treatment processes, dissemination into surface waters is possible
as single carbapenemase producers were still present in the
effluent of the STP (Miiller et al., 2018).

The results of this study raise the question if there is a statistical
relationship, between the presence of AR and ARB, and if this
relationship is influenced by the sampling site.

3.2.1. Associations between the presence of ARB and AR

The results of all investigated WW samples, from 13 sampling
sites, were analyzed for possible associations between the presence
of ARB and AR.

Altogether, 423 possible combinations were obtained for the
comparison of 9 analyzed bacteria (chapter 2.3), and 47 AR, in all
samples investigated. Using a 2 x 2 contingency table, a total of 49
significant odds ratios (p < 0.05) could be obtained. Subsequently,
all results were selected with an increased probability of detecting
ARB with simultaneous positive detection of AR (OR > 1). Thus, a
number of 26 ( 6.1%) combinations for a significant relationship
could be found.

Overall, the spectrum of resistant bacteria studied included
classical fecal indicators (e.g. E. coli or enterococci), as well as other
facultative pathogenic bacteria (like Acinetobacter calcoaceticus
baumannii cplx or P. aeruginosa). To investigate the influence of
clinical WW on mixed urban WW, only Gram negative bacteria,
generally associated with forming of, or reproducing within, bio
films were considered. These bacteria may be able to reproduce
themselves within the WW stream, while the number of intestinal
bacteria (such as E. coli or intestinal enterococci) should decrease,
when not further introduced. The final results of all 14 ( 3.3%)
combinations are given in Table 2. The calculated minimal expected
frequency, for the combination P. aeruginosa 3GCR/flucloxacillin, is
1.27 and therefore statistically not significant and thus, is excluded
from the discussion. The minimal expected frequency of the other
shown combinations is between 6 and 8.

In this context, “clinical relevance” was defined on the basis of
the clinical efficacy and the clinical daily routine and prescription
praxis. The combination of ESBL, KEC and N acetylsulfamethox
azole is deemed to be not clinically relevant, since, although rep
resentatives of the KEC group are mostly sensitive to trimethoprim

sulfamethoxazole, these antibiotics are rarely used in the treatment
of infections caused by bacteria from the KEC group.

3.3. Association between ARB and AR at different sampling sites

3.3.1. Clinically relevant cases

Only four (out of 423) relationships between ARB and AR could
be obtained as clinically relevant (see Table 2). As predominant
species, in three of four associations, P. aeruginosa 3GCR was
observed. Furthermore, one clinically relevant relationship could be
found for the KEC group.

The positive association between residual concentrations of
meropenem, ceftazidime and ciprofloxacin, with P. aeruginosa
3GCR, seems to be clinically relevant. P. aeruginosa can lead to
pneumonia, urinary tract infections or sepsis (Lister et al., 2009).
Interestingly, the antibiotics detected here are possible options for
an antibiotic therapy treating P. aeruginosa infections (Mutschler,
2012).

Thus, the simultaneous detection of meropenem, ceftazidime
and ciprofloxacin, with P. aeruginosa 3GCR, is clinically relevant.
These findings are substantiated by the calculated odds ratios. So,
in all the statistically evaluated samples (N 186), the probability
of finding P. aeruginosa 3GCR isolates was increased by a factor of
2.8 if ciprofloxacin residues (5.0 for meropenem and 3.2 for cefta
zidime) were detected at the same time.

The obtained relationships for ceftazidime and meropenem,
which are predominantly used parenterally, seem to be more
associated with clinical applications (in patient). In contrast, cip
rofloxacin can be used parenterally, as well as orally, which allows
for an out patient application.

Relating to the four clinically relevant cases, Fig. 3 shows the
obtained dendrograms and the scatter plots, based on the z
transformed data, in relation to the sampling sites for the concen
tration of AR (x axis) and the related ARB, which show resistance
against the corresponding AR (y axis). This multivariate data
analysis provides a distance between sampling points and allows
clustering, based on distance, or result based similarity of sampling
points.

The highest concentrations, for either parameter, can be detec
ted at the sampling points with the greatest proximity to clinical
WW (TCWW and CUWW), which can be clearly differentiated from
non clinically influenced WW like STP A — STP D. Taking a look at
the dendrograms, two additional clusters can be identified, one for
raw WW and one for treated WW. Furthermore, Fig. 3 shows that
for the mixed WW (clinical/urban) in iSTP E(s), a higher distance to
the other STPs can be observed, with respect to ceftazidime (typical

Positively associated parameters after the calculation of the odds ratios. Those highlighted in bold font are combinations with a clinical relevance®.

Table 2

Resistant bacteria Antibiotic N Odd-ratios
P. aeruginosa 3GCR Vancomycin 202 2.53
P. aeruginosa 3GCR Ciprofloxacin 186 2.75
P. aeruginosa 3GCR Metronidazole 178 3.17
P. aeruginosa 3GCR Ceftazidime 202 3.20
Pseudomonas spec. 3GCR Ampicillin 202 3.35
ESBL KEC Erythromycin 178 3.62
P. aeruginosa 3GCR Moxifloxacin 178 391
ESBL KEC Ciprofloxacin 186 4.29
ESBL KEC Amoxicillin 202 4.67
P. aeruginosa 3GCR Meropenem 202 5.00
P. aeruginosa 3GCR Linezolid 178 5.05
P. aeruginosa 3GCR Ampicillin 202 9.41
ESBL KEC N-Acetyl-SMX** 152 12.75
P. aeruginosa 3GCR Flucloxacillin 202 20.79

*defined on the basis of the clinical efficacy and the clinical daily routine and prescription praxis.

**SMX  sulfamethoxazole.

p-value Substance classes Biofilm associated Clinical relevance
0.008 Glycopeptide antibiotic yes no
0.034 Fluoroquinolone yes yes
0.003 Nitroimidazole yes no
0.002 Cephalosporin yes yes
0.037 Penicillin yes no
0.020 Macrolide antibiotic yes no
0.001 Fluoroquinolone yes no
0.003 Fluoroquinolone yes yes
0.041 Penicillin yes no
0.000 Carbapenem yes yes
0.000 Oxazolidinone yes no
0.000 Penicillin yes no
0.001 Sulfonamide yes no
0.006 Penicillin yes no



Clinically relevant
o, S - 1 E 3 <
[~ 2 |
O . 3 : ¢ W
23 3 § 5
lag] i =% ]
= g g = 3 o= 2
g 5 £ 31 z
£ 9 g 2 £ = a-
A NRE i N T
D) LA 9 = -
% 3, @ b : T - S——
* ! 2568 :IOF-In‘i .‘l§ W k. -
-8 ol =171337 6
o O — P ) . : . . .
04 02 00 02 04 06 08 045 040 035 -030 035 020 015
Ciprofloxacin Ciprofloxacin Sampling point
- _
~ % ! 31 3
=4 <1 w
1<% o . Bl —_
— T 2 2 7
S g g 2 g & S
S 2 : g g
o= 2 g &4 =
S N f e £ < 7 »n
s ? ER g == |
% g 3 " % g - N
g o = g4 3 % = -~ | ]
> 51 24 R =y
a: H’JT- T T T T T 2 L] ; I.‘ : . ;
0.5 <04 <03 02 .00 00 01 02 048 047 046 -045 044 043
Ceftazidime Cofttidime Sampling point
.E -~ .
= < . 2 24 5
g 24 : *
= < % "
s g°1 g " 3
o R i | Z g ~
o 2 ° 2o 7
-_— v 3 w7 5 —_
Q “31 ° = —
3 3 8 T
<7 7 4y -
= 3‘"(1%55%“ : .m?% g,". : =g R B T e
e gl T T T T T T T 34 !
a 04 <02 00 02 04 06 08 Al.las -0.40 .u_ljs .n._l:; -u.lzs -0'2:: -uIIS
Ciprofloxacin Ciprofloxacin Sampling point
; 3 ! 8. -
) g 29|
ol — - -] 8 -
g 2 £ =] 3 £2l3 ¢ 3 E
g = 5 5 < 7
= £ = B a 1
e & B = 5 = ~
= E a a9 -
3 g4, o —T
= 3 3 ° " -
06 04 02 0.0 0.2 0600 D595 L0590 0585
Meropenem Meropenem Sampling point
1 2 3 4 5 6 g 8 9 10 11 12 13
coww  Teww ISTPE iSTPE  eSTP  iSTP  iSTP  iSTP  iSTP  eSTP  eSTP  eSTP  eSTP
' (s) (n) E A B C D A B C D

Fig. 3. Scatterplots and dendrograms of the positively related parameters with clinical relevance*. From left to right: Scatterplot containing all samples, Scatterplot without the
clinic samples (TCWW and CUWW), dendrogram containing all samples.



clinical antibiotics), in association to ceftazidime resistant
P. aeruginosa 3GCR (RF 0.5) and ciprofloxacin in combination with
ciprofloxacin resistant ESBL KEC (RF 0.75).

The scatter plots show that P. aeruginosa 3GCR, with resistance
against the corresponding AR, is predominantly detected in the
sampling points nearest to the clinic (TCWW and CUWW), with
56—68% of the samples being positive.

Interestingly, a recent study described the occurrence and
spread of ST823 P. aeruginosa within the sanitary units in the
hospital investigated in this study (Sib et al., 2019). Another study
described the finding of another P. aeruginosa clone (ST235), which
could be detected in the connected WW system (Miiller et al.,
2018). In this context, the high amount of ciprofloxacin, and the
occurrence of P. aeruginosa, may lead to a further dissemination and
increased selection pressure in favor of resistance development,
like that described for ST235 P. aeruginosa (Treepong et al., 2018).

The analysis of the z transformed data, for ciprofloxacin resis
tant P. aeruginosa 3GCR and ESBL KEC with ciprofloxacin residues,
show a distinct cluster formation for the influents (8, 3, 6, 7), and
effluents, of the STPs (10, 12, 11, 5, 13), which is related to the high
amount of fluoroquinolone residues removed by the separation of
sewage sludge, where they can be “absorbed” (Golet et al., 2002;
Kiimmerer, 2003; Lindberg et al., 2005). This is in line with previous
publications which found less fluoroquinolone residue in STP
effluent than in the respective STP influent (Golet et al., 2002, 2003;
Kiimmerer, 2003; Lindberg et al., 2005).

Meropenem is considered as one “last resort” antibiotic for the
treatment of serious infections with Gram negative bacteria (e.g.
sepsis) (Harris et al.,, 2015). The prescription praxis mirrors the
obtained clusters and it is possible to differentiate between TCWW
and CUWW related to its meropenem content. Meropenem could
not be found at all sampling sites, which leads to the display of only
five of the original 13 sampling sites in Fig. 3.

This trend of a significant influence of clinical WW may be
explained by the high number of prescriptions of these antibiotics,
in general, and in relation to the clinics investigated here (e.g. the
maximum care hospital, which is related to TCWW and CUWW). In
addition, fluoroquinolones are generally the fourth most prescribed
class of antibiotics, behind B lactams, macrolides and tetracyclines,
based on prescription volume in Germany (Schwabe and Paffrath,
2016). Furthermore, the total prescription volume of ciprofloxa
cin, in 2015, was about 9.5 million DDD (defined daily doses) in
Germany (Schwabe and Paffrath, 2016), while ciprofloxacin is
generally within the top 3 of the most prescribed antibiotics in
German hospitals (8.2% of the total prescribed antibiotics, in RDD
(recommended daily doses)) (BVL and Paul Ehrlich Gesellschaft fiir
Chemotherapie e.V., 2016). The investigated maximum care hos
pital also used significant amounts of ciprofloxacin, as well as
meropenem and ceftazidime (Voigt et al., 2019a). Interestingly,
meropenem is characterized as an antibiotic with highest impor
tance for human health (WHO, 2017a) and the prescription volume
of carbapenems significantly increased, in Germany, from 76 up to
216 DDD/1000 patient days (Meyer et al., 2013).

3.3.2. Clinically not relevant cases

Of the 14 selected combinations of ARB and AR (see Table 2), one
was excluded because of a calculated minimal frequency of <5, and
nine were deemed clinically not relevant, because the specific
therapeutic agent is not usually associated with the treatment of
the corresponding ARB. All these AR could be found in different
concentrations in shower, toilet and sink drains of the investigated
maximum care hospital (Voigt et al., 2019a).

Vancomycin is an antimicrobial agent only effective against
Gram positive bacteria. The substance could be found in the patient
sanitary rooms of the investigated hospital in concentrations

ranging from 0.10 ug L~ up to 26 pgL~" (Voigt et al., 2019a). The
association between the occurrence of P. aeruginosa 3GCR and
linezolid is not clinically relevant because linezolid is used as a
reserve antibiotic (last line of defense) against highly resistant
Gram positive microorganisms (e.g. vancomycin resistant entero
cocci) (Stevens et al., 2002).

Antibiotics of the penicillin group could be related with Pseu
domonas spec. 3GCR, P. aeruginosa 3GCR and the ESBL KEC group
(Pseudomonas spec. 3GCR/Ampicillin; P. aeruginosa 3GCR/Ampi
cillin; ESBL KEC/Amoxicillin). In general, ampicillin and amoxicillin
are broad spectrum antibiotics, which are mainly used for treat
ment of infections with Gram positive bacteria, with exception of
some infections with Gram negative bacteria, but are not used
against infections with Pseudomonas spec. Metronidazole is mainly
used for treating infections with anaerobic bacteria like Clostridium
difficile and protozoa (Zar et al.,, 2007). The activity spectrum of
erythromycin is comparable to that of some penicillins, resulting in
similar fields of application, mainly against Gram positive bacteria.
Moxifloxacin was also positively related with P. aeruginosa 3GCR,
but it is not effective against P. aeruginosa infections.

The scatterplots, with the z transformed data of the two data
sets, shows, as well as the clinically relevant plots shown in Fig. 3, a
very similar arrangement of the clusters, predominated by clinical
WW, followed by the southern influent of STP E.

3.4. The association between ciprofloxacin residues and multidrug
resistance

The treatment of MRO is more complicated and complex than
the treatment of ARB, caused by the increasing limitation of therapy
options due to lack of efficient antibiotic substances. Based on the
results of section 3.4, ciprofloxacin is one of the most noticeable
antibiotics related to the definition of MRO (3/4MRGN) by the
German KRINKO (2012, 2019). The following section investigates
possible relationships between the parameter's multidrug resis
tance and ciprofloxacin residues.

The results (Fig. S1) show that the sampling points, in direct
association with clinical WW (1-3), are clearly separated from the
sampling sites without clinical WW. Furthermore, it can be noted
that sampling sites 1 and 2 are in contrast to each other when
looking at the resistance status (3/4MRGN) of the respective bac
terial species. The total clinical associated WW (TCWW) has a
higher abundance of P. aeruginosa 3GCR with a 3MRGN status than
a 4MRGN status, whereas, the abundance of 4MRGN ESBL pro
ducing KEC is higher at TCWW than CUWW. Additionally, multi
drug resistant KEC can be detected, even up to the influent of the
urban STP. The numbers of MRO at case study B are much lower, but
even the rural sampling sites (eSTP A, iSTP D and eSTP C) show ESBL
KEC with a 3MRGN status.

The dispersion of the dots on the x axis can be described analog
to the scatterplots in Fig. 3 showing ciprofloxacin, because it shows
the same data. Ciprofloxacin shows a positive association with the
presence of both described bacteria species. At the sampling sites
with a high concentration of the AR, a high abundance of MRO
could be detected.

3.5. Association between the presence of ARG and AR

Next to the abundance of ARB, the presence of ARG is an
important factor for the evaluation of the emerging health risk of
the dissemination of antibiotic resistance within the environment.
The overall results of the association between AR and ARG are
shown in Table S4.

Analogous to the analysis described in 2.6, the odds ratios for AR
and ARG were performed. For the odds ratios between ARG and AR,



three clinically relevant carbapenemase genes (blanpw, blayivz and
blapxasg), and four extended spectrum B lactamase (ESBL) genes
(blaCTX_M, blaCTX_M32, blac]\/[yz and blaTEM) were chosen (H 329).
Analogous to section 3.3, odds ratios with p>0.05 and an OR < 1
were excluded. This led to a new total number of 60 combinations,
which corresponds to 18.2% of the initial number.

Generally, the obtained odds ratios ranged between 2.30
(ofloxacin/blatgy) and 131.54 (linezolid/blaypy). Comparatively
high values were found for odds ratios between antibiotics, like
linezolid, vancomycin and ampicillin, with blagxass, blactx-m and
blayjv. Interestingly, a positive detection of residual concentra
tions of carbapenems (meropenem) correlates, inter alia, with the
corresponding carbapenemases (blanpy, blayivz and blagxass). In
addition, an increased detection probability can be observed for all
selected ARG (odds ratios between 2.30 and 10.01, see Table S4)
with positive detection of fluoroquinolone residues (ciprofloxacin,
ofloxacin and moxifloxacin). Furthermore, there is a particularly
high probability of finding blayiyo, blactx.m and blapgxasg simulta
neously with ceftazidime, whereas no relation was found for the
other B lactamase genes (blargy and blacrx-m-32). In addition,
integrons, and plasmids, harbouring B lactamase genes often
contain several ARG and therefore P lactamase genes may be
selected by other antibiotics.

3.6. Relationship between ARG and AR at different sampling sites

Related to the high importance of carbapenemase genes, the
KRINKO (2019) considered the sole presence of them as a criterion
for the classification of the isolates as 4MRGN. As a consequence of
finding that MRO are predominant at the clinical WW sampling
sites, the relationships between carbapenemase genes and carba
penem residues need to be investigated for the different sampling
sites. Furthermore, ceftazidime was chosen, for comparison with
blactx-m, because this third generation cephalosporin was the only
agent of this substance class which could be associated with
P. aeruginosa 3GCR, in section 3.3, and showed a significant rela
tionship with clinical WW 3.4.

Whereas sections 3.1—3.6 represent data for ARB and the genes
investigated within the cultivated bacteria, this section deals with
the ARG detected in the sampled water, regardless of their specific
bacterial origin (pathogen or not).

The selection of the following investigated ARG are based on the
results of section 3.6. The gene blacrx.m represents the most

distributed form of ESBL and the carbapenemase genes, blanpm,
blaypvz and blagxasg, were commonly detected in the area inves
tigated in this study, as well as worldwide (Bonnet, 2004; Johnson
and Woodford, 2013; Miiller et al., 2018; Queenan and Bush, 2007;
Walsh, 2010). Median concentrations of the further examined ARG
are given in Fig. 4.

Fig. 5 shows the relationship between meropenem and blanpwm,
blayivz and blagxaas, as well as between ceftazidime and blactx-m.
All scatterplots show a comparable tendency, as noticeable differ
ences, between the sampling sites (TCWW, CUWW and iSTP E(s))
within the clinical WW of case study A, can be observed.

The positive detection of meropenem residues was the limiting
factor for the association with the analyzed carbapenemases, since
meropenem could only be detected in case study A (TCWW, CUWW
and iSTP E(s). No residues could be detected in the rural sampling
sites, as well as the eSTP E and the non clinical influenced iSTP E(n),
of case study A. The obtained clustering on the x axis could be
explained dilution and degradation processes. There are more
noticeable differences between TCWW and CUWW for blaypy and
blapxass, than for blayyp. The scatterplot for the association of
ceftazidime with blactx.v is more diffuse than that for the carba
penemases/meropenem, since an obvious cluster of clinical WW
cannot be observed. The ceftazidime concentration decreased
along the WW route in case study A (from 11.7 pgL~' down to
0.4 gL~ 1). Related to case study B, no ceftazidime residues could
be detected.

The scattering of the sampling sites may be explained by the
gPCR results. Thus, blacrx-m is the most widely distributed ESBL
gene (Bonnet, 2004), whereby other entry pathways than the
investigated maximum care hospital, are possible, since there are
other hospitals in the investigated catchment area influencing e.g.
CUWW and STP E. In addition, ceftazidime is known to exert a
selection pressure in favor to the development of specific blacrx.m
mutants like other cephalosporins (e.g. ceftriaxone or cefotaxime)
(Bonnet, 2004). In this case, the dots on the scatterplots may further
diffuse with regards to a broad spectrum of cephalosporins which
also have high prescription volumes (BVL and Paul Ehrlich
Gesellschaft fiir Chemotherapie e.V., 2016; Schwabe and Paffrath,
2016; Voigt et al., 2019a).

Altogether, a more precise association between the analyzed
carbapenemases and meropenem, with regards to the respective
sampling sites, could be obtained than for blacrx-m and ceftazidime.
These results demonstrate the role of clinical WW for the
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dissemination and development of serious ARG, which is in line
with previous studies, which defined clinical WW as a potential
“hot spot” for carbapenemases (Galler et al., 2014; Ory et al., 2019;
Sib et al., 2019).

4. Conclusions

Significant relationships between ARB and the respective AR
could be shown, especially between clinically used antibiotics like
ciprofloxacin, meropenem and ceftazidime, in association with
P. aeruginosa 3GCR and ESBL KEC. The scatterplots of these re
lationships showed a significant impact of clinical WW, which
decreased within the canalization, by flow length and dilution, until
the WW reached the respective STP effluent (eSTP E). In contrast,
no specific clustering could be observed for the rural sampling sites
(without clinical WW), only the expected distinction between in
fluents and effluents of the municipal STPs (case study B). For the
specific combination between bacteria classified as 3 or 4MRGN,
and ciprofloxacin, similar clusters were obtained. Thus, clinical WW
seems to be, especially, a reservoir for multidrug resistant carba
penemase producers, 3MRGN bacteria could even be detected in
case study B, thus rarely. In addition, meropenem relates signifi
cantly with the respective ARG blayn2, blapxa4s and blanpy and the
scatterplots show a focus on clinical WW. This may be caused by the
presence of vulnerable patients, who are treated with meropenem,
or are colonized with carbapenemase producing bacteria at
hospitals.

Step one of the statistical analyses used 9 different bacteria
species. Of which four could be seen with a significant positive
association to the occurrence of at least one measured antibiotic,
including MRSA and VRE. This study concentrates on the species
Pseudomonas and the KEC group, which are capable of biofilm
formation, based on the hypothesis that these bacteria are able to
multiply within the sewer system and thus propagate the spread of
antibiotic resistance to other pathogens. Biofilms, as a reservoir for
persistence of ARB and in particular multi drug resistant
P. aeruginosa strains, has been shown in other studies (Ory et al.,
2019; Sib et al., 2019). Despite the assumption of finding a
P. aeruginosa 3GCR concentration through the whole WW system,
because of its ability to form and reproduce in biofilms, this study
showed that P. aeruginosa 3GCR was only present in the vicinity of
the investigated hospital. Previous studies have also shown that
these bacteria are present in the biofilms of the clinical wastewater
network, as well as in shower drainpipes, toilets and sinks of pa
tient rooms (Miiller et al., 2018; Ory et al., 2019; Sib et al., 2019).
Thus, stagnation zones of sinks, higher surface to volume ratio of
indoor sewage pipes, and the lower flow velocity of the WW
installation within a building rather than in the connected WW
canalization system, seems to promote biofilm formation and
persistence of MRO.

Altogether, the results show that AR, ARB and ARG are present in
high concentrations, particularly in clinical WW, and may promote
the further development and spread of antibiotic resistance.
Accordingly, the inclusion of a decentralized treatment of hospital
WW should be discussed as an alternative of a general upgrade, of
all STPs with advanced technologies. High concentrations of cip
rofloxacin and/or meropenem might be considered as an indication
for the presence of MRO and could be used as a surrogate signal to
trigger subsequent microbiological analyses.
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