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SUMMARY

The antibiotics frequently administered to animals and humans persist in the environment through
accumulation, transformation, and deposition. They are regarded as emergent micropollutants of
concern whose long-term exposure can produce significant eco-toxicological effects even at
minute concentrations. The occurrence of these antimicrobial pharmaceuticals, their metabolites
and diverse bacteria in aquatic media has the potential to select for resistant bacteria. According
to Directive 91/271/EEC, no specific restrictions are imposed for hospital sewage effluents that
can be discharged into urban wastewater sewerage networks without previous treatment. This
implies that many countries across Europe release untreated hospital effluents carrying
antimicrobials into the urban wastewater stream for co-treatment with the municipal wastewater
at the urban wastewater treatment plant prior to discharge into the environment. The antimicrobials
in the wastewater systems may exert a continuous selective pressure leading to the evolution of
antibiotic resistant bacteria through adaptation, vertical and horizontal transfer of resistance
determinants. Some of these bacteria such as, Escherichia coli, Klebsiella species and
Enterobacter form part of bowel microbiota and are human opportunistic pathogens, while others
such as Pseudomonas aeruginosa is an environmental organism that is associated with hospital-
acquired infections. These bacteria have developed resistance to multiple antimicrobials, including
enzymatic degradation of the broad-spectrum B-lactams that are commonly used in clinical
practice. Among the most common degrading enzymes are acquired extended-spectrum serine B-
lactamases (ESBLs), which inactivate the oxyimino cephalosporins (ceftriaxone, ceftazidime,
cefepime) and aminopenicillins (amoxicillin and ampicillin), as well as metallo-g-lactamases

(MBLs), which degrade most of the B-lactams, including the lifesaving carbapenems.

The main aim of this study was to determine the presence and concentration of selected antibiotic
compounds in municipal wastewater mainly from human sources and to isolate ESBL and
carbapenemase-producing Gram-negative opportunistic pathogens, particularly some members of
the order Enterobacterales (Klebsiella species, E. coli, and Enterobacter species), and P.
aeruginosa from hospital effluents, urban wastewater and wastewater treatment plant (influent,
activated sludge reactor and digested sludge), and to characterize other plasmid-mediated

mechanisms conferring resistance to multiple antibiotics among the isolates. Eight antibiotics



belonging to four antimicrobial pharmaceuticals namely macrolides (azithromycin,
clarithromycin), fluoroquinolones (ciprofloxacin, norfloxacin, and ofloxacin), sulfonamides
(sulfadiazine, sulfamethoxazole), and trimethoprim were recovered at concentrations that varied
significantly (P < 0.05) among the wastewater samples. The highest concentration detected was
that of trimethoprim (24907 ngL), ofloxacin (21916 ngL™), and ciprofloxacin (11710 ngL™).
Sulfadiazine was the lowest detectable antibiotic, whose concentration ranged between 5.5 ngL™
and 38.5 ngL™. Whereas the concentration of trimethoprim and ciprofloxacin was significantly
higher in hospital samples (P = 0.012, and P = 0.025, respectively), that of sulfadiazine was
significantly higher (P = 0.008) in the wastewater treatment plant and the urban wastewater
samples compared to hospital effluent samples. The study established multiple antibiotic resistance
(MAR) in both Enterobacterales (65.08%, n = 126) and P. aeruginosa (72.85%, n = 151). Multiple
antibiotic resistance in the wastewater treatment plant was observed to increase from the activated
sludge reactor (MAR index 0.508) to the digested sludge (MAR index 0.560) for Enterobacterales
and from MAR index 0.84 to MAR index 0.88 in P. aeruginosa. Among the enteric bacteria, 86%
(n = 50), of E. coli isolates, 77% (n = 33), of Klebsiella isolates and 25% (n = 4) of Citrobacter
species isolates phenotypically expressed extended spectrum [3-lactamase. The ESBL gene, blacTx-
m-27 Was found in E. coli, while Klebsiella species harbored blactx-m-15, blactx-m-30, Or blashv-12.
Genes coding for aminoglycoside-modifying enzymes, adenylyltransferases (aadAl, aadAb),
phosphotransferases (aph(6)-1d, aph(3")-1b), acetyltransferases (aac(3)-11a), (aac(6)-1b),
sulfonamide/trimethoprim-resistant dihydropteroate synthase (sul), dihydrofolate reductase
(dfrA), and plasmid-mediated quinolone resistance protein (qnrB1) were also identified among the
Enterobacterales. 66% (n = 57) of carbapenem-resistant P. aeruginosa were metallo-p-lactamase
producers. Plasmid DNA sequences confirmed blaviv-4 as the main variant circulating among the
P. aeruginosa isolates from the wastewater environment. The findings of this study offer
supporting guidance to assess the human health risks posed by environmental exposure to
antimicrobial pharmaceuticals and antibiotic-resistant bacteria and contribute to important
knowledge that is applicable in planning effective strategies to minimize the spread of

multiresistance in the environment.



1.0 INTRODUCTION

One of the major milestones of the last century was the advent of antimicrobial pharmaceuticals,
which are currently widely applied in human and veterinary medicine to prevent and manage
infections, and in animal husbandry as growth promoters (Cycon et al. 2019). Antibiotics are a
class of active pharmaceutical compounds that are widely consumed around the world to inhibit
bacterial proliferation through cell destruction or growth inhibition (Kimmerer 2009). Data from
scientific literature, national and regional surveillance systems from numerous countries over time
indicate a steadily increasing antibiotic use worldwide (30%), primarily due to rising demand in
low and middle-income countries (Gelband et al. 2015). This unprecedented increase in antibiotic
use continues to raise concern about their potentially harmful effects on the environment
(Bengtsson et al. 2018). However, despite their potential environmental and health effects, the use
of these agents has revolutionized health care by improving hygiene and considerably changing
the outcome of bacterial infections, which has in turn, significantly increased the average expected
lifespan (Carvalho and Santos 2016a, Chowdhury et al. 2017). Their consumption varies from
region to region and from country to country (Gobel et al. 2005). Studies have shown that many
of these antimicrobials are not completely metabolized during therapeutic use and an estimated
30%-90% end up being excreted as active substances into sewage water, resulting in the presence
of multiple classes of antibiotics being widely detected in various urban wastewater treatment
plants and the receiving environment around the world (Chen et al. 2006, Li 2014). Their
consumption patterns influence the extent of their environmental contamination where an increase
in consumption, especially during the cold season when the frequency of infections is higher,
elevates their occurrence in environmental systems (Wang et al. 2020), which correlates with the
emergence of multiresistant bacteria and their rapid expansion (Levy 2002). Due to their
widespread application, antimicrobials have been and continue to be discharged into the
environment via wastewater of human origin from different sources, including households
(domestic), hospitals (clinical), veterinary and animal husbandry, and pharmaceutical factories
(industrial) (Kemper 2008). Following their discharge into water systems, several antimicrobials
and their by-products are detected in the environment at concentrations that range from ng L™ to
ng L7t (Seifrtova et al. 2009). They reach the aquatic environment mainly through the flow of

wastewater treatment plant effluent into surface water or into groundwater (Carvalho and Santos



2016b). They are considered emergent micropollutants with the potential to create selective
pressure for the development of microbial resistance in the environment (Kimmerer 2009b, Kumar
et al. 2019). The permissible limits of the widely used substances of priority concern which may
pose potential risks in aqueous media, excluding antibiotics, were set out by the EU Directive
2013/39/EU within the European Union to maintain environmental quality standards and
ecological integrity (Ricci et al. 2016). Upon examining various ecotoxicological reports, the
multiple threats posed by antibiotics as environmental contaminants were, however, recognized
and the EU, alongside other countries, introduced a regulatory framework to monitor emerging
substances of concern in the aquatic environment (Wang et al. 2020). For instance, in its decision
of 2015 (EU Decision, 2015/495 of March 20, 2015), the EU Commission established a watch list
of three antibiotics belonging to the macrolide class, namely clarithromycin, azithromycin, and
erythromycin as contaminants of priority concern due to their potential risk to the aquatic
environment, and thereafter added amoxicillin and ciprofloxacin to the watch list in 2018 (EU
Decision, 2018/840 of June 5, 2018) (Felis et al. 2020). The occurrence of antimicrobial
compounds in the environment varies among the different antimicrobial classes depending on their
frequency of usage, and a major concern about their presence in the environment relates to the
emergence of antibiotic resistance genes (ARGs) and the evolution of antibiotic-resistant bacteria
(ARB), which endanger pharmaceuticals' ability to control microbial pathogens (Kumar et al.
2019).

Antimicrobial resistance (AMR) presents a global challenge to the fight against infections in
modern time (Commission 2017). Each year more than 670,000 infections are due to antibiotic
resistant bacteria in the European Union/European Economic Area (EU/EEA) according to data
from the European Antimicrobial Resistance Surveillance Network (EARS-Net), and
approximately 33,000 people succumb to these infections (Cassini et al. 2019). It is projected that,
close to 2.4 million people are likely to die globally in high-income countries by the year 2050 due
to diseases caused by antibiotic resistant microorganisms (UN 2019). The widespread use of
antimicrobials in clinical practice to control infectious diseases, their application in veterinary
medicine coupled with the discharge of non-treated pharmaceutical effluent into the environment
results in selective pressure which is associated with the emergence and subsequent evolution of
bacteria resistant to antibiotics (Islam 2011). Bacteria have shown the ability to develop

antimicrobial resistance in response to stressors in the environment in the form of bioactive



molecules, which include antibiotics, heavy metals, and disinfectants, among other biocides
(Berendonk et al. 2015). For instance, hospital effluent carries high bacterial loads and might
contain sub-lethal concentrations of antimicrobial agents and their metabolites that enter
wastewater and can facilitate the emergence and spread of resistance genes among bacteria
(Parnénen et al. 2019). In addition, wastewater treatment plants (WWTPSs) contribute to the
progression and persistence of antimicrobial resistant bacteria in the environment worldwide
(Galler et al. 2014). It has been demonstrated that wastewater treatment plants serve as sinks for
high loads of antimicrobials, ARB, and their genetic resistance determinants (Rizzo et al. 2013b).
They also provide optimal conditions, including pH and temperature, which facilitate lateral gene
transfer, capable of transforming commensal bacteria into reservoirs of resistance genes (Kelly et
al. 2009).

Members of the order Enterobacterales, which bear similar biochemical and genetic characteristics
are ubiquitous and form a major part of gut microbiota (Partridge 2015). Some of them, such as
Klebsiella pneumoniae, E. coli, Proteus, Citrobacter, and Enterobacter cause infections including
in the urinary tract, bloodstream, and respiratory tract (hospital and health-care associated
pneumonia), as well as intestinal and intra-abdominal infections (Pitout and Laupland 2008, Qin
et al. 2008). Enterobacterales exhibit a wide range of resistance attributed to either mutations in
chromosomal genes or mobile genes captured from different source species by various mobile
genetic elements and transferred to plasmids, which can shuttle between cells and confer or
enhance resistance to certain chemical classes of antimicrobials that are frequently used against
multidrug-resistant microorganisms (Partridge 2015). Fluoroquinolones and f-lactam antibiotics,
which include the sub-groups of penicillins, cephalosporins, and carbapenems are the most
frequently prescribed antibiotics and preferred therapeutic choices against infections caused by
members of Enterobacterales (Damoa-Siakwan 2005). Hospitals and other environments
characterized by high amounts of antibiotics are associated with multidrug-resistant Gram-
negative bacteria that have demonstrated an increasing resistance to those compounds (Hocquet et
al. 2016). ARGs, such as genes coding for ESBL and carbapenemases harbored by
Enterobacterales and other Gram-negative bacteria are clinically significant and have been
reported from hospital effluents and WWTPs (Lamba et al. 2017, Haller et al. 2018). These genes
are typically encoded on plasmids which harbor mobile genetic elements such as transposons or

integrons and genes known to encode resistance to other antimicrobial agents (Szczepanowski et



al. 2009). ESBLs are 3-lactamases that are capable of hydrolyzing broad-spectrum cephalosporins
and aztreonam, whose activity is inhibited by clavulanic acid (Paterson and Bonomo 2005). More
than 300 subtypes of ESBLSs have been described and their evolution is believed to originate from
common ancestral types: TEM-1, TEM-2, or SHV-1 (Bush and Jacoby 2010b). Mutations
occurring in those genes resulted in new B-lactamases which can hydrolyze extended-spectrum
cephalosporins and aztreonam (Slama 2008, Smet et al. 2008). Enterobacterales are also known to
express ESBLs different from TEM, or SHV related types, such as CTX-M-type B-lactamases
which are encoded by genes captured on transferable plasmids and are among the most widespread
ESBLs in Europe (Coque et al. 2008b). Carbapenems (imipenem, doripenem, ertapenem, and
meropenem) are the most potent antimicrobials used to manage life-threatening infections caused
by multiresistant Gram-negative bacilli and their efficacy has been diminishing since carbapenem-
resistant Gram-negative strains have emerged following their extensive use (Codjoe and Donkor
2018). Carbapenemase producers are resistant to almost all B-lactams and to other classes of
antibiotics (Woodford et al. 2014). Their occurrence in the environmental matrices is increasing
with hospital wastewater being reported as a key reservoir of carbapenemase-producing
Enterobacterales (Zhang et al. 2012). On the other hand, P. aeruginosa which is not a commensal
human bacterium is a widespread nosocomial pathogen commonly associated with life-threatening
infections acquired in intensive care units including urinary tract, cystic fibrosis (CF), bone and
joint infections, ventilator-associated pneumonia, burn and wound and soft tissue injuries,
bacteremia and systemic infections (Bassetti et al. 2018, Burrows 2018, Parkins et al. 2018). This
species is known for its metabolic versatility with the ability to utilize different organic compounds
as carbon and energy sources as well as survival in the low nutrient environments, formation of
biofilm in moist environments, production of a myriad of virulence factors, and intrinsic resistance
to many antibiotics and antiseptics, ability to acquire further resistance mechanisms to multiple
antimicrobial categories, all of which contribute towards its pathogenicity (Granato et al. 2018).
The World Health Organization (WHO) has placed P. aeruginosa in the list of “critical” category
of bacterial pathogens of priority concern which urgently require a treatment strategy, research,
and development of new antibiotics (Tacconelli et al. 2018). This bacterium is widespread in
wastewater, with higher concentrations in hospital effluents, and enters into other environments

through discharges (Tuméo et al. 2008).



The development of antimicrobial resistance spurred by antibiotics and other stressors in the
environment raises concern due to the likelihood of simultaneous transmission of virulence and
resistance determinants to multiple antibiotic classes by mobile genetic elements in bacteria, which
may directly or indirectly reach human and animal hosts. The progression of resistance in the
environment presents a considerable challenge to the successful achievement of the One Health
initiative envisaged by WHO as well as the full realization of the United Nations Sustainable
Development Goals (UNSDG) related to water and sanitation. The anthropogenic activities that
result in the discharge of antimicrobial pharmaceuticals into environmental matrices and the
biological connectivity between human and environmental microbes whose evolution can be
driven by those antimicrobials necessitate an approach that provides sufficient guidelines for
mitigation measures to combat the spread of AMR in the environment and thus promote
achievement of One Health initiative. Data on the prevalence of antimicrobial pharmaceuticals and
antimicrobial resistance facilitated by p-lactamase producing multiresistant Gram-negative
bacteria of clinical importance in wastewater from human sources in southwest Hungary is
unavailable since most studies are centered on resistance in the clinical environment. This study
was therefore aimed at bridging this knowledge gap by investigating the occurrence of antibiotics
residues in wastewater from hospital’s effluent and wastewater treatment plant as well as
unearthing the prevalence of multiresistant Enterobacterales and P. aeruginosa in the same

environment.



2.0 LITERATURE REVIEW

2.1 One Health Paradigm

The current momentum associated with the One Health concept during the past decade was driven
initially by a series of strategic goals, known as the ‘Manhattan Principles’ which were derived
during a ‘One World, One Health’ meeting of the Wildlife Conservation Society entitled Building
Interdisciplinary Bridges to Health in a “Globalized World” held in September 2004 in New Y ork.
These goals, developed for combating threats to life on Earth, clearly recognized the link between

human health, animal health and the environment, and the threats that diseases pose to economies.

The One Health concept is an integrative effort of multiple disciplines working locally, nationally,
and globally to attain optimal health for people, animals and the environment (King et al. 2008).
It is an approach that recognizes that the health of people is closely connected to the health of
animals and our shared environment. One Health issues include emerging, re-emerging, and
endemic zoonotic diseases, antimicrobial resistance, food safety and food security, environmental
contamination, climate change and other health threats shared by people, animals, and the
environment. For example antimicrobial-resistant microbes which can quickly spread through
communities, the food supply, healthcare facilities, and the environment (soil, water), making it
harder to treat certain infections in animals and people have been recognized as a threat to public
health globally (WHO 2019). Many emergent pathogens are not only linked to increasing contact
between humans and animals, both domestic and wild, but to climate, the environment especially,
the need for clean drinking water, and to the expansion of international travel and trade. The role
of the wildlife-livestock human-ecosystem interfaces has been fundamental to the development of
the One Health paradigm over the past decade, a concept that recognizes that the health of humans,
animals, and ecosystems are interconnected, and that to better understand and respond to zoonotic
diseases requires coordinated, collaborative, multidisciplinary and cross-sectoral approaches
(Mackenzie et al. 2014).


https://www.cdc.gov/drugresistance/index.html
https://www.cdc.gov/foodsafety/index.html

2.2 Occurrence of antibiotics in the environment

Antibiotics are massively used in human and veterinary medicine where they undergo structural
change within the bodies of humans and animals before excretion resulting in metabolites. After
excretion, both parent compounds and metabolites can undergo additional structural modifications
by biotic and abiotic processes in technical facilities such as WWTPs and water treatment plants
(WTPs), and the natural environment. Antibiotics and their by-products in the environment may
persist through a cycle of partial transformation and bioaccumulation and gradual deposition in
soil, surface water, and groundwater (Carvalho and Santos 2016a). Antibiotics and their by-
products in aquatic environments can be absorbed by animals (food-producing animals and fishes)
or reach the drinking water inducing possible long-term effects on humans as a continuous part of
their diet through water or food at low concentrations (Manzetti and Ghisi 2014). They may reach
the aquatic environment by the direct discharge of wastewater treatment plant effluent to surface
water or to groundwater, landfill leachate, leaking sewers, and manure storage tanks or lagoons,
runoff and leaching from farmland fertilized with manure, or through sewage disposal in
agricultural areas and other discharges (Li 2014, Carvalho and Santos 2016a). Figure 1 illustrates

the pathways followed by antibiotics to circulate between their sources and the environment.



ANTIBIOTICS used in ANTIBIOTICS used in

Excreta
Excreta

Source of antibiotics into
the environment:

Valorization/ - - Human medicine
Management QOSOL&Q I Veterinary medicine

Figure 1. Pathways through which antibiotics consumed by humans and animals enter and

circulate in the environment (Figure adapted from Carvalho and Santos 2016a).

Pharmaceuticals are widely used in livestock production and in agriculture, in addition to human
use (Koch et al. 2021). Each year, approximately 24.6 million pounds of antibiotics are used in
livestock farming (Van et al. 2020). This has become a global practice because low-dose
antibiotics were found to boost animal and bird growth by adding them to animal feeds (Kumar et
al. 2018). Their extensive use in animal production forms the main source of environmental
antibiotics (Kinney and Heuvel 2020). Numerous studies have reported the presence of
pharmaceutical compounds or their metabolites in the geosphere and biosphere (Bartrons and
Penuelas 2017, Riaz et al. 2018), with pharmaceutical contaminants being reported in polar
regions, the most pristine environment on earth (Gonzalez-Alonso et al. 2017). Continuous
antimicrobials exposure has seen more antibiotics become less effective due to the growing
resistance observed among the primary and opportunistic pathogens, resulting in higher medical
and economic costs and increased mortality (Zhen et al. 2019). It has been observed that the

10



concentrations of antibiotic classes vary based on the antimicrobial compound and environmental
matrix and the load tends to decrease from wastewater generated by human activity to the surface
and groundwater (Carvalho and Santos 2016a). The pattern and consumption rate, excretion, and
the efficacy of elimination by wastewater treatment processes, together with weather conditions,
especially rainwater, usually influence the concentrations of the antibiotics detected in WWTP
influents and effluents (Osorio et al. 2012). Certain antimicrobial agents, especially macrolides,
sulfonamides, quinolones, and trimethoprim, persist in the aqueous environment and are among
the most frequently detected substances in the environmental matrices due to their stability and
because they are frequently prescribed in veterinary and human medicine (Wang and Wang 2016,
Korzeniewska and Harnisz 2020). Considering their occurrence as demonstrated in various studies,
the WWTP effluents containing high concentrations of these antibiotics are discharged into surface
water, especially rivers, which subsequently become the main outlets of such antimicrobials into
the rest of the natural aqueous environment. Some of the antimicrobial classes detected in the

aqueous environments are described briefly.

2.2.1 B-lactams

This group consists of a class of broad-spectrum antimicrobial compounds, which are the most
frequently administered antimicrobials in all European countries similar to the rest of the world
(Korzeniewska and Harnisz 2020). B-lactams are structurally characterized by a B-lactam ring
which is highly susceptible to hydrolysis by a variety of reagents, both biotic (enzymatic and
biological degradation) and abiotic (chemical degradation) processes. The -lactam ring is easily
destroyed by extremes in pH, light, heat, solvents like water and methanol (Deshpande et al. 2004).
The variation of B-lactams occurrence in the environment during the year depends on therapeutic
usage and consumption patterns. They rarely persist in the environment due to their unstable
property in spite of being widely consumed. However, the B-lactams, penicillin G and V were
mostly found in raw wastewater samples, whereas amoxicillin, a synthetic derivative of penicillin,
and cefuroxime, a second-generation cephalosporin, are much more stable and are frequently

found in hospital effluents as well as raw wastewater (Michael et al. 2013, Harrabi et al. 2018).
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2.2.2 Aminoglycosides

The usage of aminoglycosides in clinical practice is often restricted due to their adverse effects
and toxic potential, which makes their contamination of the aqueous environment mostly
associated with their application in veterinary medicine. Despite their low consumption,
aminoglycosides have been detected in raw and treated wastewater, which was attributed to
effluents from hospitals and wastewater from factories producing these pharmaceuticals (Tahrani
et al. 2016). Several aminoglycosides were detected in WWTPs influents and effluents in various
ranges, including kanamycin B, sisomicin, gentamicin, and neomycin (Tahrani et al. 2016). In
Poland for example, the occurrence of aminoglycosides neomycin, streptomycin, and
dihydrostreptomycin investigated in water samples drawn from supply systems in different animal

farms yielded only neomycin (Gbylik-Sikorska et al. 2015).

2.2.3 Quinolones and fluoroquinolones

The quinolone class of chemically synthesized antibiotics was among the latest to be introduced
in clinical practice. They are frequently used and their consumption in human medicine is
estimated to account for 7% of the total antimicrobial consumption (Szymanska et al. 2019).
Fluoroquinolones are mobile in the aquatic environment due to their hydrophilic property, which
explains their presence in both groundwater and drinking water samples (Hanna et al. 2018, Reis
et al. 2019). It is this ability to rapidly spread in the environment that necessitated the inclusion of
ciprofloxacin in the watch list of the EU commission, Decision of 2018. Their occurrence in
different aqueous environmental matrices has been reported, with the maximum concentrations
typically occurring in hospital effluents and WWTP influents. Ciprofloxacin and ofloxacin appear
to be the dominant ones detected in wastewater with high detection frequency and high
concentration (Lindberg et al. 2007). Several other quinolones and fluoroquinolones, which
include pipemidic acid, nalidixic acid, moxifloxacin, and gatifloxacin, have been detected in
WWTPs (Zhang and Li 2011). European WWTP influents and effluents have reported quinolones
in various concentrations (Santos et al. 2013). Ciprofloxacin, for example, has been found in
hospital effluent from Spain, Sweden, Portugal, and Italy at concentrations of tens of pg L™
(Lindberg et al. 2004, Gracia-Lor et al. 2012, Verlicchi et al. 2012, Gros et al. 2013, Santos et al.

2013), which presents hospital effluents as important input sources of quinolones into wastewater.
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2.2.4 Sulfonamides and trimethoprim

Sulfamethoxazole is the representative drug among the sulfonamides and is currently the most
frequently used drug in this class, making the compound one of the most common substances
found in the environment (Hanna et al. 2018, Loos et al. 2018). Studies have shown that
sulfonamides are partially excreted unchanged, primarily through urine (Prescott 2013). Their
occurrence in different aqueous environmental matrices in various regions over the last decades
has been documented. The concentration of sulfonamides in WWTP influents and effluents was
found to range from tens to hundreds of ng L2, and this is attributed to their consumption in the
community sector (Golovko et al. 2014, Papageorgiou et al. 2016). Sulfamethoxazole, the most
common sulfonamide, has been found in WWTP influents and effluents in Germany, Portugal and
Kenya (Santos et al. 2013, Rossmann et al. 2014, Ngumba et al. 2016). Very high concentrations
of sulfonamides (20 x 10%ng mL™) have been detected in pig farm wastewater, and the detection
of sulfamethazine, for example, has been suggested to serve as a marker for livestock source
contamination in Vietnam (Managaki et al. 2007). Trimethoprim is used in combination with
sulfonamides to increase the bactericidal effect achieved through synergy. A combination of
trimethoprim and the sulfonamide, sulfamethoxazole (Co-trimoxazole), has widespread use in
both human and veterinary medicine. Trimethoprim has been determined in WWTPs and hospital
effluents in the UK, Croatia, Greece, Italy, and Sweden (Kasprzyk-Hordern et al. 2009, Verlicchi
et al. 2012, Santos et al. 2013, Kosma et al. 2014, Mendoza et al. 2015).

2.2.5 Tetracyclines

Tetracyclines comprise both natural antibiotics such as tetracycline, chlortetracycline,
oxytetracycline, and semi-synthetic drugs such as doxycycline and demeclocycline. Tetracycline
is a broad-spectrum antibiotic that has been widely used to prevent infections in humans and
animals, and as a growth promoter in animal feeding at sub-therapeutic dose levels (Sabino et al.
2019). Tetracycline is widely distributed in animal farms, and in the gut of migratory birds, and
has potential side effects on human health (Cao et al. 2020). Although they are less frequently used
in human medicine, they have been identified in samples of wastewater, surface water, and
drinking water (Azanu et al. 2018b, Hanna et al. 2018). Humans and animals excrete over 70% of

tetracycline antibiotics in an active form to the environment and, owing to their highly hydrophobic

13



property and low volatility, tetracyclines are very stable in the aquatic environment and are
commonly detected in WWTPs (Daghrir and Drogui 2013). They form stable complexes with
cations which makes them more likely to bind to suspended matter or sewage sludge during
wastewater treatment (Collado et al. 2014). Tetracycline is the most common substance detected
in WWTPs (Opris et al. 2013, Vergeynst et al. 2015). Five tetracycline antibiotics, including
doxycycline, tetracycline, oxytetracycline, and chlortetracycline were found in hospital samples
and WWTPs influent and effluent in Sweden, Hong Kong, Norway, and Germany (Yang et al.
2005, Lindberg et al. 2006, Minh et al. 2009, Watkinson et al. 2009, Rossmann et al. 2014).

2.2.6 Macrolides

Macrolide antibiotics are a critical class of compounds due to their significant consumption in
hospitals and they enter into wastewater as unchanged parent compounds upon excretion via bile
and feces after being hardly metabolized in the body and the continuous application in veterinary
and human medicine has contributed to the presence of these antibiotics in aqueous matrices due
to their stability (Nnadozie et al. 2017). These compounds are prevalent in the natural environment,
especially WWTPs, where the quantities of the macrolides- tylosin, roxithromycin, azithromycin,
and clarithromycin have been determined in raw sewage and the treated effluent (Yang and Carlson
2004, Gobel et al. 2005, Petrovic et al. 2006, Spongberg and Witter 2008, Lin et al. 2009,
Watkinson et al. 2009). Some macrolides, particularly clarithromycin and azithromycin are among
the most commonly detected antimicrobials (Verlicchi et al. 2012, Loos et al. 2018). Wastewater
effluents form key input sources of macrolides into rivers as evidenced by their presence in rivers
in Spain and France (Valcarcel et al. 2011, Moreno-Gonzalez et al. 2014). Although erythromycin
is the parent antibiotic, a high concentration of its metabolite dehydrated erythromycin-H>O has
been found in both raw sewage and treated wastewater effluent (Kasprzyk-Hordern et al. 2009,
Minh et al. 2009). The parent antibiotic, erythromycin was found in both the influent and effluent
(Ternes et al. 2007).

The annual consumption of various antibiotic classes among communities and hosptials varies
from one region to another with p-lactams being the most widely prescribed compounds due to

their wide margin of safety. For instance, the consumption of antibiotics in hospitals located in
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the city of Pécs, Hungary, in the years 2006 and 2019 showed considerable variation as

demonstrated in Figures 2a and b.
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Figure 2a. Antibiotic consumption in hospitals in the city of Pécs, Hungary, in 2006 (DDD -
163.622). Source; PTE Central Clinical Pharmacy data.

Tetracyclines
1%

Other antibacterial
agents
43%

Chloramphenicol ! Aminoglycosides

7% 3%

Sulfonamides and
trimethoprim
Macrolides 1%

5%

Figure 2b. Antibiotic consumption in hospitals in the city of Pécs, Hungary, in 2019 (DDD-
323864.1). Source; PTE Central Clinical Pharmacy data.
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The residues of various representative substances of antibiotic classes that have been detected at

various concentrations in both raw wastewater (including hospital effluents) and treated

wastewater in different regions are shown in Table 1.

Table 1. Occurrence of antimicrobial compounds in raw wastewater (hospital effluents and

WWTP influent) and treated wastewater in ng/L (data adapted from Tahrani et al 2016, Felis et al

2020).

Class/Compound

Raw wastewater

Treated wastewater

p-lactams 18-6196 (Loos et al. 2013, Ruff et al. 2015, 47-1205 (Loos et al. 2013, Ruff
Penicillin G Loos et al. 2018), 13800 (Watkinson et al. et al. 2015, Loos et al. 2018),
2009) 2000 (Watkinson et al. 2009)
Penicillin V nd-160 (Gros et al. 2013, Michael et al. 2013)
33800 (Azanu et al. 2018b), 2.0-57, hospital nd-116400 (Gros et al. 2013,
Amoxicillin effluent (Azanu et al. 2018b, Thai et al. 2018) Azanu et al. 2018Db)
Cefotaxime 1100 (Watkinson et al. 2009) <15 (Watkinson et al. 2009)
49-24380 (Ribeiro et al. 2018), 246, hospital 7860 pharma factory (Thai et al.
Cefuroxime effluent (Thai et al. 2018) 2018)
Aminoglycosides
Kanamycin B 500-7500 (Tahrani et al. 2016) 700-5400 (Tahrani et al. 2016)
Sisomicin 2300-6700 (Tahrani et al. 2016) 1000-3900 (Tahrani et al. 2016)
500-1600 (Tahrani et al. 2016), 400-7600
Gentamicin (Loffler and Ternes 2003) 200-600 (Tahrani et al. 2016)
Neomycin 1800- 16400 (Tahrani et al. 2016) 400-11200 (Tahrani et al. 2016)
Amikacin 2300 (Tahrani et al. 2016) 1000 (Tahrani et al. 2016)

Streptomycin

2700 (Tahrani et al. 2016)

1200 (Tahrani et al. 2016)

Fluoroquinolones
Ciprofloxacin

3700 (Verlicchi et al. 2012), 34500 (Matongo
et al. 2015), 3600 -101000, hospital effluent
(Lindberg et al. 2004) 1400-26000, hospital

effluent (Verlicchi et al. 2012)

1100 (Verlicchi et al. 2012)

Levofloxacin

4-836 (Rossmann et al. 2014)

11.1-1330 (Birosova et al. 2014, Dong et al.
2016), 23-510 hospital effluent (Verlicchi et al.

0.3-527 (Golovko et al. 2014,

Ofloxacin 2012) Dong et al. 2016)
<LOQ-5411 (Dong et al. 2016, Ostman et al.
2017), 450-2200, hospital effluent (Verlicchiet | 0.2-628 (He and Blaney 2015,
Norfloxacin al. 2012) Dong et al. 2016)

Sulfonamides
Sulfamethoxazole

6500, 8700, 13000, 2000, 54800
(Lindberg et al. 2004, Verlicchi et al. 2012,
Santos et al. 2013, Ngumba et al. 2016)

3340 (Ngumba et al. 2016)
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Sulfapyrydyne

60-230 (Gobel et al. 2005)

0.4-230 (Gobel et al. 2005)

Sulfamethazine

4010 (Li and Zhang 2011)

Trimethoprim

1500- 6000 (Verlicchi et al. 2012, Kosma et al.
2014), 4250-72900 (Ngumba et al. 2016), 100-
4300 (Gobel et al. 2005, Watkinson et al. 2009,
Li and Zhang 2011), <3000, hospital effluent
(Santos et al. 2013)

60-3000 70, 65-800 (GObel et al.
2005, Li and Zhang 2011, Loos et
al. 2018)

Tetracyclines
Tetracycline

58-1960 (Azanu et al. 2018b, Lorenzo et al.
2018), 13-1598, hospital effluent (Azanu et al.
2018b, Lorenzo et al. 2018, Wang et al. 2018a)

1400-146000 (Opris et al. 2013,
Vergeynst et al. 2015)

Doxycycline

1.8-264 (Azanu et al. 2018b, Hanna et al.
2018), 24-120, hospital effluent (Azanu et al.
2018b) 75-1487, hospital effluent (Azanu et al.
2018b, Wang et al. 2018a)

2210 (Lindberg et al.
2006),1420(Minh et al. 2009), 14-
49(Azanu et al. 2018b)

Oxytetracycline

350 (Watkinson et al. 2009), 43-233 (Azanu et
al. 2018a), 24-120 hospital effluent (Azanu et
al. 2018b)

250 (Watkinson et al. 2009),
2.4-24(Azanu et al. 2018a)

Chlortetracycline

270(Yang et al. 2005)

Macrolides
Erythromycin

830 (Ternes et al. 2007), 1100 (Matongo et al.
2015), 9-294 (Tylov4 et al. 2013)

620 (Ternes et al. 2007), 160
(Matongo et al. 2015), 886
(Gracia-Lor et al. 2012, Tylova et
al. 2013)

Tylosin

1150 (Yang and Carlson 2004), 55-180
(Watkinson et al. 2007)

3400 (Watkinson et al. 2009)

Roxithromycin

810 (Gobel et al. 2005)

540 (Gobel et al. 2005)

Azithromycin

450 (Petrovic et al. 2006), 1083 (Lara-Martin
et al. 2014)

400 (Gobel et al. 2005), 0-380 (Al
Aukidy et al. 2012, Lara-Martin
et al. 2014)

Clarithromycin

1433 (Lin et al. 2009), 122 (Watkinson et al.
2009, Lara-Martin et al. 2014)

996 (Spongberg and Witter
2008),
8-460 (Al Aukidy et al. 2012,
Gracia-Lor et al. 2012, Lara-
Martin et al. 2014)

2.3 Persistence of antimicrobial pharmaceuticals

The persistence of antimicrobials in water is defined based on their half-life value. For example,

according to European legislation on Registration, Evaluation and Authorisation of Chemicals, a

chemical is persistent if its half-life in marine water is more than 60 days and 40 days in fresh or
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estuarine water. It is considered very persistent when the half-life in marine, estuarine or fresh
water is higher than 60 days (Goldenman et al. 2017). The half-life values for the substances
selected from the discussed classes of the antimicrobial pharmaceuticals are given in Table 2. The
given half-life values refer to surface water. These values can be much higher (longer half-life) in
the case of groundwater or soil/sediments because of the scarcity or lack of sunlight and aerobic

conditions.

Table 2. Half-life of selected antimicrobials in surface water (data adapted from Felis et al 2020).

Compound Surface water half-life
Amoxicillin < 1day
Azithromycin <5h
Tylosin 9.5-54 days
Erythromycin < 17 days
Ciprofloxacin <46 h
Levofloxacin 6.3 days
Ofloxacin 10.6 days
Norfloxacin 77 days
Sulfamethoxazole < 20.3 days
Sulfamethazine < 4.2 days
Trimethoprim 11.8 days

2.4 Antimicrobial pharmaceuticals promote the evolution and transmission of resistance

Antibiotics overuse, inappropriate prescription, and their extensive use in agriculture are linked to
the widespread occurrence of antibiotics in the environment (Chowdhury et al. 2017). These and
other anthropogenic activities that result in the discharge of wastewater containing antibiotics
and/or their metabolites into environmental matrices have been attributed to the increasing
antimicrobial resistance due to the rapid evolution of bacteria facilitated by the acquisition of
resistance from the reservoir of ARGs, which has a direct impact on the control of microbial

pathogens in humans and animals (Kemper 2008, Zhang et al. 2009b). Aquatic environments,
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especially WWTPs, serve as sinks for massive loads of pharmaceutical compounds, including
personal care products and antibiotics, and provide optimal conditions where antibiotic resistant
bacteria develop and proliferate and ARGs spread (Kim et al. 2007). Dissemination of antibiotics
and ARGs occurs in habitats that provide ideal environments for their spread and circulation
between humans, animals, and the external environment. Figure 3 depicts several habitats that are
ideal for recombination events and subsequent genetic exchange where the future evolution of
resistance among microbes in the environment occurs. Human and animal microbiota consisting
of diverse bacterial species form the primary habitat in which antibiotics assigned for prevention
or therapy exert their actions. Animal and human digestive systems provide suitable residence for
bacteria along with sub-lethal doses of antibiotics, which might be potential niches for the
propagation of antibiotic resistance (Chopra and Roberts 2001). Environments where susceptible
individuals are often overcrowded with possible exposure to bacterial genetic exchange, such as
hospitals, nursing/retirement homes (which serve as long-term care facilities-LTCF), and animal
farms, constitute the secondary habitat. Antibiotics and other antimicrobial residues in wastewater
that originate from secondary residences find their way into WWTPs where they mingle with
bacteria. The wastewater treatment facilities, which constitute the tertiary habitat, provide suitable
conditions for mixing and genetic exchange (Berendonk et al. 2015). Soil or sediments and surface
or groundwater environments provide the final habitat in which bacteria originating from previous
habitats continuously mix and interact with the broader microbial communities in the environment.
The interconnection among these habitats creates a niche that breeds resistant bacteria and ARGs,
which circulate in the ecosystem and may eventually be re-introduced into human and animal
environments. The strategies employed by humans to regulate the introduction of active
antimicrobial agents and bacteria into these sites, such as pre-treatment of hospital effluents and
enhancing antibiotic stewardship programs, minimize the possibility of the microbes evolving

antibiotic resistance.
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Figure 3. Ideal habitats for recombination events and subsequent genetic exchange where the
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future evolution of resistance among microbes in the environment occurs.

Antibiotics and bacteria from the human population, veterinary medicine, and food-producing
animals taking antibiotics enter various habitats such as soil and surface water via excreta, through
effluents, and biosolids from wastewater treatment plants. Antibiotics, ARGs, and resident
environmental bacteria mix in the various compartments, spurring the emergence and spread of
ARB and ARGs in the bacterial community, and they can eventually end up in animal hosts,

including humans.

Significant genetic variation is associated with mechanisms of genetic exchange occurring
frequently among microbial populations and communities spurred by habitats that provide suitable
biological interconnection, generate variation, and offer chances for specific selection, leading to
the genetic evolution of resistant bacteria (Baquero et al. 2008). Mutation is a key event that can
form the basis for the selection of resistance in the mix of bacteria and antimicrobial compounds
in the various habitats. Mutations drive antibiotic resistance by occurring spontaneously in the
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bacterial genome, and the mutants propagate the resistance to the subsequent progeny through
vertical evolution and natural selection created by antibiotic pressure (Baquero et al. 2008). Figure

4 illustrates the role of antibiotics in the selection and proliferation of resistant bacteria driven by

mutation.
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Figure 4. Resistance evolution driven by the presence of antibiotics (Figure adapted from Mutuku
et al 2022).

a. Mutant bacteria occur frequently in large population sizes. The frequency of mutants is low in
the absence of antibiotics since resistance typically imposes a fitness cost, b. Resistant bacteria
divide faster than sensitive bacteria in an environment created by the presence of antibiotics. c.

Resistant bacteria finally dominate the population, and the antibiotic becomes ineffective.

Since DNA replication is not perfect, cell division may result in random changes to the DNA
sequences of descendent cells. The biological effects of the resultant mutations on the cells that
carry them can range from insignificant to disastrous. Some mutations, for example, alter the
cellular proteins that are frequently targeted in antibiotic treatment. A random mutation that alters
a cellular protein required for a specific antibiotic to enter the cells of its target bacterial species
blocks the antibiotic entry into the mutant cell and interferes with protein synthesis. Unlike in the
absence of antibiotics in which an antibiotic resistance mutation does not provide a selective
advantage to a cell, in the presence of antibiotics, the mutant reproduces normally. In the presence
of the antibiotics, wild-type drug-sensitive cells would either fail to reproduce or die (Genereux
and Bergstrom 2005). Typically, antibiotics designed to kill bacteria end up selecting for bacteria
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that do not respond to the antibiotics. Antibiotic resistance can also be driven by horizontal
evolution through gene exchange mechanisms occurring in intra and inter-species (Touchon et al.
2017). Conditions within the environment, especially the WWTPs provide cell proximity, which
favors horizontal evolution (or lateral gene transfer). Horizontal gene transfer (HGT) follows either
or a combination of the three routes (conjugation, transformation, and transduction) where genetic
material is obtained from antibiotic resistant bacteria in each case, and the recipients become
resistant (Von Wintersdorff et al. 2016). Lateral transfer of genetic material occurs frequently
among bacterial populations aided by resistance plasmids (R-plasmids), which contain antibiotic
resistance genes and have been linked to global antibiotic resistance spread in the vast majority of
Gram-negative bacteria (Berglund 2015). Figure 5 illustrates the mechanisms of horizontal gene

transfer in bacteria.

Conjugation
Plasmid Antibiotic resistance gene
Donor cell Recipient cell

Transduction

Phag&. T
Donor cell Recipient cell
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Donor cell Recipient cell

Figure 5. Mechanisms of horizontal gene transfer where bacterial DNA can be transferred from
one bacterium to another (Figure adapted from Pang et al 2019).
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(A) Conjugation involves direct contact transfer of mobile plasmids between the donor cell and
the recipient cell (B) Transduction refers to the transfer of DNA from one bacterium to another
mediated by bacteriophages (C) In transformation bacteria pick up free fragments of DNA from

the environment and integrate them into their genome.

2.5 pB-lactam antibiotics structure and mechanism of action

B-lactam antibiotic group is a class of broad-spectrum pharmaceutical antimicrobials that include
all agents whose molecular structure consists of a f-lactam ring. Penicillin derivatives (penams),
cephalosporins (cephems), carbapenems, and monobactams form this group (Holten and Onusko
2000). Together with other antibiotics such as vancomycin, bacitracin, fosfomycin, and isoniazid,
they inhibit bacterial cell wall synthesis. B-lactams are the most frequently administered
antimicrobials across the world (Korzeniewska and Harnisz 2020). They are structurally
characterized by a 3-lactam ring which is highly susceptible to hydrolysis by a variety of reagents
(Deshpande et al. 2004). Figure 6 shows the chemical structures of B-lactams and Figure 7 shows

the generalized classification of B-lactams antibiotics and other cell wall inhibitors.
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Figure 6. Chemical structures of B-lactam antibiotics showing the common B-lactam ring.
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Figure 7. An illustration of a generalized classification of different groups of pB-lactam
antibiotics and other cell wall synthesis inhibitors.

All B-lactam compounds interfere with the synthesis of the bacterial cell wall, which is made up
of extensively cross-linked peptide and glycan chains that give the cell structure stability and
rigidity. These chains are made up of two amino sugars called N-acetylmuramic acid (NAM) and
N-acetylglucosamine (NAG). The peptidoglycan molecule is formed by linking a pentapeptide
side chain to NAM sugar. The cleavage of terminal D-alanine of the peptide chains by
transpeptidases catalyzed by penicillin-binding proteins (PBP), which are transmembrane surface
enzymes found in bacteria, is the final step in its synthesis. Beta-lactams inhibit cell wall synthesis
by irreversibly binding to the penicillin-binding proteins required for the final crosslinking

(transpeptidation) step in the synthesis of peptidoglycan for cell wall construction. Inhibition of
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this catalyzed process of transpeptidation results in a loosely knit structure of the cell wall. Cell
wall deficient organisms result when susceptible bacteria multiply in the presence of a B-lactam
compound. The interior of the bacterium is hyperosmotic which results in osmotic drive and
eventual cell lysis. The most clinically important are the third-generation cephalosporins, ‘anti-
pseudomonal’ B-lactam/B-lactamase inhibitor combinations, and carbapenems (Partridge et al.
2009a). Being the most widely used antibiotics, B-lactams resistance is a severe threat because
they have low toxicity and are used to treat a broad range of infections. Figure 8 shows a cross-

linked peptidoglycan structure.
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Figure 8. Mechanism of action of B-lactam antibiotics showing targeted NAM molecules, which

interfere with transpeptidation (Figure adapted from Talaro 2017).

2.6 Mechanisms of resistance to p-lactams in Enterobacterales

The mechanisms of B-lactam resistance include inaccessibility of the antibiotics to their target
enzymes, modification of target enzymes, and direct deactivation of the antibiotics by -lactamases
(Tang et al. 2014). Among the members of Enterobacterales, p-lactam resistance occurs commonly

through two mechanisms.
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2.6.1 Porin defects

The outer membrane proteins (OMPSs) of Gram-negative bacteria form water-filled pores through

which hydrophilic substances, including B-lactams, can passively cross the outer membrane into
the periplasm. Loss, reduced expression, or reduced permeability of porins resulting from
mutations are alone, not sufficient to result in clinically-significant resistance, but there are
examples of B-lactams resistance due to a CTX-M or AmpC pB-lactamases and carbapenemases
(e.g., IMP and KPC enzymes) plus a porin defect (Wang et al. 2009). This form of B-lactam
resistance appears particularly important in K. pneumoniae. The main porins in K. pneumoniae are
OmpK35 and OmpK36 and whereas OmpK35 defects are common in isolates expressing ESBL,
additional defects in OmpK36 are associated with carbapenem resistance (Martinez-Martinez
2008).

2.6.2 Enzymatic inactivation

The key resistance mechanism to B-lactam antibiotics in the Enterobacterales is the expression of
B-lactamase enzymes encoded by bla genes either on a plasmid or chromosomal DNA (Deshpande
et al. 2004) that hydrolyze the B-lactam ring, resulting in inactivation or degradation. bla genes
associated with mobile genetic elements often coexist with other antimicrobial resistance
determinants, increasing the possibility of multidrug resistance and dissemination (Tennstedt et al.
2003, Schluter et al. 2007). Many different types of B-lactamases can confer resistance to each of
the most clinically-important p-lactam types and a single amino acid difference may affect the
phenotype conferred. pB-lactamases can be categorized (1) into classes A-D based on Ambler
molecular classification or (2) according to the Bush-Jacoby (functional) grouping (Ambler 1980,
Bush and Jacoby 2010a), which encompasses ESBL, AmpC cephalosporinases, and metallo-p3-
lactamases. Microbial resistance through ESBL has been widely reported in Europe and in the
United States since the introduction of third-generation cephalosporins in clinical practice
(Livermore and Hawkey 2005). ESBL are a group of enzymes capable of hydrolyzing a variety of
B-lactams, including cephalosporins such as ceftazidime, cefotaxime, ceftriaxone, cefepime, and

monobactams like aztreonam in addition to penicillin’s but do not hydrolyze cephamycins like
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cefoxitin and carbapenems (Bradford 2001). Earlier studies reported Klebsiella species and
Escherichia coli as the main ESBLs producers but they can be widely detected in other Gram-
negative bacteria such as Enterobacter, Salmonella, Citrobacter, Serratia marcescens, Proteus
species, and P. aeruginosa (Lautenbach et al. 2001).

2.7 Classification of extended spectrum p-lactamases (ESBL)

There are two most accepted methods of classification for ESBLSs.

Ambler molecular classification scheme: This scheme places p-lactamases into four major
groups (A, B, C, and D). This classification system considers protein homology, or sequence
similarity, as opposed to phenotypic characteristics. The B-lactamases of classes A, C, and D are
categorized as serine B-lactamases in the Ambler classification scheme, while the enzymes of class
B are placed under metallo-p-lactamases. However, most of the ESBLs are of molecular class A,
with the exception of OXA-type enzymes (which are class D enzymes) (Paterson and Bonomo
2005).

Bush-Jacoby-Medeiros (traditional) or functional classification scheme: Based on the
functional similarities (substrate and inhibitor profile), there are four main groups and multiple
subgroups in this system (Rasmussen and Bush 1997).

Group 1 Cephalosporinases: This family is a member of the molecular class C, which is encoded
on the chromosomes of Enterobacterales and a few other microbes. They appear to be more active
against cephalosporins than benzylpenicillin. B-lactamase inhibitors (BLI) such as clavulanic acid,
sulbactam, and tazobactam do not inhibit cephalosporinase activity but are active on cephamycins
such as cefoxitin. (Gurung et al. 2010).

Group 2 serine B-lactamases: This is the largest category of pB-lactamases, and corresponds to
molecular classes A and D, which reflect the initial TEM and SHV genes. This group involves
penicillinases and cephalosporinases. Moreover, these enzymes are inhibited at various degrees by
the B-lactamase inhibitors, clavulanic acid, and tazobactam (Picéo et al. 2009). Furthermore, -
lactamase inhibitor proteins inhibit many class A TEM B-lactamases (Jacoby 2009).

Group 3 Metallo-g-lactamases (MBLs): A distinct class of B-lactamases in both structural and
functional forms. Their main structural difference from the other B-lactamases is the presence of a
zinc ion at the active site. They were distinguished functionally primarily by their ability to

hydrolyze carbapenems; however, some serine p-lactamases are reported to have acquired this
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ability as well. Metallo-p-lactamases (MBLs) have a lower affinity or hydrolytic capability for
monobactams than serine p-lactamases and are not inhibited by tazobactam or clavulanic acid.
Metal ion chelators such as EDTA, on the other hand, inhibit them (Bonnet 2004).

Group 4 p-lactamases: This category contains enzymes that have not been fully characterized
and classified and may fall into one of the existing enzyme groups. Moreover, this group contains
penicillinases that are not inhibited by clavulanic acid, and do not belong to any of the

corresponding molecular classes (Marchiaro et al. 2008).

2.8 Diversity of extended spectrum p-lactamases

TEM g-lactamases (class A): The TEM-type B-lactamases are most often found in E. coli and K.
pneumoniae, but also occur in other species of Gram-negative bacteria with increasing frequency.
The TEM types of ESBL are derived from TEM-1 and TEM-2, in which TEM-1 was first reported
in 1965 from an E. coli isolate from a patient in Athens, Greece (Bradford 2001). An earlier report
states that TEM-1 confers about 90% resistance to ampicillin and about 140 TEM types have been
described (Datta and Kontomichalou 1965).

SHV B-lactamases (class A): SHV-1, which is mostly harbored by K. pneumoniae and shares
68% structural and sequence similarity with TEM-1, is another popular type of -lactamase. SHV-
1 accounts for up to 20% of this species' plasmid-mediated ampicillin resistance. Furthermore,
although SHV-5 and SHV-12 are the most frequent, more than 60 SHV variants have been
described (Jacoby and Munoz-Price 2005).

CTX-M p-lactamases (class A): In comparison to other oxyimino-pB-lactam substrates such as
ceftazidime, ceftriaxone, or cefepime, this enzyme is more effective against cefotaxime. They are
examples of B-lactamase genes that are plasmid-acquired, and are usually found on the
chromosome of Kluyvera species, which are rare pathogenic commensal organisms. CTX-M
shares 40% sequence similarity with the TEM or SHV B-lactamases. Studies show that CTX-M
enzymes contain more than 80 variants, most of which have been characterized. Evidently, they
have mostly been found in the strains of Salmonella enterica ,,serovar”, Typhimurium, and E. coli,
but have also been described in other species of Enterobacterales (Sykes 1982).

OXA p-lactamases (class D): The OXA-type enzymes are a growing family of ESBLs that are
completely different from the TEM and SHV enzymes, with only 20% sequence similarity. They
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are members of the molecular class D and the functional group 2d. Resistance to the antibiotics
ampicillin and cephalothin is also conferred by these OXA enzymes. They are also distinguished
by their high hydrolytic activity against oxacillin and cloxacillin, as well as their resistance to
clavulanic acid (Rasmussen and Bush 1997).

2.9 Resistance to p—lactams in Pseudomonas aeruginosa

Among the B-lactam antibiotics group, piperacillin and ticarcillin (penicillins), ceftazidime (3"
generation cephalosporin), cefepime (4" generation cephalosporin), aztreonam (monobactam),
imipenem, meropenem, and doripenem (carbapenems) are most effective and commonly used in
the control of P. aeruginosa (Kaock et al. 2010). Resistance in P. aeruginosa to p-lactams may be
due to a plethora of different resistance mechanisms including, chromosomal hyperproduction of
ampicillin  C-type (AmpC) pB-lactamases, acquired cephalosporinases or carbapenemases,
overexpression of efflux pumps, modifications in the PBPs, and downregulation or absence of the
OprD porin proteins (i.e., porin mutants) (Khuntayaporn et al. 2013).

AmpC B-lactamase (Cephalosporinases): The production of endogenous B-lactamase such as
AmpC B-lactamase (chromosomal cephalosporinase) in P. aeruginosa can be induced by several
B-lactams including, benzylpenicillin, narrow-spectrum cephalosporins, and imipenem (Yamane
et al. 2004). P. aeruginosa is naturally susceptible to carboxypenicillins, ceftazidime, and
aztreonam but it can acquire resistance through a gene mutation, which leads to hyper production
of AmpC B-lactamase (Poole 2011). The bacterium produces an inducible chromosome encoded
AmpC B-lactamase (cephalosporinase) encoded by the ampC gene (Hooper and Gordon 2001) that
belongs to molecular class C. The enzyme is usually produced in low quantities (‘low-level’
expression) and determines resistance to aminopenicillins (ampicillin and amoxicillin) and most
of the early cephalosporins. However, chromosomal cephalosporinase production in P. aeruginosa
may increase from 100 to 1000 times in the presence of inducing p-lactam (especially imipenem)
(Yamane et al. 2004).

Class A serine B-lactamases: Various Class A serine extended-spectrum p-lactamases have been
described in P. aeruginosa, including PER, VEB, GES, and BEL types (Strateva and Yordanov
2009). In addition, ESBL Enterobacterales types of enzymes such as TEM, SHV, and CTX-M
have been identified in P. aeruginosa, more likely following horizontal gene transfer (Chanawong
et al. 2001).
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2.10 Carbapenemases

Carbapenems including imipenem, meropenem, ertapenem, and doripenem have been regarded
as the mainstay and most potent B-lactams against Gram-negative bacilli due to their high affinity
with penicillin-binding proteins, stability against extended-spectrum [-lactamases, and
permeability of bacterial outer membranes (Zavascki et al. 2010). Carbapenem hydrolyzing
enzymes (carbapenemases) have however been detected in the members of Enterobacterales. The
majority of these are Class B metallo- B-lactamases, which are dependent on zinc ions for activity
rather than the active-site serine found in classes A, C, and D, and confer resistance to carbapenem
antibiotics, usually in addition to other p-lactams except aztreonam, and to clinical p-lactamase
inhibitors (Cornaglia et al. 2011). The VIM (Verona integron encoded metallo-p-lactamase)
enzymes especially blavim1 and its variants are common in Enterobacterales. Although IMP
enzymes have been identified mainly in P. aeruginosa, some variants are also common in
Enterobacterales. The NDM (New Delhi Metallo-p-lactamase) enzyme first reported in 2009
received a lot of international attention and 15 minor variants have now been identified in a variety
of plasmids, strain types, and species (Johnson and Woodford 2013). Certain class A enzymes are
categorized as carbapenemases. The most prominent being KPC (Klebsiella pneumoniae
carbapenemase), which was first identified in the USA in 1996 and is most commonly associated
with K. pneumoniae, often multi-locus sequence type (ST) 258, (Woodford et al. 2011) but also
found in E. coli, Enterobacter and other species (Nordmann et al. 2009). Carbapenemase activity
is also associated with some of the known GES variants especially GES-2 and GES-5, which are
associated with clinically-significant resistance to carbapenems (Frase et al. 2009). Class D
enzymes (named OXA, for ‘oxacillinase’ ), especially OXA-48 and variants and the related but
distinct OXA-181, which can hydrolyze carbapenems and confer low-level resistance to these
antibiotics have been extensively reported in Enterobacterales in some locations (Poirel et al.
2012). Similarly, carbapenemases have been identified in P. aeruginosa strains. Carbapenemases
belonging to the Class A KPC or GES-2 types and MBL of Class B have been described in P.
aeruginosa (Nordmann Guibert 1998, Lister et al. 2009). GES-2 is a carbapenemase derived from
the ESBL GES-1 by point mutation whereas the KPC carbapenemase has been acquired by P.

aeruginosa through horizontal transfer from Enterobacterales (Weldhagen and Prinsloo 2004,
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Villegas et al. 2007). However, the main type of carbapenemases found in P. aeruginosa belong
to the MBL, and consist of five types: IMP, VIM, NDM, SPM, and GIM (Nordmann and Poirel
2002, Walsh et al. 2005). The encoding genes are mostly harbored on mobile genetic elements,
including plasmids, integrons, and cassettes that rapidly favor their dissemination (Strateva and
Yordanov 2009).

2.11 Resistance to other antimicrobial agents

2.11.1 Aminoglycosides

Aminoglycosides bind to the aminoacyl-tRNA recognition site (A-site), the decoding centre on the
16S rRNA of the ribosome, thus inhibiting protein synthesis. The most clinically relevant members
commonly used against infections caused by Gram-negative bacteria are gentamicin (GEN),
amikacin (AMK) and tobramycin (TOB) (Bartlett 2005, Partridge 2015). Resistance development
associated with their use is due to acquired inactivation enzymes and 16S rRNA methylases (Poirel
et al. 2018).

Aminoglycoside modifying enzymes (AME): These enzymes, mostly linked to genes encoded
on mobile elements mainly on integrons, confer resistance to aminoglycosides by acetylating,
adenylylating or phosphorylating the aminoglycosides (Ramirez and Tolmasky 2010). The
aminoglycoside acetyltransferases act by catalyzing the addition of an acetyl group (CH3CO) from
acetyl coenzyme A to an amine group (—-NH>) at positions 1, 2, 3, or 6 of the aminoglycoside
structure, which determines the subset of the enzyme (Dolejska et al. 2013). In Gram-negative
bacteria, the most common aminoglycosides nucleotidyltransferases are ANT(2") and ANT(3")
encoded by the genes aadB and aadA, respectively, both of which can be part of gene cassettes
carried in class 1 integrons while streptomycin resistance is mediated by APH(6)-1a and APH(6)-
Id aminoglycoside phosphotransferases encoded by the strA and strB genes respectively (Ramirez
and Tolmasky 2010). More than 50 genes encoding AME have been described, but many variants
of the gene cassette-borne acetyltransferases (AAC) appear to dominate in clinically important
Gram-negative bacteria (Partridge et al. 2009b). Some mutations of acetyltransferases lead to an
ability to acetylate fluoroquinolones. Genes for AME typically occur on integrons with other

resistance genes (Ramirez and Tolmasky 2010), which makes AME-harboring isolates multidrug-
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resistant. Additionally, aminoglycoside resistance independent of inactivating enzymes is linked
to efflux mediated by the MexXY-OprM multidrug efflux system in P. aeruginosa (Islam et al.
2009).

16S rRNA methyltransferases (RMTases): These are mainly plasmid-borne 16S rRNA
methyltransferases (RMTases), which promote target protection by methylating the 16S rRNA of
the 30S ribosomal subunit at the A site that interferes with aminoglycoside binding and results in
high-level resistance to aminoglycosides (Wachino and Arakawa 2012). Various 16S rRNA
methylases originating from natural aminoglycoside producers as self-protection against these
antimicrobials such as ArmA, RmtA/B/C/D/E/F/G/H, and NmpA, have been identified in Gram-
negative bacteria, including Acinetobacter baumannii, Enterobacterales and P. aeruginosa isolates
(Yu et al. 2007, Batah et al. 2015). ArmA, RmtB RmtC and RmtF are the most commonly
identified enzymes in Enterobacterales, while ArmA, RmtA, RmtB and RmtD are the 16S rRNA
methylases promoting aminoglycoside resistance described in P. aeruginosa (Jin et al. 2009,
Lincopan et al. 2010, Zhou et al. 2010). Table 3 shows the genes which confer resistance to
clinically important aminoglycosides in Enterobacterales (Partridge 2015).

Table 3. Main mobile genes conferring resistance to clinically-important aminoglycosides in

Enterobacterales

Mechanism

Resistance to

Mobile elememt

Acetyltransferases
aacA/aac(6')-1b
aacA/aac(6')-11a
aacC/aac(3)-la
aac(3)-11
Adenylytransferases
aadB/ant(2")-la
Phosphorylases
aphA6

aphA15

16S rRNA methylases
armA

rmtB

rmtC

rmtF

AMK, TOB
GEN, TOB
GEN

GEN, TOB

GEN, TOB

AMK
AMK

AMK, GEN, TOB
AMK, GEN, TOB
AMK, GEN, TOB
AMK, GEN, TOB

Gene cassette
Gene cassette
Gene cassette
1S26

Gene cassette

ISAbal4d
Gene cassette

ISCR1
ISCR3
ISEcpl
ISCR3-like

AMK, amikacin; GEN, gentamicin; TOB, tobramycin
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2.11.2 Quinolones and fluoroquinolones

Quinolones and fluoroquinolones act on DNA gyrase and topoisomerase 1V enzymes, which have
essential roles during DNA replication. While DNA gyrase introduces negative supercoils,
topoisomerase 1V removes knots in DNA. The enzymes consist of a tetramer with DNA gyrase
having two GyrA plus two GyrB subunits and topoisomerase 1V consisting of two ParC plus two
ParE subunits. The enzymes introduce double-stranded breaks in the DNA, then re-ligate.
Quinolones bind to the cleaved-ligated active site, thereby intercalating into the DNA and blocking
the ligation process, resulting in DNA fragmentation, which impairs the function of the two
enzymes (Aldred et al. 2014).

Chromosomal quinolone resistance by target site mutations: Mutations usually occur in the
gyrase gene, the preferred target of quinolones in Gram-negative bacteria, while additional
mutations in the topoisomerase IV gene in some highly resistant isolates have been described
(Jacoby 2005). These mutations are found in the “quinolone resistance determining region”
(QRDR) of gyrA and/or parC (Drlica et al. 2009). Mutations in gyrB and parE are not common,
but multiple mutations in gyrA and/ or parC have been described in highly resistant isolates of
fluoroquinolone-resistant P. aeruginosa (Muramatsu et al. 2005, Rejiba et al. 2008). Mutations in
the DNA gyrase and topoisomerase IV enzymes conferring high-level resistance to
fluoroquinolones, especially ciprofloxacin, have also been observed in Enterobacterales (Drlica et
al. 2009, Tam et al. 2010). Resistance to fluoroquinolones particularly, ciprofloxacin which is most
commonly used against P. aeruginosa infections, especially high-level resistance, is
predominantly mediated by mutations in the DNA gyrase and topoisomerase IV enzymes similar
to Enterobacterales. However, in P. aeruginosa, efflux is also a significant contributing factor
often in combination with target site mutations (Drlica et al. 2009, Tam et al. 2010). Four members
of the resistance nodulation division family of multidrug efflux systems, MexAB-OprM, MexCD-
Oprd, MexEF-oprN, and MexXY-OprM are known to accommodate fluoroquinolones and these
efflux systems have been implicated in fluoroquinolone resistance in clinical isolates of P.
aeruginosa (Poole 2000, Reinhardt et al. 2007).

Plasmid-mediated quinolone resistance: Several gnr genes, including A, B, C, D, S, and VC
families that occur on plasmids, encode proteins that prevent quinolones from entering cleavage

complexes by binding to DNA, which decreases the action of DNA gyrase and topoisomerase 1V,
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with the resultant effect of low level fluoroquinolone resistance (Strahilevitz et al. 2009, Aldred et
al. 2014). Among the most common of these proteins are gnrB genes, which are derived from
chromosomes of different Citrobacter species (Jacoby et al. 2011), gnrA genes derived from
Shewanella algae, gnrD genes mostly linked to small plasmids in Proteus mirabilis, and gnrS
genes common in Vibrio splendidus (Poirel et al. 2005). Both gnrA and gnrB occur frequently on
class 1 integrons where they are co-carried in association with other resistance determinants
(Robicsek et al. 2006a). The -cr (ciprofloxacin resistance) variant of the aac(6,)-1b (aacA4) gene
encodes an enzyme that can N-acetylate the piperazinyl substituent of ciprofloxacin and is
associated with low-level fluoroquinolone resistance but with reduced resistance to
aminoglycosides (Robicsek et al. 2006b). Two plasmid-encoded efflux pumps are also associated
with fluoroquinolone resistance. The gepA gene encodes a proton antiporter efflux pump of the
major facilitator superfamily (MFS) and expels quinolones from the cell (Yamane et al. 2007).
The OgxAB efflux pump encoded by 0gxAB genes initially identified on a plasmid apparently been
captured from the K. pneumoniae chromosome contributes to resistance to olaquindox (which is
used as a growth promoter in animals) and to fluoroquinolones and chloramphenicol (Hansen et
al. 2007). Table 4 shows the main types of plasmid mediated quinolone resistance determinants
in Enterobacterales (Partridge 2015).

Table 4. Main types of Plasmid-mediated quinolone resistance determinants in Enterobacterales

Gene Variant ~ Mobile element Source

gnrA 7 ISCR1 Shewanella algae
gnrB2 ISCR1 Citrobacter spp.
gnrB1 1S3000, 1S26 Citrobacter spp.
gnrB4 ISCR1 Citrobacter spp.
gnrB6 ISCR1 Citrobacter spp.
gnrB10 ISCR1 Citrobacter spp.
gnrB19 ISEcpl Citrobacter spp.
gnrD 2 Small plasmid Unknown
gnrS1-like 6 1S26 Vibrio splendidus
gnrS2-like 2 Unknown
gnrS5-like 1 Unknown

gnrvC 6 Gene cassette Vibrio
aac(6')-Ib-cr 2 Gene cassette Unknown

gepA 2 ISCR3, 1S26 Unknown

0gxAB 1 1S26 K. pneumoniae
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2.11.3 Sulfonamides and trimethoprim

The combination of sulfamethoxazole and trimethoprim acts by interfering with the two successive
steps in folate biosynthesis. Sulfonamide resistance is achieved by genes encoding drug-resistant
dihydropteroate synthases, sull, sul2, or sul3. The sull gene forms part of the 3’-conserved
segment of class 1 integrons and is often transmitted together with other ARGs occurring on gene
cassettes in the variable region (Recchia and Hall 1995). The sul2 gene frequently occurs on
plasmids that harbor other ARGs. The sul3 gene is often associated with unusual class 1 integrons
and has been linked to the macrolide resistance gene mef (B) (Sunde et al. 2008, Liu et al. 2009,
Siqueira et al. 2016). Trimethoprim resistance genes are categorized as dfrA and dfrB, with at least
19 different dfrA variants and less than 8 different dfrB gene cassettes, which encode trimethoprim-
resistant dihydrofolate reductases. These genes were described in Enterobacterales and other
Gram-negative bacteria (Partridge et al. 2009a). Most dfrA and dfrB genes occur on gene cassettes
integrated into class 1 or class 2 integrons. A few other dfrA genes are associated with ISCR1 or
ISCR2 elements. The occurrence of a dfrA gene linked with ISCR1 and sull in the 3’-CS in a class
1 integron can confer resistance to trimethoprim/sulfamethoxazole (cotrimoxazole). Sul3 is linked
to a type of class 1 integron only known to be associated with a gene cassette that includes dfrA12
(Partridge et al. 2009b).

2.12 Plasmid-mediated resistance and multi-resistance

Bacterial plasmids serve a key role as potential vehicles for acquiring resistance genes and
subsequent delivery to recipient hosts. Some resistance plasmids are broad host range and can be
transferred among various species through bacterial conjugation, whereas narrow host range
plasmids are transferred among a small number of cells from similar bacterial species. Plasmid-
encoded antibiotic resistance is conferred to different classes of antibiotics that are currently in use
as frontline drugs during clinical treatments such as P-lactams, fluoroquinolones, and
aminoglycosides (Bennett 2008). Plasmids that harbor resistance genes may either be large
conjugative plasmids, which carry the genes encoding all of the machinery required to transfer
themselves between bacterial cells or may be smaller mobilizable plasmids that may be co-
transferred by conjugative plasmids. These plasmids generally consist of a ‘backbone’ that encodes

plasmid functions, which include replication, stability, and conjugation, into which variable
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‘accessory’ regions are inserted. Accessory regions, such as those encoding antibiotic resistance,
may occupy a large proportion of the plasmid. When essential plasmid functions are disrupted, a
mobile element that has become inserted without incapacitating a plasmid may become a target of
insertion of other mobile elements and associated resistance genes, such elements are often found
clustered together in complex multi-resistance regions (MRR) (Partridge 2011). Subsequent
transfer of resistance genes between DNA molecules are then likely to be facilitated by other
nearby mobile elements or by homologous recombination between repeated elements, which may
also result in rearrangements in MRR. Clustering of resistance genes in this fashion implies that
certain combinations of genes frequently travel together and that use of one antibiotic is likely to
select for maintenance of genes giving resistance to unrelated antibiotic classes. For instance, E.
coli ST131 isolates often carry blactx-m-15 in large, complex MRR on IncF-type plasmids. These
related MRR may carry different combinations of the blarem-1, aac(3)-I1, tetA(A) (tetracycline
resistance), and either both aac(6’)-Ib-cr and blaoxa-s0 or none of these genes (Partridge et al.
2009a). P. aeruginosa resistance via horizontal gene transfer has been described for the genes
encoding B-lactam-hydrolyzing enzymes (extended-spectrum [-lactamases and the
carbapenemases), aminoglycoside-modifying enzymes, 16S rRNA methylases that result in high-
level pan-aminoglycoside resistance (Poole 2011). It is of great concern that transferable plasmids
harboring some of the resistance genes are mobile among a wide range of unrelated Gram-negative
bacteria which increases the antimicrobial resistance transfer rate (Hong et al. 2015). Acquired
antibiotic resistance genes in bacteria are frequently carried on plasmids with F plasmids being the
most common conjugal plasmids linked to antibiotic resistance ("R factors™) (Moran et al. 2015).
According to Stephens et al. the majority of antibiotic resistance genes are associated with F
replicons, and in most cases, multiple subtypes of F replicons occur on the same plasmids.
Antibiotic resistance genes with a narrow host range have been identified including Incl complex
replicons (Z, B/O, K, or 11). F- and I-complex replicons are typically associated with conjugating
plasmids (Stephens et al. 2020). ESBL genes, carbapenemase genes, genes coding
aminoglycoside-modifying enzymes and plasmid-mediated quinolone resistance (PMQR) genes
are the most frequently described resistance genes on IncF plasmids (Rozwandowicz et al. 2018).

36



2.13 Tools to assess antibiotic resistance in wastewater and other aqueous environments

Identifying hotspots of possible ARGs dissemination starts by determining the relative occurrence
of antibiotic resistant bacteria or ARGs in the wastewater network. Two main approaches are
followed, either culture-based or molecular based. The molecular based approaches have been
extended to the detection of genetic structures involved in ARG capture namely integrons,

enhancing the understanding of ARG dynamics in complex anthropogenic environments.

2.13.1 Characterization by cultivation-based methods

Antibiotic resistance testing is highly standardized worldwide, enabling laboratories to assist
clinicians in bacteria infection therapy (Wayne 2010). Given the nature of the samples involved,
numerous modifications have been introduced in order to achieve reliable and accurate methods
with a feasible application to surface or wastewaters (Novo and Manaia 2010). Although culture-
independent approaches have been used, the determination of prevalence values and resistance
patterns is more frequently based on culture-dependent methods (Czekalski et al. 2012) These
methods although with several adaptations, are supported by guidelines developed for clinical and
veterinary microbiology (Andrews and Testing 2009). The use of selective culture media allows
the enumeration of viable cells and isolation of specific bacterial groups. After purification the
isolates can be identified and typed for their antibiotic resistance patterns allowing the calculation
of resistance rates or the definition of resistance profiles and multidrug resistance phenotypes
(Garcha et al. 2016). Antibiotic resistance testing is frequently based on the disc diffusion or
microdilution methods which according to standardized values allow the distinction between
resistant and susceptible organisms (Rizzo et al. 2013a). Culture-dependent methods can survey
microorganisms that are viable at a given moment and for which the growth conditions are known.
In spite of skipping non-culturable microorganisms culture dependent methods have the advantage
of permitting the phenotypic characterization of isolates relevant to assess for instance their profile
of multidrug resistance, minimum inhibitory concentration of different antibiotics, antibiotic
resistance spectrum or the capability to take part in horizontal gene transfer processes. However,

depending on the environment, less than 1-10% of bacteria can be culturable with the largest
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majority of environmental bacteria falling permanently or transiently within the wide category of
non-cultural microorganisms (lvone et al. 2013).

The cell cultivation allows the possibility of determining phenotypic traits, many of which are
crucial for understanding the ecology of a given bacterial group. Incase of antibiotic resistance,
this knowledge is the basis to assess the propagation or gene transfer potential of specific ARB
under environmental conditions. In this aspect, relevant phenotypic traits that can be examined in
bacterial isolates include metabolism (e.g. carbon source utilization, identification of
auxotrophies), required physico-chemical conditions for growth (e.g. PH, temperature or salinity),
biofilm formation capacity, sporulation, motility, tolerance against stressful conditions among
others (McLain et al. 2016). In addition, the analysis of ARB isolates facilitates the analysis of the
harbored ARGs as well as the mobile genetic elements to which they are associated and above all
supports the identification of the species or clones that may be of major relevance for the spread
of a given ARG (Kaplan et al. 2015, Hembach et al. 2017). Culture based methods are highly
laborious and time consuming and alternative adapted techniques have been developed (Ferreira
da Silva et al. 2007). One of such adaptations involves the use of selective culture media
supplemented with antibiotics at concentrations similar to or above those reported as inhibitory for
the target bacteria. In this case, the percentage of resistance can be estimated as the ratio between
the number of bacteria growing in the presence and in the absence of antibiotic (Novo and Manaia
2010). This method also promotes the enrichment of ARB, and therefore can help on the detection

of resistance genetic determinants.

2.13. 2 Molecular biology techniques to assess the diversity of ARB/ARGs in wastewater

Molecular biology methods have been used for several years for the examination of water of
different origins and qualities (Alexandrino et al. 2007). These techniques may be applied to
identify specific DNA targets without prior cultivation of the organisms. They can be used to detect
microorganisms that cannot be grown in the laboratory or that multiply very slowly but contribute
to the resistance in specific compartments (Trevors 2011). Genetic tests aim at detecting resistance
genes or genetic elements contributing to horizontal gene transfer in bacterial isolates and
communities by using DNA probes or PCR methods. Genetics based tests are more accurate than

antibiograms in tracing the epidemiological spread of relevant resistance genes in a hospital or
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wastewater community setting since beside phylogenetic DNA markers, other genetic markers like
antibiotic resistance and virulence genes could be detected in parallel. Natural habitats harbor
many non-culturable bacteria or bacteria of different physiological states which limit cultivation-
based quantitative analyses.

The culture-independent approaches rely primarily on the extraction of genetic material most of
the times DNA and not so often RNA from a sample. The DNA or RNA extraction efficiency may
vary with the protocol used as well as the matrix to analyse. The protocol may favor the extraction
of nucleic acid from specific bacterial groups (e.g Gram negative in comparison to Gram positive)
or it may be more or less effective on the removal of inhibitors (McCarthy et al. 2015, Li et al.
2018). While DNA based analyses are the best choice for gene survey, RNA-based analyses are
the option when gene expression rather than gene presence is to be investigated. Molecular based
methods offer the great advantage of getting rid of biases associated to the non-cultivability of

some ARB or the non-expression of ARG in some bacterial hosts (Trevors 2011).

2.13.3 Quantitative PCR approach

Two major approaches, the quantitative PCR (qPCR) and the metagenomics have been used to
assess the wastewater resistome. Due to its potential for quantitative and highly specific analyses,
the gPCR has been increasingly used, with an ever-increasing number of recommended primers
and reference conditions (Czekalski et al. 2015, Rocha et al. 2020). The use of gPCR array is in
this respect an important advance allowing the simultaneous analyses of a large number of genes
(Karkman et al. 2016). gPCR is limited by impossibility to design primers for new or unknown
genes, since the primers design is based on reference sequences that are already described and
deposited in the databases. Since primers only require homology with a small fragment of DNA,
annealing may occur with non-target genes with regions of high identity with the primers.
However, these false positive reactions can be easily identified based on melting temperature of
the amplicon (Rocha et al. 2020). Other challenges of gPCR analyses of environmental samples
refer to different types of often unknown or unexpected interferences or inhibitor agents (e.g humic
acids), which can reduce the accuracy of the process (Sidstedt et al. 2015). Quantitative PCR assays

tracking various resistance genes originating from different pathogens have revealed their spread
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in clinical and municipal wastewater systems and their occurrence in surface water and drinking
water biocoenosis (Lupo et al. 2012) Many studies have demonstrated the presence of clinically
relevant antibiotic resistance genes along the water cycle, with potential hotspots of wastewater
discharge into other aquatic environments (Zhang et al. 2009a). As an example, methicillin
resistance gene mecA of Staphylococci, the p-lactam resistance gene ampC of Enterobacterales,
the carbapenem resistance gene blavn, OFf Pseudomonas aeruginosa and the vancomycin resistance
gene VanA of Enterococci as well as taxon specific ribosomal DNA sequences for Enterococci and
P. aeruginosa have been chosen as targets to quantify their abundances in defined amounts of

DNA extracts of different wastewater matrices (Schwartz 2012).

2.13.4 Metagenomics approach

Metagenomics approach is becoming a widely applied method for some routine analyses of ARGs
in various environments. Additionally, similarity searching-based annotation may give a more
comprehensive profile of ARGs than the gPCR method which is limited by the availability of the
primers designed so far. This approach has the potential to provide not only an overview of the
already known ARGs but also of their variants or possible new ARGs that may exist in a given
environment (Oulas et al. 2015). In metagenomics analyses, the availability of representative
databases from which it is possible to extract reliable information may also constitute a bottleneck
due to the limited size, phylogenetic and geographic coverage of the databases (Bengtsson-Palme
et al. 2017, Arango-Argoty et al. 2018). The usefulness of metagenomics to study ARGs and
bacterial diversity in several environments including wastewater has been widely demonstrated
(Li et al. 2015, Munck et al. 2015). The approach may have a limited capacity to explore, if the
abundance of a given ARG decreases with the treatment, an extremely rare ARG exists in a given
sample or different ARGs variants (polymorphisms) with distinct clinical relevance are in the same
sample. In addition, the lack of standard methods or universal tools to be used in metagenomics
analyses may represent a constraint for the analyses of reproducibility and comparability of data
obtained in different occasions or places (Escobar-Zepeda et al. 2015). Since DNA is extracted
from the whole community followed by qPCR, this approach is useful for the detection and
quantification of antibiotic resistance and pathogen targets even of non-culturable fractions of

populations (Khan and Yadav 2004). In case of underrepresented ARG in the metagenome of
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complex microbial communities the process of nucleic acid extraction and its quality are very
crucial for the subsequent PCR gene detection. Wastewater samples with a variety of undefined
natural and anthropogenic substances appear to be difficult matrices for a microbiological analysis
at the nucleic acid level. Despite the specific extraction and purification techniques, inhibitors like
humic substances, organic salts or detergents disturb the detection of specific bacterial species and
functional genes (Volkmann et al. 2007). Apart from the exigency of an effective extraction
method that reduces interfering impurities, further interactions of the sample matrix DNA with the
PCR have to be considered when qPCR is applied to wastewater samples.
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3.0 AIMS

The main aim was to isolate and characterize the extended-spectrum B-lactamase (ESBL) and
carbapenemase-producing Gram-negative opportunistic pathogens belonging to the order
Enterobacterales and Pseudomonas aeruginosa from hospital effluents, urban wastewater and
wastewater treatment plant (influent, activated sludge reactor and digested sludge) as well as to
determine the presence and concentration of selected antibiotic compounds in the same wastewater

samples.
In order to achieve this aim, the study was guided by the following objectives.

Determine the presence and concentration of various antibiotic compounds in hospital effluents,
wastewater treatment plant and urban wastewater.

Isolate ESBL and carbapenenamase-producing members of Enterobacterales (Escherichia coli,
Klebsiella spp., Enterobacter, and Citrobacter species) and Pseudomonas aeruginosa from the
wastewater.

Investigate the antimicrobial resistance profiles and determine the presence of ESBLs and metallo-
B-lactamases (MBLs) among the broad-spectrum B-lactam resistant isolates phenotypically.
Molecular genotyping of common ESBLs (CTX-M, TEM, and SHV) and carbapenamases (IMP,
VIM, NDM, SPM, KPC, OXA-48) among the broad-spectrum B-lactams (3™ generation
cephalosporins and carbapenems) resistant isolates of Enterobacterales and P. aeruginosa.
Comparative sequence analysis of the plasmid DNA of selected multiple antibiotic-resistant
isolates of Escherichia coli, Klebsiella spp. and C. freundii to identify the gene variants of the
ESBL and other plasmid encoded resistance mechanisms.

Sequence and identify the blavim gene variant prevalent in carbapenem-resistant isolates of P.
aeruginosa and possible mutations among the VIM sequences of selected isolates.
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4.0 MATERIALS AND METHODS

4.1 Study sites and sampling strategy

This study was carried out in the city of Pécs, in southwest Hungary. Wastewater samples were
drawn from four hospital wastewater discharge points, H1 (387 beds), H2 (106 beds), H3 (127
beds), and H4 (348 beds), a discharge point of a nursing home for the elderly (NH, 490 beds),
urban wastewater sewer lines (UWW1-2), and a WWTP (Figure 9). Effluent samples from the
healthcare facilities were collected directly from two separate generation points serving different
buildings before joining the main sewer pipe. Samples from the WWTP were collected from the
influent directly behind the grating screen, the activated sludge reactor, and the digested sludge
after mesophilic digestion. The urban wastewater was collected 4 km upstream of the health care
facilities (UWW1) and at a second spot upstream of the WWTP (UWW2). A 30 ml sample was
collected every 15 minutes by lowering a flask into the wastewater flow over a period of 4 h and
the aliquots pooled to constitute 480 ml composite sample in sterile 500 ml glass bottles. One grab
sample was drawn from the activated sludge reactor and the digested sludge. Samples were
transported on ice to the laboratory and stored at 4°C before assaying within 6 hours. The WWTP
processes wastewater from the central business district, health care facilities, domestic wastewater,
and some storm runoff and serves a population equivalent to slightly over 200000 inhabitants. The
wastewater treatment involves three stages (primary clarification, secondary-activated sludge
system, and mesophilic sludge digestion, tertiary-UV treatment) with the final effluent discharged
into the nearby surface stream. The study was conducted from March 2019 to March 2020 with

each sampling spot visited thrice.
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Figure 9. A section of the map of the city of Pécs showing the sampling locations. Study sites:
H1-H4: hospital effluent, NH: nursing home, UWW: urban wastewater, WWTP: wastewater

treatment plant.
4.2 Sample preparation and LC-MS analysis of antibiotic molecules in wastewater

Clarification of the raw wastewater samples was carried out by centrifugation for 10 min at 10000
x gat 4°C using Ohaus FC5718R centrifuge (Ohaus Europe Gmbh). After centrifugation,
supernatants were collected and acidified to pH, 3.0 with formic acid (98% m/m, Lach Ner).
Samples were vacuum filtered, initially through a GF/A 1.6 um glass microfibre filter (#1820-047,
Whatman), and subsequently, through a GF/F 0.7 pm glass microfibre filter (#516-0345, VWR).
Sample extraction was performed by Oasis PRIME HLB (200 mg, 6 ml; Water) cartridges using
an automated SPE system (Dionex AutoTrace 280, Thermo Scientific). After loading 100 ml of
samples, cartridges were washed with 5% methanol in 3 ml water. The cartridges were dried with

nitrogen gas to eliminate the aqueous residues. Elution was performed by 5 ml of 100% methanol
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(UPLC grade; Sigma Aldrich). Eluates were evaporated to dryness by nitrogen gas stream and
reconstituted with 1000 ml of acetonitrile:water 10:90 (v/v). Instrumental analysis was carried out
by a Waters ACQUITY UPLC H-Class System, coupled with a Xevo TQ-S micro triple
quadrupole mass spectrometer equipped with an electrospray ionization source operated in positive
ion mode. The chromatographic separation was performed on the Waters ACQUITY UPLC BEH
C18 column (50x2.1mm i.d., 1.7 um particle size). The injection volume was 10 pl. The mobile
phase consisted of ultrapure water (A) and UHPLC-MS grade methanol (B) both containing 0.1%
LC-MS grade formic acid at a flow rate of 0.4 ml/min. The gradient program was started with 10%
B from 0-2 min, followed by a linear increase to 90% B in 8 min and kept for 2 min, then back to

initial condition and held for 3 min to allow re-equilibration. The total run time was 15 min.

4.3 Enumeration of heterotrophic aerobic plate count bacteria, total and antibiotic
resistant Gram-negative bacteria

Determination of the total number of live, aerobic bacteria in the wastewater samples was done on
plate count agar (PCA). Eosin Methylene Blue (EMB) Agar (Biolabs, Budapest, Hungary)
containing ceftriaxone (CRO, 2.0 pug ml't Merck, Darmstadt, Germany), or imipenem (IMP, 8.0
pg ml?; Merck, Darmstadt, Germany) was used to enumerate the antibiotic resistant Gram-
negative bacteria and to select for Enterobacterales. The antibiotics were dissolved in their
recommended diluents and filter sterilized through a 0.45 pum cellulose-acetate filter before
addition to the media. EMB agar plates devoid of antimicrobials served as controls for determining
the total Gram-negative bacteria count respectively. A 5 ml subsample drawn from homogenized
480 ml sample was serially diluted in phosphate buffered saline (PBS) containing 0.1% tween 80
up to 10 3 dilution and volumes of 50 uL was drawn from each dilution and plated on freshly
prepared PCA and EMB media in triplicate. The plates were incubated under aerobic conditions
at 35 + 2 °C and evaluated for colony formation after 24 and 48 h (Aali et al. 2014). Dilutions
with 20-200 colony forming units (cfu) were enumerated and the number of bacteria expressed as
colony forming units per mL (cfu mIt) while the resistance rate for each antibiotic corresponded
to the ratio of cfu mI* on the culture medium with and without antibiotic (Novo and Manaia 2010,
Berendonk et al. 2015).
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4.4 Isolation and identification of enteric bacteria and P. aeruginosa

In each sampling series, up to 5-10 colonies, representatives of different colony morphotypes
(colony contour, color, pigment production, or size) were randomly picked from each culture
medium. Lactose fermenting colonies of presumptive enteric bacteria included typical green
metallic sheen colonies (E. coli), large mucoid pinkish colonies (Klebsiella spp), and pink to
purple colonies (Enterobacter spp) (Cheesbrough 1990). Cetrimid Nalidixic (CNA) Agar (Biolabs,
Budapest, Hungary) supplemented with 10 ml glycerol and containing ceftazidime (CAZ, 8.0 pg
ml*; Merck, Darmstadt, Germany) was used to select for P. aeruginosa. Blue green and yellow
green colonies characteristic of pyoverdine and pyocyanin pigments were representative of P.
aeruginosa. All the isolates were sub-cultured on nutrient agar, incubated at 35 + 2 °C for further
18-24 hours and identified with for MALDI-TOF MS.

4.5 MALDI sample preparation by direct analysis method and MALDI-TOF MS
measurement

One colony of each bacterial isolate, subcultured for 24 h, was transferred onto a target plate with
a sterilized toothpick and left to air dry at ambient temperature. 1 pL MALDI matrix solution of
alpha-cyano-4-hydroxycinnamic acid (HCCA) (Sigma-Aldrich) was overlaid on each sample well
and allowed to air dry for several minutes before analysis. The MALDI target plate was placed
into the MALDI-TOF mass spectrometry for automated measurement and data interpretation. All
samples were measured in duplicate using a Microflex LT MALDI-TOF mass spectrometry
(Bruker Daltonics, Bremen, Germany) in positive linear mode across the m/z range of 2 to 20 kDa;
for each spectrum, 240 laser shots at 60 Hz in groups of 40 shots for each sampling area were
collected. The MALDI Biotyper RTC 3.1 software and the MALDI Biotyper Library 3.1 were
used for spectrum analysis. Score values of > 2.0 were considered reliable identifications
(Blondiaux et al. 2010). The cultures were preserved at —80 °C in nutrient broth supplemented with
20% glycerol.
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4.6 Antimicrobial susceptibility profiles and phenotypic detection of p-lactamases

Antimicrobial susceptibility was established using the standardized disk diffusion method on
Mueller Hinton agar (Biolabs, Budapest, Hungary) according to EUCAST 2018 guidelines. The
standard antibiotic discs belonging to the following classes were used: (1) B-lactams; ceftriaxone
(CRO, 30 pg), ceftazidime (CAZ, 10 pg), cefotaxime (CTX, 30 pg), cefpodoxime (CPD, 10 pug),
cefoxitin (FOX, 30 pg), imipenem (IMP, 10 pg) and meropenem (MEM, 10 pg), (2)
aminoglycoside; gentamicin (GN, 10 pg), (3) fluoroguinolone; ciprofloxacin (CIP, 5 ug) and (4)
sulfonamide; sulfamethoxazole/trimethoprim (SXT, 1.25/23.75 ug) (Oxoid, Wesel, Germany).
Quality control was carried out using E. coli ATCC 25922, Klebsiella pneumoniae ATCC 180112,
Enterobacter cloacae ATCC 180083, and P. aeruginosa ATCC 27853 as wild type negative
controls while E. coli ATCC 151006, Klebsiella pneumoniae ATCC 180111, Enterobacter
cloacae ATCC 161002, and P. aeruginosa ATCC 153006 were control strains with known
resistance phenotype. Inoculum’s concentration was standardized to 0.5 McFarland turbidity and
plates incubated for 18-20 h at 35 °C were evaluated for the formation of zones of inhibition. The
zone diameters were interpreted according to the European Committee on Antimicrobial
Susceptibility Testing clinical breakpoints, version 8.1, 2018 (EUCAST 2018). Multidrug
resistance among the strains was defined as resistance to three or more antibiotic classes. A
combined disk test was used to screen for the production of extended-spectrum B-lactamase and
metallo-B-lactamase. Cefotaxime (CTX 30 pg), cefpodoxime (CPD 10 pg), imipenem (IMP 10
1g), and meropenem (MEM 10 pg) disks were placed next to the disks with cefotaxime/clavulanic
acid (CTC, 30/10 ug, CTC, 40), cefpodoxime/clavulanic acid (10/10 pg, CD, 01), imipenem/
ethylenediamine tetraacetic acid (EDTA) , (IMP 10 pg / EDTA 292 g - IEL 292), and
meropenem/ EDTA (MEM 10 pg /EDTA 292 pg - MEL 292), respectively (Oxoid, Wesel,
Germany) on Mueller Hinton agar plates (Biolabs, Budapest, Hungary) with an inoculum of 0.5
McFarland. An increase in the inhibition zone size to > 5 mm with the combined disks compared
to the disk of cephalosporin/carbapenem alone was considered a positive test for p-lactamase
production (Oduro-Mensah et al. 2016).
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4.7 Molecular typing of extended spectrum B-lactamases and carbapenemases

Plasmid DNA was isolated using Monarch plasmid DNA miniprep kit according to the
manufacturer’s instructions (New England Biolabs T1010, Ipswich, Massachusetts, USA). DNA
was isolated from freshly grown pure colonies transferred into Luria Bertani broth and incubated
in an orbital shaker at 35 °C and 200 rpm for 12-16 h. 1.5 ml bacterial culture was transferred to
2 ml microfuge tubes and pelleted by centrifugation at 16,000 x g for 30 seconds and the
supernatant was discarded. The pellet was resuspended in 200 uL pH Tris plasmid resuspension
buffer (B1) containing EDTA and vortexed for complete resuspension. The debris was lysed by
adding 200 pL plasmid lysis buffer (B2) containing sodium hydroxide and sodium dodecyl sulfate
and the tubes inverted gently 5-6 times until the color changed to dark pink and the solution became
clear and viscous before incubating for 1 minute on ice. The lysate was neutralized by adding 400
pL of plasmid neutralization buffer (B3) containing 3.0 M potassium acetate, pH 5.0. The tubes
were gently inverted to form a uniformly yellow precipitate and incubated for 2 minutes and the
lysate was clarified by spinning for 5 minutes at 16,000 x g. The supernatant was carefully
transferred to the spin column and centrifuged for 1 minute with the flow through discarded. The
spin column was re-inserted into the collection tube and 200 pL of Plasmid wash buffer 1 was
added to remove RNA, proteins, and endotoxin and centrifuged for 1 minute. 400 pL of Plasmid
Wash Buffer 2 containing ethanol was added for a second wash and centrifuged for 1 minute to
remove trace components, including salts. The spin column was then transferred to a clean 1.5 ml
microfuge tube. 30 uL DNA elution buffer containing sodium chloride, Tris-CL and isopropanol
was preheated to 50 °C to improve the DNA yield and added to the center of the column to ensure
the matrix is completely covered for maximal efficiency of elution and after a 1 minute incubation
at room temperature, the DNA was eluted by spinning for 1 minute. DNA yields and purity were
measured using a Nanodrop spectrophotometer (NanoDrop 2000, Thermo Scientific, Wilmington,
USA) and stored at —20 °C for subsequent PCR amplification.

4.8 PCR amplification of template DNA

PCR reactions for target genes belonging to blactx-m, blatem, blasny, blaoxa-4s, blakec, blaive,
blavim, blanom, and blaspm were performed in a final volume of 25 L containing 1 pL template
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DNA, 1.0 uM, Forward primer, 1.0 uM, Reverse primer, 12.5 pL DreamTag PCR master mix (2x)
containing Dream Tagq DNA polymerase, optimized 2x Dream Taq buffer, 4.0 mM, MgCL., 0.4
mM each of dATP, dCTP, dGTP and dTTP, (Thermo Scientific, Waltham, Massachusetts, USA)
and by addition of nuclease free water. Conventional PCR assay was used and the amplification
thermal profile was applied as follows: Initial denaturation at 95 °C for 2 minutes, repeated 35
times with a cycle of 95 °C for 30 seconds, 30 seconds at the appropriate primer annealing
temperature for the specific primer, primer extension at 72 °C for 1 minute, and final elongation at
72 9C for 10 minutes, with a holding step at 4 °C. Gly238—Ser mutation associated with the
hydrolysis of third-generation cephalosporins was identified through digestion of blasiv PCR
product with Nhel (New England Biolabs). Colony PCR was performed using OneTaq quick load
Mastermix to confirm the presence of chromosomally encoded B-lactamases among carbapenem
resistant isolates whose plasmids were not obtained. Discrete colonies were dipped into the
reaction tubes containing 25 puL One Tag master mix (New England Biolabs, Budapest, Hungary)
PCR primers and nuclease free water. Thermal cycling conditions were initial denaturation at 94
OC for 2 min, 35 times repeated cycle of 94 °C for 30 s, 30 s at the appropriate primer annealing
temperature for the specific primer, primer extension at 68 °C for 1 min, and final elongation at 68
oC for 10 min, with a holding step at 4 °C. Post PCR analysis was performed in 1.5% (w/v) agarose
gel stained with 2 pL serva DNA stain G (Bio-Connect, Begonialaan, Netherlands). The DNA
amplification was done using the primer sequences shown in Table S3.5 pL of each DNA sample
was mixed with 2 pL of 6x loading dye and electrophoresed in 1x Tris - EDTA (TAE) running
buffer at 100 V for 1 h and visualized under ultraviolet transilluminator. 10 pL of either phage
Lambda DNA digested with EcoRI/Hindlll (21226 bp) and a low range molecular weight marker
(700 bp) (Thermo Scientific, Waltham, Massachusetts, USA), or both in some cases were included
in each run as DNA size markers. In each PCR run, a positive control consisting of a clinical isolate
of a confirmed reference strain was included for each genotype. The control strains were well
characterized clinical isolates kindly provided by the microbiology laboratory of the University of
Pécs Medical School (Melegh et al. 2014a). For the colony PCR, 10 pL of each reaction was
directly loaded onto an agarose gel alongside a PCR product from an appropriate reference strain
and a DNA ladder.
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4.9 Plasmid DNA library preparation, sequencing and analysis

Selected isolates (E. coli n = 10, K. pneumoniae n = 9, K. oxytoca n = 1, and C. freundii n = 1)
were subjected to NGS sequencing. The selection was based on antimicrobial susceptibility
profiles and site of isolation. The library for NGS sequencing was prepared using Swift 2S Turbo
DNA Library Kits (Swift Biosciences, Ann Arbor, Michigan, USA). Briefly, 100 ng genomic
DNA was fragmented, end prepped, and adapter ligated. Magnetic bead size selection was
performed to select 250-300 bp insert size fragments, followed by the library amplification
according to the manufacturer’s instructions. The quality of the library was checked on the 4200
TapeSation System using D1000 Screen Tape (Agilent Technologies, Palo Alto, CA, USA) and
the quantity was measured on Qubit 3.0 (Thermo Scientific, Waltham, MA, USA). lllumina
sequencing was performed on the NovaSeq 6000 instrument (Illumina, San Diego, CA, USA) with
a 2x151 run configuration. Quality control (QC), trimming, and filtering of 150 bp paired-end raw
reads were performed in the preprocessing step. The QC analysis was performed with FastQC
(Andrews et al. 2020). The Phred-like quality scores (Qscores) were set to >30. Poor quality reads,
adapters at the ends of reads, limited skewing at the ends of reads were eliminated by using
Timmomatic (Bolger et al. 2014). Since data contained genomic DNA debris, identification of
plasmid derived contigs was performed after de novo assembly of cleaned reads. For plasmid
identification, genes characteristically encoded in plasmids for each strain were determined based
on literature and by aligning them for the contigs using locally the Blast+ (Altschul et al. 1990).
Prokaryotic gene finding was performed by Glimmer using the Bacterial, Archaeal, and Plant
Plastid Code. Glimmer uses Interpolated Markov Models (IMMs) to identify the coding regions
and to distinguish them from non-coding DNA, which enabled identified genes to be annotated
(Delcher et al. 1999). Functional annotation and Gene Ontology (GO) analysis were carried out
using OmixBox.Biobam as follows: sequences were blasted against the NCBI nr (non-redundant)
database (taxID: 2Bacteria), applying blastn configuration locally. To retrieve GO terms associated
with the 10 Hits obtained by the Blast search GO mapping and annotation were performed.
GeneBank identifiers (gi), the primary blast Hit ids, were used to retrieve UniProt IDs making use
of a mapping file from PIR (Non-redundant Reference Protein Database), including PSD, UniProt,
Swiss-Prot, TrTEMBL, RefSeq, GenPept, and PDB. Accessions were searched directly in the dbxref
table of the GO database. BLAST result accessions were searched directly in the gene-product
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table of the GO database; GO annotations were specified according to GO terms: molecular
function, cellular component and biological process (Gotz et al. 2008). For detection of
antimicrobial resistance genes and identification of plasmid incompatibility groups ResFinder 4.1
and PlasmidFinder 2.1 were used (Carattoli et al. 2014, Bortolaia et al. 2020). Each contig of all
isolates was aligned with MUMmer 4.0 in order to identify similar regions (Marcais et al. 2018).
MUM indices were calculated pairwise, and the resulting distance matrix was used to cluster the
isolates with neighbor joining method (Deloger et al. 2009). Visualization of clusters was
performed with Treesplits (Huson and Bryant 2006).

4.10 Isolation of genomic DNA from P. aeruginosa for amplification of VIM gene

Genomic DNA was extracted using Macherey-Nagel NucleoSpin Microbial DNA kit according to
the manufacturer’s instructions (Waltham, Massachusetts, USA). Pure colonies of P. aeruginosa
on Mueller Hinton agar were transferred into 20 ml Luria Bertani broth in 100 ml flasks and
incubated in an orbital shaker at 37 °C and 200 rpm for 12-16 h. 1 ml bacterial culture was
transferred into 2 ml microfuge tubes, the cells were harvested by centrifugation at 8,000 x g for
30 seconds and the supernatant discarded. The cells were resuspended in 100 pL elution buffer
(BE). The cell suspension was transferred into MN bead tubes where 40 pL buffer (MG) and 10
pL liquid proteinase K were added. The MN  tubes were agitated for 4 min in a cell
disruptor/tissuelyser (Qiagen, Germantown, Maryland, USA). The MN bead tubes were
centrifuged for 30 s at 11,000 x g and mixed with 600 pL buffer (MG) to adjust DNA binding
conditions. The MN bead tubes were centrifuged for 30 s at 11,000 x g and 600 pL of the
supernatant was transferred into the NucleoSpin Microbial DNA columns placed in 2 ml collection
tubes. The samples were centrifuged for 30 s at 11,000 x g and the flow through was discarded
with the collection tube. The columns was transferred into fresh 2 ml collection tube and 500 pL
buffer (BW) was added to wash the silica membrane. The columns were centrifuged for 30 s at
11,000 x g, the flow through was discarded and the columns were placed back into the collection
tubes. 500 pL buffer (B5) was added to the column and centrifuged for 30 s at 11,000 x g, the flow
through was discarded and the columns were placed back into the collection tubes. The silica
membrane was dried by centrifugation at 11,000 x g for 30 s. The NucleoSpin Microbial DNA
column was placed in 1.5 ml nuclease free tube and 100 pL elution buffer (BE) was added. The
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column was incubated at room temperature for 1 min and centrifuged for 30 s at 11,000 x g. The
DNA was stored at —20 °C for subsequent PCR amplification of the VIM gene.

4.11 Sequencing of VIM gene

For sequencing of the region of interest, the DNA was amplified using oligonucleotide primers
shown in Table S5. The primer pairs were designed using the Primer3Plus. The amplified 161 and
775 bp long PCR products were purified using ExoSAP-IT™ PCR Product Cleanup Reagent
(Thermo Fisher Scientific Inc., UK) and sequenced in both directions with an Applied
Biosystems™ 3500 Genetic Analyzer using BigDye™ Terminator v1.1 Cycle Sequencing
Reaction Kit (Thermo Fisher Scientific Inc., UK) according to the manufacturer’s instructions.
The resultant sequences were compared with the reference sequence of Pseudomonas aeruginosa
class 1 metallo-p-lactamase (blavim-4) (NCBI GenBank: AY135661.1 and NG_050367.1) using
XY genetic program (DNASTAR Inc., Madison, WI, USA). The blaviv gene fragments were

amplified from 33 selected samples.

4.12 Statistical analysis

A descriptive statistical analysis (mean, range, and percentage) was performed using Microsoft
Excel 2013 (Redmond, WA, USA, Microsoft Corp.). OriginPro version 2016 (Northampton,
Massachusetts, USA, OriginLab Corp.) was used for plotting and analysis. Shapiro-Wilk tests
were performed to check the normality of variables, while one-way analysis of variance (ANOVA)
was used to compare resistance rates among sampling locations. Pairwise t-test was performed to
determine differences in resistance rates between hospitals and WWTP. A correlation matrix was
used to examine the relationship between  and non-fB-lactam antibiotic resistance. P values <0.05

were considered statistically significant.
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5.0 RESULTS

5.1 Prevalence of antimicrobial pharmaceuticals in wastewater

Eight antibiotics belonging to four antimicrobial classes of pharmaceuticals namely macrolides
(azithromycin, clarithromycin), fluoroquinolones (ciprofloxacin, norfloxacin, and ofloxacin),
sulfonamides (sulphadiazine, sulfamethoxazole) and trimethoprim were recovered at
concentrations that varied significantly (P < 0.05) among the wastewater samples. Among the
antibiotics detected in the highest concentrations were trimethoprim (ranging from 303 ngL™,
activated sludge - 24907 ngL*, H1), ofloxacin (93 ngL™ digested sludge — 21916 ngL™ nursing
home) and ciprofloxacin (131 ngL™, digested sludge- 11710 ngL*, H1) (Table 5). Sulphadiazine
was the lowest detectable antibiotic with a concentration ranging from 5.5 ngL™ H4, - 38.5 ngL™,
urban wastewater). Erythromycin was not detected in any of the samples while tetracycline was
either not detected or was below the limit of quantification. A significantly higher concentration
of azithromycin (P < 0.05) was found in H4 (mean concentration 7957 ngL1), while clarithromycin
was more concentrated in the influent (950 ngL!) and urban wastewater (768 ngL™) and ofloxacin
was most concentrated in the nursing home (mean concentration 21916 ngL™*). A comparison of
the antibiotics concentration between the hospital samples and both the wastewater treatment plant
and the urban wastewater samples established significantly higher concentrations of sulphadiazine
(P = 0.008) in urban wastewater and the wastewater treatment plant, while that of ciprofloxacin
and trimethoprim was significantly higher in hospital samples (P = 0.025, P = 0.012 respectively)
(Figures 10a - f).
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Table 5. Concentrations of target antibiotic compounds in wastewater samples (ngL™), n=3

Compound AZY SDZ SMZ TRI NOR CIP OFL ERY CLA TET
Recovery g5 23 29 52 4 17 89 19 41 22
(%)
H1 1027 nd. 943 24907 4475 11710 579 nd. 267 <LOQ
H2 1149 198 342 11148 nd. 4098 330 nd. 258 <LOQ
H3 50 nd. 511 1353 nd. 198 435 nd 111 <LOQ
H4 7957 55 210 377 141 950 445 nd. 274 nd.
NH 425 184 292 794 nd. 474 21916 nd. 818 nd.
INF 50 136 425 705 154 601 495 nd. 950 <LOQ
ACSL 703 199 975 303 210 219 241 nd. 297 <LOQ
DGSL 178 123 nd. nd. nd. 131 930 nd 185 nd.
UWW 49 385 767 865 614 1238 1094 nd. 768 n.d.
Fvalue 35415 179.90 155.12 338.57 370.32 324.28 380.64 232.78
Pvalue  0.0001* 0.0001* 0.0001* 0.0001* 0.0001* 0.0001* 0.0001* 0.0001*

Antimicrobial compounds; AZY, Azithromycin; SDZ, Sulfadiazine; SMZ, Sulfamethoxazole;
TRI, Trimethoprim; NOR, Norfloxacin;
Erythromycin; CLA, Clarithromycin; TET; Tetracycline; n.d. - not detected; <LOQ-under limit

CIP, Ciprofloxacin;

OFL, Ofloxacin;

ERY;

of quantification. Study sites: H1-H4: hospital effluent, NH: nursing home, INF: influent, ACSL.:

activated sludge: DGSL.: digested sludge, UWW: urban wastewater.
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Figure 10. (a) The antibiotics load per location (TRI; trimethoprim, OFL; ofloxacin, CIP;
ciprofloxacin, NOR; norfloxacin, SMZ; sulfamethoxazole, SDZ; sulfadiazine, CLA;
clarithromycin, AZY; azithromycin) (b), the total load for each antibiotic, c d e and f, statistical
data on the concentrations of the antimicrobial pharmaceutical classes; macrolides,
fluoroquinolones, sulfonamides and trimethoprim in the wastewater samples. (*)-asterisk indicates
sites with significant concentrations (P < 0.05) of the specified antibiotics. Study sites: H1-H4:
hospital effluents, NH: nursing home, INF: influent, ACSL: activated sludge: DGSL.: digested
sludge, UWW: urban wastewater.

5.2 Determination of heterotrophic aerobic plate count bacteria and antibiotic resistant
Gram-negative bacteria

Heterotrophic aerobic plate count bacteria: The average heterotrophic aerobic plate count for
all the sites reached 1.33 x 10® cfu mL™. It averaged 8.85 x 10° cfu mL in hospitals and nursing
home effluents and 2.1 x 10° cfu mL™ in the wastewater treatment plant and urban wastewater
(Figure 11). The plate count in the hospital effluents was significantly lower than that in
wastewater treatment plant (P = 0.001), however, no statistical differences were observed on
heterotrophic aerobic plate count within the hospital effluents (P = 0.200).
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Figure 11. The average heterotrophic live aerobic plate count bacteria expressed as colony
forming units per milliliter (cfu mIY) in the sites. Study sites: H1-H4: hospital effluent, NH:
nursing home, INF: influent, ACSL: activated sludge: DGSL.: digested sludge, UWW: urban

wastewater.

Antibiotic resistant Gram-negative bacteria: Bacteria grew in varying numbers on eosin
methylene blue agar-ceftriaxone mixture (EMB-CRO) and eosin methylene blue agar-imipenem
mixture (EMB-IMP) from all samples (Table 6). The average colony forming unit (cfu) count of
bacteria growing on EMB-CRO from the hospital and the nursing home effluents was 1.6 x 10°,
while the cfu count in the wastewater treatment plant and the urban wastewater was 6.8 x 10 cfu
mL"1. Although the cfu count was 2-fold higher in the hospital effluents compared to the WWTP
and urban wastewater, no significant variation was observed in the cfu count on EMB-CRO among
the sites (p = 0.532). The average cfu count of bacteria isolated on EMB-IMP from the hospital
effluent and the nursing home was 4.3 x 104, while the cfu count in the wastewater treatment plant
and the urban wastewater was 5.3 x 10% cfu mL™%. These data show up to 8 times higher loads of
bacteria capable of growing on EMB-IMP in hospital effluents and nursing home indicating a

significant variation from that of the wastewater treatment plant and urban wastewater (p = 0.003).
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The total cfu count of the bacteria was significantly higher (p = 0.0001) than the cfu count on both
EMB-CRO and EMB-IMP.,

Table 6. The average concentration of bacteria growing on EMB, EMB-CRO and EMB-IMP

from hospital, nursing home, wastewater treatment stages and urban wastewater samples.

Mean colony counts (cfu mL™) n =3

Source -I-Otéll\;l:]l;iJ ount EMB-CRO ‘E/:oRrSsistance Ifﬂl\gB_ OA: I\r/ler)istance

H1 2.1 x10° 9.95 x 10* 47.4 4.2 x 10* 20
H2 6.65 x 10° 3.8 x 10° 57 6.2 x 10* 9.3
H3 2.6 x 10° 1.42 x 10° 54.6 7.9 x 10* 30.4
H4 2.7 x 10° 9.8 x 10* 36 2.1 x 104 7

NH 2.9 x 10° 1.17 x 10° 40.3 1.23 x 10* 4.2
INF 1.01 x 10° 4.97 x 10* 49 3.6 x 103 35
ACSL 7.1x10° 9.8 x 10* 13.8 4.6 x 10° 0.6
DGSL 2.3 x 10° 8.5 x 10* 36.9 8.6 x 10° 3.7
UWW 3.9 x10° 4.1 x 104 10.5 4.6 x 10° 0.1

EMB, Eosin methylene blue agar without antibiotics, EMB-CRO, Eosin methylene blue agar
supplemented with ceftriaxone at 2.0 pg/mL, EMB-IPM, Eosin methylene blue agar supplemented
with imipenem at 8.0 ug/mL, cfu mL?, colony forming units per milliliter. % resistance; Ratio of
cfu count on EMB-CRO and EMB-IMP expressed as a percentage of total bacterial cfu count on
EMB from the hospital effluents (H1-H4), nursing home (NH), wastewater treatment plant (INF-
influent, ACSL-activated sludge, DGSL-digested sludge), and urban wastewater (UWW).

The proportion of bacteria growing on EMB-CRO in relation to the total cfu count on EMB varied
between 36% (H4) and 57% (H2) in the hospital effluents and the nursing home, and 49% (INF)

and 36.9% (DGSL) in the wastewater treatment plant, while it was 10.5% in the urban wastewater.
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The proportion of bacteria growing on EMB-IMP in relation to the total cfu count on EMB was
much lower than in the case of ceftriaxone. The EMB-IMP/EMB cfu ratios varied between 4.2%
(NH) and 30.4% (H3) in the hospital effluents and the nursing home, compared to 3.5% (INF) and
3.7% (DGSL) at the wastewater treatment plant. The lowest prevalence was found in urban
wastewater (0.1%). Whereas the EMB-CRO/EMB and EMB-IMP/EMB cfu ratios fluctuated in all
the hospital effluent samples from the different sources, the resistance was observed to increase as
the treatment progressed from the activated sludge reactor to the digested sludge for both
antibiotics.

5.3 Identification of antimicrobial resistant Enterobacterales and Pseudomonas aeruginosa

A total of 126 isolates belonging to Enterobacterales were recovered from the samples (Table S2
and Table S6a,b and c). The isolates belonged to E. coli, 46% (n = 58), Klebsiella pneumoniae,
20.6% (n = 26), Klebsiella oxytoca, 13.5% (n = 17), Enterobacter cloacae, 7.1% (n = 9),
Citrobacter freundii, 11.11% (n = 14), Citrobacter braakii, 0.8% (n = 1), and Citrobacter
amalonaticus, 0.8% (n = 1). The isolates were obtained from the following samples: 63.49% (80
strains) from the hospital effluents, 8.7% (11 strains) from nursing home, 20.6% (26 strains) from
wastewater treatment plant, and 7.1% (9 strains) from urban wastewater. Other isolates identified
as not belonging to the Enterobacterales (Stenotrophomonas maltophilia, n = 19, Elizabethkingia
meningoseptica, n = 7, Elizabethkingia miricola, n = 6, and Acinetobacter junii n = 1) were not of
interest for this study and were excluded from the subsequent analysis. Similarly, a total of 151
Pseudomonas aeruginosa isolates were identified from hospital effluents (62.91%, 95 strains),
nursing home (7.28%, 11 strains), wastewater treatment plant (24.50%, 37 strains) and urban
wastewater (5.29%, 8 strains). Other isolates identified from cetrimid nalidixic agar and excluded
from the subsequent analysis were Aeromonas caviae, n = 5, Aeromonas veronii, n = 7 and

Aeromonas hydrophila, n = 8).

5.4 Antimicrobial susceptibility profiles and multiple antibiotic resistance indices

The enteric bacteria from the various sites demonstrated variable susceptibility to the tested

antibiotics, with isolates from the hospital effluents and the nursing home showing a relatively
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higher resistance rate than isolates from the WWTP and the urban wastewater. The multiple
antibiotic resistance index (MAR index) for an isolate was calculated as a/b where a is the number
of antibiotics to which an isolate was resistant, and b is the total number of antibiotics against
which the isolate was tested. The MAR index for a site was calculated as a/(b*c) where a is the
aggregate antibiotics resistance score of all isolates from a sample, b is the total number of
antibiotics tested and c is the number of isolates from sample. Isolates from H3 had the highest
resistance rate (MAR index 0.683) among the hospital effluents. Those from the digested sludge
were the most resistant (MAR index 0.560) among the wastewater treatment plant isolates, while
municipal wastewater had the least resistant isolates (MAR index 0.444) (Table 7). E. coli
demonstrated the highest MAR index (0.65) among the four genera, while Citrobacter spp. showed
the lowest MAR index (0.39) (Table 8). A high prevalence of resistance (>80%) was observed for
the third generation cephalosporins (3GCs) ceftriaxone (CRO), ceftazidime (CAZ), cefotaxime
(CTX), and cefpodoxime (CPD), while significantly lower resistance rates were measured for
carbapenems, imipenem, and meropenem (IMP and MEM) compared to the other antibiotics. From
H1 and H2 samples, resistance to IMP was found in 20% and 8% of Klebsiella and E. coli isolates,
respectively, and 1 (4%) Klebsiella isolate from H1 was resistant to MEM. Gentamicin (GEN)

resistance was the least frequent among the three non-p-lactams.

Table 7. The antimicrobial susceptibility of enteric bacteria in percentage and the MAR indices

of the isolates from each site

Antimicrobial Susceptibility %

Source n=126 CRO CAZ CTX CPD FOX IMP MEM SXT GEN CIP MAR Index

H1 27 100 81 100 100 19 20 4 57 44 78 0.596

H2 25 9% 80 96 92 24 48 60 88 0.592

H3 6 100 100 100 100 50 100 33 100 0.683

H4 22 % 82 91 091 33 41 27 68 0.532

NH 11 100 100 92 82 18 91 27 82 0.591

INF 9 100 100 78 67 22 56 22 56 0.500

ACSL 12 92 75 83 92 8 75 18 67 0.508

OOl 0O0O|O0O|lOC|O|
OO0l O0O|O0O|O0O|O | O

DGSL 5 100 100 100 100 40 40 40 40 0.560
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Uww 9 100 78 100 100 33 0 0 11 11 22 0.444

Antimicrobial agents; CRO, Ceftriaxone; CAZ, Ceftazidime; CTX, Cefotaxime; CPD,
Cefpodoxime;  FOX,  Cefoxitin; IPM, Imipenem:  MEM,  Meropenem;  SXT,
Sulfamethoxazole/trimethoprim; GN, Gentamicin: CIP, Ciprofloxacin, n, number of isolates.
Study sites: H1-H4: hospital effluent, NH: nursing home, INF: influent. ACSL.: activated sludge,
DGSL.: digested sludge, UWW: urban wastewater.

Table 8. Antimicrobial susceptibility of each genus in percentage and their multiple antibiotic

resistance indices (n=126).

Isolates E. coli (n = 58) Kle(t;]sizléllg)Spp E.(Elgag)ae Cltr?nbici%r) spp
Antimicrobial S R S R S R S
Agent

CRO  58(100) 0(0) 42(98) 1(2) 9(100) 0(0) 14(86)  2(13)
CAZ 51(88) 7(13) 31(72) 12(28) 9(100) 0(0) 16(100) 0(0)
CTX  58(100) 0(0) 40(93) 3(7) 7(78) 2(22) 11(69) 5(31)
CPD  58(100) 0(0) 38(88) 5(12) 8(89) 1(11) 14(88) 2(13)

FOX 2(3) 56(97) 5(12) 38(88) 9(l100) 0(0) 15(94)  1(6)
IMP 2(3) 56(97) 6(14) 37(86) 0(0) 9(100) 0(0) 16 (100)
MEM 0(0) 58(100) 1(2) 42(98) 0(0) 9(100) 0(0) 16 (100)

SXT 43(74) 15(26) 16(37) 27(63) 5(56) 4(44) 2(13) 14 (86)

GEN 15(26) 43(74) 24(56) 19(44) 0(0) 9(100) 5(31)  11(69)

cIp 4679) 12(21) 29(67) 14(33) 5(56) 4(44) 7(44)  9(56)
MAR index  0.646 0.551 0.555 0.394

Antimicrobial agents; CRO, Ceftriaxone; CAZ, Ceftazidime; CTX, Cefotaxime; CPD,
Cefpodoxime; FOX, Cefoxitin; IPM, Imipenem: MEM, Meropenem;  SXT,
Sulfamethoxazole/trimethoprim; GN, Gentamicin: CIP, Ciprofloxacin; R, resistant; S,

Susceptible, MAR index, multiple antibiotic resistance index.

The resistance rates between B-lactams (ceftriaxone, ceftazidime, cefotaxime, cefpodoxime,

cefoxitin, imipenem, and meropenem) and the non-B-lactams (sulfamethoxazole/trimethoprim,
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gentamicin, and ciprofloxacin) antibiotics were not significantly different (p = 0.8550). However,
a positive correlation was found between resistance in the two groups. Ceftriaxone resistance was
positively correlated to SXT and CIP, ceftazidime resistance to SXT, cefotaxime to GEN, SXT
and CIP, and cefpodoxime resistance to SXT and CIP. Notably, the Enterobacter cloacae and the
Citrobacter spp. isolates were resistant to cefoxitin (a cephamycin-second generation
cephalosporin), unlike the other genera. Figure 12 a, b, c illustrate the antibiotic resistance patterns
of E. coli, K. pneumoniae, and K. oxytoca, E. cloacae, and Citrobacter species isolates in the

hospitals, nursing home, wastewater treatment plant, and municipal wastewater samples.
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ciprofloxacin. Study sites; HE. hospital effluent, NH, nursing home, WWTP, wastewater
treatment plant, UWW, urban wastewater. The absence of a bar indicates that no resistance was

observed.

5.5 Multiple antimicrobial resistance and co-resistance

Multiresistance (defined as resistance to three or more classes of antibiotics) was observed in 65.08%
(n = 82) of the isolates. 72.41% (n = 42) of E. coli, 69.77% (n = 43) of Klebsiella species, and 40%
(n = 10) of Enterobacter and Citrobacter species isolates showed multiple drug resistance (MDR)
phenotype, respectively. Although most of the strains were resistant to at least two antibiotic classes,
resistance to three and to four chemical classes of antibiotics was observed (Table 9). Resistance to
four chemical classes was only observed in 11 (19%) E. coli isolates, 3 (7%) K. pneumoniae isolates,
and 2 (13%) C. freundii isolates. Four of the isolates resistant to four chemical classes showed
resistance to 8 of the 10 antibiotics. The highest rate of multiple drug resistance (>3) was reported
for hospital effluents and nursing home, while the least was observed in urban wastewater. The

activated sludge reactor had the highest rate of MDR isolates in the wastewater treatment plant.

Table 9. The number of chemical classes and antibiotics to which the enteric bacterial isolates

showed resistance among the 10 antibiotics.

Source 2 classes MAR (3 classes) 4 classes ! +_ o 10_ o
antibiotics antibiotics
H1 93% (25/27)  78% (21/27) 0% (0/27) 15 % (4/27) 0% (0/27)
H2 84% (21/25) 84% (21/25) 20% (5/25) 24% (6/25) 0% (0/25)
H3 100% (6/6) 83 % (5/6) 33% (2/6) 50% (3/6) 0% (0/6)
H4 77% (17/22)  46% (10/22) 0% (0/22) 5% (1/22) 0% (0/22)
NH 92% (10/11) 73% (8/11) 27% (3/11) 27% (3/11) 0% (0/11)
INF 56% (5/9) 44% (4/9) 22% (2/9) 11% (1/9) 0% (0/9)
ACSL 75% (9/12) 67% (8/12) 17% (2/12) 17% (2/12) 0% (0/12)
DGSL 40% (2/5) 40% (2/5) 40% (2/5) 40% (2/5) 0% (0/5)
uww 33% (3/9) 33% (3/9) 0% (0/9) 0% (0/9) 0% (0/9)
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Study sites: H1-H4: hospital effluent, NH: nursing home, INFL: influent. ACSL.: activated sludge,
DGSL.: digested sludge, UWW: urban wastewater, MAR, multiple antibiotic resistance. 2 classes
refer to either a member(s) of the B-lactams (CRO, CAZ, CTX, CPD, FOX, IMP, and MEM) and
one of the non-B-lactams, sulfamethoxazole/trimethoprim (SXT), aminoglycoside (GEN), and
fluoroquinolone (CIP). 3 classes; either a member(s) of the B-lactams (CRO, CAZ, CTX, CPD,
FOX, IMP, and MEM) and 2 antibiotics belonging to either sulfamethoxazole/trimethoprim
(SXT), or aminoglycoside (GEN), or fluoroquinolone (CIP), or the 3 antibiotics belonging to the
three non-p-lactam chemical groups (SXT, GEN), CIP). 4 classes; either a member(s) of the -
lactams (CRO, CAZ, CTX, CPD, FOX, IMP, and MEM) and all the other 3 classes, SXT, GEN,
and CIP. 7+ antibiotics; more than 7 out of the 10 antibiotics tested. 10 antibiotics; the total number
of antibiotics tested (CRO, CAZ, CTX, CPD, FOX, IMP, MEM SXT, GEN and CIP).

The most common associated/co-resistance was found among B-lactams, fluoroquinolone (CIP)
and sulfonamide (SXT), while associated resistance to fluoroquinolone (CIP), aminoglycoside
(GEN), and sulfonamide (SXT) was less common (Table 10). Although co-resistance was
common among three chemical antibiotics classes, it also occurred for four chemical classes.
Notably, associated resistance against 3GCs, CIP, and SXT was more frequent among E. coli and
Klebsiella isolates. The highest rate of resistance to cephalosporins and fluoroquinolone (CIP)
classes was reported in the four hospital samples, while that of cephalosporins and sulfonamide
(SXT) occurred in the nursing home effluent samples.

Table 10. The associated/co-resistance to the chemical classes of the antimicrobial agents (n =
126).

3 chemical classes No. % 4 chemical classes No. %
[B-lactam][CIP][SXT] 58 46 [B-lactam][CIP][GN[[SXT] 16 12.69
[B-lactam][CIP][GN] 38 30.2

[B-lactam][GN][SXT] 19 15.1

[CIP][GN][SXT] 13 10.3
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CIP, ciprofloxacin (fluoroquinolone), SXT, sulfamethoxazole, (sulfonamide), GN, gentamicin,

(aminoglycoside)

5.6 Phenotypic expression of p-lactamases

Combined disc test of two different antibiotics and their p-lactamase inhibitor combinations were
used to classify the isolates as extended-spectrum p-lactamase (ESBL) positive.
Cefotaxime/clavulanic acid (CTC 40) and cefpodoxime/clavulanic acid (CD 01) markers defined
87 isolates (69.05%) as ESBL producers (Figure 13), (Table 11). 62.07% (n = 54), 25.3% (n =
22), and 6.9% (n = 6) of ESBL-positive isolates originated from hospital effluents, wastewater
treatment plant, and municipal wastewater, respectively. All Enterobacter cloacae isolates were
confirmed to be non-ESBL-producing and showed 100% resistance to cefoxitin, which is
associated with AmpC cephalosporinase activity. The isolates resistant to imipenem and/or

meropenem were confirmed to be metallo-f-lactamase negative by phenotypic test.

CTX
s CTC40
CPD CTX

CDO1

Figure 13. Antibiotic disc assay of (a) E. coli, and (b) K. pneumoniae showing positive phenotypic
test for extended-spectrum [-lactamase production with the combined discs of

cefotaxime/clavulanic acid (CTC40) and cefpodoxime/clavulanic acid (CDO1).
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Table 11. Prevalence of phenotypically expressed extended spectrum f-lactamases (ESBL)

based on each genus.

ESBL Negative (%) ESBL Positive (%) % ESBL Positive/Total

Isolates (n=39) (n=187) Isolates (n = 126)
E. coli (n =58) 8 (14) 50 (86) 40
K. pneumoniae (n = 26) 4 (15) 22 (85) 17
K. oxytoca (n = 17) 6 (35) 11 (65)
E. cloacae (n=9) 9 (100) 0 (0)
Citrobacter spp (n = 16) 12 (75) 4 (25) 3

5.7 Molecular characterization of ESBL and carbapenemase genes

The ESBL-positive isolates were confirmed to harbor blactx-m (100%) and blatem 72.4% (n = 63)
with PCR. The Nhel digestion of the blasyv PCR product indicating the GLy238 — Ser mutation
was positive in 17.2% (n = 15) of the samples (Table 12). Additionally, 69% (60 out of 87) of the
isolates harbored both blactx-m and blarem. This co-occurrence of blactx-m and blatem was observed
in E. coli (62%), Klebsiella spp. (49%), and Citrobacter spp. (19%). In 17.2% of Klebsiella spp.
Isolates, both blactx-m and blaswv genes occurred simultaneously. Furthermore, 11.5% of the total
isolates harbored the three groups of B-lactamase genes (blactx-m, blatem, and blaskv). The broad-
spectrum P-lactamase producers were more widespread in hospital and the nursing home effluents
(68.9%) than in wastewater from other sources (WWTP, 24.1%, and urban wastewater, 6.9%). None
of the carbapenemase genes blavim, blamve, blakec, blaoxa-4s, and blanom was detected in the plasmid
DNA of the carbapenems-resistant isolates (n = 2, E. coli, and n = 7, Klebsiella species). However,
carbapenems-resistant K. oxytoca isolates were shown to carry the blavim gene in the genome by a
robust colony PCR test. Figure 14a-d shows gel images of detected bla encoding genes.
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Table 12. The number and percentage distribution and co-occurrence of blacrx-m, blarem, and
blasnv genes among the ESBL positive isolates.

Total (% of ESBL

ESBL Gene Family  E.coli K. pneumoniae K. oxytoca Citrobacter Positive,
n = 87)
blacrxw 50(86) 22 (85) 11 (65) 4 (25) 87 (100)
blarewm 39 (67) 16 (62) 5 (29) 3(19) 63 (72)
blasrv 0(0) 14 (54) 1(6) 0(0) 15 (17)
blacrcm + blarew 36 (62) 16 (62) 5 (29) 3(19) 60 (69)
blacrxm + blasny 0 (0) 14 (54) 1(6) 0(0) 15 (17)
blactx-m + blatem +
sy 0 (0) 10 (38) 0 (0) 0(0) 10 (11)

Total number (ESBL
positive and ESBL 58 26 17 16 126
negative)

204516 7 8 9 M1 N

Figure 14. a-d. Gel images of E. coli and Klebsiella spp. showing the -lactamase genes, blacTx-
v, blavim, blasny, and blatem. (a) Lanes 1- 4, E. coli, Lanes 5 and 6 K. pneumoniae, Lanes 7 and 8
K. oxytoca, all strains carrying plasmid borne blactx-m gene with product size 544 bp. Lane 9,
positive control strain K. pneumoniae 722, and (b). Lanes 1 and 5 K. oxytoca strains with missing
blavim gene, Lanes 2, 3, and 4, K. oxytoca strains carrying chromosomally borne blavim gene
demonstrated by colony PCR, product size 390 bp, Lane 6, positive control strain K. pneumoniae
1745, M1, Low range ladder molecular weight marker (700bp).

68



M2 12 3 4 5 6 789 MES

21226k ; Sl (51226

1584
1375
947
831

(c) Lanes 1 - 7, K. pneumoniae spp carrying plasmid borne blasnv gene (Nhel digested), product
size 865 bp, lane 8 distilled water, lane 9, positive control strain, K. pneumoniae MGH 78578, (d).
Lanes 1- 4, E. coli, lanes 5 -7, Klebsiella spp carrying plasmid borne blatem gene, product size
963 bp. lane 8, Klebsiella spp lacking blatem gene, Lane 9, positive control strain K. pneumoniae
722, M2, Lambda phage DNA- EcoRI/Hindlll molecular weight marker (21226 bp), M1, Low

range ladder molecular weight marker (700 bp).

5.8 Next generation sequencing of plasmids

Selected isolates belonging to E. coli (n = 10), Klebsiella spp. (n = 10), and Citrobacter spp. (n =
1) were subjected to next generation sequencing and de novo assembly of plasmid sequences.
Number, total length, and N50 of assembled contigs ranged between 17 and 64, 182 477-547 810
bp, and 11 403-62 343 bp, respectively (Table S4). According to maximal unique and exact match
(MUM) indices the isolates were clustered into six groups, designated as G1-G6 (Figure 15). The
two main groups contained the majority of E. coli (G1) and K. pneumoniae (G2) isolates and the
four minor groups (G3-G6) enclosed single, unrelated isolates. Cluster G1 could be subdivided
into 3 subgroups (G1-a, G1-b, and G1-c).
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Figure 15. Representation of clusters based on MUMI distance of plasmid sequences. The major

clusters are highlighted with blue.

All isolates (n = 9) of G1 were identified as E. coli and were shown to harbor blactx-m-27 type
ESBL gene, aminogylcoside (aadA5, aph(3”)-1b, aph(6)-Id), folate inhibitor (dfA17, sull, sul2),
tetracycline (tet(A)), macrolide (mph(A)), and quaternary ammonium compound (gacEA)
resistance genes. The dfrAl7, aadA5, gacEA, and sull genes were part of a class | integron. The
integron and the mph(A) gene were co-located on identical contigs in each isolate. Besides, aph(6)-
Id, aph(3")-1b, and sul2 were also found to be co-localized in all isolates, but the contigs carrying

them differed according to the subgroups (Figure 16a-c).
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Figure 16 (a). Mauve alignment of contigs in EC10, EC14 and EC75 carrying floR, aph(6)-Id,
Tn2 (tnpA, tnpR, blatem-1), aph(3”)-Ib and sul2.
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Figure 16 (b). Mauve alignment of contigs in EC19, EC74 and EC81 carrying tet(A), aph(6)-Id,
Tn2 (tnpA, tnpR, blarem-1), aph(3”)-1b and sul2
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Figure 16 (c). Mauve alignment of contigs in EC11, EC20 and EC66 carrying tet(A), aph(6)-1d,
aph(3”)-1b and sul2
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In subgroup G1l-a (Figure 16a-b), a Tn2 transposon carrying blatem-1 was inserted between
aph(6)-1d and aph(3”)-Ib and either floR or tet(A) was located upstream from this genetic structure.
In subgroup G1b-G1c (Figure 16c) tet(A) was located upstream from aph(6)-1d, aph(3")-1b, and
sul2. The presence of floR and tet(A) was shown for subgroup G-1a and all subgroups of G1,
respectively. Different plasmid incompatibility groups were characteristic for the three subgroups:
in subgroup G1-a IncB/O/K/Z, IncFIA, IncFIB, and IncFll, in subgroup G1-b IncFIA, IncFll, and
Incl, and in subgroup G1-c IncFIA, IncFIB, IncFll, and Incl were detected (Table S4).

Cluster G2 enclosed eight, closely related K. pneumoniae isolates. The presence of multiple -
lactamase genes (ESBL: blacTx-m-27, non-ESBL: blatewm-1, blaoxa-1), aminoglycoside (aac(6’)-1b-cr,
aph(3")-Ib, and aph(6)-1d), chloramphenicol (catB3), folate inhibitor (dfrAl4, sul2), and quinolone
(gnrB1, aac(6')-1b-cr) resistance genes were characteristic for all isolates of G2. The dfrA14 was
carried by a class I integron which lacked the 3" conserved sequence. The contigs carrying the
aforementioned resistance genes were highly identical in all isolates (Table S2). Additionally, three
isolates also harbored aac(3)-11a on identical contigs. Two plasmid incompatibility groups (IncFIB
and IncFII) were identified in this cluster (Table S4).

The four unrelated isolates, namely C. freundii CF102, K. pneumoniae KP57, K. oxytoca KO54,
and E. coli EC92, were shown to harbor either blactx-m-15, blasqv-12, blactx-m-30, Or blactx-m-1
ESBL genes, respectively. Besides, a diversity in plasmid incompatibility groups and multiple
antibiotic resistance genes (Table S1) were identified in these isolates, except for EC92 in which
only the ESBL gene was detected. Genes aac(6')-1b, aadAl, blaoxa-e, and blarem-1 were located
on a transposon (Tn1331) in KP57 and KO54. In addition to Tn1331, KP57 also harbored aph(3”)-
Ib and aph(6)-1d aminoglycoside resistance genes. In CF102 aac(3)-lla, blaoxa-1, catB3, and
aac(3)-lla were identified on contigs that were highly similar to those found in K. pneumoniae
isolates of G2. Moreover, CF102 also carried aph(3")-1b, cmIB1, and tet(A) genes as well.
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5.9 Characterization of Pseudomonas aeruginosa

The 151 isolates of P. aeruginosa showed variable susceptibilities to the five antibiotics tested.
The MAR index for P. aeruginosa was 0.8. 97.4% (147 strains exhibited MAR index higher than
0.2. Only 4 (2.6%) isolates had a MAR index of 0.2. Isolates from H4 and NH demonstrated the
highest MAR index (0.85) among the samples from hospitals and the nursing home while those
from the digested sludge had a higher MAR index (0.88) among the WWTP samples (Table 13).
Gentamicin demonstrated the highest levels of resistance among the five antibiotics tested on P.
aeruginosa (92.72%, 140 strains), while ceftazidime resistance was the highest of the three (-
lactams (85.43%, 129 strains) and the isolates showed the least resistance to meropenem (57.62%,
87 strains) (Table 14). A positive correlation was found where the concentrations of both
ciprofloxacin and ofloxacin residues in the wastewater samples resulted in an increase in the
resistance phenotype observed in ciprofloxacin among the P. aeruginosa isolates (r - 0.015, p =
0.940 and r - 0.003, p = 0.989, respectively).

Table 13. The antimicrobial susceptibility in percentage and the multiple antibiotic resistance

indices of P. aeruginosa in each site.

Antimicrobial susceptibility %

MAR
Source n=151 CAZ MEM IMP GN CIP

index
H1 35 80 77 97 89 69 0.77
H2 21 90 43 100 100 90 0.82
H3 12 92 17 100 100 50 0.7
H4 27 89 78 96 96 85 0.85
NH 11 91 64 91 100 73 0.85
INF 12 67 42 83 92 50 0.68
ACSL 16 94 56 88 94 88 0.84
DGSL 9 89 78 78 89 100 0.88
uww 8 75 0 25 38 38 0.4
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Antimicrobial agents; CAZ, ceftazidime; MEM, meropenem; IPM, imipenem: GN, gentamicin:
CIP, ciprofloxacin. Study sites: H1-H4: hospital effluent, NH: nursing home, INF: influent.
ACSL: activated sludge, DGSL.: digested sludge: UWW: urban wastewater, MAR, multiple

antibiotic resistance index.

Table 14. Antimicrobial susceptibility of P. aeruginosa from wastewater (n = 151).

Antimicrobial agents Resistant (No. %) Susceptible (No. %)
Ceftazidime 129 (85) 22 (14)
Meropenem 87 (58) 64 (42)
Imipenem 126 (83) 25 (17)
Gentamicin 140 (93) 11 (7)
Ciprofloxacin 113 (75) 38 (25)

Multiple drug resistance (MDR) in P. aeruginosa was observed in 72.85% (110) of the isolates
that exhibited resistance to the three antibiotic classes (beta-lactams, aminoglycoside, and
fluoroquinolone). MDR in hospital effluents and nursing home was 72.6% (77/106) while it was
64.86% (24/37) in the wastewater treatment plant and 25% (2/8) in the urban wastewater. H2 and
H4 demonstrated the highest MDR (95.2% and 88.9%) while H3 recorded the lowest multidrug
resistant isolates (19%) (Table 15). In the wastewater treatment plant, the isolates from the
digested sludge demonstrated the highest MDR 77.8% (7/9). Except for H3 and urban wastewater,
all the other samples recorded a number of isolates showing resistance to all five antibiotics. An
associated resistance occurred more frequently between p-lactams and aminoglycoside
(gentamicin), 21.9% (33/151) compared to B-lactams and fluoroquinolone (ciprofloxacin) 4.6%
(7/151).
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Table 15. Number of chemical classes resisted by P. aeruginosa species and percentage of

isolates showing resistance to the 5 antibiotics.

Source 2 classes MDR (3 classes) all 5 antibiotics
H1 97% (34/35) 60% (21/35) 34% (12/35)
H2 100% (21/21) 95% (20/21) 38% (8/21)

H3 100% (12/12) 19% (4/12) 0% (0/12)

H4 100% (27/27) 89% (24/27) 82% (22/27)
NH 100% (11/11) 73% (8/11) 46% (5/11)
INF 92% (11/12) 42% (5/12) 8% (1/12)
ACSL 100% (16/16) 75% (12/16) 25% (4/16)
DGSL 100% (9/9) 78% (7/9) 56% (5/9)
uww 38% (3/8) 25% (2/8) 0% (0/8)

Study sites; H1-H4: hospital effluent, NH: nursing home, INF: influent. ACSL.: activated sludge,
DGSL.: digested sludge: UWW: urban wastewater, 2 classes; any 2 of the 3 classes p-lactams,
fluoroquinolone and aminoglycoside: MDR, multiple drug resistance; all the 3 classes p-lactams,
fluoroquinolone and aminoglycoside. 5 antibiotics; ceftazidime, meropenem, imipenem,

gentamicin, and ciprofloxacin.

5.10 Phenotypic expression of B-lactamases

The combined disc test of ceftazidime/clavulanic acid (CZC 20) confirmed 19.3% (25/129) ESBL
positive strains out of the total ceftazidime resistant isolates, whereas IPM/EDTA (IEL 292) and
MEM/EDTA (MEL 292) defined 44% (56/126) and 66% (57/87), respectively, MBL positive
strains out of the carbapenem-resistant isolates (Figure 16). 80%, (20/25) of ESBL and 68%,
(39/57) of MBL positive strains originated from the hospital effluents and nursing home, whereas
20% (5/25) of ESBL and 29.8% (17/57) of MBL positive strains were recovered from the WWTP

and 4% (1/25) of ESBL positive strains were from the urban wastewater.
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CZC 20

CAZ 10

Figure 16. Antibiotic disc assay of P. aeruginosa isolates showing (a) Positive phenotypic test for
ESBL production with ceftazidime (10 pg) and ceftazidime/clavulanic acid (CZC 20) and (b)
expressing MBL production with imipenem (10 pg) and meropenem (10 pg) and the combined
discs imipenem/EDTA (IEL 292) and meropenem/EDTA (MEL 292).

Whereas none of the ESBL positive isolates carried the blassv gene, two of them were each
confirmed to harbor both blactx-m and blatem, while 4% (1/25) carried both blactx-m and blatem.
The metallo-B-lactamase positive isolates carried blavim gene (100%) while the blanom gene
occurred in 1.8% (1/57) of the isolates. None of the isolates was positive for blamp and blaspm
genes. Figure 17a and b show gel images of Pseudomonas isolates carrying carbapenamases
blanom and blavim genes whereas Figure 18 shows gel images of the two portions of the VIM
gene amplified for sequencing. Metallo-B-lactamase producers were more widespread in hospital
effluents than in other wastewater sources (82%, hospital and nursing home effluents, 12%,
WWTP and 5%, urban wastewater).
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Figure 17. Genomic DNA of P. aeruginosa spp, carrying blanom gene and blavim gene. (a) Lane
3, Genomic DNA of P. aeruginosa carrying blanom gene, product size 621 bp, lanes 1, 2, and 4,
P. aeruginosa lacking the gene, lane 5, Klebsiella pneumoniae 131946 positive control strain, (b)
Lanes 1-9, Genomic DNA of P. aeruginosa carrying blavim gene, product size 390 bp, lane 10,

Klebsiella pneumoniae 1745 positive control strain, M1, Lambda phage DNA- EcoRI/HindlIlI

(21226 bp), M2, Low range ladder (700 bp)- molecular weight markers.
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Figure 18. Genomic DNA of P. aeruginosa showing the two portions of blavim gene used for
sequencing. (a) Lanes 1-9, Genomic DNA of P. aeruginosa carrying blaviv gene, product size 775
bp, lane 10, Klebsiella pneumoniae 1745 positive control strain, (b) Lanes 1-11, Genomic DNA
of P. aeruginosa carrying blavim gene, product size 161 bp, lane 12, Klebsiella pneumoniae 1745

positive control strain M, Low range ladder (700 bp), molecular weight marker.

5.11 Sequences analysis of the VIM gene

The Sanger sequence alignment analysis showed identity to P. aeruginosa class 1 metallo-beta-
lactamase (blavim--4) sequence without substitution at any known nucleotide sequences in all the

33 samples investigated for the VIM gene Table 16.

77



Table 16. The percentage sequence identity of selected P. aeruginosa isolates to P. aeruginosa

class 1 metallo-beta-lactamase (blavim--4) reference gene.

Sample Identity % length (bp)
12 96 37-792
13 97 35-786
14 99 35-793
15 99 53-792
16 90 53-793
17 98 35-793
18 98 35-792
19 99 37-793
20 98 35-793
21 98 35-793
22 99 39-790
23 99 53-793
24 99 35-773
25 99 37-793
26 98 35-793
27 98 39-792
28 98 35-782
29 98 37-793
30 99 37-793
31 99 35-792
32 99 37-791
33 99 39-793
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6.0 DISCUSSION

The occurrence of antibiotics and/or their metabolites in wastewater is a subject of concern due to
their potential ecological risks and their role in the evolution of antibiotic resistant bacteria (WHO
2014, Berendonk et al. 2015, Kumar et al. 2019). Although antibiotics are naturally produced by
microorganisms as weapons for survival in their habitats, anthropogenic activity leading to their
discharge via wastewater is considered the major source of environmental contamination (Felis et
al. 2020). Analysis of the samples in this study demonstrated the presence of various antimicrobial
pharmaceuticals embedded in the wastewater at varying concentrations from all the sources. The
study reported the occurrence of the antimicrobial classes macrolides, sulfonamides, trimethoprim,
and fluoroquinolones (ngL ™), which are the most detected substances from the environmental
matrices because of their ability to persist in the aqueous environment besides being the most
frequently prescribed classes in veterinary and human medicine (Wang and Wang 2016,
Korzeniewska and Harnisz 2020). The data presented demonstrates that usage of these antibiotics
occurs at a higher frequency in the healthcare facilities than in the community as demonstrated by
the higher antibiotics loads in the samples obtained from the hospitals and the nursing home.
Hospital wastewaters contribute significantly to the environmental burden of antibiotics, which
drive the emergence of antibiotic resistance (Kummerer 2004, Zhang et al. 2009c, Davies and
Davies 2010, Harris et al. 2012). Trimethoprim concentration was the highest detected in this study,
especially in hospital samples and studies have shown that, in hospital effluents, it has been detected
at a concentration less than 3 ugL. ™! and in almost all wastewater samples in which this compound
has been determined, it occurred in the range of 100 — 6000 ngL 2, with its concentration in WWTP
effluents reported in the range of 60-3000 ngL ! (Santos et al. 2013, Mendoza et al. 2015). The
occurrence of trimethoprim content above 1.5 pgL ™! has been demonstrated in WWTP influents in
Sweden, Italy, Croatia, and Greece (Verlicchi et al. 2012, Kosma et al. 2014). The sulfonamide;
sulfamethoxazole which is the most commonly used drug in this class occurred in all the samples
at a concentration higher than that of sulfadiazine. In Italy, Portugal and Sweden, levels of
sulfamethoxazole reaching up to 6.5 pgL™*, 8.7 pgl—1, and 13 pgL ™%, respectively were detected
in hospital effluents (Lindberg et al. 2004, Verlicchi et al. 2012, Santos et al. 2013). The
concentration of sulfonamides in WWTP influents and effluents was found to range from tens to

hundreds of ng L%, which is attributed to consumption of these agents in the community sector
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(Golovko et al. 2014, Papageorgiou et al. 2016). A study done in a German WWTP found
sulfamethoxazole in the influents and effluents at a concentration of up to 2 pg L™ (Rossmann et
al. 2014) whereas in a WWTP in Portugal, a concentration reaching up to a maximum of 1.7 ug
L™! has been determined (Santos et al. 2013). Among the macrolides, azithromycin concentration
was higher in the hospital effluents while clarithromycin occurred at a much higher concentration
in wastewater samples. The occurrence of these antibiotics in wastewater is of environmental
significance due to their potential risks, which necessitated their inclusion in the EU Commission
watch list of pollutants of concern (EU Decision, 2015/495 of March 20, 2015). Hospital effluents
have been reported as the main input routes for these compounds into the natural environment,
especially, WWTP where the concentration of some, particularly clarithromycin and azithromycin,
which are the most frequently detected ones in influent has been found to be high (Verlicchi et al.
2012, Loos et al. 2018), even though azithromycin was not reported in our samples. Quantities of
macrolides ranging between 1 and 10 ug L™ have been found in hospital effluents (Gros et al. 2013,
Santos et al. 2013). Fluoroquinolones are among the most frequently used antibiotics and their
consumption in human medicine is estimated to account for 7% of the total antimicrobials
consumption (Szymanska et al. 2019). Their occurrence in different aqueous environmental
matrices has been reported with the maximum concentrations typically occurring in hospital
effluents and WWTP influents. Their mobility in the aquatic environment due to their high
hydrophilic property contributes to their occurrence in both groundwater and drinking water
samples (Hanna et al. 2018, Reis et al. 2019). Their rapid spread in the environment with potential
ecotoxicological effects necessitated the inclusion of ciprofloxacin in the EU Commission watch
list (EU Decision, 2018/840 of June 5, 2018) (Felis et al. 2020). Ciprofloxacin and ofloxacin appear
to be the dominant ones with high detection frequency and high concentration of up to 4600 ng L2,
ciprofloxacin and 7870 ng L* ofloxacin in wastewater detected by Lindberg et al. (Lindberg et al.
2007) which is consisted with the findings of this study where ciprofloxacin and ofloxacin were
detected in the samples at a relatively high concentration. Tetracyclines are highly hydrophobic
with low volatility, making them very stable in the aquatic environment, and are commonly detected
in WWTPs due to their widespread use in aquaculture and animal husbandry (Daghrir and Drogui
2013). However, tetracycline was below the limit of quantification or was not detected in our
samples possibly due to the absence of intensive animal husbandry within the study area since

tetracyclines are commonly used in animals. The significantly high heterotrophic aerobic plate
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count in the influent and activated sludge was attributed to the high levels of organic loading
resulting in high biomass characterized by these stages of wastewater treatment. It is notable that
the cfu count of heterotrophic aerobic plate count from the urban wastewater was higher than that
from three of the hospitals (H1, H3 and H4) and the retirement home, which is indicative of higher

organic loading of wastewater from the urban communities.

The annual antibiotics consumption in Europe is estimated to be approximately 10 000 tons with
half used in human medicine and half in veterinary medicine and almost 26% of the antimicrobial
agents are administered in hospitals (Penalva et al. 2019). Hungary ranks among the countries with
the lowest antimicrobial drug consumption rate (defined daily dose per 1000 inhabitants per day)
both in the hospitals and the community sector in the European union/European Economic area
based on the annual European Surveillance of Antimicrobial Consumption Network (ESAC-Net)
report (ECDC 2020). Despite the low consumption, disposal of untreated hospital effluents
containing these antimicrobials or their metabolites may have selected for the development of
antibiotic resistant bacteria based on our findings. This study indicated a remarkable concentration
of enteric bacteria resistant to extended-spectrum cephalosporins in hospital effluents, nursing
home and the WWTP with bacterial cfu count being 2 fold higher in hospital effluents and nursing
home than in the WWTP and the urban wastewater. Although hospital wastewater has been
described as a highly selective environment that may contribute to the maintenance of resistant
bacteria discharged into the natural environment (Prado et al. 2008, Yang et al. 2009), they are not
necessarily the primary source of resistant bacteria in municipal wastewater since they contribute
less than 2% of the total volume of the wastewater (Carraro et al. 2016), thus other possible sources

such as agricultural runoffs require to be monitored (Lettieri Teresa et al. 2018).

Our data on B-lactam resistant bacteria indicate the likelihood of bacteria of fecal origin carrying
resistance traits from the source population being present in hospital effluents discharged into the
wastewater network. This finding is consistent with a similar observation involving cephalosporin
resistance in wastewater (Czekalski et al. 2012). Other studies have found an increase in antibiotic
resistant bacteria in hospital wastewater networks which has been attributed to large-scale
antimicrobial usage in the hospital setting and the presence of their residues, especially at sub-
inhibitory concentrations over extended periods (Morris et al. 2008, Chartier 2014). In a related

study, cephalosporin resistant bacteria were also more concentrated in hospital wastewater
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compared to WWTPs (Aali et al. 2014). Although bacterial resistance to imipenem (another f-
lactam) was very low across our study locations, a significant increase in its resistance rate was
observed in hospital effluents relative to the WWTP. However, this was not attributed solely to
the members of Enterobacterales but rather due to the presence of other Gram-negative bacteria,
most notably non-fermenting Stenotrophomonas maltophila, which was frequently detected in the

hospital samples and possesses an intrinsic resistance to imipenem.

We observed a more or less similar rate of resistance among the Enterobacterales across the hospital
and the nursing home effluents, measured by the multiple antibiotic resistance indices (MAR index),
despite a huge variation in the bed capacity. H2 and H3, with the lowest bed capacities (106 beds
and 127 beds, respectively), recorded high MAR indices (0.592 and 0.683). This may imply that the
resistance rate largely depends on the regularly prescribed classes of antibiotics and the presence of
different departments at each hospital as opposed to the number of patients accommodated in the
facilities. All the isolates and all the sites reported multiple antibiotic resistance index values higher
than 0.2. MAR index values greater than 0.2 indicate a high level of antibiotic contamination at the
source (Osundiya et al. 2013). The elevated MAR index values observed in E. coli, Klebsiella
species, E. cloacae, and Citrobacter species are consistent with the MAR index values reported in
the same members of Enterobacterales isolated from urinary tract infections in a tertiary-care hospital
in Hungary in a surveillance study conducted between 2008 and 2017, where E. coli and Klebsiella
species reported higher MAR index values compared to CES (Citrobacter, Enterobacter, and
Serratia) (Gajdacs 2019). Notably, there was an enrichment of the ARB in the sewage sludge after
thermophilic digestion (MAR index 0.560, from 0.500 in the activated sludge). The detection of
increased antibiotic resistant bacteria in wastewater treatment plants’ effluent has been reported in
other studies, (Galler et al. 2014, Hocquet et al. 2016, White et al. 2016). However, the increase in
resistance development among susceptible bacteria facilitated by WWTP processes has not yet been
established (Galvin et al. 2010).

Available data suggest that p-lactam agents (especially penicillins and cephalosporins) are the
most frequently used class of antibacterial agents across Europe in both hospital and community
settings (Connor et al. 2017, Penalva et al. 2019). This is also supported by the annual antibiotic
consumption data obtained from the PTE Central Clinical Pharmacy in the city of Pecs, Hungary,
which showed high consumption of the B-lactam agents in the years 2006 and 2019 compared to

the other antibiotic classes. This is suggestive of a rise in resistance development among these
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agents. Although our study used ceftriaxone to screen for the B-lactam resistant enteric bacteria,
high resistance rate to other third-generation cephalosporins observed was attributed to cross-
resistance and not necessarily to the frequency of use. High levels of resistance to the same
antimicrobial agents (cefpodoxime, cefotaxime, and ceftazidime) in Enterobacterales were found
in effluents from WWTPs in Navarra, Northern Spain (Ojer-Usoz et al. 2014a). blactx-m type
ESBL observed in E. coli, K. pneumoniae and C. freundii in this study was largely responsible for
resistance to extended-spectrum cephalosporins as reported in previous studies (Coque et al.
20084a).

When comparing the plasmid sequences from 21 selected isolates, a cluster of blactx-m-27
harboring E. coli and another group of blactx-m-15 carrying K. pneumoniae isolates were revealed.
In Hungary, CTX-M-15 and CTX-M-27 are found to be the dominant ESBL types among clinical
isolates of K. pneumoniae and E. coli, respectively, which is in correspondence with our findings
(Nagy et al. 2021, T6th et al. 2022). Considering that the blactx-m-27 harboring E. coli and blactx-
M-15 carrying K. pneumoniae isolates identified in the hospital and nursing home effluents can be
of fecal origin from patients and nursing home residents, it can be presumed that their dominance
in our samples resembles their prevalence among local inhabitants. The highly identical contigs
shared within a cluster raises the possibility of clonal relatedness of the isolates. Unfortunately,
this question could not be addressed, because the DNA samples subjected to next generation
sequencing were enriched for plasmids, and therefore the coverage of chromosomal fragments was
too low to be suitable for MLST analysis. Besides the two major clusters, CTX-M-15 producing
C. freundii, CTX-M-1 producing E. coli, SHV-12 producing K. pneumoniae, and CTX-M-30
producing K. oxytoca were also detected in our study. The majority of the isolates carried multiple
antibiotic resistance genes, and many of these genes occurred to be co-located on defined contigs.
These findings might explain the high frequency of associated/co-resistance and elevated MAR
indices revealed in this study.

The ESBL producers were observed more frequently in hospital effluents and WWTP, which
appears to mirror similar observations made in South Africa, Tunisia, and Spain, reporting high
rates of ESBL prevalence from hospital effluent and urban wastewater treatment plants (Sghaier
et al. 2019, King et al. 2020). The presence of a high proportion of ESBL producers observed
among isolates from hospital effluents may suggest increased prescription of certain extended-
spectrum R-lactam antimicrobials. Hsu et al. (2010) observed a significant increase in prescription
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of certain extended-spectrum B-lactam antibiotics, which were associated with high levels of ESBL
producers in hospital effluents in Singapore The E. cloacae species were non-ESBL producers
and showed resistance to cefoxitin (a cephamycin), which can be supported by the observation that
ESBL-producing E. cloacae are less prevalent and hence rarely reported as most Enterobacter
species carry AmpC cephalosporinases, which are not inhibited by clavulanic acid (Ojer-Usoz et
al. 2014b). However, other Enterobacterales recored remarkably low resistance to cefoxitin. This
observation may be explained by the fact that cefoxitin does not have a marketing authorization in
the country (Hungary), therefore it is not used in the clinics, implying non exposure to microbes
hence the low resistance observed.

Although carbapenemases were not reported in the plasmid DNA of Enterobacterales isolates, a
blavim gene was detected among the Klebsiella oxytoca isolates by colony PCR. This is in support
of certain reports regarding the emergence of carbapenemase-producing Klebsiella spp. from
environmental samples (Isozumi et al. 2012, Thomas et al. 2013). Klebsiella species harboring the
blavim gene have been previously reported among isolates at the Clinical Centre University of Pécs
(Melegh et al. 2014b), which is located within this same catchment area, suggesting that hospital
effluents may be reservoirs of carbapenemase producers that can be linked to clinical sources. The
high rate of susceptibility to meropenem observed in this study is consistent with a similar
observation regarding low carbapenem resistance in Enterobacterales reported from wastewater
treatment plants (Ojer-Usoz et al. 2014a). Clinical surveillance data in a tertiary care hospital in
Hungary among Enterobacterales for the period 2004-2015 reported zero resistance to
carbapenems; imipenem, meropenem, and ertapenem (Magyar et al. 2017). This low rate of
carbapenems resistance can further be explained by the fact that their consumption in the year
2019 during which this study was conducted appeared to be extremely low based on the annual
consumption data obtained from the PTE Central clinical Pharmacy where only 0.9% and 2.4%
annual consumption rate was reported for meropenem and imipenem, respectively.
Fluoroquinolones hold the fifth position in the European antimicrobial market, with a maximum
of 3.04 DDD (defined daily dose/1000 inhabitants) (Penalva et al. 2019). Our findings showed a
high rate of resistance to ciprofloxacin, consistent with previously reported resistance to
fluoroquinolones among isolates from various environmental compartments (Da Costa et al. 2006,
Moore et al. 2008). Increased resistance to fluoroquinolones among Enterobacterales from urinary

tract infections has been reported in clinical surveillance data (Magyar et al. 2017, Gajdacs 2019).
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Consistent with our finding, a recent study in South Africa also found an increased rate of co-
resistance between third-generation cephalosporins and fluoroguinolones in Klebsiella spp. (King
et al. 2020). Other studies have demonstrated remarkable co-resistance to fluoroquinolones and
broad-spectrum cephalosporins among E. coli and K. pneumoniae isolated from wastewater (Conte
et al. 2017). The presence of the quinolone resistance protein gnrB1 and the aminoglycoside
modifying enzyme aac(6’)-1b-cr variant associated with low-level fluoroquinolone resistance
identified in Klebsiella isolates indicates that acquired genes contribute to fluorogquinolone
resistance among Klebsiella spp. from the environment. Ciprofloxacin resistance among E. coli
was, however, mainly attributed to accumulation of double serine mutations in the DNA gyrase
and topoisomerase IV genes, as reported by Fuzi et al (2017) since they did not carry acquired
resistance genes.

Similarly, resistance to gentamicin in this study occurred frequently among Klebsiella strains,
which is consistent with a previous observation in Klebsiella spp. from wastewater treatment plants
and hospital effluents in KwaZulu-Natal, South Africa (King et al. 2020). blactx-m harboring
plasmids are often known to carry other genes of resistance, particularly to aminoglycosides,
tetracycline, sulfonamides, and trimethoprim, suggesting co-selection, co-expression, and hence
co-resistance (Pai et al. 2006). This finding can be linked to plasmid encoded aminoglycoside
modifying enzyme encoding genes, aph(3’’)-Ib and aph(6)-1d (phosphotransferases), aadAl and
aadA>5 (adenylyltransferases), and aac(3)-1la (acetyltransferase), which were identified in E. coli
and Klebsiella spp, some of which are associated with gentamicin and tobramycin resistance. An
increased rate of resistance to sulfamethoxazole/trimethoprim among the isolates can be associated
with sulfonamide resistance genes (sull and sul2) and dfrA (dfrAl4 and dfrAl7) expressing
dihydropteroate synthase and dihydrofolate reductases responsible for target replacement,
conferring resistance to sulfonamides and diaminopyrimidines. A recent clinical surveillance data
on E. coli from wurinary tract infections indicated a high resistance rate of
sulfamethoxazole/trimethoprim (Gajdacs 2019), implying that the resistance observed in
wastewater isolates may be clinical in origin.

It is notable that even though the isolates originated from different spots of the wastewater system,
they were found to carry more or less the same plasmid groups. The main plasmids were the IncF
replicons and their subtypes (FIA, FIB, and FIl) which were evident in all the sequenced isolates.

Acquired antibiotic resistance genes in bacteria are frequently carried on plasmids, with F plasmids
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being the most common conjugal plasmids in Enterobacterales linked to antibiotic resistance (“R
factors”) (Moran et al. 2015). According to Stephens et al (2020), antibiotic resistance genes have
been found in plasmids with a narrow host range, including Incl complex replicons (Z, B/O, K, or
11), but the majority of antibiotic resistance genes were associated with F replicons, and in most
cases, multiple subtypes of F replicons were found on the same plasmids. F- and I-complex
replicons are frequently found in association with conjugating plasmids (Stephens et al. 2020).
ESBL genes, carbapenemase genes, genes coding aminoglycoside-modifying enzymes, and
plasmid-mediated quinolone resistance (PMQR) genes are the most frequently described
resistance genes on IncF plasmids (Rozwandowicz et al. 2018).

Multiple studies have described multidrug resistance in Enterobacterales, which is in line with the
high frequency of strains exhibiting multiple antibiotic resistance phenotype among our isolates.
Resistance to three or four antimicrobial classes was observed, with the majority of the isolates
recording resistance to three classes, while a few isolates mainly E. coli, showed resistance to the
four antibiotic families tested. Our findings reflect those reported by Rabbani et al (2017) where
over 60% of E. coli isolates from untreated hospital wastewater were multidrug resistant. Estrada-
Garcia et al (2005) reported multidrug resistance in approximately 58% of E. coli. Similarly, in a
study involving 40 strains of E. coli isolated from the liquid hospital waste at Chittagong Medical
College Hospital in Bangladesh, all were found to be multi-drug resistant (>4) (Islam et al. 2008).
Multiple antibiotic resistant K. pneumoniae from wastewater have also been reported in a recent
study in KwaZulu-Natal, South Africa (King et al. 2020). In the clinical environment similar to
wastewater, surveillance data have reported a significant increase in MDR (>4 antibiotic classes)
among uropathogens, including E. coli, K. pneumoniae, and P. mirabilis [46]. Multiresistance has
been associated with the co-occurrence of resistance genes on mobile genetic elements where traits
for resistance to multiple antimicrobials occur in particular plasmids and the same mechanism
happens to be active against a wide spectrum of antimicrobials (Rabbani et al. 2017).

Multiple antibiotic resistance phenotype occurred at high frequency in the hospitals and the nursing
home where individuals are likely to be put on a treatment regimen on a regular basis. In a related
study, the percentage of multiple drug resistance in E. coli was higher in a nursing home than in
hospital effluents (Oberlé et al. 2012). Co-resistance between cephalosporin and ciprofloxacin in
this study was more frequent among isolates from the four hospitals, while that of cephalosporin

and trimethoprim/sulfamethoxazole occurred more frequently among those from the nursing
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home. These findings may be related to antimicrobial drug prescriptions and demonstrate that
antimicrobial drug resistant bacteria are likely to be selected in the human gastro-intestinal tract
due to antimicrobial usage (Tenaillon et al. 2010). The discharge of untreated hospital effluent into
the urban wastewater network for co-treatment with the rest of municipal wastewater at the WWTP
before releasing it into the environment is a general practice across many countries in Europe
(Morris et al. 2016). This may be directly linked to the high resistance rate observed in the hospital
effluents. Isolates of clinical origin may disseminate resistance to environmental microbes,
although resistant isolates from hospital effluents have not been correlated with those of clinical
origin (White et al. 2016).

P. aeruginosa is a common opportunistic pathogen associated with significant morbidity and
mortality, especially in cases of infections caused by MDR/XDR isolates in hospital settings
(Potron et al. 2015). A few categories of antimicrobial agents are effective against P. aeruginosa
infections due to its intrinsic, adaptive, and acquired antimicrobial resistance traits. They include
aminoglycosides (gentamicin, tobramycin, amikacin, netilmicin), carbapenems (imipenem,
meropenem), cephalosporins (ceftazidime, cefepime), fluoroquinolones (ciprofloxacin,
levofloxacin), penicillin with B-lactamase inhibitors (BLI) (ticarcillin and piperacillin in
combination with clavulanic acid or tazobactam), monobactams (aztreonam), fosfomycin and
polymyxins (colistin, polymyxin B) (Barnes et al. 2018, Bassetti et al. 2018, Nguyen et al. 2018).
This study tested Pseudomonas species against five of these agents (gentamicin, ciprofloxacin,
ceftazidime, imipenem, and meropenem) where the isolates demonstrated increased resistance
(>75%) to all except meropenem. This species is one of the clinically significant bacteria that has
been shown to be resistant to a variety of antimicrobial classes including p-lactams, carbapenems,
fluoroquinolones, aminoglycosides, and polymyxins (Johansen et al. 2008, Bergen et al. 2010).
MAR was evident in all the samples, with a higher proportion seen in hospital effluents and
wastewater treatment plant samples (MAR index < 0.7). All the isolates from the various sources
had MAR indices greater than 0.2, and MAR indices greater than this threshold indicate high-risk
source of antibiotic contamination (Osundiya et al. 2013), suggesting that frequent use of
antibiotics in hospitals and the community may have contributed to this observation. Multiple
antimicrobial resistance in this bacterium from various sources is widespread and it is known to
exhibit acquired resistance mechanisms involving genetically imported resistance determinants via

horizontal gene transfer (Kraemer et al. 2019). Various intrinsic multiple resistance mechanisms
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to antibiotics, including decreased permeability of the outer membrane, overexpression of efflux
systems, modified penicillin-binding proteins, chromosomal B-lactamase production of antibiotic
inactivating enzymes and target modifications, all contribute to resistance to multiple antibiotics,
including B-lactams, aminoglycosides, polymyxins and fluoroquinolones (Oie et al. 2009, Santajit
and Indrawattana 2016, Memar et al. 2019). The increased resistance to gentamicin and
ciprofloxacin observed in this study was contrary to an earlier finding where very high sensitivity
of Pseudomonas species from WWTP to gentamicin and ofloxacin (a fluoroquinolone) was
reported (Odjadjare et al. 2012), suggesting that aminoglycosides and fluoroquinolones have
become less efficacious against P. aeruginosa strains due to growing resistance. Our findings
mirror those reported in studies where high resistance to gentamicin and ciprofloxacin in
Pseudomonas strains isolated from pharmaceutical effluents and the clinical environment was
observed (Lateef 2004, Navon-Venezia et al. 2005). On the contrary, a clinical surveillance study
on uropathogens including P. aeruginosa in a tertiary care hospital in Hungary between 2004 and
2015 showed a significant decrease in gentamicin and ciprofloxacin resistance rates (Magyar et al.
2017). Pseudomonas resistance to broad-spectrum cephalosporins (cefotaxime and cefepime) was
reported in a previous study (Odjadjare et al. 2012), and resistance to these broad-spectrum
cephalosporins is commonly associated with production of molecular Class A ESBLs of TEM,
SHV and CTX-M types, which are not common in P. aeruginosa (Picéo et al. 2009). Although 25
isolates expressed f-lactamase hydrolysis phenotypically, only two isolates carrying the TEM and
CTX-M types were identified. These ESBL Enterobacterales types of enzymes have been
described in P. aeruginosa, and are mostly linked to genetic importation following lateral gene
transfer (Chanawong et al. 2001). Pseudomonas species are members of the “SPACE” (Serratia
spp., Pseudomonas spp., Acinetobacter spp., Citrobacter spp., Enterobacter spp.) organisms,
characterized by inducible AmpC-based resistance (MacDougall 2011, Narayanan et al. 2016). It
is suggestive that resistance to ceftazidime among the majority of the isolates was attributed to this
mechanism and possibly to broad-spectrum carbapenem degrading enzymes. Carbapenem
resistance (imipenem and meropenem), which was of major interest in this study, was found in
more than 58% of the isolates, despite the fact that these antibiotics are often regarded safe
therapeutic options of the last resort in P. aeruginosa infections due to their high affinity for
penicillin-binding proteins, stability against extended-spectrum B-lactamases, and permeability of

bacterial outer membranes (Zavascki et al. 2010). Carbapenem resistance has been observed to be

88



on an upward trend in non-fermenting Gram-negative bacteria, including Pseudomonas spp. which
is associated with possible resistance mechanisms including degrading enzymes, modifications in
the transpeptidases, porin deletion and the overexpression of efflux transporters (Zeng et al. 2014,
Ruppé et al. 2015, Bassetti et al. 2018). Carbapenem resistance in P. aeruginosa isolates in this
study was largely associated with the metallo-B-lactamase VIM-4, which was detected in the
carbapenem resistant isolates. One of these environmental isolates carried both VIM-4 and NDM
encoding genes. The occurrence of two enzymes (KPC and NDM-1) in clinical isolates of P.
aeruginosa linked to hospital acquired infections has also been reported (Paul et al. 2015).
According to published data, the prevalence of metallo-B-lactamase enzymes in P. aeruginosa
isolates resistant to carbapenems ranges from 2%-100% (Rodriguez-Martinez et al. 2009). These
enzymes form the dominant class of carbapenemases found in P. aeruginosa, with the most
common ones being; VIM, IMP, NDM, GIM, and SPM, where in most cases, the enzymes are
encoded on highly mobile genetic elements including plasmids, integrons, and gene cassettes
which mediate their transmission (Walsh et al. 2005). Although our study found VIM-4 as the
predominant gene in P. aeruginosa from all the carbapenem resistant wastewater samples, a
previous study on P. aeruginosa found isolates harboring mainly the enzyme IMP (Slekovec et al.
2012). In earlier reports, isolates of P. aeruginosa from WWPT and Klebsiella spp. carrying the
VIM-4 variant were recovered from the Clinical Centre University of Pécs (Libisch et al. 2006,
Melegh et al. 2014b) which formed part of our wastewater sampling spots. The occurrence of
VIM-4 positive isolates of P. aeruginosa from the wastewater samples may be traced to clinical
sources since molecular studies have confirmed the relationship between clinical and
environmental isolates with the growing evidence that environmental sources have likely
contributed to the acquisition of antibiotic resistance genes found in human microbial communities
(Wright 2010, Rozman et al. 2020).
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7.0 CONCLUSIONS

We established the presence of antimicrobial pharmaceuticals namely, macrolides (azithromycin,
clarithromycin), fluoroquinolones (ciprofloxacin, norfloxacin and ofloxacin), sulfonamides
(sulfadiazine, sulfamethoxazole) and trimethoprim at significantly varied concentrations in
wastewater from the various sources, with trimethoprim and fluoroquinolones being the dominant

compounds, mainly from the hospital drainage systems.

We determined a 2 fold higher cfu count of the Gram-negative bacteria resistant to broad-
spectrum cephalosporin (ceftriaxone) in hospital and nursing home effluents compared to that of
wastewater treatment plant and the urban wastewater, while the cfu count of carbapenem-
(imipenem) resistant Gram-negative bacteria was 8 fold higher in the hospital and nursing home
effluents than that of the wastewater treatment plant and the urban wastewater. However, in
comparison, resistance to ceftriaxone was higher than that of imipenem in samples across all the

locations.

We established a widespread multidrug resistance among enteric bacteria and P. aeruginosa in
wastewater, especially from the hospital and sanitary sources and the resistance rate was enriched

at the biological reactor and further during mesophilic digestion of the sewage sludge.

We established a positive correlation between the concentration of fluoroquinolone residues
(ciprofloxacin and ofloxacin) in wastewater and resistance to ciprofloxacin in P. aeruginosa
isolates which points to possible selection of resistance created by antimicrobials in wastewater
systems.

We established a similar resistance rate of p-lactam antibiotics among Enterobacterales from
environmental sources (although these drugs are considered the backbone of antibiotic therapy
making them the most widely used antibiotics in clinical practice) as other classes of
antimicrobials, namely fluoroguinolones, aminoglycosides and sulfonamides, which can be linked
to simultaneous transmission of plasmid encoded genes. However, carbapenems (imipenem and
meropenem) remain the most potent antimicrobials against enteric bacteria with carbapenem

resistance in P. aeruginosa observed to be on the upward trend.
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We determined the presence of multiresistant members of Enterobacterales harboring plasmid-
mediated extended-spectrum p-lactamases mainly of CTX-M and SHV types (that degrade broad-
spectrum cephalosporins) in wastewater. The broad-spectrum p-lactamase producers occurred at a
higher frequency in hospital effluents than in wastewater from other sources. Their presence can
be attributed either to the development of resistance in the source population, and/or its build-up
in the environment through selection pressure as well as resistance dissemination of the phenotype

via horizontal gene transfer.

We established that E. coli isolates from wastewater harbor ESBL of mainly blactx-m-27 Whereas
Klebsiella spp, harbor mainly blacrx-m-1s, blactx-m-30, and blasnv-12 variants. Similarly, Metallo-
B-lactamase VIM-4 was the main enzyme responsible for the inactivation of the carbapenems in
P. aeruginosa from the wastewater. The reporting of blaviv-s in isolates of P. aeruginosa from
wastewater and the same gene variant previously reported from clinical isolates from one of the
healthcare facilities in the city points to a direct connection between resistance in clinical isolates
and their environmental counterparts. On the other hand, detection of blanom in one of the P.
aeruginosa isolates indicates the possibility of the spread of this gene in the environment.

We observe that continuous exposure of the environment to antimicrobial residues may lead to the
emergence of resistant strains, and soil amendment with sewage sludge carrying resistant
determinants may result in the buildup of environmental reservoirs of ESBL and carbapenemase
producing bacteria emanating from the pool of resistance genes circulating in the broad microbial

population entering the ecosystem.

Overall, this study demonstrates the presence of antimicrobial pharmaceuticals in wastewater and
abundance of multidrug resistant enteric bacteria and P. aeruginosa in the same environment. This
wastewater has direct connection to human sources, especially the clinical wastewater where the
resistance prevalence is higher. The hospital effluents discharged into municipal wastewater
network without pretreatment present an ideal vehicle for the carriage of bacteria of both human
and environmental origin harboring antibiotic resistance genes. A proportion of these antibiotic-
resistant Gram-negative bacteria is enriched at the biological reactor as wastewater treatment
progresses. This potentiates a public health threat posed by the disposal of non-decontaminated
digested sewage sludge into the environment for soil amendment because it may expose antibiotic

resistant bacteria and their resistance genes to human and animal hosts. Therefore, it is desirable
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to disinfect such hospital wastewater and subsequently decontaminate the digested sewage sludge
prior to disposal. These would be feasible management strategies to minimize the risk of
environmental contamination with antibiotic resistant bacteria and to slow the progression of
antimicrobial resistance in the environment. The findings of this study demonstrate that monitoring
wastewater of anthropogenic origin presents a promising strategy for generating valuable data
which can be correlated to the prevalence of clinically important resistant bacteria from the source
population and may provide a cheaper alternative in regions (especially low-income countries)

facing challenges that limit clinical surveillance.
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Osszefoglalas

Az antibiotikumok nagy mennyiségii hasznalata miatt az olyan ,,reaktorok”-ban, mint a human
biota, a korhazak, szennyvizek és szennyiztisztitd telepek, a talaj- és szennyviziszapok, az
antibiotikumjelenlét altal okozott szelekciés nyoméas kovetkeztében Kkiszelektalodnak az
antibiotikumokkal szemben rezisztens mikrobdk. Ezen antibiotikum nyomé&s hatéséara a
mikroorganizmusok mar felszerelkeztek, valamint folyamatosan felhalmoznak az antibiotikumok
hatadsanak ellenallé (rezisztencia) géneket (ARG). Ezen veliink é16 mikrobak kozé tartozik a
Staphylococcus nemzetség szamos faja, amelyek a human borfelszinen megtalalhatok, vagy az
Enterobacteriaceae csalad tagjai, amelyek a human bélfléra mikrobiotajanak részei, mint az E.
coli, Klebsiella pneumoniae és Enterobacter torzsek. A kornyezetiinkben, talajban, vizes
kornyezetben és helyiségekben altalanosak az Acinetobacter baumanni, Pseudomonas aeruginosa
valamint a Stenotrophomonas maltophilia baktériumok, ezek torzsei is egyre nagyobb szamban
okoznak az egészségligyi ellatdssal Osszefiiggd (nozokomidlis) fertdzést Magyarorszagon.
Vizsgéalatainkat 2018-ban kezdtik el, amely soran kérhazi szennyvizek, egy &polasi otthon
szennyvizének, valamint a szennyviztelep befolyd szennyvizének, az oxigénes reaktor vizének,
valamint a biogaztartaly fermentorabol tavozd erjesztett szennyviziszapbol vett mintakban
vizsgaltuk kiilonb6z6 osztalyokba tartozd antibiotikumokkal szemben mutatott rezisztenciajat

Escherichia, Klebsiella, Enterobacter és Pseudomonas torzseknek.

A 16 cél az Enterobacterales és Pseudomonas aeruginosa rendbe tartozo széles spektrumu -
laktamaz (ESBL) és karbapenenamdz termelé Gram-negativ opportunista korokozok izolélasa és
jellemzése volt korhazi szennyvizbdl, telepiilési szennyvizbdl €s szennyviztisztitd teleprol
(befolyd, oxigénes reaktor, erjesztett iszap), valamint ugyanazon szennyvizmintakban az

antibiotikumvegytletek jelenlétének és koncentracidjanak meghatarozasa.

A szennyvizmintdkban meghatéroztuk az antimikrobialis hatdanyagok, makrolidok (azitromicin,
klaritromicin), fluorokinolonok (ciprofloxacin, norfloxacin és ofloxacin), szulfonamidok
(szulfadiazin, szulfametoxazol) és trimetoprim, jelentdsen eltéré mennyiségét tapasztaltuk az
antibiotikumoknak a kiilonb6z6 forrasokbol. A mintakban a trimetoprim ¢és fluorokinolonok voltak
a dominans vegyiiletek, foként a korhazi szennyvizekben. A kovetkezd abra a mintavételi helyeket

mutatja be Pécs varosan beldl.
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Legend

O Wastewater treatment plant
Sampling site
¥  Sampling spot
“\— Sewer line
«—— Direction of flow

A mintavételi helyeket &brdzold sematikus diagram. H1-H4, korhazi szennyviz; NH, idOsek
otthona; MWW1 és MWW?2, csak lakosséagi szennyviz; INFL, befoly6é szennyviz; ACSL, aerob
reaktor, eleveniszap; DGSL, rothasztott iszap; WWTP: Szennyviztisztitd telep.

A széles spektrumu cefalosporinokkal (ceftriaxon) szemben rezisztens Gram-negativ baktériumok
2-szer magasabb él6sejtszamat (cfu) mutattuk ki a korhéazi és az apolasi otthon szennyvizében,
0sszehasonlitva a szennyviztisztito telep és a telepilési szennyviz mintaival, mig a karbapenem
(imipenem) rezisztens Gram-negativ cfu érték 8-szor magasabb volt szintén a korhazi és

id6sotthoni szennyvizben, mint a szennyviztisztito telep és a telepulési szennyviz mintaiban.

Osszehasonlitasképpen azonban a ceftriaxonnal szemben rezisztens mikrobak szama minden
mintavételi helyen magasabb volt, mint az imipenemmel szembeni kimutatott rezisztens mikrobak

szama.

Megallapitottuk, hogy széles korben elterjedt a multidrog-rezisztencia az enteralis baktériumok
valamint a P. aeruginosa baktériumok koérében, kiilondsképpen a kérhazi és az egészségiigyi
intézmenyek szennyvizmintaiban, a rezisztens mikrobak aranya az aerob reaktorban és a

szennyviziszap mezofil erjesztése soran tovabb dusult.

Pozitiv korrelaciot allapitottunk meg a szennyvizben talalhato fluorokinolon maradvanyok

(ciprofloxacin és ofloxacin) koncentracioja és a P. aeruginosa izolatumok ciprofloxacin
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rezisztenciaja kozott, ami a szennyvizrendszerekben az antimikrobialis szerek altal létrehozott

rezisztencia lehetséges szelekcidjara utal.

Hasonld rezisztenciaaranyt allapitottunk meg a P-laktam antibiotikumok esetében a
szennyvizmintakbdl izolalt Enterobacterales torzsek kozott (bar ezeket a gyogyszereket tekintik
az antibiotikumterapia gerincének, igy a klinikai gyakorlatban a legszélesebb kérben alkalmazott
antibiotikumok), mint az antimikrobidlis szerek més osztalyainal, nevezetesen a fluorokinolonok,
aminoglikozidok és szulfonamidok esetében, amelyek a plazmid altal kodolt gének szimultan

atviteléhez kothetok.

A sajat és més kutatok eredményei alapjan mondhatjuk, hogy a karbapenemek (imipenem
¢s meropenem) tovabbra is a leger6sebb antimikrobialis szerek az enteralis baktériumok ellen,
mivel szinte ,,extrém” mértékben érzékenyek veliik szemben. Ezzel szemben viszont a P.
aeruginosa torzsek nagyobb szamban mutattak rezisztenciat ezen antibiotikumokkal szemben, s6t
a karbapenem rezisztenciaval rendelkezd P. aeruginosa torzsek szama ndvekvo tendenciat mutat.
Ez azért sajnalatos, mivel ezen antibiotikumokat féleg akkor hasznaljak, ha més hatéanyagokkal

kudarcot vallottak a gyogyitas soran.

Meghatéaroztuk az Enterobacterales multirezisztens torzsekben a plazmidkdzvetitett széles
spektrumt B-laktamazokat, els6sorban CTX-M és SHV tipusba tartozo torzseinek jelenlétét a
szennyvizben. A széles-spektrumi B-laktamaz termel6k nagyobb gyakorisaggal fordultak el6 a
korhazi szennyvizben, mint az egyeb forrasokbol szarmaz6 mintakban. A jelenlétik tulajdonithatd
egyrészt annak, hogy a rezisztencia mar kialakult azokban az egyedekben, amelyek a
forraspopuléciot alkotjak, mint a human mikrobiom, vagy a szennyviz. Kialakulhatott a
rezisztencia a kdrnyezetben, ahol az antibiotikumok jelenléte a szubinhibitori koncentracié miatt
szelekcios nyomast valtott ki, és ezek a mutansok elszaporodtak. Ez altalaban gyakori jelenség az
antimikrobidlis szerekkel terhelt kornyezetben. Ebben az esetben az ESBL géneket hordozd
enterobaktériumok felhalmozodasat jelenti kiilonb6z6 okok miatt, mint pl. a szelekciés nyomas
és/vagy a horizontalis géntranszfer mechanizmusa miatt. Az ESBL géneket hordozé
enterobaktériumok nagy szamanak jelenléte a genetikai cseremechanizmusok, kuldndsen a
konjugéacio révén kovetkezhettek be, ahol az altalunk izolalt baktériumok horizontalis géntranszfer
révén importalhattak ezeket a géneket mas baktériumoktdl ugyanabban a kérnyezetben, ebben az

esetben a szennyvizben.
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Megallapitottuk, hogy a szennyvizbdl izolalt E. coli térzsek az ESBL gének koziil foleg a
blacTx-m-27-t, mig a Klebsiella torzsek féleg a blactx-m-15, blacTx-m-30 €S a blasnv-12 variansokat
hordoztdk. Hasonldképpen a metallo-p-laktaméz VIM-4 volt a f6 enzim, amely felelés a P.
aeruginosa torzsekben a karbapemenek inaktivalasaert. A P. aeruginosa szennyvizbdl szarmazo
izolatumaiban ugyanazt a blavim-s génvaltozatot mutattuk ki, mint amelyet a Pécsi Egyetem
Klinikai Kozpontjaban egy klinikai izolatumban mutattak ki Melegh és munkatarsai (Melegh et
al. 2014a, 2014b). A VIM-4 varianst elészor Libisch és munkatarsai (2006) azonositottak egy
klinikai izolatumban. VIM-4 variéns leirasa ebben a két Gram-negativ baktériumban, mind a
kornyezeti mintabdl (szennyviz), mind a klinikai forasbdl Libisch és Melgh altal (Libisch et al
2006, Melegh et al. 2014b) azt mutatja, hogy kozvetlen kapcsolat van a klinikai kdrnyezetben
kialakult rezisztencia és a kdrnyezetben, a klinikai egységen kivil talalt rezisztencia k6zo6tt. Mivel
a molekularis vizsgalatok meger6sitették a kapcsolatot a klinikai és a koérnyezeti izolatumok
kdzott, valamint a kdrnyezeti rezisztencia klinikai forrasokra vezethetd vissza. Masrészt a blanom

kimutatdsa a P. aeruginosa izolatumok egyikében azt jelzi, hogy a gén elterjedhet a kérnyezetben.

Megfigyeltiik, hogy a kornyezet folyamatos antimikrobialis szermaradvanyokkal torténd
terhelése rezisztens torzsek kialakuldsahoz vezethet, a talaj feljavitasa rezisztens torzseket hordozo
szennyviziszappal pedig ESBL és karbapenemazt termeld baktériumok kornyezeti taroldinak
(Reservoir) felhalmozddasat eredményezheti, amely az Okoszisztéméaba keriild széles

mikrobapopulacioban keringd (cirkulalo) rezisztenciagének készletébdl ered.

Osszeségében ez a tanulmany bemutatja és igazolja az antimikrobiélis hatanyagok és a
multidrogrezisztens enteralis baktériumok, valamint P. aeruginosa torzsek bdségének jelenlétét a
szennyvizben, ugyanabban a kdrnyezetben. Ez a szennyviz kdzvetlen kapcsolatban van az emberi
forrassokkal, kilondsen a klinikai szennyvizzel, ahol a rezisztencia el6fordulasanak gyakorisaga
magasabb. A koérhazak kifoly6 szennyvizének eldkezelés nélkiil torténd kibocsatasa a lakossagi
szennyvizhalozatba idedlis eszkozt jelent az antibiotikumrezisztens géneket hordozd emberi és
kornyezeti eredeti baktériumok széllitasara.  Ezen antibiotikumrezisztens Gram-negativ
baktériumok egy része feldusul a bioldgiai reaktorban a szennyviztisztitas folyamata soran. Ez a
tény felerdsiti azt a kozegészségiigyi fenyegetést, amelyet a nem ferttlenitett erjesztett
szennyviziszap talajjavitas céljabol a kornyezetbe torténd elhelyezése jelent, akkor az lesz az

antibiotikum rezisztens baktériumok és azok rezisztencia genjeinek forrasa, kitéve az emberi és
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allati gazdaszervezeteket ezen mechanizmusoknak. Ezért kivanatos az ilyen korhazi szennyvizek
fertétlenitése, majd az emésztett szennyviziszap fertdtlenitése az artalmatlanitds elott. Ezek
megvalosithatd kezelési stratégidk lennének az antibiotikum-rezisztens baktériumokkal val6
kornyezetszennyezés kockédzatdnak minimalizéldsara és az antimikrobialis rezisztencia
elorehaladasanak lelassitasara a kornyezetben. A tanulméany eredményei azt mutatjak, hogy az
antropogén eredetli szennyvizek monitorozasa igéretes stratégia értékes adatok eldallitasara,
amelyek 0sszefliggésbe hozhatok a klinikailag fontos rezisztens baktériumok el6fordulasi
gyakorisagaval a forraspopuléciobol, és olcsébb alternativat jelenthet a régidkban. Kiléndsen az
alacsony jovedelml orszagokban olyan kihivasokkal kell szembenézni, amelyek korlatozzak a

klinikai feltgyeletet.

(Forditotta: Dr. Gazdag Zoltan)
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11.0 SUPPLEMENTARY MATERIALS

Composition of media applied

Plate Count Agar: For enumeration of live aerobic heterotrophic plate count bacteria. 23.5 g of
plate count agar (5.0 tryptone, 2.5 g yeast extract, 1.0 g glucose, 15.0 g agar, and pH 7.2) were
dissolved in 1 L of deionized water, heated to dissolve with agitation, and sterilized at 121 °C for

15 minutes.

Eosin Methylene Blue Agar: For selective isolation of lactose fermenting enteric bacteria. 36 g
of Eosin Methylene Blue Agar (10.5 g peptone, 1.0 g, lactose, 0.4 g eosin Y dye, 0.065 g methylene
blue, 2.0 g buffer, 13 g agar, and pH 7.0) were dissolved in 1 L of deionized water, heated to
dissolve with agitation and sterilized at 121 °C for 15 minutes. It was amended with 2 pg/mi
ceftriaxone or 8 pug/ml imipenem after cooling to a temperature of 45-50 °C.

Cetrimid Nalidixic Agar: For selective isolation of Pseudomonas aeruginosa. 50 g of Cetrimid
Nalidixic Agar (25.4 g peptone, 10 g potassium sulfate, 1.4 g magnesium chloride, 0.2 g cetrimid,
0.015 g nalidixic acid, 13 g agar, and pH 7.1) were dissolved in 1 L of deionized water and 10 ml
of glycerin added to the mixture as a carbon source. It was heated to dissolve, and sterilized at 121
OC for 15 minutes. The media was amended with 8 pg/ml ceftazidime or 4 ug/ml gentamycin or
0.5 pg/ml ciprofloxacin after cooling to a temperature of 45-50 °C.

Brain Heart Infusion Agar: For purification of bacteria cultures. 37 g of Brain Heart Infusion
Agar (27.5 g nutrient substrate - brain + heart infusion, peptone, 2.0 g glucose, 5.0 g sodium
chloride, 2.5 g buffers, 13.5 g agar, and pH 7.4) were dissolved in 1L of deionized water, heated

to dissolve with agitation and sterilized at 121 °C for 15 minutes.

Mueller Hinton Agar: For antimicrobial susceptibility testing. 38 g of Mueller Hinton Agar (2.0
g, beef extract, 17.5 g, acid hydrolysate of casein, 1.5 g, starch, 17.0 g agar, and pH 7.3) were

dissolved in 1 L of deionized water, heated to dissolve, and sterilized at 121 °C for 15 minutes.

Mueller Hinton Broth: For long term storage of bacterial cultures. 38 g of Mueller Hinton Broth
(2.0 g, beef extract, 17.5 g, acid hydrolysate of casein, 1.5 g, and pH 7.3) were dissolved in 1L of
deionized water, heated to dissolve, and sterilized at 121 °C for 15 minutes. 1.5 ml of the broth
containing 20% glycerol was mixed with 400 ul of bacterial culture suspension grown overnight
in the same broth. The contents were mixed in 2.0 ml Eppendorf tubes and vortexed to disperse
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the cells. The tubes were placed at 4 °C for 2 h for the cellular uptake of glycerol and frozen at —80

OC. All the media were obtained from Biolab laboratories in Budapest.
Solutions and antibiotic solvents

Phosphate buffered saline (PBS: PH: 7.4): 8 g NaCl, 0.2 g KCl, 1.8 g Na2HPO4.2H-0, 0.24 g
KH2PO4 were dissolved in 1000 ml of deionized water with a final pH of 7.4. The solution was
sterilized at 121 °C for 15 minutes.

Phosphate Buffer (0.01mol/L): 1.79 g Na2 HPO4. 12 H>O and 0.689 g NaH2 PO4. H2O were
dissolved in 400 ml of distilled water with a final volume of 500 ml and a pH of 7.2. The solution
was sterilized at 121 °C for 15 minutes.

Polysorbates/Tween 80 (0.19%0): 1000 pl of Tween 80 was added to 1000 ml of Phosphate
buffered saline, pH, 7.4 and the solution was sterilized at 121 °C for 15 minutes.

Sodium Carbonate Solution: Anhydrous sodium carbonate was prepared at a weight of exactly
10% of ceftazidime antibiotic. It was dissolved in the desired volume of deionized water and the

solution was stored at room temperature for up to six hours before use.

Antibiotic stock solutions and working concentrations

Antibiotics added to the bacterial growth media were prepared from the following powdered
antibiotics: vancomycin hydrochloride, ceftriaxone sodium salt hemiheptahydrate, imipenem
powder, ceftazidime pentahydrate, ciprofloxacin powder, and gentamycin sulfate (Merck,
Darmstadt, Germany). Water soluble antibiotics were prepared in sterile deionized water while
water insoluble antibiotics were prepared in their recommended solvents and diluents. The
antibiotics stock solutions are prepared using the formula (1000/P) X V X C = W, where P= potency
of the antibiotic base, V = volume in ml required, C = final concentration of the solution and W =
weight of the antimicrobial to be dissolved in V. The antibiotic mixtures were sterilized through
sterile syringe filter w/0.45 pm cellulose acetate. The filtrate was stored at —20 °C until use. From
the antibiotic stock solutions, the working concentration was mixed with agar previously cooled
to a temperature of 45-50°C before dispensing into Petri dishes. The final concentrations of
antibiotics used were: vancomycin 4 pg/ml, ceftriaxone 2 pg/ml, imipenem 8 pg/ml, ciprofloxacin

0.5 pg/ml, gentamicin 4 pg/ml and ceftazidime 8 pg/ml.
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Matrix solution for MALDI-TOF MS measurement

10 mg ml solution of alpha-cyano-4-hydroxycinnamic acid (HCCA) was solubilized in 1 mL of
50% acetonitrile, 47.5% milli-Q water, and 2.5% trifluoroacetic acid and sonicated for 5 minutes

to dissolve the matrix crystals followed by 5 minutes of centrifugation.

Molecular biology solutions

0.5 M Ethylene diaminetetraacetic acid (EDTA): 186.1 g of disodium ethylenediamine
tetraacetic acid (EDTA.2H20) was added to 800 ml of distilled water, pH 8.0, and topped to 1 L.
25X Tris-EDTA (TAE) buffer: 48.4 g Tris base was dissolved in water, and 20 ml 0.5 M EDTA
pH 8.0 was added. 11.89 ml of 96% acetic acid was added and topped up to a final volume of 400
ml.

1x Tris-EDTA (TAE) buffer: 40 ml drawn from 25x TAE buffer were mixed with distilled water
to a final volume of 1 L.

Lysing solution: 3 % SDS, 50 mM Tris, was prepared by addition of 3 g sodium dodecyl sulfate
and 0.605 g Tris into 80 ml distilled water. 20 ml of the solution was adjusted to pH 12.6 with 2 N
NaOH and topped up to 25 ml.

10x TBE buffer: 108 g Tris and 55 g boric acid were dissolved in distilled water, 40 ml of 0.5 M
EDTA, pH 8.0 added and the solution topped up to 1000 ml.

1x TBE buffer: 100 ml drawn from 10x TBE buffer were mixed with distilled water to a final
volume of 1 L.
1.5% agarose electrophoresis gel: 1.5 g agarose powder (quality grade) was added to 100 ml of

distilled water and heated to dissolve for 2 min and 30 seconds in a microwave oven.

PCR primer pair stock solutions and working concentration

The stock solution of each pair of oligonucleotides was prepared according to the manufacturer’s
instructions. The recommended volume of nuclease free water was added to each of the respective
oligonucleotide pairs to constitute a final concentration of 100 uM. A 10x dilution was used as the

working concentration in each case.
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Table S1. Analyzed antibiotic Mass Spectrometer parameters

Qualifier
Compound CAS Chemical Monoisotopic | Precursor lon
Name Abbreviation | Number Formula mass [m/z] ion [m/z] [m/z]
Azithromycin AZIl 29951717 | C38H72N2012 748.51 375,2 (2+) 296
Ciprofloxacin CIP B2 | CI7HIBFN3O3 | 33113 3322 | 314.1
Clarithromycin CLA 28928615 | C38H69NO13 747.48 748.8 158.2
0114-07-
Erythromycin ERY 08 C37H67NO13 733.46 734.5 83
70458-

Norfloxacin NOR 96-7 C16H18FN303 319.13 320.2 302.2
Ofloxacin OFL 822119 C18H20FN304 |  361.14 3652 | 261.2
Sulfamethoxazole SMZ 723-46-6 | CIO0H11N303S 253.05 254.2 92
Sulfadiazine SDZ 68-35-9 | C10H10N402S 250.05 251.1 156
Tetracycline TET 60-54-8 | C22H24N208 444.15 445.2 410
Trimethoprim TRI 738-70-5 | C14H18N403 290.14 291.2 123.1
Cone SPE
Compound CE | Daughter | CE | Voltage tret recovery
Name Abbreviation | [V] | lon3[m/z] | [V] [V] [min] R? [%0]
Azithromycin AZIl 15 375 15 25 5.9 0.9873 85
Ciprofloxacin CIP 20 245.2 23 25 4.1 0.9906 17
Clarithromycin CLA 10 83 30 25 7.9 0.9956 41
Diclofenac DIC 14 278 8 25 9.1 0.9830 30
Erythromycin ERY 24 116 25 25 7.6 0.9857 19
Norfloxacin NOR 24 276.3 17 25 3.9 0.9901 4
Ofloxacin OFL 17 344 20 25 3.8 0.9636 89
Sulfamethoxazole SMzZ 15 108 24 25 4.1 0.9853 29
Sulfadiazine SDZ 25 25 1.0 0.9857 23
Tetracycline TET 12 154 26 25 3.8 0.9836 22
Trimethoprim TRI 20 261 25 25 3.3 0.9859 52
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Table S2. The diversity, number and percentage distribution of the enteric bacteria (n = 126) and

P. aeruginosa (n = 151) from hospital effluents, nursing home, wastewater treatment stages and

urban wastewater samples.

s . K. K. E. Citrobacter | Total No. P.‘
ource | E. coli . aeruginosa
pneumoniae | oxytoca | cloacae spp (%) No. (%)
H1 8 10 6 2 1 27 (21) 35 (23)
H2 7 6 6 3 3 25 (20) 21 (14)
H3 4 1 0 1 0 6 (5) 12 (8)
H4 7 7 4 1 3 22 (18) 27 (18)
NH 9 1 0 0 1 11 (8) 11 (7)
INF 6 0 0 1 2 9(7) 12 (8)
ACSL 9 1 1 1 0 12 (10) 16 (11)
DGSL 2 0 0 0 3 5(4) 9 (6)
uww 6 0 0 0 3 9(7) 8 (5)
Total 58 26 17 9 16 126 151

Study sites: H1-H4: hospital effluent, NH: nursing home, INFL: influent. ACSL.: activated sludge,

DGSL.: digested sludge, UWW: urban wastewater, E. coli, (Escherichia coli), K. pneumoniae,

(Klebsiella pneumoniae), K. oxytoca, (Klebsiella oxytoca), E. cloacae, (Enterobacter cloacae),

No. (%), number and percentage of isolates.
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Table S3. Sequences, annealing temperatures and product sizes of primer sequences targeting

specified B-lactamase encoding genes.

"o Product  Annealin

oene equence %) size (op) _temp () _ eference
CTX-M-F TTTGCGATGTGCAGTACCAGTAA 544 51 (Edelstein et al. 2003)
CTX-M-R CGATATCGTTGGTGGTGCCATA
SHV-F ATGCGTTATATTCGCCTGTG 865 49 (Wiegand et al. 2007)
SHV-R GTTAGCGTTGCCAGTGCTCG
TEM-F GCGGAACCCCTATTTG 963 56 (Olesen et al. 2004)
TEM-R ACCATTGCTTAATCAGTGAG
IMP-F GGAATAGAGTGGCTTAAYT 232 52 (Poirel et al. 2011)
IMP-R TCGGTTTAAYAAAACAACCACC
KPC-F CGTCTAGTTCTGCTGTCTTG 798 52 (Poirel et al. 2011)
KPC-R CTTGTCATCCTTGTTAGGCG
NDM-F GGTTTGGCGATCTGGTTTTC 621 52 (Poirel et al. 2011)
NDM-R CGGAATGGCTCATCACGATC
OXA-48-F GCGTGGTTAAGGATGAACAC 438 60 (Poirel et al. 2011)
OXA-48-R CATCAAGTTCAACCCAACCG
VIM-F GATGGTGTTTGGTCGCATA 390 52 (Poirel et al. 2011)
VIM-R CGAATGCGCAGCACCAG
SPM-F AAAATCTGGGTACGCAAACG 271 59 (Sheikh et al. 2014)
SPM-R CATTATCCGCTGGAACAGG
VIM primers for PCR amplification
VIM-F GGTCTATTTGACCGCGTCTATC 775 50 This study
VIM-R CTACTCAACGACTGAGCGATTT
VIM-F GTTTGGTCGCATATCG 161 43 This study
VIM-R GGAAGTCCAATTTGCTT
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Table S4. Antimicrobial resistance genes and plasmid replicons detected by next generation

sequencing
antimicrobial susceptibility profile assembly statistics
. . . . . ) 5 < §

strain species isolation site o GEJ g £ g g £ P % 3 S B = cluster

HHIHE I HHERE R

|85/ 3i2 0§28 % & E o 3

TS5 I &l Eloioslo | 5 = s © z

©oj oo 8T E g 135 g <
EC10 |Escherichia coli Hospital efluent-H3] R { R { R {1 R{ S | S ! R | R | R |283752 58 11,554} Gl-a
EC14 |Escherichia coli Hospital efluent-H3] R { R { R { R{ S IS I R {S | R |314,119 60 14,064 Gl-a
EC19 |Escherichia coli Ativated sludge RIRIRIR|S!S!R}| R} R/308162 64 11,403} Gl-a
EC74 |Escherichia coli Nursing home RIRIRIRISI!ISIRI R R]]279930 48 13,541 Gl-a
EC75 |Escherichia coli Nursing home RIRIRIRISIS IR S | R]]241902 45 24,410; Gl-a
EC81 |Escherichia coli Hosptial efluent-H2| R { R | R { R{ S | S | R | S | R |245,977 33 25,285/ Gl-a
EC20 |Escherichia coli Ativated sludge RIRIRIRISISIR S R|182477 33 12,206; G1-b
EC66 |Escherichia coli Hosptial efluent-H4| R { R { R { R{ S IS | R {S | R |188,429 19 12,741} Gl-b
EC11 |Escherichia coli Hospital effluent - H3 ] R R R R S S R R R | 519,759 59 34,711F Gl-c
KP2 |Klebsiella pneumoniaeiHospital effuent-H1| R { R { R | R {1 S ! S | R} S | R |335893 27 62,343] G2
KP6 |Klebsiella pneumoniaejHospital effuent-H1] R { R { R { R {1 S!S I R R | R |337552 27 62,343] G2
KP93 [Klebsiella pneumoniaeiHospital efluent-H2] R {f R I R {1 R { R | S ! R} S | R |317,235 27 58,475f G2
KP96 |Klebsiella pneumoniaeiHospital effluent-H2| R { R { R { R { S | S | R} S | R |349,537 35 58,475f G2
KP4 |Klebsiella pneumoniaeiInfluent RIiIRIRI RIRIS ISR R/|27691 26 47,581 G2
KP45 [Klebsiella pneumoniaejHospital efluent-H2] R { R { R { R { S { S | R R | R |2250949 24 58,475f G2
KP76 |Klebsiella pneumoniaejHospital effuent-H4] R { R { R | R{ S | S | R} S | R |226,186 26 58,475f G2
KP79 |Klebsiella pneumoniaeiHospital efluent - H4 ] R R R R S S R | S R | 226,283 24 19,616 G2
CF102 | Citrobacter freundii Digested sludge RIRIR RISIS!IR R R|547810 48 28,183} G3
KP57 |Klebsiella pneumoniaejHospital efluent-H4] R { R { R /{ R { R /. R ! S | S | R |467,511 37 29,555f G4
KO54 |Klebsiella oxytoca Hospital efluent-H4] R {f R { R { R{ R S | S| R | R |459,323 62 30,268f G5
EC92 |Escherichia coli Hosptial efluent-H1] R { R {1 R { R{ S | S | S} S | R |190,351 17 16,365; G6
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Table S4. Cont’d

plasmid replicons
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Table S5. Primer sequences used for the VIM gene sequencing, their annealing temperature and
the amplicon length.

Annealing
Variant Primer sequences temperature Ampliz:t())g)length
°C)

rs662799 F: 5’-CCCCAGGAACTGGAGCGACCTT-3’ 55 398
R 5’>-TTCAAGCAGAGGGAAGCCTGTA-3’

rs2266788 F: 5’-TCAGTCCTTGAAAGTGGCCT-3’ 64 287
R: 5’-ATGTAGTGGCACAGGCTTCC-3’

rs3135506 F: 5°-AGAGCTAGCACCGCTCCTTT-3’ 64 256
R: 5>-TAGTCCCTCTCCACAGCGTT-3’
F: 5’-CTCAAGGCTGTCTTCAG-3’

rs2072560 62 280

R: 5’>-CCTTTGATTCTGGGGACTGG-3’
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Table S6 (a). Samples of MALDI-TOF/MS run data of enteric bacteria and P. aeruginosa.
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IH-E@*EM -'Lh'lnlﬂ;lri:l ! asmginesa Psendemonas asruginesa
iH-E':Jé(C) -Lqulads.,.q;. Elebsiells caiae lebsialla ariae
P e T Klebsislls pneumonine Lebislla onine
i-i—!—!-q'f,":} gongid) Psaudomonns aemginosn Pseudemipnas asruzinosa
(+++0 (A -:uulw?m-\dj Preudemonas asraginesa Deeudemenas asruginesa
[+ (A {unidsu\d:. Preudomonas asmginosa Preudemonas asruginosa
[-l—!il;]jﬂpl] {uu];guaj Pueiidomonas asmginosa Pseudomonas asruginoa
[-i—&]jlcm (etadnrd) Preudomnonas nemgieosn Dueuden:onas asrugises

REELN Ol tid e=Ccaninued an nex! page

Repor! crexles 30 2099-00-20T12:2 5058
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Table S6 (b). Detailed examination data of the A10 P. aeruginosa sample from the Maldi

database.

Run Idaniifar 190625-1226-1011012091 Run Creation DateTime: 2019-05-28T12:27.51.173

Sample 10

Sample Name:
Sample Description:
Sample ID:

Sample Creation Date/Time:

Sample Type:
Identification Method:
Preprocessing Method:
ACQ Method:

ACQ Timestamp:
AutoXecute Method:
Applied MSP Librarylies):

BRUKER

AlD
2019-06-28T12:27:51.25¢
Standard
MALDI Biotyper MSP [dentification Standard Method 1.1
MALDI Biotyper Preprozessing Stardard NMethod 1.1
D:'Methods flexControlMethods MBT _FC.par
2019-06-28T12:29:50.095
MBT_AuwtoX_smart_2

contains 7311 MSPs ! 41leaddf-acSe-4648-afdc-73fcddBd7777 / 2017-08-

BDAL .

2ITI718: 16,772, Mycobacteria Library d method) | contains 212 MSPs !
$409d296-74a5-4733-540d-53259 7686525 ; 201 7-08-22T 1 7:57.08. 363, Filamantons
?u% u’“;cuj';téa;;ﬂ MEPs /5857034l -a52d-9a22-3aac-deccfaB60bS 201708~
22 435,

(G'l‘lai?ik'ﬂ / "\h\d Pattern 3:" | neBi
4 Pueadomonns aeriginoss ATCC 27853 THL 287
(_L) Pseudomariay aeruginosa DM 50071T_QC DEM 287
P Pseudomotias aeruginosa DSM 500717 HAM 207
1y Psevdaonas aenuginosa 19955_1 CHB 197
P Pseudomonas aeruginosa DSM 1117 DEM 287
(.L) Psendomonas aeruginosa 8147_2 CHB 287
PR Pseudomonas seruginesa LMG 8029 LMG 287
v Psesicomonas nerugiosa AD7_0S_Puda FLR 287
v Pseydomanas awmiginoss DSM 1128 DSM 287

Result tadle for sample 10-CoNNNLUE0 On nexipage \

Repcrt creates a 2019-09-207T12:25.58 Researcn Use Only Page 3& of 207
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Bruker MALDI Biotyper
Identification Results

Run Info:

Run Identifier:
Comment;
Operator:

Run Creation Date/Time:

Number of Tests:
Type:

BTS-QC:

BTS-QC Position:
Instrument 1D:
Server Version:

Result Overview

191129-1305-1011011 983

tof-user

2019-11-29T13:12:02. 438

08
Standard
not prevent

8260944.03146

C o)
BRUKER
{26

4.1.70 (PYTH) 48 2016-10-26_13-05-35

Sample Score| Organism d-best | Score
Dmr': Sample ID "L.":\f\""“") Value s "'M: V(lu
: l Stenotophomonts maltophi:a Stenogopliomagas waitopilia
() (B) (standard)
= 2 Klebsislia prenmoniag Kisbsialn preunonias
(++=) (A} {standard)
- 2 Stenotrophomonas maltophilia Stenogophomonas maitophilia
(+=9(C) | (stmdaxd) |
(,_',é)i(c) '(min " Ochrobactrum anthropi Ochrobactrum anthropi
5 4 ; =N
(++=)(A)| (ktandard) Escherichia colt -Sscherichia coli
A > Aeromonas hydrophuls Aeromonas hydzophila
(+==)(A) | (standard) .
& g Aeromonas hydropiula Aerowonas avdrophila
(++=) (A} (standard)

Result overview fable-—-coninued on next page

Report created al 2016 11-28T13.23 41
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Run Identifier 191128-1305-1011011885

Table S6 (c). Detailed examination data of the A5 E. coli sample from the Maldi database.

Run Creaton Date/Time: 2010-11-20713:12:02 438

Sample 5

Sample Name:
Sample Description:
Sample 1D:

Sample Creation Date/Time:

Sample Type:
Identification Method:
Preprocessing Method:
ACQ Method:

ACQ Timestamp:
AutoXecute Method:
Applied MSP Library(ies):

k o )
BRUKER
. .25

4
2018-11-29T13:12:02.463

Standard

MALDI Biotyper MSP Identification Standard Method 1.1
MALDI Biotyper Preprocessing Standard Method 1.1
D:‘Methods'flexControlMethods MBT_FC par
2019-11-29T13:13:15.850

MBT_AutoX_smart

BDAL / contains 7311 MSPs / 41 leaddf-ac6a-4648-afdc-73fcdd8d7777 / 2017-08-
21T17:19:16.779, Mycobacteria Library (bead method) / contains 912 MSPs /
8499d296-74af-4783-540d-53a997f865a5 / 2017-08-22T17.57.:09.363, Filamentous
Fungt / contains 364 MSPs / 3887e341-a4ad-4a22-8aac-de2ccfad6ch0 / 2017-08-
22T19:34:35.083

Rank /—}“‘{ sco ’\
tched Pattern NCBI | ifier
(Quality) ey Val phessing
(4-}-?) Escherichia col RV412 Al 2010 063 LBK 262
2 ; A 3
ke Eschenchix coli DSM 1576 DSM 362
k) :
(++) Eschenchia coh MB11464 1 CHB 362
& Bscherichia coli B421 UFL 562
() scherichia coli B42 362
) Escherichia coli DSM 682 DSM 562
¢ :__, Escherichia coli Nissl VML 562
; J_ﬂ coli ATCC 35218 C 562
§ 15929 3
) 362
(+3-) Escherichia coli DSM1103_QC DSM 362
Result table for sample 5--continued on next page
Report created at 2018-11-28712:33:41 Research Use Only Page 25 of 208
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Run Identifier: 191128-1205-1011011885 Run Creaton Date/Time: 2018-11-20T13:12:02 438

Meaning of Score Values

Range Interpretation Symbols Color
2.00-3.00 =) green
170199 0| yellow
0.00-169 (=) red

Meaning of Consistency Categories (A - C)

Category Interpretation

High consistency: The best match 15 a high-confidence identification. The second-best match1s (1) a
(A) high-confidence identification in which the species 15 identical to the best match, (2) a low-confidence
wlentification in which the species or genus 1s identical to the best match, or (3) a non-identification.

Low consistency: The requirements for high consistency are not met. The best match 1s a high- or low-
(B) confidence ident:fication. The second-best match 15 (1) a high- or low-confidence identification in
which the genus is identical to the best match or (2) a non-identification.

(C) No consistency: The requirements for hizh or low consistency are not met.

Report created at 2010-11-20713:33:41 Research Use Only Page 16 of 20!
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Reference gene >AY135661.1 Pseudomonas aeruginosa class 1 integron metallo-beta-lactamase
(b1aviv-4) gene, complete cds whose sequence similarity was compared to the VIM gene from P.
aeruginosa isolates

CGATGTTACGCAGCAGGGCAGTCGCCCTAAAACAAAGTTATGCCGCACCCACCCCTATGGA
GTCTTGATGTTAAAAGTTATTAGTAGTTTATTGGTCTACATGACCGCGTCTGTCATGGCTGTC
GCAAGTCCGTTAGCCCATTCCGGGGAGCCGAGTGGTGAGTATCCGACAGTCAACGAAATTCC
GGTCGGAGAGGTCCGACTTTACCAGATTGCCGATGGTGTTTGGTCGCATATCGCAACGCAGT
CGTTTGATGGCGCGGTCTACCCGTCCAATGGTCTCATTGTCCGTGATGGTGATGAGTTGCTTT
TGATTGATACAGCGTGGGGTGCGAAAAACACAGCGGCACTTCTCGCGGAGATTGAAAAGCA
AATTGGACTTCCCGTAACGCGTGCAGTCTCCACGCACTTTCATGACGACCGCGTCGGCGGCG
TTGATGTCCTTCGGGCGGCTGGGGTGGCAACGTACGCATCACCGTCGACACGCCGGCTAGCC
GAGGCAGAGGGGAACGAGATTCCCACGCATTCTCTAGAAGGACTCTCATCGAGCGGGGACG
CAGTGCGCTTCGGTCCAGTAGAGCTCTTCTATCCTGGTGCTGCGCATTCGACCGACAATCTG
GTTGTATACGTCCCGTCAGCGAACGTGCTATACGGTGGTTGTGCCGTTCATGAGTTGTCACG
CACGTCTGCGGGGAACGTGGCCGATGCCGATCTGGCTGAATGGCCCACCTCCGTTGAGCGGA
TTCAAAAACACTACCCGGAAGCAGAGGTCGTCATTCCCGGGCACGGTCTACCGGGCGGTCTA
GACTTGCTCCAGCACACAGCGAACGTTGTCAAAGCACACAAAAATCGCTCAGTCGCCGAGT
AGCA
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