Beurteilung von AusbaumafRnahmen in Klaranlagen zuVerringerung der
Ausbreitung von fakultativ pathogenen Antibiotika-resistenten Keimen in

Oberflachengewassern

Zur Erlangung des akademischen Grades einer
DOKTORIN DER NATURWISSENSCHAFTEN
von der Fakultat far

Bauingenieur-, Geo- und Umweltwissenschaften

des Karlsruher Instituts fiir Technologie (KIT)
genehmigte
DISSERTATION
von
Dipl.-Geodkol. Stefanie HelR

aus Landau

Tag der mundlichen Prufung: 13.02.1015
Referentin: Prof. Dr. Claudia Gallert

Korreferent: Prof. Dr. Josef Winter

Karlsruhe 2015






Kurzfassung
Die Dissemination von Antibiotika-Resistenzen gi eine der gré3ten

Bedrohungen der menschlichen Gesundheit des 2Irhulaterts.
Wahrend die Resistenzsituation in der Klinik gutemsucht ist und
permanent Uberwacht wird, ist wenig Uber die Vdtbng von
Antibiotika-resistenten Bakterien und Resistenzoeiganten im
aquatischen Okosystem bekannt. Uber Abschwemmungemit Giille
gediungten Feldern und die Einleitung von gereimigtdbwasser
werden Oberflaichengewédsser chronisch mit  Antibégtikderen
Metaboliten sowie Antibiotika-resistenten KeimenduResistenzgenen
belastet, woraus ein potentielles Gesundheitsrigkaltiert. Thema der
vorliegenden Dissertation ist es, die Resistenasdn in fakal
belasteten Oberflachengewassern zu erfassen undchiedene
Abwasserreinigungstechnologien beziglich ihrer Hationsleistung
von fakultativ pathogenen und Antibiotika-resiseant Keimen zu

bewerten.

Der Nachweis von gegen Reserveantibiotika-resiste Btakterien und
klinisch relevanten Resistenzdeterminanten méeA undblactx.y Uber
den gewahlten kulturbasierten Ansatz zeigt, dassedi- wenn auch im
Vergleich zur Klinik in einer geringeren relativétaufigkeit — in der
aquatischen Umwelt prasent sind. Im Gegensatz inisghen Isolaten
zeigten aus der Umwelt isolierte Staphylokokkenteselhigh-level
Resistenzen, sondern eine haufig nicht konstitutifeén regulierte
Expression der Resistenzgene. Insgesamt war diergi&t vonerm-
Genen, resultierend in einer Vielzahl von Phanatype der Umwelt

deutlich groRer als die aus der Klinik berichtete.



Anhand der gefundenen Speziesverteilung der Stakbikken im
Oberflachengewésser war es moglich qualitativ Zwascden einzelnen
Eintragsquellen zu differenzieren. Als eine effe&tiMoglichkeit, die
erhéhte Konzentration an fakultativ pathogenen uidtibiotika-
resistenten Keimen nach Starkregenereignissen imviafilen
Okosystem zu verringern, stellte sich die Leitureg chit Niederschlag
verdiinnten Abwassers, das aufgrund der Kapazitgtséihreitung nicht
in der Klaranlage behandelt werden kann, Uber einen
Retentionsbodenfilter heraus. Die derzeit als gi€einigungsstufe in
Klaranlagen getestete Ozonung mit nachgeschalkétieation konnte
die Konzentration an fakultativ pathogenen und Biotika-resistenten
E. coli, Enterokokken und Staphylokokken im Klaranlageaablum
etwa eine log-Stufe reduzieren. Anhand von Labaegrpenten konnte
gezeigt werden, dass Antibiotika-Resistenz pericet wirekt mit einer
geringeren Empfindlichkeit gegeniber Ozon gekoppsit und die
teilweise beobachtete Zunahme des Anteils resatdnt coli- und
Staphylokokken-Isolate wéahrend der Ozonung mulskhuerklart

werden muss.

Anhydroerythromycin, ein Metabolit mit einer verhéissigbar
geringen antibiotischen Wirkung, kann eine Kreuigtesaz gegen drei
verschiedene Antibiotika-Klassen induzieren. Dagichen picomolare
Konzentrationen, die praktisch ubiquitér in der atachen Umwelt
gemessen werden, aus. Das bedeutet, dass sogaupibibakte die
Expression von Resistenzen beeinflussen und mégliise einen
Austausch von Resistenzgenen férdern bzw. zur ipesitSelektion
resistenter Keime beitragen. Dies verdeutlicht, wiechtig es ist,

Abwasserreinigungsverfahren weiter hinsichtlicherhrEliminations-



leistung von Antibiotika, deren Metaboliten sowienv fakultativ
pathogenen und Antibiotika-resistenten Keimen zrbessern, damit
auch in Zukunft noch wirksame Antibiotika zur Thegi& von

Infektionen zur Verfigung stehen.






Abstract

Antibiotic resistance is one of the most serioualthethreats of the 21

century. Whereas resistance levels are permansamgyed in hospital,
little is known about the fate and the behavioraatibiotic resistant
bacteria living in aquatic environments. There ishaionic release of
antibiotic resistant bacteria and resistance det@mbs into receiving
water bodies due to erosion of fields fertilizedhamanure and effluents
of sewage treatment plants, which is connected aitisk potential for
human and animal health. The present thesis addrdbge resistance
levels in fecal contaminated surface waters anduates advanced
sewage treatment technologies concerning their imdition of

facultative pathogenic and antibiotic resistanttéaa.

The detection of bacteria with resistance agaasttresort antibiotics as
well as of clinically relevant resistance genes likecA or blacy.y With

the chosen culture-based approach shows that tteey- albeit in a
lower frequency compared to hospital — present he tquatic
environment. In contrast to clinical isolates stdpbocci obtained from
the aquatic environment revealed only rarely higfel resistances but a
frequently not constitutive expression of resistajgnes possibly
adapted to the subinhibitory antibiotic concentragi in their habitat.
The diversity oferm-genes resulting in a variety of phenotypes was

higher in river water than in hospital.

Based on species distribution oftaphylococcus, a qualitative
discrimination between the different contaminatiGources was
possible. In case of storm, when the capacity efsawage treatment

plant is exceeded, leading the sewage diluted stithm water through



retention soil filters would be an effective optitmreduce numbersf
facultative pathogenic and antibiotic resistant tbaa in fluvial
ecosystems. Ozonation with downstream filtratioradganced sewage
treatment technology led to a further reductioiacltative pathogenic
and antibiotic resistanE. coli, enterococci and staphylococci in the
effluent of the sewage treatment plant in the omfeone log-decade.
Experiments simulating the ozonation-step in thetatory showed that
antibiotic resistance is not directly connectedhvétreduced sensitivity
against ozone; susceptibility against oxidativesstris determined by

several factors.

The detection that picomolar concentrations of anbgrythromycin,

which can be almost ubiquitous measured in aquaticGronments, are
able to induce cross-resistance against threeregliffeantibiotic classes
shows that even metabolites in very low concemnati effect the
expression of resistances, may trigger the dissaioim of resistance
genes and may select for antibiotic resistant biactd@hese findings
indicate the importance of further improvementss@wage treatment
technologies focusing on elimination of antibiotitteir metabolites and
facultative pathogenic and antibiotic resistanttéaa in order not to

lose antibiotics as an effective option to tre&tdtions.
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1. Einleitung

1.1 Motivation und Fragestellung

Antibiotika zahlen zu den wichtigsten Entdeckungder Medizin
(Gullberg et al., 2011) und sind seither ein nictehr wegzudenkender
Bestandteil in der Therapie von bakteriellen Infehén. So wurden
2011 in Deutschland mehr als 2.300 Tonnen Antikéotverabreicht,
wovon 600-700 Tonnen in der Humanmedizin und 1.766nen in der
Veterindrmedizin verbraucht wurden (GERMAP 2012 Bntdeckung
neuer und die chemische Modifikation bereits bekamAntibiotika ist
notwendig, da etablierte Antibiotika ihre Wirkungfgrund der rasanten
Verbreitung von Antibiotika-Resistenzen verliereawb bereits verloren
haben. Als 1940 das von A. Flemming 1928 entdeéldaicillin als
Medikament zugelassen wurde, waren bereits Peénask-
produzierende Bakterien bekannt (Davies&Davies0204001, ein Jahr
nachdem Linezolid als Antibiotikum der neuen Artiila-Klasse der
Oxazolidinone eingesetzt wurde, wurden erste Bezidiber Linezolid-
resistenteStaphylococcus aureus publiziert (Tsiodras et al., 2001). Die
Dissemination von Antibiotika-Resistenzen gilt ame der groten
Bedrohungen fir die menschliche Gesundheit im 2dhrhiindert
(WHO, 2014). Legt man die Abrechnungsdaten deutsche
Krankenhduser einer Abschatzung der Inzidenz vdakfionen mit
multiresistenten Erregern zugrunde, wird die Relevdieser Thematik
deutlich: 2013 wurden 15.000 Infektionen mit Metiltiic-resistenten
Saphylococcus aureus (MRSA), 13.750 Infektionen mit Vancomycin-

resistenterk. faecium oderE. faecalis (VRE) sowie 9.500 Infektionen



mit Extended-spectrum-3-Laktamase-produzierenBscherichia coli
(ESBL) gemeldet, wobei durch jede auf einer Intestsition erworbene
Infektion mit einem solchen Erreger zusatzliche t€nszwischen
13.725 und 30.000 Euro anfielen. Nach einer Siatistles
Gesundheitsministeriums sterben jahrlich fast gemauele Menschen
an Infektionen mit Antibiotika-resistenten Bakterieie durch Alkohol-

und Drogenmissbrauch zusammen (Biermann et al4)201

Wahrend das Resistenzniveau und -verhalten in dénikK gut
untersucht ist und permanent tberwacht wird, isttikewenig dartiber
bekannt, wie sich diese humanpathogenen, Antildatdsistenten
Keime, die beispielsweise Uber Abwasser in die #@sglee Umwelt
gelangen, im Okosystem verhalten. Moglicherweisedwdurch die
chronische Belastung von Gewassern, die haufig awdb
Trinkwasserreservoir oder zur Erholung genutzt werd mit
multiresistenten Bakterien ein Reservoir flr Ardiika-Resistenzgene
generiert, dessen potentielles Risiko fur die melidte und tierische

Gesundheit derzeit nicht abschétzbar ist.

Diese Fragestellung aufgreifend, beschétftigt siehvdrliegende Arbeit
mit der Effizienz verschiedener erweiterter Abwassaigungs-
technologien, wie beispielsweise Ozonung oder Akitite-Filtration,
bezilglich der Elimination fakultativ-pathogener unfintibiotika-
resistenter Bakterien. AufBerdem wird, um den Effeddlcher
MalRnahmen abschatzen zu konnen, die Belastung von
Oberflachengewéssern, in welche Klaranlagenablaefageleitet
werden, hinsichtlich der Konzentration fakaler katbrorganismen und

Staphylokokken sowie deren Resistenzsituation sntdt.



1.2 Antibiotika-resistente Bakterien in der aquaten Umwelt

Wichtige 6kosystemare Funktionen von Oberflacherégsern sind ihre
Nutzung als Trinkwasserreservoir, zur Bewasserangwirtschaftlicher
Nutzflachen und zur (Nah-) Erholung. Um aquatisGiesysteme zu
schitzen, eine Akkumulation von Schadstoffen zthimglern und die
Biodiversitat zu erhalten, wurden in den letzterhrda mehrere
Richtlinien auf europaischer (Europaische Wassereatnichtlinie) wie

auch auf internationaler Ebene (Water Safety P dHO) erlassen.

Das aquatische Okosystem z&hlt zu den wichtigseehsraumen von
Bakterien (Vaz-Moreira et al., 2014) und gilt aldeutendes Reservoir
fur Antibiotika-Resistenzgene (Baquero et al., 2008iele heute
bekannte Antibiotika werden von Mikroorganismen dumert und
fungieren als Boten- und Signalstoffe (MartineZ)@0 Um sich vor den
von anderen Mikroorganismen produzierten Substarmzerschiitzen,
entstanden/entstehen ,Abwehrmechanismen®. AntkdsResistenzen
sind mutmaflich in der Umwelt entstanden und eistn bereits in der
pra-antibiotischen Ara (Martinez, 2008), wobei kisBehr wenig iiber
das naturliche Resistenzniveau und die RegulatorRésistenzgene im

aquatischen Okosystem bekannt ist.

Aufgrund des massiven Einsatzes von Antibiotika aodwin der
Human- als auch in der Veterindrmedizin werden @éehrengewasser
chronisch mit Antibiotika, deren Metaboliten sowi&ntibiotika-
resistenten Keimen und Resistenzdeterminanten tbela&ntibiotika
werden in der Tiermast dem Futter der Tiere mit déeh beigemischt,
deren Wachstum zu férdern (seit 2006 in der EU ateri) bzw. den

Ausbruch/die Ausbreitung von Krankheiten zu verlimd Durch diesen



Kapitel 1

Selektionsdruck erwerben zur natirlichen Flora getde Bakterien
Multiresistenzen, die dann Uber die AusscheidundemTiere und die
Dingung agrarisch genutzter Flachen in den Bodew. biber
Oberflachenabschwemmungen in Gewasser gelangenibidiikia

werden mit gleichen Zielen in Aquakulturen eingeseind finden —
wenn auch in geringerem Umfang — Anwendung alsn2éaschutz-
mittel (Abb.1.1).

- Pravention und
Behandlung von
Krankheiten

- Leistungssteigerer

Pflanzenschutz-
mittel

Naturschutzgebiet
Eriskircher Ried

Abb.1.1: Eintragspfade von Antibiotika, deren Metliten sowie Antibiotika-resistenten
Keimen und Resistenzdeterminanten in die aquatischeelt

(Quellen: Karte: Kartharina Peschke, Universitabihgen; Mapdata: ©OpenStreetMap contributors,
license: http://opendatacommons.org/licenses/die¢)/ Bilder:

Singschwéne:http://www.suedkurier.de/storage/pisZskol/lokales/news/bodensee/friedrichshafen/19
39225_1_frx_26_Eriskircher_Ried__Foto_.jpg; Erdbeerfeld:
http://geo.hlipp.de/photos/01/07/010770_21a6d2@b.jp Kuhe: http://bilder.t-
online.de/b/63/00/84/84/id_63008484/tid_da/kuehestall.jpg)
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Neben der Landwirtschaft ist die Einleitung von #éldlagenablauf
(gereinigtem Abwasser aus Krankenhausern, Alted- Rftegeheimen,
Siedlungen, Schlachthéfen, Industrie etc.) als eiméchtige
Eintragsquelle von Antibiotika und Antibiotika-re@nten Keimen in
Oberflachengewésser zu nennen. Zur Behandlung riElde
Infektionen werden Antibiotika in der Klinik und eali Therapie
weiterfihrend dann Zuhause eingenommen und gelangén
Muttersubstanz oder Metabolit zusammen mit Bakteriedie
moglicherweise als Folge der Therapie Resistenzemrben haben,
Uber das Abwasser in die Klaranlage. Letztere, dmd vor allem das
Belebtschlammverfahren, werden aufgrund optimalexdiBgungen
(hohe Bakteriendichte, hohe Nahr- und Sauerstoff&otration) als ,hot
spots® fur den intra- und interspezifischen Austdws von
Resistenzgenen diskutiert (Jury et al., 2013). \@emials 5% der
Antibiotika-Resistenzgene sind chromosomal deteiartin (Nwosu,
2001), der Grofteil liegt also auf mobilen genétist Elementen
(Plasmiden, Transposons, Genkassetten-Integroms)beir Konjugation
(Ubertragung durch direkten Zellkontakt) tbertrageerden kénnen.
Als weitere Verbreitungsmechanismen sind TransftiomaAufnahme
freier DNA) sowie Transduktion (Ubertragung durchkBeriophagen)
zu nennen. Ob und mit welcher Frequenz horizont@entransfer
stattfindet bzw. inwieweit Antibiotika-resistente aBerien positiv
selektiert werden, ist neben den genannten Faktaaoh von
abiotischen Parametern wie pH-Wert, Lichtverha#ers oder
Salzkonzentrationen abhangig. Diskutiert wird aucimwieweit
subinhibitorische Antibiotika-Konzentrationen zurendreitung von
Resistenzdeterminanten und zur Rekombination bawst&hung von

Resistenzen durch spontane Mutationen fuhren (Sthwa al., 2003),



bzw. es durch Metallkonzentrationen oder bestimBuéstrate, deren
Resistenzen bzw. Enzyme fir deren Verwertung aufseéen
genetischen Element determiniert sind, zu einerS€lektion kommt
(Baker-Austin et al., 2006).

Darlber wie sich die Uber die verschiedenen geeankintragswege
(Abb. 1.1) emittierten Antibiotika-resistenten Bailten in der
aquatischen Umwelt verhalten, st derzeit wenig abek
Moglicherweise kommt es — stimuliert durch die iar caquatischen
Umwelt detektierbaren subinhibitorischen AntibiatiKonzentrationen
— zu einer Ubertragung von Resistenzgenen auf hiltoce
Mikroorganismen mit der Konsequenz einer Generigruaines
Antibiotika-Resistenzgenpools, verbunden mit einalarzeit nicht
einschatzbaren gesundheitlichen Risiko (Baquerd. e2008; Czekalski
et al., 2012).

1.3 Aufbau der Arbeit

Die vorliegende kumulative Dissertation beginnt miiher thematisch
hinfihrenden Einleitung, die sich mit der RelevaAntibiotika-
resistenter Keime in der Humanmedizin und der dafaus ergebenden
Fragestellung beziiglich deren Dissemination inadgratischen Umwelt
beschéftigt (Kapitel 1). AnschlieRend folgt einerdal Vorstellung des
Arbeitsgebietes sowie den zur Beurteilung der [fiz der
verschiedenen Klartechniken bezuglich der Elimoratifakultativ
pathogener Keime ausgewahlten Bakteriengattunged den zur
Bestimmung des Resistenzniveaus ausgesuchten étikib(Kapitel 2).

Die nachfolgenden Kapitel (Kapitel 3, 4, 5, 6, 7du8) fokussieren



Teilaspekte der Fragestellung, wobei zu Beginnjel@siligen Kapitels,
dessen Inhalt in den Kontext der Fragestellungesirinet wird und die
wichtigsten Ergebnisse in Stichpunkten zusammesgefaerden, bevor
das reproduzierte Manuskript abgedruckt wird. DieKiapitel 3, 4, 5
und 7 abgedruckten Manuskripte sind bereits vendiftdt; das in
Kapitel 6 abgedruckte Manuskript ist zur Verofferitung eingereicht.
In Kapitel 8 werden bisher nicht publizierte Ergmise zu den
Untersuchungen beziglich der Keimbelastung undsRasisituation im
Freiland dargestellt und hinsichtlich des Einflisssen Klaranlagen auf
fluviatile Okosysteme diskutiert. In der sich arsbenden Synopse
(Kapitel 9) werden die Ergebnisse, die in den vgesyangenen Kapiteln
diskutiert wurden, verknipfend dargestellt undaheaus resultierenden
Schliisse gezogen.






2. Hintergrund

Nachfolgend werden kurz das Arbeitsgebiet sowiezdie Beurteilung
der Eliminationsleistung fakultativ pathogener Balgn gewahlten
Gattungen und die zur Charakterisierung der Rewistiation

getesteten Antibiotika vorgestellt.

2.1 Rahmen der Arbeit und Arbeitsgebiet

Die vorliegende Arbeit wurde im Rahmen von ,Schugdeivplus’,

eines von 12 Projekten, die im Rahmen der Férdenatafde
.Risikomanagement von neuen Schadstoffen und Kreitddrregern“
(RiSKWa), die vom Bundesministerium fir Bildung umrschung
initiiert und Uber drei Jahre (2012-2014) finanzigurde, durchgefiihrt.
Ziel des Projektes war es, verschiedene Abwaseayteigs-
technologien in Mischentwésserungssystemen beziigiies Potentials
zur Reduktion von Mikroverunreinigungen und Keinmnuntersuchen,
um die Gewasserqualitdit des Bodenseezuflusses sschuseiter zu

verbessern.

Die Schussen, ein etwa 1,6 km nérdlich von Bad Safnried
entspringender und nach einer Fliel3strecke von ed@akm bei
Eriskirch in den Bodensee mundender Fluss, entwésseGebiet von
815 knf. Das damit groRte Einzugsgebiet aller baden-
wirttembergischen Zuflisse zum Bodensee ist im @2 zum
Einzugsgebiet der Argen, die im Rahmen des Prgjekts weniger

anthropogen beeinflusstes Referenzgewasser bepnaiole, mit 11%



Siedlungsflache und rund 200.000 Einwohnern reldioht besiedelt.
Die Entwasserung der Siedlungsbereiche erfolgt tsaaplich Gber ein
Mischkanalsystem; insgesamt 20 kommunale  Klaranlage
unterschiedlicher Ausbaugréf3e und technischer Attesiy, an welche
etwa 98% der Haushalte angeschlossen sind, sowie @s 100
Regenlberlaufbecken schlagen (gereinigtes) Abwaskekt oder
indirekt in die Schussen ab. Mit einem mittlerenflAss von 11 rifs
liefert die Schussen circa 5% des Zuflusses inRetensee (Auerbach
et al., 2009), der als Trinkwasserreservoir fir dlibhen Menschen in

320 Stadten und Gemeinden genutzt wird.

Im Rahmen des Projektes wurden funf Testsystemes, Kléranlagen
unterschiedlicher Ausbaugrof3e sowie ein Regeniifbdaken und ein
Retentionsbodenfilter, untersucht, die in der nelgehden Tabelle
(Tab. 2.1) und den FlieBschemata (Abb. 2.1) kusclweeben werden.



Tab. 2.1: Charakterisierung der Testsysteme

Testsystem

GroRRe

Getestete MalRnahme(n)

Klaranlage Ravensburg-

Langwiese

170.000 EGW

- Aktivkohlefiltration
(pulverisiert; grof3technisch)

Klaranlage Eriskirch

50.000 EGW

- Flockungsfilteati
(groRtechnisch)
- Schnellsandfiltration nach
Ozonung (Pilotanlage)
- Aktivkohlefiltration
(granuliert) im Anschluss an
Ozonung (Pilotanlage)
- Kombination aus Sand- und
Aktivkohlefiltration
(granuliert) im Anschluss an
Ozonung (Pilotanlage)
- Aktivkohlefiltration
(granuliert; ohne vorherige

Ozonung; Pilotanlage)

Klaranlage Merklingen

2.300 EGW

Ozonung vor
Langsamsandfiltration
(groR3technisch)

Regentiberlaufbecken
Mariatal

10.700 m

Schraglamellenklarer

(Teilstrombehandlung)

Retentionsbodenfilter

Tettnang

2.000 m

(EGW: Einwohnergleichwert)
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Hintergrund

| d) Regeniiberlaufbecken Mariatal

Klaranlage RV-
Langwiese

Regeniiberlauf-
becken

l ¢) Retentionsbodenfilter Tettnang

Kliranlage
Eriskirch

Regeniiberlauf-
becken

Retentionsbodenfilter

Abb. 2.1: FlieRschemata der finf Testsysteme: ajafllage Ravensburg-Langwiese, b)
Klaranlage Merklingen, c) Klaranlage Eriskirch, Regenuberlaufbecken Mariatal, €)
Retentionsbodenfilter Tettnang. ,Neue* Abwasseigeingstechnologien sind mit roter
Farbe markiert.

(Quellen der Bilder: Schilf: http://www.rieselfelderindel.de/uploads/pics/Schilfwald_JA.JPG; Sand:
http://www.trikkiworld.com/images/bg/bg_sand/25012¢sand006.jpeg; Aktivkohle:
http://hajoon.de/wp-content/uploads/2013/12/Aktikleopng)
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Die Schussen wurde auf ihrer FlieRstrecke zwisdRawensburg und
der Miindung in den Bodensee, in der auch die untbtsn Kléaranlagen
Ravensburg-Langwiese und Eriskirch sowie das Rdgmfaufbecken
Mariatal ihren Ablauf in die Schussen einleiten, Rahmen von 8
Probenahmen an vier Stellen bei unterschiedlichgdrafiogischen
Verhaltnissen beprobt. Parallel dazu wurde jeweife Probe aus der
Argen, dem als weniger anthropogen belastet gedtend
Referenzgewasser, untersucht. In der nachfolgekdete (Abb. 2.2)
sind die Testsysteme sowie die Freilandprobenalefiest

eingezeichnet.

Ravensburg
‘® RUB Mariatal

B KA RV-Langwiese

Meckenbeuren

Tetinang
@ RBF Tettnang

Friedrichshafen

Neukirch

Eriskirch

Kressbronn

Abb. 2.2: Untersuchungsgebiet mit den beiden uuntéten Klaranlagen (rot), den

Regenwasserentlastungssystemen (blau) sowie dezil&nie-Probenahmestellen (griin)

(Quelle der Karte: Kartharina Peschke, Universtidingen; Mapdata: ©OpenStreetMap contributors,

license: http://opendatacommons.org/licenses/di)/1



2.2 Test-Organismen: Escherichia coli, Enterokokken und

Staphylokokken

Um die Eliminationsleistung sowie die Resistenzgtittn in den
Testsystemen und im Freiland beurteilen zu kénmeurden diese —
stellvertretend fir eine Vielzahl von (resistent®&gkterien — fur die
fakultativ humanpathogene Spezi&scherichia coli sowie fur die

beiden GattungeBnterococcus und Saphylococcus untersucht.

2.2.1 Fakale Indikatororganismefscherichia coli und Enterokokken

Escherichia coli und intestinale Enterokokken haben ihren
Verbreitungsschwerpunkt im Intestinaltrakt von Memsind Tier (16

10" KBE/g Stuhl), gehoren also zu deren physiologischéora.
Aufgrund ihrer relativ langen Uberlebensdauer irr @deuatischen
Umwelt im Vergleich zu anderen potentiell pathogenBakterien
wurden sie im Rahmen des ,Konzeptes der fakalen
Indikatororganismen® als Anhaltspunkt fir eine medder weniger
lange zuriickliegende fakale Verunreinigung und minedamit
verbundenen gesundheitlichen Gefahrdungspotentizhdiber Faeces
Ubertragene Krankheiten ausgewahlt. Darauf basier@énd auch die
Konzentration vork. coli und intestinalen Enterokokken in Gewéassern
in der EU-Badegewasserrichtlinie als ein ParamateBeurteilung fur

deren Gewasserglte herangezogen.



Tab. 2.2: Grenzwerte der EU-Badegewasserrichtlini@006) fur fakale
Indikatororganismen (Binnengewasser)

Enterokokken Escherichia coli
Ausgezeichnete Qualitét 200 KBE/100 mL 500 KBE/tfl0
Gute Qualitat 400 KBE/100 mL 1.000 KBE/100 mL

Auf der Grundlage der 95-Perzentil-Bewertung; KBBloniebildende Einheiten

E. coli sind Gram-negative,
fakultativ anaerobe und etwa m
lange Stabchen, die aufgrund ihrer
peritrichen BegeiRelung beweglich
sind (Abb. 2.3). Abhangig von der

Ausstattung mit Virulenzmerkmalen

Abb. 2.3:Escherichia coli kénnen Escherichia coli sowohl als
Erreger von Magen-Darm-
DSMZ 1103
Erkrankungen, von extraintestinalen
Infektionen wie Harnwegs-
infektionen als auch von Beatmungspneumonien ung@se$e in
Erscheinung treten (GERMAP 2012). Die Verbreitungn v fiur
Extended-Spectrum-3-Laktamasen (ESBL) kodierendemefs (z.B.
blargy, blasyy oder blacrxy) ist insofern problematisch, da diese
Enzym-produzierenden Erreger dann praktisch nur hnomit
Carbapenemen behandelt werden konnen. Carbapenaimen hin
klinischen Studien starke Nebenwirkungen gezeigt welten als

nephrotoxisch.
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Abb. 2.4:Enterococcus faecalis

DSMZ 12956

Enterokokken konnen als Gram-
positive, fakultativ ~ anaerobe,
unbewegliche und im Durchmesser
circa 1 um messende Kokken
beschrieben werden (Abb. 2.4). Die
Gattung Enterococcus umfasst

derzeit 53 Spezies, wozu sowohl
Besiedler des menschlichen und
tierischen Darms als auch

pflanzenassoziierte Spezies zahlen.

Manche Spezies der Gattukgterococcus wie auch manche Subspezies

von Escherichia coli sind als humanpathogen klassifiziert und kénnen

schwere Infektionen hervorrufen: Enterokokken sifid zweit- bis

dritthaufigsten Erreger nosokomialer Infektionenpbwi vor allem

Enterococcus faecium und Enterococcus faecalis als Erreger von

Harnwegsinfekten, Wundinfektionen, hauptsachlich Mbvdominal-
bereich, Sepsen und Endokarditiden zu nennen SRUWAP 2012).

Infektionen mit diesen Keimen sind insbesonderendaroblematisch,

wenn auch das Reserveantibiotikum Vancomycin auoffjruder

Multiresistenz des Erregers nicht mehr greift (VREancomycin-

resistenteE. faecium undE. faecalis).



2.2.2 Staphylokokken

O X 00 o & (] Im Gegensatz ztE. coli und den
9 Yo ﬂ'-z ._* i Enterokokken sind Staphylokokken
_“ i 3 50 ,\ ‘o keine fakalen Indikatororganismen,
" ._.;.; -'.f:’.. Ve : sondern  besiedeln Haut und
: , ~.‘}¢‘.‘::|J-H—| Schleimhaute von Menschen und
RO | Tieren (Mensch: 1910° KBE/cnt),

Abb. 2.5:Saphylococcus kénnen aber auch aus der Luft sowie

aus Bodenproben isoliert werden.
BUTELIS SSp ALres Die GattungStaphylococcus, Gram-
DSMZ 346 positive, im Durchmesser Jum
groRe Kokken, die fakultativ auch
anaerobe Bedingungen tolerieren,
umfasst derzeit 76 Spezies und Subspezies (Abb. RiBse wurden
basierend auf Multilocus-Sequenzierungen in 15 t€Gruppen und
basierend auf phanotypischen Charakteristika inp@&z&s-Gruppen
eingeteilt (Lamers et al., 2012). In der Klinik divor allem zwischen
Saphylococcus aureus, einer Spezies, die das aktive Protein Koagulase
synthetisieren und damit Blutplasma koagulierennkamd Koagulase-
negativen Staphylokokken differenzief®. aureus gilt als einer der
wichtigsten Erreger im humanmedizinischen Bereiclgr allem
Methicillin-resistenteStaphylococcus aureus (MRSA), die haufig noch
gegen weitere Antibiotikaklassen eine Resistenodran haben, stellen
eine grol3e Herausforderung in der Therapie vorktigieen mit solchen
Erregern dar (GERMAP 2012). Aber auch in der Tiatiria breiten
sich diese multiresistente®. aureus (livestock-associated MRSA),

beispielsweise als Erregaron Mastitiden bei Milchkihen, aus und



kénnen auf den Menschen Ubertragen werden. Eiterioszesse,
Besiedlung von klinischen Plastikteilen (z.B. Ka#ra, Magensonden)
und das sogenannten Toxische Schocksyndrom sinfighauf eine

Infektion mit Staphylokokken zuriickzufiihren (GERMA2B12).

2.3 Getestete Antibiotika

Um das Resistenzniveau vancoli, Enterokokken und Staphylokokken
in den jeweiligen Testsystemen sowie im fluviatii@kosystem zu
bestimmen, wurden Antibiotika verschiedener Klasgewahlt, die in
der Humanmedizin zur Behandlung von Infektionendrésen Erregern
ihren Einsatz finden. Zielstrukturen, Wirktyp undpektrum der

getesteten Antibiotika sind in Tabelle 2.3 zusamgestellt.



Tab. 2.3: Zielstrukturen und Wirkspektrum der awgijdten Antibiotika

Antibiotika-Klasse Getestetes Wirktyp, -spektrum Zielstruktur Getestet gegen
Antibiotikum
3-Laktame | Penicilline Ampicillin Bakterizid; Breiind- Zellwand (Inhibition der D-Alanin- | E. coli, Enterokokken
Antibiotikum Transpeptidase)
Oxacillin Bakterizid; gegen Zellwand (Inhibition der Staphylokokken
Staphylokokken Transpeptidierung; PBP2a)
Cephalosporing  Cefotaxim Bakterizid; Gram-positivel Zellwand (Inhibition der E. coli
Gram-negative Bakterien Transpeptidase; PBP3)
Carbapeneme Ertapenem Bakterizid; vor allem gegen | Zellwandsynthese (Inhibition der D} E. coli

Gram-negative
Enterobacteriaceae,
Reserve-Antibiotikum

Transpeptidase)

Fluorochinolone

Ciprofloxacin

Bakterizid; Breitband
Antibiotikum

DNA-Replikation (Inhibition der
Gyrase bzw. der Topoisomerase I\

E. coli, Enterokokken,
) Staphylokokken

Sulfonamide / Trimethoprim Cotrimoxazol In Kombiiat bakterizid; Folsauresynthese (Blockade der E. coli
Gram-positive und Gram- Dihydropteroat-Synthase und
negative Bakterien Dihydrofolat-Reduktase)
Glykopeptide Vancomycin Bakterizid; Gram-positive Zellwandsynthese (Inhibition der Enterokokken,
Bakterien Transglykosilierung) Staphylokokken
Chloramphenicole Chloramphenicol Bakteriostati®feitband-, Proteinbiosynthese (Inhibition der | Enterokokken
Reserve-Antibiotikum Translation durch Bindung an 50S
ribosomale Untereinheit)
Makrolide Erythromycin Bakteriostatisch; Gram-png Proteinbiosynthese (Bindung an 54SEnterokokken,
Bakterien ribosomale Untereinheit) Staphylokokken
Lincosamide Clindamycin Bakteriostatisch; Gram-pesi | Proteinbiosynthese (Bindung an 50SStaphylokokken

Bakterien (aul3er Enterokokken

ribosomale Untereinheit)

PBP: Penicillin-bindendes Protein




Die Bedeutung der einzelnen gewahlten Substanddas®wohl in der
Human- als auch in der Veterindrmedizin, spiegetth sin den

Verbrauchsmengen, die in Tabelle 2.4 aufgelistet,sivider.



Tab. 2.4: Gegenuberstellung der Antibiotika-Verletemengen in Human- und Veterindrmedizin mit dersifenzniveau in der Klinik und im

aquatischen Okosystem

Antibiotika-Klasse Getestetes Anteil resistenter Isolate Verbrauchsmengen
Antibiotikum
Aquatische Umwelt Klinik (stationarer Humanmedizin | Veterinar-
(Eigene Ergebnisse) Bereich)* (Mio DDD medizin
2011%3 (abgegebene t
2011%
13- Penicilline Ampicillin E. coli: 15%; E. coli: 51,0%;E. faecalis: | 90,6 (DDD 498
Laktame Enterokokken: 4,4%H, 0,4%;E. faecium: 93,0% Ampicillin und
faecium: 9,7%;E. faecalis: Oxacillin: 2g
0,4%) >181,2 1)
Oxacillin Staphylokokken: 1,1% S aureus: 17,1%; KNS:
57,4%
Cephalo- Cefotaxim E. coli: 0,9% E. coli: 12,2% 77,5 (DDD 9
sporine Cefotaxim: 49
2>3101t)
Carbapeneme| Ertapenem E. coli: 0% E. coli: 0,1%
Fluorochinolone Ciprofloxacin E. coli: 3,1%; E. coli: 21,4%; keine 37,5 (DDD 10
Enterokokken: 6,3%H, Angabe zu ResistenzniveguCiprofloxacin:
faecium: 13,4%;E. von EnterokokkenS, 0,5-1g-> 18,75-
faecalis: 1,3%); aureus: 26,8%; KNS: 37,51
Staphylokokken: 0,1% 48,0%
Sulfonamide / Trimethoprim  Cotrimoxazol | E. coli: 7,6% E. coli: 28,0% 15,5 (DDD 188
SXT:1,92g~>
53,8 1)

Glykopeptide

Vancomycin

E. faecium: 0%; E.
faecalis. 0%;

E. faecalis: 0,2%;E.

faecium: 13,2%:;S. aureus




Staphylokokken: 0%

und KNS: 0%

Chloramphenicole Chilor- Enterokokken: 1,4%H, keine Angabe zu
amphenicol faecium: 0,9%;E. faecalis: | Resistenzniveau von
2,5%) Enterokokken
Makrolide Erythromycin Enterokokken: 20,2%.( | keine Angabe zu 52,5 (DDD 145
faecium: 41%;E. faecalis: Resistenzniveau von Erythromycin:
8,7%); Staphylokokken: EnterokokkenS. aureus: 2g-> 1051t)
18,7% 24,3%; KNS: 61,7%
Lincosamide Clindamycin Staphylokokken: S aureus: 23,3%; KNS: 6,6 (zusammen | 15

konstitutiv: 3,3%;
induzierbar: 3,5%

46,8%

mit Strepto-
graminen und
Fusidinsaure)
(DDD
Clindamycin:
1,2-1,8g> 7,9
—-11,9¢1)

Bestimmung des Resistenzniveaus in der aquatiddhemelt: Staphylokokken (n=2259; davon wurden 10Slaureus identifiziert, die aber gegen
alle 5 getesteten Antibiotika sensibel wardn)coli (n=1236); Enterokokken (n=1166, darunter 4&34aecium und 237 E. faecalis; intrinsische low-
level Vancomycin-Resistenz vdh gallinarum und E. casseliflavus nicht beriicksichtigt). “ARS 2013 Gesamtdeutschland (n: zwischen 13.000 und
40.000 Isolaten; KNS = Koagulase-negative Staplokkikn);> GERMAP 20123 GVZ, 2007 (DDD = defined daily doses)

Aufgrund der unterschiedlichen Eigenschaften himigh der Stabilitdt und Adsorption an organisétertikel (z.B. an
Belebtschlamm oder Bodenpartikel) korrelieren derBrauchsmengen nur bedingt mit den in der Umwetiéldierten
Antibiotika-Konzentrationen (Tab. 2.5).



Tab. 2.5: Antibiotika-Konzentrationen in der agselien Umwelt

(Australien)

Antibiotika-Klasse Antibiotikum/ Konzentration (ng/L) Wasserprobe Quelle
Metabolit
Makrolide Anhydroerythromycin 400 (Mittelwert) Kinlagenablauf Umweltbundesamt
(Kenzingen, Baden- Deutschland, 2005
Wirttemberg)
50-94 Oberflachenwasser Heberer et al., 2008
(Wannsee, Berlin)
49 (Maximum) Grundwasser (Baden- Sacher et al., 2001
Wiirttemberg)
Linkosamide Clindamycin 5 (Median) Klaranlagenablau Watkinson et al., 2009
(Australien
1 (Median) Oberflachenwasser
(Australien)
15-48 Oberflachenwasser Heberer et al., 2008
(Wannsee, Berlin)
Sulfonamide Sulfamethoxazol 50 (Median) Klaranladgauf Watkinson et al., 2009

400 (Median)

Klaranlagenablauf

Hirsch et al., 1999

(Australien)

480 (Maximum) Oberflachenwasser
(Deutschland)
100-326 Oberflachenwasser Heberer et al., 2008
(Wannsee, Berlin)
8 (Median) Oberflachenwasser Watkinson et al., 2009
(Australien)
Trimethoprim Trimethoprim 10 (Median) Klaranlagetealf Watkinson et al., 2009

320 (Median)

Klaranlagenablauf
(Deutschland)

Hirsch et al., 1999




200 (Maximum Oberflachenwasser
(Deutschland)
7-49 Oberflachenwasser Heberer et al., 2008
(Wannsee, Berlin)
3 (Median) Oberflachenwasser Watkinson et al., 2009
(Australien)
Chloramphenicole Chloramphenicol 60 (Maximum) Oldetienwasser Hirsch et al., 1999




Der B-Laktamring der Penicilline beispielsweiserdttiv instabil, was
dazu fihrt, dass Muttersubstanzen dieser Antikdeilasse in der
Umwelt praktisch nicht detektiert werden (Kempe008). Trotzdem
war die Resistenz gegeniber Ampicillin bei den 1g8tstetelt. coli-

Isolaten die am haufigsten detektierte Resistenz. Bezlglich ider
Oberflachengewédssern gemessenen Antibiotika-Koretgorten und
der in der aquatischen Umwelt gefundenen Abundasaschiedener
Resistenzen war keine direkte Korrelation erkennbader Klinik ist

der Anteil resistenter Isolate, der — im Gegensatm aquatischen
Okosystem — relativ gut mit dem Verbrauch der diveze antibiotischen
Substanzen in der Humanmedizin korreliert, deutlldbher als in
Abwassern und Oberflachengewassern (Tab. 2.4). elmeit eine
Antibiotika-Resistenz fiir das Uberleben in der diggchen Umwelt
einen Vorteil (oder zumindest keinen Nachteil) t&hs und die in
Oberflachengewéassern detektierten subinhibitorisch&ntibiotika-

Konzentrationen (auf Bakterienzellen bakteriostiti®zw. bakterizid
wirkende Antibiotika-Konzentrationen liegen im mefereich) zu einer
positiven Selektion bestimmter Resistenzen und rd@essemination
beitragen, wird in der Wissenschaft derzeit disktitfz.B. Ohlsen et al.,
2003; Zhang et al., 2009).

Einen Teilaspekt dieser Fragestellung thematisterdeschaftigt sich
Kapitel 3 mit der Fahigkeit von Anhydroerythromygcginem Makrolid-
Metaboliten, eine Kreuzresistenz gegen Mifhtibiotika zu

induzieren. Darauf hinfiihrend wird nachfolgend Wirkmechanismus
von Makroliden und die Resistenzmechanismen gegse durz — ohne

zu sehr ins Detail zu gehen — beschrieben.



2.3.1 Wirk- und Resistenzmechanismus von Makrolidénkosamiden

und Streptograminen der Klasse B bei Staphylokokken

Makrolide, Linkosamide und Streptogramine der Kéa$® (MLS3)

stellen zwar aufgrund ihrer unterschiedlichen clsehlen Struktur
unterschiedliche Antibiotikaklassen dar, haben aluke gleiche
Zielstruktur: Durch die Bindung an die 23S rRNAilsieren sie sterisch

die Proteinbiosynthese.

Mehrere Resistenzmechanismen gegen MAStibiotika sind bekannt:
Effluxpumpen, welche das antimikrobiell wirksame Istail aus der
Zelle transportieren, Enzyme (z.B. Esterasen), lneeltas Antibiotikum
chemisch verédndern und Methylasen, welche die Tigdmren

entsprechend modifizieren, sodass das Antibiotikiioht mehr an der

Zielstruktur binden und die Translation nicht belam kann.

Den letztgenannten Mechanismus genauer betrachbemdet ein zur
Induktion geeignetes Molekul (z.B. Makrolide minem 14- oder 15-
gliedrigen Laktonring) in der Regulatorregion dés flie Methylase
kodierendenerm-Gens an die mRNA. Dies fuhrt dazu, dass sich die
Sekundarstruktur der mRNA so verandert, dass dieeSbalgarno-
Sequenz (blaues Rechteck in Abb. 2.6), die 4-l4eBagor dem
Startcodon der Methylase liegt, fiir das Ribosomanggich wird und
die Methylase translatiert werden kann. Dadurclssdiie Bindestellen
der MLS-Antibiotika an der rRNA relativ nahe beieinandézgkn,
fuhrt die Mono- bzw. Dimethylierung der rRNA durclie Methylase

zur Kreuzresistenz gegen alle Mi-Bntibiotika.
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Abb. 2.6: Schematische Darstellung der Sekund&tstruder mRNA im Bereichder
Regulatorregion.

Blaues Rechteck: Shine-Dalgarno-Sequenz; E: Emtiictn als Beispiel fur eine MLgsS

Resistenz induzierende Substanz.

Ist die Resistenz — wie gerade beschrieben — indhai, ist die Zelle
nur dann gegen MLgSAntibiotika unempfindlich, wenn ein geeignetes
induzierendes Molekil an die mMRNA bindet. Mutatione
(Duplikationen, Deletionen oder Basenaustausche) iter
Regulatorregion deserm-Gens koénnen zu dessen konstitutiven
Expression fiihren, und der Zelle — unabhéngig daobrein geeignetes
induzierendes Molekul prasent ist — Resistenz gega ML

verleihen (Leclercq, 2002).



3. Demonstration of staphylococci with inducible marolide-

lincosamide-streptogramin B resistance ML§ in sewage and river

water and of the capacity of anhydroerythromycin toinduce MLSg

Wie bereits angekiindigt beschéftigt sich das ndgéfal abgedruckte
Manuskript mit der Speziesdiversitat von Staphyldden und deren
Resistenzmustern in Abwassern und Oberflachengewgssvobei
insbesondere auf die Fahigkeit von Antibiotika-Metiten
Kreuzresistenzen zu induzieren, eingegangen witchfblgend sind

die wichtigsten Ergebnisse zusammengestellt:

- Die Konzentration an Staphylokokken war im Flus83gr als im
Klaranlagenablauf: Entweder es existiert eine amdeimntrags-
quelle oder aber Staphylokokken kommen natirlickéev im
aquatischen Okosystem vor und kénnen sich dort eeichehren.

- Die Speziesdiversitat der aus der aquatischen Umiselierten
Staphylokokken war deutlich groer als in der Kdinivahrend in
der Klinik vor allemSaphylococcus aureus aus Infektionsherden
isoliert wird, dominierten in der Umwelt Speziesje dals
Mitglieder der Saprophyticus- und der Sciuri-Grupgentifiziert
wurden.Saphylococcus aureus scheint in der aquatischen Umwelt
keine Rolle zu spielen; nur 0,4% der Umweltisolataren S.
aureus.

- Der relative Anteil resistenter Staphylokokken nadwihrend der
Passage durch die Klaranlage ab und war im Freiland
geringsten. Insgesamt betrachtet war aber der |Ardgsistenter

Isolate auch im Rohabwasser deutlich geringer ralder Klinik,



wobei man in diesem Zusammenhang berticksichtigess mdass
manche Spezies deutlich haufiger Antibiotika-Resizgene
besitzen als andere und in der Konsequenz die tikatek
Speziesdiversitdtt und —abundanz das  Resistenzniveau
determinierte.

Auch wenn in der aquatischen Umwelt Uber den gewe#hl
kulturbasierten Ansatz keine MRSA isoliert wurdesgigt der
genotypische Nachweis vommecA in Koagulase-negativen
Staphylokokken, dass das fir die Resistenz kodiere@en im
aquatischen Okosystem préasent ist.

Der Anteil induzierbar gegen MIgSAntibiotika resistenter
Staphylokokken an Erythromycin-resistenten Isolat@ar im
Freiland héher als im Klaranlagenzu- und -ablauf.
Anhydroerythromycin, ein Metabolit des Makrolid-Aibtikums
Erythromycin, das in einem Konzentrationsbereichn viog/L
praktisch ubiquitar in Klaranlagenablaufen, Obefikingewassern
und sogar im Grundwasser detektiert werden kannseftust eine
vernachlassigbar geringe antibiotische Wirkung tbgsinduzierte

in picomolaren Konzentrationen eine Kreuzresistgegen MLS.

Die Tatsache, dass die in der Umwelt vorhandenen
Konzentrationen ausreichen und eine Induktion kseneach 10-
mindtiger Kontaktzeit ausgepréagt war, stellt eineptielles Risiko

fur die menschliche und tierische Gesundheit dar.

Es konnte zum ersten Mal gezeigt werden, dass
Anhydroerythromycin als Inducer fir die Kreuzresist
gegeniber MLSAntibiotika wirkt.



Reproduziert von: Hel3, S., Gallert, C. (2014): Dest@ation of
Staphylococci with Inducible Macrolide-Lincosami8&eptogramin B
Resistance MLSin Sewage and River Water and of the Capacity of
Anhydroerythromycin to Induce MLsS FEMS Microbiololgy Ecology
88, 48-59

Abstract

Staphylococci causing diseases in humans and aniras well
described, whereas not very much is known abousthghylococci in
natural ecosystems. Due to increased consumptiorantibiotics,

multiresistant species are released with excremériisrefore, 1048
staphylococci from raw and treated sewage and freceiving water
bodies were isolated, identified and tested foristasce against
erythromycin, clindamycin, oxacillin and ciproflasia. More resistant
staphylococci were present in raw sewage (33.8 Rah tin treated
sewage (24.9 %) or river water (10.9 %). Of allases, 20.2 % were
resistant against the macrolide erythromycin whielm induce cross
resistance against lincosamides and streptograminaribiotics

(iMLSg). Erythromycin is metabolized to anhydroerythromyand

excreted which urine into sewage. The questioneangheather
anhydroerythromycin can also induce resistance nagaMLS

antibiotics in staphylococci. This was investigatadth antibiotic

susceptibility tests (D-tests) and macrodilutiorsags. Staphylococci
with iIMLSg phenotype in river water were more numerous (28)8
than in treated sewage (18.9 %). The most commoisgMeésistance

gene wasermC. Traces of erythromycin and anhydroerythromycin



(1 ng L") induced already resistance against clindamydier ainly 10
min. exposure. This is reported for the first tiema is relevant for risk

assessment.

3.1 Introduction

Pollution of the environment with antibiotics andtibiotic-resistant
bacteria of different sources is an increasing lemb world-wide
(Kimmerer, 2004). Even with a state-of-the-art sgavareatment
antibiotic-resistant bacteria leave sewage treatnmants with the
purified sewage and may cause a spread of antibrietistance genes by
horizontal gene transfer and establishment of nesistant bacteria in

the environment.

The annual consumption of erythromycin and of othecrolides in
human and veterinary medicine was about 70 t in@ay in the last
decade (Witteet al., 2011; Kisteet al., 2013). In humans 50 — 70 % of
erythromycin is inactivated. The parent compound mretabolites are
excreted via bile and feces. The common inhibitamget of macrolides,
lincosamides or streptogramin B (Mg)S is protein biosynthesis
(Leclercq & Courvalin, 2002). Several resistancengge against the
above mentioned antibiotics have been reportedreéSspn of only one
of the 40 known genes of th@m-gene family, that encode for a®N
dimethylase, leads to resistance against paftibiotics. If a cell
possesses aamm-gene, erythromycin can attach to mRNA and thet star
codon of the methylase gene is accessible (May§ovdeisblum, 1990;
Ackermann & Rodloff, 2003). As a result of methidat the target site



of erythromycin is changed and the antibiotic canlonger bind to
mMRNA and thus inhibit protein biosynthesis. Ovepiag binding sites
of the above mentioned three classes of antibi@eunt for cross-
resistance (Leclercq, 2002). Expression enfint-genes can either be
constitutive or inducible. In the last case the hyktse is only

synthesized if an inducer is present (iMLS

Erythromycin is a lipophilic antibiotic with an alkne pH (pK, 8.8). By
dehydratation erythromycin-enolether is formed \hicreacts
irreversibly to anhydroerythromycin (Cachet al., 1989; Butler &
Weber, 2005). After oral application erythromycia converted to
anhydroerythromycin at low pH in the stomach (Maavet al., 1991,
Hassanzadekt al., 2006), which is then excreted with urine. Due to
widespread human and veterinary use of erythromycin
anhydroerythromycin is present in sewage (90 — 60@D L%
Umweltbundesamt Germany 2005; Yaegal., 2006; BLAC 2003;
Sachverstandigenrat fur Umweltfragen 2007), in anefwater (up to
486 ng L Santoset al., 2010) and groundwater (from 0.61 up to 49 ng
L% Lépez-Sernat al., 2013, Sacheet al., 2001).

Anhydroerythromycin as such has little antimicrolietivity (Lakritz &
Wilson, 1997; Hansent al., 1999). However, the structure of the C3-
cladinose sugar, which is responsible to inducistasce against MLs>
antibiotics by  erythromycin is  unchanged. Furthemno
anhydroerythromycin is able to induce resistancthéoparent drug and
to carbomycin (Majer, 1981) and therefore the doasarises whether
anhydroerythromycin might also act as an induceresfstance against

MLSg-antibiotics such as clindamycin.



For a detailed investigation of resistance of sglgmocci in sewage
treatment plants and in the receiving water bodigainst ML$
antibiotics more than 100&aphylococcus strains were isolated from
sewage and surface water and were tested agairsytdromycin,
ciprofloxacin, oxacillin and clindamycin. A specifalcus was layed on
inducible resistance against clindamycin by erythyoin and
anhydroerythromycin.  Another aspect was whether y vdow
concentrations of anhydroerythromycin in aqueoussgstems of
1 ng L* could induce resistance against clindamycin andllfi the
contact time of staphylococci with anhydroerythr@my to obtain

clindamycin-resistance was investigated.

3.2 Materials & Methods

3.2.1 Sampling sites and sampling

The Schussen and the Argen are two tributariesadeLConstance in
Southern Germany. Lake Constance serves as a o&sefvdrinking

water for many cities in Baden Wuerttemberg as waslfor recreation.
Treated sewage of the sewage treatment plant (SR&®ensburg-
Langwiese with a capacity of 170,000 population ieajents (PE;
including sewage from one hospital with 520 bedsl @& senior
residences) and Eriskirch with a capacity of 40,080 (including

sewage from one hospital with 185 beds and 2 semisidences) is
disposed into the river Schussen, whereas treaedge of the STP
Merklingen with a capacity of only 2400 PE (inclngionly sewage

from one 1 senior residence) flows into the Wirrn. \Wastewater from



slaughter houses is treated in the three STPs. s&mpling campaigns
twenty-four-hour composite samples of raw sewagk effiuent of the
STP’s before and after ozonation, sand or chardib@ation for
inactivation or further removal of bacteria, redpedy, were taken.
During 4 sampling campaigns surface water downstrebsewage inlet
pipes into the river (random samples) was additipneollected. In
addition samples were also taken from influents efftlents of the
storm water overflow basin Mariatal and from thél §itter Tettnang
(Triebskornet al., 2013; www.schussenaktivplus.de). The water saspl
were filled into 1 L autoclaved glass bottles atarexd refrigerated at
4 °C after sampling. Preparation and filtration of gées, if necessary,

was finished latest 48 h after sampling.

3.2.2 Strain isolation and identification

Chapman-Stone agar containing 0.05 dodium azide was used for
isolation of staphylococci. Undiluted and 10-folduttd raw sewage
samples were plated on agar dishes. To obtain Wtagltci from river
water 10 to 40 mL and from effluents of STP’'s 254@0 mL of
respective samples had to be filtered through dSsterile membrane
filters with a diameter of 4.7 cm. The filters wetigen placed on
Chapman-Stone agar plates. After incubation forh48t 37 °C, 20
colonies of each sample were streaked on Manndtil-&ar and re-
streaked once after growth. Single colonies ween the-grown on
DEV-nutrient agar and then suspended in 0.9 % N=Qltion to an
optical density of McFarland = 0.5. Tests on MiaotiStaph®-
microtiter plates (MERLIN, Gesellschaft fur mikrobdgische



Diagnostika mbH) were inoculated with 100 pL ofstsuspension for
identification and for testing antibiotic suscepiip. Staphylococci

which could not be identified at species-level vitth Staph®-microtiter
plates were identified at the genus-level wifaphylococcus-specific

PCR, targeting thauf-gene (Martineaet al., 2001).

3.2.3 Antibiotic susceptibility testing and D-Test

Susceptibility to oxacillin (5 ng), ciprofloxaci® (1g) and erythromycin
(15 ng) was tested by the disc-diffusion test witheller-Hinton agar

according to German industrial standard (Deutsahgudtrie Norm,

DIN) 58940 (2011) and to clindamycin (2 pg) accogdio Clinical and

Laboratory Standards Institute (CLSI, 2011). Farcination a hundred-
fold diluted bacterial suspension (McFarland of)Grdm an overnight

culture was prepared. Six-mm discs, impregnatech wispective

antibiotics (Becton Dickenson, Franklin Lakes, Nésvsey, USA) were
placed on the agar plate. After incubation for 1&tH37 °C zones of
inhibition around each antibiotic-containing disere& measured and
interpreted according to the breakpoints listedh guidelines for the
DIN and CLSI test.

The D-Test was performed according to CLSI (201ithwll strains
which were resistant to erythromycin and susceptiblclindamycin in
the agar-diffusion test. A 1.0 McFarland suspensiith biomass of an
overnight culture, grown on DEV-nutrient agar, e$pective strains was
used for inoculation of Mueller-Hinton plates. Thiéndamycin discs

(2 pg) were placed 17 mm apart (centre to centme ferythromycin



discs, that were soaked with different amountsrgheomycin (0.2 ng -
15 pg) or acidified erythromycin (= anhydroerythrarim; 4 ng —
15 ug). After incubation at 37 °C for 18 h bactelavn showing
flattening of the inhibition zone (“D"-formation)raund clindamycin
discs adjacent to erythromycin discs indicatedihieSg-phenotype, in
contrast to the round inhibition zone of a D-tesgative isolate.
Susceptibility of  staphylococci against  erythronmyci and
anhydroerythromycin was tested with antibiotic disc Mueller-Hinton
agar plates that contained 15 pg erythromycin arsl |1g
anhydroerythromycin. As a control commercially disited
erythromycin discs containing 15 pg erythromycire¢®n Dickenson)

were used.

3.2.4 Macrodilution

To test for minimal inducer concentrations 3 ml MereHinton broth
supplemented with 1 mg“Lclindamycin were inoculated with 30 pL
(1 %) of a 0.5 McFarland suspension d&aphylococcus colony from a
DEV-nutrient agar plate (overnight culture) in theesence or absence
of 1 ng L* of the inducer erythromycin or anhydroerythromyeind
incubated at 37 °C. After 24 h of incubation at 7 any turbidity
indicating growth was interpreted as induction ebistance against
clindamycin. To determine the time span for esgdintient of resistance
(mediated by e.germ-gene expression and tested phenotypically by
growth), colonies from DEV-nutrient agar grown avight were
suspended in 3 mL Mueller-Hinton broth that corgdirl pg [* of the

inducer erythromycin or anhydroerythromycin. Aft#0 minutes of



incubation at 37 °C one mL of the suspension watrifeged and
washed in 1 mL 0.9 % NaCl solution twice to elimighe respective
inducer. Thirty uL of a 0.5 McFarland suspensiorttase cells were
inoculated in 3 mL Mueller-Hinton broth containing mg L*
clindamycin in the absence of the inducer. Theeetpe growth control
without any antibiotics added was used to check itifuence of
centrifugation and washing on cell survival. Af&t h of incubation at
37 °C any growth in the broth with clindamycin wescorded as
induced resistance. To test the resistance of allesbBpositive
staphylococci against clindamycin the macrodilutassay was used.
Thirty puL of respective D-test-positive staphylocbcstrains in a
0.5 McFarland suspension were inoculated in 4 tekes: the first
containing only 3 ml Mueller-Hinton broth (growtloratrol), the second
filled with 3 ml Mueller-Hinton broth that was supmented with 1 mg
L clindamycin and the third and fourth filled withn8 Mueller-Hinton
broth that was supplemented with 1 mg dlindamycin and 0.4 mgt
erythromycin or 0.4 mg t anhydroerythromycin, respectively. After
incubation for 24 h at 37 °C any turbidity was mieted as induced
resistance to the lincosamide. Macrodilution testse repeated at least

once.

3.2.5 Detection of iML§resistance genes

All isolates that phenotypically revealed induciblieindamycin-
resistance were tested for the presence of the gMéeSistance genes
ermA, ermB, ermC, ermF, ermG, ermQ, ermT anderm43. Amplification

reactions were performed with a total volume of |45 containing:



0.625 units True Start HS Taq DNA Polymerase, 28 migCl,
(Thermo Fisher Scientific, Waltham, Massachusé&iA), 0.25 mM of
each dNTP, 1uM of both primers and 0.nL of template DNA
extracted with phenol-chloroform. Used primer-semgs and PCR-
protocols forermA, ermB, ermC, ermF, ermG andermQ were published
by Koike et al. (2010), forermT by Felileret al. (2010) and foerm43
by Schwendener & Perreten (2012). Successful DNiRaetion of all
strains that were tested negative for ther@-genes was checked for
PCR amplificability of atuf-gene fragment characteristic of the genus
Saphylococcus (Martineau et al., 2001). The PCR-products were
analysed on a 2 % agarose-gel in order to iderttify respective

amplicons.

3.2.6 Solutions

Ten mg clindamycin (Sigma) were dissolved in 2 ndiodized water
and made sterile by filtration through a 0.2 um roeame filter. This
stock solution was stored at 4 °C. Solutions oftleomycin (Roth,
Karlsruhe) with different concentrations were pregain 40 mM
phosphate buffer, pH 7.0, directly before use. Cenamlly available
anhydroerythromycin (Sigma) was also tested bubmieg to the
manufacturer product sheet, the purity was onkh&order of 95 % and
the pH was not mentioned at all. Therefore, for ppring
anhydroerythromycin, erythromycin was dissolveddigionized water
and the pH lowered below 3 by addition of 50 uL O HCI.
Anhydroerythromycin solutions were prepared attleas before use

and stored at room temperature (21 °C). Dehydratfarythromycin to



anhydroerythromycin and the stability of anhydrdlergmycin under
weak alkaline conditions (no back reaction aftehydieatation) was
tested by improvement of the “reduced” antimicrblaativity in an
agar-diffusion test with Mueller-Hinton agar platesd respective

erythromycin-susceptible strains.

3.3 Results

3.3.1Saphylococcus isolates and species diversity

During sewage treatment cell numbers of staphylcidguedian values)
decreased up to 4 lggorders from initially 2.7 x 10to 2.3 x 18 cfu per
100 mL (Fig. 3.1). In surface waters the cell nursbeere higher with
median values of 2.6 x 1@fu per 100 mL (Fig. 3.1).
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1,00E+01 1 E :
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log CFU/100 mL
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Raw sewage After tertiary sewage Surface water
treatment

Fig. 3.1: Colony forming units (cfu) diaphylococcus spec. per 100 mL of raw sewage
(12 samples), sewage after tertiary treatment §83oges) and surface water (20 samples).
Boxes represent 50 % of all measured values aed limedian values. Wiskers represent

minimal and maximal values.



From three sampling-campaigns 1048 staphylococce wsolated and
identified at species level. Mo$taphylococcus isolates (Table 3.1)
belonged to the Saprophyticus- (57.3 %) and tharBgioup (21.5 %).
More staphylococci belonging to the Sciuri-grouprevebtained from
river water (24.4 %) than from tertiary treated ages (12.7 %)S
saprophyticus ssp.saprophyticus andS. xylosus were the most numerous
isolated staphylococci. In the receiving river watthe percentage &
saprophyticus ssp.saprophyticus decreased in favor & xylosus. About
20 % of theStaphylococcus isolates could not be classified within the
two groups mentioned above (Table 3.1), but onl&aphylococcus

aureus strains were isolated from all samples.



Table 3.1: Diversity and antibiotic susceptibilitf/isolatedtaphylococcus species from sewage and receiving river water

Source Raw sewag After sewage treatme After tertiary sewage treatm¢ Schussen/Argen rive

Species No No-r E cC Ox No No-r E cC Ox No No-r E cC Ox No No-r E cC Ox
9 i c i 9 i [9 i

S aureus 1 0 0 0 2 0 1 0

S capitis ssp.capitis 1 1 1 1 1 1 1 0 0 0

S capitis ssp.ureolyticus 0 0 1 0 0 0 0 0

S cohnii ssp.cohnii 1€ 14 14 1 1 4 13 8 8 1 1 14 11 11 5 1 1 0

S cohnii ssp.urealyticum 1c 6 6 1 4 8 2 2 4 1 1 3 1 1 1

S chromogenes 0 0 0 0 1 0 3 0

S epidermidis 4 3 2 1 3 0 8 1 1 1€ 7 7 3

S gallinarum 2 0 0 0 2 0 6 1 1

S haemolyticus 1 0 0 0 2 0 2 0

S hominis 5 2 2 1 5 3 3 1 7 5 5 3 0

S Koosii 7 2 2 1 8 2 2 5 1 1 1 7 1 1

S lentus 9 0 19 0 12 3 2 3 9 1 1

S saprophyticus ssp.saprophyticus 4C 12 12 5 82 24 24 1 2 8€ 18 18 4 1 47 9 9 4 1

S sciuri 37 3 3 a7 3 1 1 2 15 1 1 7€ 8 7 6 1

S simulans 0 0 2 0 4 0 3 0

S warneri 0 0 0 0 5 0 2C 3 3 1

S xylosus 35 13 13 4 1 47 4 4 1 3C 5 5 1 12¢ 4 4 2

S spec. 45 1€ 1€ 3 3 1 29 7 7 1 2 22 9 9 1 24 3 3 1

Sum 21z 72 71 14 10 7 26E 54 52 4 5 4 221 58 53 5 10 3 34¢ 38 36 8 1C 3

Percentage of resistance 33.¢ 20.¢ 24.¢ 10.¢




Numbers are number of isolates; No = number of tstdates, No-r = number of resistant
isolates; other numbers = isolates resistant apaims respective antibiotic. E =
erythromycin, CC = clindamycin (c: constitutive, inducible), Ox = oxacillin.

Ciprofloxacin was also tested but S8@aphylococcus species resistant against ciprofloxacin
was obtained within the 1048 isolates; after sewtigatment: effluents of secondary
sedimentation and ozonation as well as of the stwater overflow basin and the soil
filter; after tertiary sewage treatment: effluertt sand and charcoal filtration or of

flocculation filtration

3.3.2 Antibiotic-resistance

None of the 45 aureusisolates was resistant against one of the 4 tested
antibiotics (Table 3.1). Regarding antibiotic réamee, Saphylococcus
cohnii ssp.cohnii was the most resistant species: 75 % of the isolafte
this species were resistant at least to one ofetted antibiotics (Table
3.1). The percentage of antibiotic resistant sthjmcci decreased
during wastewater treatment from 33.8 % in raw gEvE 24.9 % in
the tertiary treated sewage and was even loweuiface water with
only 10.9 % (Table 3.1). Among 1048aphylococcus isolates 20.2 %
were resistant against erythromycin, whereas ond 3vere resistant
against clindamycin and 1.6 % against oxacillin. Niprofloxacin
resistantStaphylococcus isolates were obtained (Table 3.1). Twenty-
nine of 212 erythromycin resistaaphylococcus isolates (13.7 %)
were constitutively resistant against clindamycimd 85 erythromycin
resistant Saphylococcus-isolates (16.5 %) revealed an inducible
clindamycin resistance (Table 3.1). The percentdgsolates that were
resistant against erythromycin and clindamycinvemrwater was higher
(22.2 %) than in tertiary treated sewage (5.6 %).



Kapitel 3

3.3.3 D-test and inducible resistance against MLS

All Staphylococcus-isolates that were resistant against erythromyath a
susceptible to clindamycin (Table 3.1) were eitBetest positive (Fig.
3.2a) or D-test negative (Fig. 3.2b).

c)

Fig. 3.2 a-d: D-tests witlBtaphylococcus isolates. 3.2a) D-test-positiv@ cohnii ssp.
cohnii with 15 pg erythromycin E (left disc) and 2 pg démycin CC (right disc). 3.2b:
D-test-negativeS cohnii ssp. cohnii with 15 pg erythromycin E (left disc) and 2 pg
clindamycin CC (right disc). 3.2c, d: D-test-positiS. cohnii ssp.cohnii with only 25 ng
erythromycin E (3.2¢) or 25 ng anhydroerythromyd®2d, left discs) and 2 pg
clindamycin (right discs).

44



D-test-negativetaphylococcus isolates were detected in high numbers
in raw sewage (66.2 %) as well as in the effluaettiary treated
sewage) of the 3 STP’s (75.5 %), but a lower numBer0 %) was
detected in the river water of Schussen and Ardgég 3.3, dark grey
sector). The percentage of erythromycin resistadtjcible clindamycin
resistant (D-test-positive) isolates was higheriuwer water (27.8 %)
than in raw and in treated sewage (14 - 19 %). cdnclusion the
percentage of staphylococci with constitutive atuaible resistance to
clindamycin was highest in river water (50.0 %;.Rd3, both light grey

sectors).

a) b) c) d)
14.1 96 189
7.7 27.8
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222

mEsr wEsrCCr mE-riCCr

Fig. 3.3: Percentage dhaphylococcus isolates that were erythromycin resistant (E-r),
erythromycin and constitutively clindamycin resigtdE-r CC-r) and erythromycin and

inducible clindamycin resistant (E-r iCC-r) in agw sewage (n=71), b) during sewage
treatment (n=52), c) treated sewage (n= 53) anih dijver water of the Schussen and
Argen (n=36).

Out of the 17 identifiecd®aphylococcus species/subspecies of Table 3.1
iIMLSg isolates of 6 species/subspecies were fo@ncbhnii ssp.cohnii,

S cohnii ssp.urealyticus, S. epidermidis, S kloosii, S. saprophyticus
ssp.saprophyticus, S. xylosus (Table 3.2).



Table 3.2: Macrodilution and D-test to determines tminimum erythromycin and
anhydroerythromycin concentrations for inductioncbihdamycin resistance in different
iIMLSg Staphylococcus isolates

Isolated and Macrodilution (ng %) D-test (ng)

identified species Erythromycin | Anhydro- Erythromycin | Anhydro-
erythromycin erythromycin

S cohnii ssp.cohnii | 1 1 0.3 195

S. cohnii ssp. 1 1 1.35 6

urealyticum

S epidermidis 1 1 0.2 4

S Kloosii 1 1 0.35 20

S saprophyticus 1 1 0.4 7.5

ssp.saprophyticus

S xylosus 1.85 25

Aside of phenotypical tests for inducible clindarmygesistance, all
isolates were checked for the presence of the memiiMLS;
resistance gene®r(mA, ermB, ermC, ermF, ermG, ermQ, ermT and
erm43, respectively), that were hitherto found in Btdpcocci (Table
3.3). The most common MlSesistance genermC was detected in
60 % of the clindamycin resistant isolates, whererasA was only
detected in 2 isolates (5.7 %). Twelve of 35 isdatevealed inducible
resistance to clindamycin, but none of ther®-genes mentioned above

could be detected.



Table 3.3: Detecteerm-genes in our iML&resistant isolates &aphylococcus spec.

ermA ermC noermB, ermF,
ermG, ermQ, ermT,
ermi3
Raw sewage & cohnii ssp. 2 Staphylococcus
urealyticum Spec.
1S cohnii ssp. 1 S saprophyticus
cohnii ssp.
1S xylosus saprophyticus
1S kloosii
1 Saphylococcus
Spec.
Treated sewage 3 cohnii ssp. 1 S saprophyticus 1 S saprophyticus
cohnii Ssp. Ssp.
1 Saphylococcus saprophyticus saprophyticus
Spec. 1 Saphylococcus
SpeC.
Tertiary treated 2 S saprophyticus 4 S cohnii ssp.
sewage ssp. cohnii
saprophyticus 1S saprophyticus
1S cohnii ssp. Ssp.
cohnii saprophyticus
1 Saphylococcus
Spec.
Schussen/Argen 4 epidermidis 2 S xylosus
4 S saprophyticus 1 Saphylococcus
ssp. Spec.
saprophyticus

3.3.4 Dehydration of erythromycin to anhydroerythyin

Anhydroerythromycin formation after acidificatiof @rythromycin was
tested by determining the reduced antimicrobialagtwith respective
erythromycin susceptible strains (Fig. 3.3). Thdibition zone of
anhydroerythromycin was about 60 % lower as forthepgmycin
(12 mm compared to 26 mm, exclusive disc diamefégy;, 3.4a-c)
reduced antimicrobial the taeolite.

indicating activity  of



Anhydroerythromycin does not react back to erythyoim at a neutral
or alkaline pH. This was proven by testing the mitiobial activity of

neutralized anhydroerythromycin in the agar diffustest (Fig. 3.4d).
The inhibition zone of 17 mm (inclusive disc diae®twas as low as it

was for anhydroerythromycin (Fig. 3.4c).

Fig. 3.4: Agar diffusion test d. xylosus on Mueller-Hinton agar plates after incubation at
37°C for 18 h. a) commercial and b) freshly spottest diontaining 15 pg erythromycin,

c) freshly spotted disc containing 15 pg anhydnteomycin and d) freshly spotted disc
containing 15 pg neutralized anhydroerythromycinipH



3.3.5 Anhydroerythromycin, an inducer for clindanmyresistance

In the D-test the typical flattening of the inhibit zone was already
seen, when erythromycin and anhydroerythromycinewanly dropped
in extremely low amounts of 25 ng on the adjacésmibdisc (Fig. 3.2c,
d). The minimal erythromycin and anhydroerythromytmads of discs
for a positive D-test of iIMLSisolates were not identical: they varied
between 0.2 and 1.85 ng erythromycin and 4 and 2H n
anhydroerythromycin (Table 3.2). With the exceptafroneS. xylosus
isolate, all D-test-positiv&aphylococcus strains in agar diffusion tests
did also grow in the macro dilution test (Table)3.@ne ng [* of
erythromycin or anhydroerythromycin was sufficiett induce
clindamycin. Induction of clindamycin-resistance swaonfirmed by
growth in test tubes containing erythromycin (Fi@.5b) or
anhydroerythromycin as inducers (Fig. 3.5c¢), wherea growth was

obtained in the test tubes containing only clindaimyFig. 3.5d).



Kapitel 3

a) o o d)

Fig. 3.5: Growth of an iMLSphenotypeS. epidermidisisolate in a) Mueller-Hinton broth
(control), b) Mueller-Hinton broth + 1 mg™iclindamycin + 1 ng I erythromycin,
¢) Mueller-Hinton broth + 1 mgt clindamycin + 1 ng & anhydroerythromycin and
d) Mueller-Hinton broth + 1 mgt.clindamycin (non-induced control).

Ten minutes of incubation with Ing L' of erythromycin or
anhydroerythromycin were enough to induce resigtaricstaphylococci
against clindamycin: After 24 h of incubation abted strains grew to a

similar optical density (Fig. 3.6a-d).
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Anhydroerythromycin induces MlgSesistance in staphylococci

a) b) o) d) ' )

Fig. 3.6: Growth of erythromycin induced, iMEBhenotypeS. cohnii ssp.urealyticumin
Mueller-Hinton broth (a) or Mueller-Hinton broth # mg L* clindamycin (b) and of
anhydroerythromycin-induced cells in Mueller-Hintoroth (c) or Mueller-Hinton broth +
1 mg L* clindamycin (d). Vial (e) was a sterile control.

3.4 Discussion

Although in clinical specimen Saphylococcus spec. are well
investigated, systematic investigations of theiterin sewage and
environmental aquatic samples were rarely repofadaet al. (2009)
found 16 — 10 cfu of staphylococci per 100 mL in treated sewage,
whereas after discharge of STP effluent into thar@a Hacza river in
Poland staphylococci varied between “undetectabie? 1.7 x 16 cfu

per 100 mL (Niewolak & Opieka, 2000). Thus, the plagion density of
staphylococci in river water seemed to be highlyiakde, which was
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consistent with results of the present study. Itewaamples of the
Schussen and Argen river from four sampling campicell numbers
of staphylococci varied from 6.5 x 4@ 2.5 x 16 cfu per 100 mL. One
reason for this variability could be th3taphylococcus species enter a
viable but non-culturable state, which was descrifoe S aureus in a
biofilm (Pasquarolet al., 2013).

In most literature sources staphylococci from emwinental samples
were only identified to the genus level (NiewolakG&ieka, 2000). The
prominent human pathogers. aureus and _coagulase_ negative
staphylococci (CNS) were just differentiated bytites coagulase
activity. Our Staphylococcus isolates from different sources (Table 3.1)
were identified frequently as members of the Safpytipus-group
(57.3 %) with the predominant speci&s saprophyticus in sewage
samples an&. xylosus in river samples (Table 3.1). Similar results were
obtained by Fariaet al. (2009), who reported the dominance of
representatives of the Saprophyticus-group in weaster samples
(78.7 %). In their study only one 48 isolates waentified asS. aureus

by a positive coagulase test. In our study only fstwains out of 1048
Saphylococcus strains were identified as aureus (Table 3.1),
indicating a weak survival o$. aureus in wastewater. Since species
such asS aureus or S hyicus, S xylosus, S. cohnii, S sciuri, S, lentus, S
haemolyticus, S. hominis, S. capitis, S. lugdunensis and S. epidermidis
could originate from animals (Aarestrapal., 2000; Werckenthiet al.,
2001; Zhanget al., 2009) as well as from human excrements, it is no
possible to assign isolates from river water tew@dain origin by species

identification.



Contrary to extensive investigations in clinics,end the consumption
of antibiotics corresponded well with the evoluticof antibiotic
resistance mechanisms (e.g. Wétel., 2011) the resistance situation in
aquatic environments was rarely investigated. Doethe use of
antibiotics in hospitals, for home medication or fioeating animal
diseases, non-metabolized or partially metabolteds are introduced
with excrements via sewage or manure in varying, heasureable
amounts into the environment and may cause acguisiff resistances
by the indigenous microflora. Whereas clinical #&eb of S
haemolyticus and S epidermidis were highly resistant against
clindamycin, oxacillin, ciprofloxacin and erythroriy, the percentage
of resistant isolates from sewage effluents anerrivater against these
antibiotics, with the exception of erythromycin, svanuch lower,
presumably due to the much lower concentrationgxgfosition. For
erythromycin a significantly higher percentage edistant isolates was
found (Table 3.4). A similar high percentage oftergmycin resistant
CNS strains in different wastewater samples (21)3a%oin our study
(24 %, Table 3.4) was reported by Fagial. (2009). In the last decade
the relevance of erythromycin in medicine was, hweve decreasing.
Erythromycin was substituted by ketolides, azalidd new macrolides
because of better pharmacokinetics and less sidetef(Witteet al.,
2011).The higher percentage of iMi$henotypes of erythromycin
resistant isolates from surface water as compasexhw sewage and
treated sewage (Fig. 3.3) cannot be explained lpctbae pressure of
clindamycin. The clindamycin concentration in sewa(l7 ng L'
average effluent values of STP’s in Germany) ihéighan in surface

water. Aquatic samples on average contain 9 hglihdamycin (BLAC,



2003), which is sub-inhibitory in terms of antinobial activity.
According to DIN 58940 (2011) more than 0.5 mgdlindamycin are

required to suppress bacterial growth.



Table 3.4: Comparison of antibiotic resist&phylococcus isolates with environmental concentrations of aatits found in sewage or surface water

and annual antibiotics consumption

Clindamycin Oxacillin Ciprofloxacin Erythromycin
Percentage of resistant clinical isolates af 47.6/47.5 89/73.8 85.4/66.7 92.7/67.8
S haemolyticus/S. epidermidis (Witte et
al., 2011)
Percentage of resistant isolates before an@.3 (6.8 if inducible 14 0 24.0
after sewage treatment (this study, Table resistance is included),
3.1)
Percentage of resistant isolates of river | 2.3 (inclusive 0.9 0 10.3
water (this study, Table 3.1) inducible resistance:
5.2)
Average antibiotic concentration of STP | 17 (130) <BG (30) <BG (144) 137** (6000)
effluents in Germany (ngl, in brackets
maximum value; BLAC, 2003)
Average antibiotic concentration in 9 (30) <BG (<BG) <BG (28) 1** (460)
surface waters of Germany (ng,Lin
brackets maximum value; BLAC, 2003)
Antibiotics consumption in human 16,080 118.1 17,973 19,199

medicine (kg total in Germany 2001;
BLAC, 2003)

Antibiotics requirement for veterinary
medicine (t total in Germany 2005*. In
brackets main application; Kustetral .,

12.1 (infections of the
respiratory tract;
mostly in poultry

2013)

farming)

199.2 (infections of
the respiratory and the
intestinal tracts,

sanious infections)

3.7 (infections of the
respiratory and the
intestinal tracts)

52.6 (infections of the
respiratory tract and o
the udder)

<BG: below detection limit; *numbers represent kataounts of lincosamides, penicillins, chinolonascrolides. **detected as anhydroerythromycin




Regarding the distribution of the different resigta phenotypes of
clinical samples the dominance of iMt.&nd cMLS isolates over M$
types (no resistance against clindamycin) is cangpis. Delialiogluet
al. (2005) for instance found that 54.9 % of CNSases$ from clinical
samples were constitutively (cMgBor inducibly (iMLS;) resistant to
MLSg antibiotics and only 18.2 % of the CNS isolateshwiS;
phenotype were detected. cM_8nd IMLS; phenotypes are normally
more numerous than the MBhenotype, regardless if on$ aureus or
the typical nosocomial CNS (e.§.epidermidis, S. haemolyticus ; Witte

et al., 2011)were examined (Linet al., 1999; Gulkt al., 2008; Gherardi
et al., 2009). Possibly, the distribution of our erytimein resistant
Saphylococcus isolates can be explained by the species diversity.
74.6 % of allS saprophyticus ssp. saprophyticus-isolates, that were
resistant to erythromycin, were neither induciblgr nconstitutively
resistant to clindamycin (Table 3.1). In river watteis species was less
dominant than in sewage, and other speciesSilepidermidis, S. sciuri

or S warneri were isolated more often (Table 3.1). Unfortunatel
studies on the distribution of resistance genesagantibiotics of the
MLSg group are very rare. Inducible clindamycin resistaof clinical
isolates often is based on the expressiorerofA, ermB or ermC.
Animal isolates mostly expresgsmB (Lina et al., 1999). This finding is
supported by several investigations with clinicaplates:ermA and
ermC are the predominargrm-genes found inS. aureus and CNS
(Fiebelkornet al., 2003; Gherardét al., 2009). Among our isolates that
according to the D-test revealed an inducible emgicin resistance,
ermC was the most frequently detected resistance derngesent more
than 40 members of them-gene family are known and still moeem-

genes are found (e.g. Schwendener & Perreten, 2002Jve of our 35



iIMLSg isolates had none of the 8 resistance genes medtiearlier. It
might be that the diversity of this gene familyhigher in the aquatic
environment as in a clinical environment due todheurrence of more
different Saphylococcus species and horizontal gene transfer within

different species.

It is known for long that erythromycin could indugesistance to
macrolides, lincosamides and streptogramin B astids in
staphylococci (Weisblunet al., 1971; Sandler & Weisblum, 1989;
Mayford & Weisblum, 1990). In this paper, the intlan of resistance
to clindamycin by erythromycin and by anhydroergthgcin in the pico
molar range (1 ng 1) is reported for the first time. Measured
concentrations of erythromycin and of anhydroeiiycin in surface
waters, which very often serve for recreation or asservoirs for
drinking water are thus high enough for inductioh resistance to
clindamycin that belong to the MgSlasses. Only 10 minutes contact
time of Saphylococcus isolates with either erythromycin or
anhydroerythromycin are sufficient to induce anes$tablish resistance
to clindamycin (Fig. 3.6), which remains as long dimdamycin is
present. Induction of resistance against clindamyciby
erythromycin/anhydroerythromycin might even requiess time. In
consequence infections with induced clindamycin istast
staphylococci while swimming or bare foot walking the shore side
cannot be treated with clindamycin, an often usetibetic to treat
infections with staphylococci in human medicine. bdhibitory
concentrations of clindamycin and the presencenbfdroerythromycin
in river water might possibly support the spreadeofrgenes. The

iIMLSg phenotype is detected in pathogerémd non-pathogenic



Saphylococcus species from humans and animals. S8elphylococcus
strains could play a role as a reservoir for rasist genes and are
possibly the origin for their spread. The obsepmti that
anhydroerythromycin is a potent inducer for resista against
lincosamides even at pico molar concentrations restonsidered as a
wide-spread potential risk for human health. Tharative retention
of antibiotics during sewage treatment by adsomptimto powdered
charcoal or oxidation by ozonation or®}-/UV treatment should be
intended since very low residual concentrationamfantibiotic in the
sub inhibitory range or even of a metabolite maglute resistance

against different classes of antibiotics.
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4. Resistance behavior of inducible clindamycin-réstant

staphylococci from clinical samples and from aquati environments

Um herauszufinden, ob sich das Resistenzverhatierimweltisolaten,
die permanent subinhibitorischen Antibiotika-Konizationen ausge-
setzt sind, und von klinischen Isolaten, welche mitibitorischen
Antibiotika-Konzentrationen behandelt werden, ustéeidet, wurde
das Verhalten der in der vorangegangenen Stud@hbebenen iMLg-

Staphylokokken mit klinischen Staphylokokken, dibemrfalls eine

induzierbare Clindamycin-Resistenz zeigten, vehglit

- Im Vergleich zur Klinik, in der eine induzierbarel/#z-Resistenz
praktisch ausschlielich auf die Expression vem(A) oder
erm(C) zurickzufuhren ist, war dierm-Gendiversitat in der
aquatischen Umwelt deutlich grofer.

- Anhand des phanotypischen Verhaltens gegen Maksolibbei
sich Oleandomycin als bester Marker herausstaitegs moglich
auf das fiur die Kreuzresistenz kodierenderm-Gen
zuriickzuschlieRen: Das kodierendagm-Gen bestimmt den
Phanotyp und nicht die Herkunft des Staphylokoklsatates oder
die Spezies. Dies ist inshesondere dann von Bedgutvenn man
bertcksichtigt, dasserm(C)-positive Isolate deutlich haufiger
mutierten (und dadurch konstitutiv gegen alle Mifhtibiotika
resistent wurden) als Dbeispielsweiserm(A)-, erm(43)-
exprimierende  Staphylokokken oder Isolate mit hishe

unbekanntenerm-Gen. Dies gilt es bei der Entscheidung, welches



Antibiotikum zur Behandlung einer Infektion mit eim iIMLS:-
Saphylococcus herangezogen werden soll, zu bertcksichtigen.

- erm(43)-exprimierende Staphylokokken und Isolate misher
nicht bekanntenerm-Gen zeigten — im Gegensatz zur high-level
Erythromycin-Resistenz voerm(A)- und/oder erm(C)-positiven
Staphylokokken — eine low-level-Erythromycin-Resigt. Isolate
mit minimalen Hemmkonzentrationen in diesem nieshi@ereich
(3-16 mg/L) werden in der Klinik bisher — basiereadf den
derzeit giltigen klinischen Grenzwerten — zum Teitht als
resistent erkannt und in der Folge Infektionensulthen Erregern
moglicherweise falsch therapiert.

- Der Bereich der minimalen Hemmkonzentrationen gegen
Clindamycin, den die Umweltisolate zeigten, war ttielu gro3er
als bei klinischen iML&-Staphylokokken.

Reproduziert von: Hel3, S., Gallert, C. (2014): Resice behavior of
inducible clindamycin-resistant staphylococci fratmical samples and

from aquatic environments. J. Med. Microbiol. 6346—-1453

Abstract

In this study species diversity of staphylococdiwinducible resistance
to macrolides, lincosamides and streptogramin B $jlisolated from
clinical samples, sewage and river water was inyasd. Inducible
clindamycin-resistance was tested using D-test amatrodilution-

assays. Inducible cross-resistance (iMiphenotype) was examined by



PCR oferm gene classes, B, C, F, G, Q, T and43. AlthoughermC was
the most frequently detected resistance gene inSvihenotypes of
environmental staphylococci (61.2 %) resistanceegeancoding for
iIMLSg were more diverse than in staphylococci from hasgamples.

In 22.4 % of iIMLS-staphylococci from aquatic environments none of
the eight testederm genes was found. Those isolates amd43
expressingaphylococcus lentus displayed low erythromycin-MICs (3-
16 ug mi') compared toermC-positive environmental staphylococci
(> 256 ug ml"). Contrary to clinical isolates with clearly dedih
resistance behavior, resistance patterns againssMind MICs for
clindamycin of environmental isolates were moreedsv Although the
abundance of iML$staphylococci in the aquatic environment was
lower than in staphylococci from hospital samplé® diversity of
resistance genes encoding for this phenotype sedmdsk higher.
Oleandomycin is the best marker to correlate ilyHp8enotype and the
respectiveerm gene. The phenotypical behavior of environmental
isolates may differ from the resistance patterncbhical IMLSg-
staphylococci expressinggmA or ermC, and this should be considered

for successful treatment of infections.

4.1 Introduction

Macrolides and lincosamides are frequently meditab@man and
veterinary antibiotics to treat infections causgdstaphylococci (Linat

al., 1999; Liuthje & Schwarz, 2006). Mechanisms of s&sice against
these drugs include drug inactivation, export o thntibiotic and

ribosomal modification and result in a variety dfepotypes (Leclercq,



2002). The last mentioned mechanism, leading tobooed resistance
against macrolides, lincosamides and streptograBin(MLSg) in
staphylococci, is based on the expression of onmae erm genes of
the classe#\, B, C, F, G, Q, T, Y, 33 and43 (Wendlandet al., 2013).
These genes code for methylases that modify tlgetaite(s) in 23S
rRNA and by this inhibit the binding of MlgSWendlandet al., 2013).
Expression oferm genes can either be inducible or constitutive Cel
with inducible resistance against M &re sensitive to these drugs as
long as no adequate inducer is present. It dependbe sequence in
front of the respectiverm gene which drug is able to act as inducer and
this may serve to distinguiserm genes (Leclercq, 2002). Cells that
constitutively express or@m gene are resistant against all ML®ue

to deletions, insertions and point mutations, nyainlthe region of the
translational attenuator, the tertiary structure tbé rRNA can be
changed leading to accessibility of the start codinre to these changes
the presence of an rRNA-binding inducer is no lonmgeessary and the
expression of theerm gene becomes constitutive. The frequency of
occurrence and the type of mutation differ depegdin the structure of
the regulatory leader region as well as on the ampyber (Daurekt

al., 2008). The localization of these genes varieserglisermA is
usually borne by transposon Tn55&mC is often found on small
plasmids (Daurekt al., 2008; Leclercq, 2002). The transferability of
these genetic elements may explain the detectiennofenes in Gram-
positive as well as in Gram-negative genera (Leqle2002). There are
many clinical studies examining the abundance afudible and
constitutively expressed MlgSesistant staphylococci, especially &f
aureus with comparable results: 70-80 % of clinical stgphocci are

resistant against macrolides and about 75 % of treamal ribosomal



modifications (Delialiogluet al., 2005; Gulet al., 2008; Witteet al.,
2011). However, the phenomenon of inducible rescgdo MLS is not
restricted to staphylococci that were isolated framman or animal
samples. Although the percentage of macrolideta#isstaphylococci
in the aquatic environment is lower (20 % versusB@0% in clinical
samples) (Fariat al., 2009; Hel3 & Gallert, 2014), 31.1 % of them
reveal inducible or constitutive resistance to adimycin (Hel3 &
Gallert, 2014). Whereas clinical isolates with ioile MLSs-
resistance, which are genetically almost exclugiesicoded byrmA or
ermC, are phenotypically well characterized (Dauetlal., 2008; Di
Modugno et al., 2002; Hamilton-Miller & Shah, 2000), very littles
known about “environmental’-iML$staphylococci. For successful
medication after infection, identification and infeation about their
phenotypic behavior is necessary. To assess ttéstpa risk for human
and animal health, based on the genetic reserfaitaphylococci from
aquatic environment, 49 iMlgSstaphylococci were isolated from
sewage or from river water and were phenotypicaharacterized
according to their resistance patterns against alides. Their reaction
to inhibitory concentrations of the lincosamide ndiamycin was
investigated and compared with a reference groupl®f clinical

Saphylococcus isolates.



4.2 Materials and methods

4.2.1 Sampling and strain isolation

During eight sampling campaigns in 2012 and 20¥3h Zomposite
samples of raw sewage as well as effluents of rdiffetreatment steps
in the sewage treatment plants (STPs) in EriskiR¥;Langwiese and
Merklingen were collected together with river watdr Schussen and
Argen, two tributaries of Lake Constance in South&ermany. The
river water samples were taken downstream of sewalgt pipes

(random samples, 5 sampling campaigns). Furthernweeiter samples
were also taken from influents and effluents ofgt@m water overflow
basin in Mariatal and the soil filter in Tettnarfgr(details concerning
sampling locations and th&aphylococcus species diversity in the
respective compartments see Hel3 & Gallert, 201#&b$kornet al.,

2013; www.schussenaktivplus.de). The water samplre taken in 1 |
autoclaved glass bottles and cooled to 4 °C a#tempting. For isolation
of staphylococci 100 pl-samples of undiluted andfd@ diluted raw

sewage were plated on Chapman-Stone agar dishesiring 0.05 gt

sodium azide. To obtain isolates, 10 to 40 ml riweater and 25 to
400 ml of STP effluents were filtered through O 48-sterile membrane
filters with a diameter of 4.7 cm for concentratiorhe filters were
placed on Chapman-Stone agar and incubated at 3Aft&€ 48 h,

colonies were streaked on mannitol-salt agar arstremked once after
growth. The clinical staphylococci were obtainednfr Stadtisches
Klinikum Karlsruhe and were isolated by the stafftbe municipal

hospital from samples of different patients, maifiym smears of skin

and mucous membranes but also smears of woundsi@odl cultures.



4.2.2 Identification, antibiotic susceptibility tes) and D-test

The isolates were identified by their physiologiceactions on
Micronaut-Staph®-microtiter plates (MERLIN, Gesehliaft fir
mikrobiologische Diagnostika, Bornheim, Germanydr Fhis purpose
single colonies that grew overnight on DEV-nutrieagar were
suspended in 0.9 % NacCl solution to an optical ig$ McFarland =
0.5. Every well of the microtiter plate was inodeth with 100ul of this
suspension. After 24 h of incubation at 37 °C, jiggical reactions in
the wells of the plates were recorded by photomatexysis. Isolates
that could not be identified at species level wiih Staph®-microtiter
plates were identified at the genus level wRaphylococcus-specific
PCR, targeting thauf-gene (Martineaet al., 2001).

Susceptibility to erythromycin (1ug; Becton Dickenson, Franklin
Lakes, NJ), oleandomycin (1ig; Oxoid Deutschland GmbH, Wesel,
Germany), clarithromycin (1pg; Oxoid), azithromycin (1pg; Oxoid),
spiramycin (10Qug; Oxoid), tylosin (3Qug; MAST Diagnostica GmbH,
Reinfeld, Germany) and telithromycin (1§; Oxoid) was tested by the
disc diffusion test according to DIN 58940 (Deutsdhdustrie Norm,
2011) and to clindamycin (ug) according to the Clinical and
Laboratory Standards Institute (CLSI, 2011). Farcuation 10Qul of a
hundred-fold diluted bacterial suspension (McFatlan0.5), prepared
from an overnight culture on DEV-nutrient agar, &eplated on a
Mueller-Hinton agar. Six-mm discs, impregnated wilie respective
antibiotic, were placed on the agar plate and dféeh of incubation at
37 °C zones of inhibition around each antibiotiewaining disc were
measured.



Inducible clindamycin-resistance was tested byDheest according to
CLSI (2011) with all erythromycin-resistant and ndamycin-
susceptible strains. For this purpose 10i0of a 1.0 McFarland
suspension prepared with biomass of an overnightireuon a DEV-
nutrient agar were streaked on a Mueller-Hintonr gate. The 2ug
clindamycin-containing discs were placed 17 mm tafz@nter to center)
from the discs impregnated with 1§ erythromycin. After incubation at
37 °C for 18 h, the bacterial lawn showing flatteniof the inhibition
zone around the clindamycin discs adjacent to tigghemycin discs
indicated the iMLg-phenotype (Fig. 4.1(a)). To verify the result bét
D-test the erythromycin induced clindamycin-resisewas tested with

the macrodilution assay as previously described (B &allert, 2014).

(@)

Fig. 4.1: D-test of an iIMLSS. cohnii ssp.urealyticum strain isolated from sewage before
(a) and after mutation (b)yD-formation” around a 2ug clindamycin containing disc
adjacent to a disc spotted with 1§ erythromycin by the “wild strain” (a) and acquire
constitutive resistance against clindamycin by leucel that was pregrown in the presence

of 5 ug clindamycin mif (b)



4.2.3 Determination of MIC

For determination of the MIC of erythromycin andindamycin,
colonies from an overnight culture on DEV-nutrieagar were
suspended in 0.9 % NaCl to an optical density ofFattand = 1.0.
Hundred ul of the bacterial suspension were streaked on &llet
Hinton agar and an Etest-strip (bioMérieux, Marck+bile, France),
soaked with increasing concentrations of the resmeantibiotic (0.016
to 256 ug mi* from one end to the other), was layed on it. After
incubation at 37 °C for 18 h, the interception atterial lawn/inhibition

zone with the concentration marked on the strip reasl.

4.2.4 Detection ofrm genes

Inducible clindamycin-resistance was examined bstirig for the
resistance geneermA, ermB, ermC, ermF, ermG, ermQ, ermT and
erm43. DNA-amplification was performed in a total volunoé 25 pl
containing 0.625 units True Start HS Taq DNA Polyase, 2.5 mM
MgCl, (Thermo Fisher Scientific, Waltham, MA), 0.25 mM each
dNTP, 10uM of both primers (double concentration for theestibn of
erm43) and 0.5 ul of template DNA that was extracted with
phenol/chloroform. Used primer sequences and PGRoguols were
described previously (Fellleet al., 2010; Koike et al., 2010;
Schwendener & Perreten, 2012). Successful DNA etxtra of all
strains that were tested negative for the egghmtgenes, was checked by
PCR amplificability of atuf gene fragment specific for the genus
Saphylococcus (Martineau et al., 2001). The PCR products were



separated on a 2 % agarose gel strained with ethitiomide to

identify the respective amplicons.

4.2.5 Mutation experiments

To test the reaction of the 68 D-test positive (4L Saphylococcus
isolates against inhibitory concentrations of cimycin in the absence
of an inducer, growth on clindamycin screening-gdatvas checked. For
this purpose 1@l of bacterial suspension, prepared with biomasarof
overnight culture on DEV-nutrient agar (10 of McFarland = 0.5>

~ 1@ cells) of the respective strain, was dropped dviualler-Hinton
agar without antibiotic (non-inhibited growth casitrFig. 4.2(a)) and on
plates with 1, 2 (see Fig. 4.2(b)), 5 andutclindamycin mit.

Fig. 4.2: Screening-plates of 32 environmental iMIsSaphylococci expressirgmC or
ermA. (a) Mueller-Hinton agar plate without clindamydigrowth control; the 4 grey spot
represent. epidermidis); (b) Mueller-Hinton agar plate containing.g clindamycin mf-
One strain had a very high mutation frequency witnfluent growth after 48 h
incubation. Single colonies were seen earlier.riotl@er “drop-inoculation” 2 mutations

can be seen whereas in each of 5 inoculation §poistation occurs



All plates were incubated at 37 °C up to 48 h. @Gms grown on the
clindamycin screening-plates (one up to many, deipgn on the
mutation rate) were streaked on a Mueller-Hintoaragpntaining 519
clindamycin mf* in order to get biomass for MIC-determination with
Etest-strips. If their MIC in the clindamycin-Etesivas now
> 256 ug mi?, these strains were considered as mutated and usece
as an inoculum for another D-test (e.g. Fig. 4.1/ inhibition zone
was visible around the disc containing@ clindamycin).

Strains that were originally “resistant” against0O<5 ug clindamycin
ml™ (classified as non-resistant) but did grow in pinesence of 1, fg
clindamycin mf* on the screening-plate were transferred on a Muell
Hinton agar that contained & clindamycin mf. If they did not grow
they were considered as adapted (more resistatinttamycin than the
original “wild strains”). Their MIC against clindajoin was checked
with clindamycin-Etest strips. In order to determithe frequency of
mutation the number of grown colonies was correlatethe number of

cells dropped on the plate.

4.3 Results

4.3.1 Species diversity and abundancerof genes

Thirteen of the 19 clinicalSaphylococcus isolates with iML$-

phenotype belonged t&aphylococcus aureus, the most prominent
species causing human infections. All environmernsallates were
coagulase negativetaphylococcus spec. (CNS) belonging to 7

identified and 5 non-identified isolates (Table )4.MWhereas S.



epidermidis was obtained from human samples as well as froterwa
samples,S. hominis with inducible MLS-resistance was not isolated
from aquatic samples. In general the species diyeshowing cross-
resistance to ML§Scompounds was higher in sewage and in river water
than in hospital samples. This may be due to tbetfat only “special”
coagulase negative staphylococci, isolated fromdmspecimen, were
obtained from the hospital. Remarkably &icaureus was isolated from
aguatic samples (Table 4.1). In our study 69.2 ¥hefclinicalS aureus
isolates with inducible cross-resistance carriegl éhmA and 30.8 %
carried theermC gene. The predominantly detectedn gene in clinical
CNS (100 %) and environmental CNS (61.2 %) wanC (Table 4.1).
ermA could only be detected in two of the 49 (4.1 %Yyiemmental
CNS. The inducible resistance to ML8f all S. lentus strains, isolated
from sewage and river water, was genetically detezch by erm43.
Eleven of 49 environmental stains (22.4 %) withLB4-phenotype
were negative for therm gene classes, B, C, F, G, Q, T, 43 (Table
4.1).



Table 4.1: Abundance @& m genes on species level of staphylococci from @dihand environmental sources and reaction to itanjbclindamycin-

concentrations
Species ermA ermC ermd3 erm?
n [ n-m | na n [ nm]| na n [ nm n-a n | nm n-a
Isolated from humans
S aureus 9 1 0 4 2 0 0
S epidermidis 0 2 0 0 0
S hominis 0 4 2 1 0 0
Total number 9 14 D
Isolated from aquatic environment
S cohnii ssp.cohnii 1 0 0 2 0 0 0 1 ¢ [0
S cohnii ssp.urealyticum 0 5 3 1 0 0
S epidermidis 0 4 2 0 0 0
S Kloosii 0 1 1 0 0 0
S lentus 0 0 6 0 3 0
S. saprophyticus ssp. 0 13 5 0 0 4 q 1
saprophyticus
S. spec. 1 0 0 3 1 0 0 3 g ]
S xylosus 0 2 0 0 0 3 0 2
Total number 2 30 6 11

n: number of isolates; n-m: number of mutated teslginducible resistant strains became constélytivesistant after incubation with inhibitory
concentrations of clindamycin); n-a: number of dddpsolates (inducible resistant strains staydddible resistant but became less susceptible stgain

clindamycin); erm? means that none of the respecgvm gene classes (A, B, C, F, G, Q, T and 43)e gavpositive PCR product



4.3.2 Phenotypical characterization of clinical aedvironmental

iML Sg-staphylococci with respectivem genes

Expression of differenérm genes results in distinguishable patterns of
phenotypical resistance to macrolides (Table 4rRkontrast toermA-
encoded inducible ML§resistance in staphylococcérmC-encoded
cross-resistance leads to high-level resistancesnstgoleandomycin
and clarithromycin. This is clearly visible in thegar-diffusion test
displaying no inhibition zones at all (Table 4.2). comparison to
clarithromycin, oleandomycin seems to be a bettesirker for
distinguishing betweearmA andermC because of higher differences in

the inhibition zones, especially for clinical is@a (Table 4.2).



Table 4.2: Phenotypic characterization of clinigal environmental iMLSstaphylococci

carrying differenterm genes by determination of inhibition zones agaiditerent

macrolides or MICs against clindamycin

Antibiotic ermA ermC ermd3
Clinical | Environmental | Clinical Environmental | Environmental
isolates | isolates isolates isolates isolates
(n=9) (n=2) (n=10) (n=30) (n=6)

Erythromycin - no inhibition zones or | - no inhibition zones or - inhibition
<10 mm <10 mm zones about
- MICs> 2569 mit - MICs> 2569 mit 10 mm
- heterogeneous - MICs
expression between 3 and

16 ug mr*

Oleandomycin | - inhibition zones - ho - no inhibition | - inhibition

> 20 mm inhibition | zones or zones between
zones <15mm 25 and 30 mm

Clarithromycin | - inhibition zones betweep - no inhibition zones or - inhibition

11 and 15 mm <10 mm zones between
12 and 15 mm

Azithromycin - inhibition zones between - no inhibition zones or - inhibition

10 and 14 mm <11 mm zones between
9 and 12 mm

Tylosin - inhibition zones between - inhibition zones between | - inhibition

24 and 29 mm 20 and 36 mm zones between
23 and 27 mm

Spiramycin - inhibition zones between - inhibition zones between | - inhibition

26 and 29 mm 26 and 36 mm zones between
26 and 30 mm

Telithromycin - inhibition zones between - inhibition zones between | - inhibition

28 and 44 mm 28 and 41 mm zones between
35 and 40 mm

Clindamycin -MICs | - MICs - MICs - MICs - MICs
about between 0.2 between | between 0.02 | between 0.06
0.1pg | and 0.4ug mi* | 0.06 and | and 0.625.9g and 0.5ug mf*
mi? 0.2ug mi?

mi?

n: number of isolates; MIC: minimal inhibitory catration of the respective antibiotic

Using oleandomycin as a marker for expression dfiégible resistance

against

MLS-antibiotics

is

also

possible for

environmental



staphylococci with iMLg-phenotype. Nevertheless it is important to
consider that their behavior against this antibi@dinot always as clear
as described for clinical isolates. 63.3% of envinentalermC-positive
staphylococci displayed small inhibition zones athe disc (data not
shown).

A possibility to distinguish betweesrmA andermC encoded inducible
MLSg cross-resistance, significant for clinical as weads for
environmental isolates, is the determination of MiI&gainst
erythromycin: In the EtesérmC-positive staphylococci displayed no
inhibition zone along the strip (MIE 256g mI™). Isolates withermA-
encoded resistance also had such a high MIC fahrmycin (Table
4.2), but contrary t@rmC, ermA was expressed heterologously, which
was observable by single colonies growing in thghition ellipse (Fig.
4.3).

Fig. 4.3: Expression of the@mA gene for erythromycin resistance ®fcohnii ssp. ohnii
from sewage: Growth of single colonies in the iitiob ellipse at increasing erythromycin

concentrations indicate heterologous expression.



The MIC of erythromycin oerm43-possessin. lentus varied between
3 and 16ug mit (Table 4.2) and no heterologous expression coeld b
detected. Except of two staphylococci stains willh $5-phenotype not
encoded byermA, B, C, F, G, Q, T, 43, all displayed similar low
erythromycin-MICs in the mentioned range (datastawn).

The MICs against clindamycin of clinicatmA-positive staphylococci
were about 0.:ig mI’; those of the two environmental staphylococci
with the mentioned resistance gene were 0.2 angd . The same
phenomenon could be detected for isolates with iphBenotype
encoded byrmC: The MICs of clinical staphylococci were in thexga
of 0.06 - 0.2ug mi* except for one strain & hominis with a MIC for
clindamycin of 0.38ug ml*. MICs of the environmental isolates
revealed a higher variability in the range betwe8r02 and
0.625ug ml*. Six of 30 environmentadrmC-positive CNS had a MIC
below 0.06ug mi* (20 %) and five of 30 environmentaimC-
positive CNS had a MIC higher than Oy mi* (16.7 %). The
differences in the MIC of clindamycin could not besociated with a
certain species of staphylococci. Qam43-positive S. lentus isolates
showed MICs for clindamycin in the range of 0.08l &5pg mi* and
those of the environmental iIMESCNS withoutermA, B, C, F, G, T, Q,
43 displayed MICs between 0.02 and O@&pmil™*. Therefore it seemed
that the described phenomenon of a wide range @fsMiif clindamycin
was characteristic for environmental strains sitkcese of clinical
isolates were in a much smaller concentration ranDeawing
conclusions about the encoding classemh genes on the basis of the
diameters of the inhibition zones around discs toatained tylosin and
spiramycin was not possible for clinical as well fas environmental

isolates. The diameter of the inhibition zone arbtime oleandomycin



containing disc was the best marker to assign drSgvBaphyl ococcus
isolate to the expression of the respectiman gene based on

phenotypical observations, independent of its origi

4.3.3 Reaction of staphylococci to inhibitory clamdycin-

concentrations

In order to test if differences concerning the tieaic to inhibitory
concentrations of clindamycin between clinical aadvironmental
iIMLSg-staphylococci exist, growth of the respectiveisgan Mueller-
Hinton agar in the presence of different conceiunat of the antibiotic
was checked. Forty percent of the clinical and mmwnental strains of
staphylococci, 50 % of th®& aureusisolates and 33.3 % of the CNS that
expressed theermC gene, mutated (changed their behavior from
inducible to constitutive resistance against clinglein) on screening-
plates in the presence of different inhibitory cemications of
clindamycin (Table 4.1 and Fig. 4.2). The frequeacdof mutation of
clinical and environmental isolates were in the saorder (about
1 x 10°, independent of the species and the origin ofsth@in (Table
4.3). None of our two environment&mA-positive CNS and of the &
lentus strains carrying therm43 gene mutated and only one of the 9
clinical ermA-positive S aureus strains (11.1 %) changed its
susceptibility to clindamycin during the experimefthere was no
correlation between mutation frequency and the delinycin
concentration on the screening-plate with respedhé species and to
clinical and environmental isolates (Table 4.3).0Tigolates, onermA-

expressings. aureus and oneermC-expressings. cohnii ssp.



urealyticum, showed clearly higher mutation rates (> 2.5 X,1Dable
4.3).



Table 4.3: Frequency of mutation @&phylococcus isolates for different clindamycin concentratiémshe agar of the screening-plates

Species erm Clindamycin concentration of the screening-plate
gene 1 g mi? | 2 g mf? | 5pug mit | 10pg mit
Isolated from humans
S aureus ermA >25x10 >25x10 >25x10 >25x10
S. aureus ermC 1x10° 1 x10°
S. aureus ermC 1x10°
S hominis ermC 1x10° 1x10°
S. hominis ermC 2 x10° 6 x 10° 1x10°
Isolated from aquatic environment
S. saprophyticus ssp. ermC 1x10°
saprophyticus
S. saprophyticus ssp. ermC 1x10°
saprophyticus
S. saprophyticus ssp. ermC 1x10°
saprophyticus
S. saprophyticus ssp. ermC 1x10°
saprophyticus
S. saprophyticus ssp. ermC 1x10°
saprophyticus
S cohnii ssp.urealyticum ermC 1x10°
S. cohnii ssp.urealyticum ermC 1x10°
S. cohnii ssp.urealyticum ermC >25x10 >25x10 >25x10 >25x10
S. epidermidis ermC 1x10°
S. epidermidis ermC 1x10° 1x10°
S. spec. ermC 1x10°
S. spec. ermC 1x10° 1x10°




Three of the &m43-positiveS. lentus strains (50 %) adapted and grew
on the 1ug clindamycin mf screening-plate. Growing on Mueller-
Hinton agar plates with this antibiotic concentratiwas also possible
for 4 environmentalStaphylococcus isolates (36.4 %) whose iMIgS
phenotype was not encodeddynA, B, C, F, G, Q, T, 43 (Table 4.1).

4.4 Discussion

In clinical CNS,ermC is the predominantly detectedm gene (Gherardi
et al.,, 2009; Gulet al., 2008; Linaet al., 1999). Coinciding with this
finding, inducible MLS-resistance of our environmental CNS was also
abundantly encoded bgrmC (61.2 %). Possibly the wide-spread
distribution of this gene in different species ¢&phylococci in the
aguatic environment can be explained by its insertinto small
plasmids, usually in the range between 2.3 andkl.@Vendlandet al.,
2013). On the contrary, thermA gene, which was integrated into
transposons Tn554 and Tn917/Tn551 and presentsingie copy or
only a few copies in the chromosome, was less &ety detected in the
aquatic environment (4.1 %) (Dauret al., 2008; Wendlandet al.,
2013). The different abundance of these mobile rdetmnts in the
aquatic environment could be explained by differématnsfer rates.
Unfortunately, to our knowledge, there are no digscribing terms for
horizontalerm gene transfer with focus on the different classas the
respective transfer rates in the aquatic ecosysthmnto date therm43
gene was only reported f&aphylococcus lentus and detected in strains
isolated from humans, dogs and chickens (Schwemnd&nBerreten,
2012). In this study therm43 gene, for the first time, was detectedsin

lentus strains isolated from the aquatic environment. Whsrinducible



clindamycin-resistance of clinical staphylococci bypression of the
ermA or ermC gene was detected almost universally (Gheretrdil.,
2009; Gulet al., 2008; Linaet al., 1999) in staphylococci that were
isolated from aquatic environment, the diversity epin genes was
higher than in strains isolated in hospitals. Unipately investigations
about the distribution ofrm genes inSaphylococcus isolates from
environmental sources are very rare. Kakal. (2010) examined waste
lagoons and subsurface waters from swine farmderbasis of MLS
methylases for molecular ecology. They reportedh Hiversity oferm
genes, but due to their molecular approach andvitie distribution of
the recently known about 40 resistance genes ofrimegene family
(Leclercq, 2002) among Gram-positive as well asragr@ram-negative
bacteria, it is not possible to assign them to igseof the genus
Staphylococcus.

Phenotypic resistance patternseofnA or ermC carrying staphylococci
from hospital samples have already been describadrélet al., 2008;

Di Modugnoet al., 2002). The heterologously expressed erythromycin-
resistance of ouermA-positive environmental staphylococci was also
observed by Di Modugnet al. (2002) during MIC determinations. Di
Modugno et al. (2002) distinguished between the two endpoints
‘changing from confluent to light growth’ and ‘chging from light
growth to no growth’. As a possible explanation fbis phenomenon,
they mentioned that, whereasnC leads to dimethylation of a specific
residue in 23S rRNA, other genetic determinants roayse mono-
methylation at the same position. Up to date, doeh erythromycin-
MICs as in environmentadrm43-expressingS. lentus strains and in 9
Saphylococcus strains with an iML§-phenotype, that were not encoded
by ermA, B, C, F, G, Q, T, 43 (3-16 ug ml'"), were associated with other



resistance mechanisms like efflux pumps, which aneoded for
instance bymsrA (Hauschild & Schwarz, 2010). Our phenotypic
investigations showed that on the basis of lowilesgthromycin
resistance, it was not possible to exclude indecibkistance to MLgs
antibiotics and, as a consequence, rather low MbCerythromycin
were not a sufficient criterion to decide if climdgcin could be used to
treat an infection caused by suBfaphylococcus strains. In accordance
with our observations, concerning the clindamycite®l of clinical
isolates, Le Bouteet al. (2011) reported MICs for clindamycin of their
clinical ermC-expressingS. saprophyticus strains between 0.03 and
0.12pg mrt. To our knowledge such a high fluctuation of théC\Mbf
clindamycin as displayed by our environmental issda(variation from
0.02 to 0.75:g mi?) has not yet been reported for iMi-Staphylococci,
neither for strains of clinical nor of environmentarigin. This has
implications for medical prescription. In contraxy the finding of Di
Modugno et al. (2002), who reported thaérmA-positive iMLSs-
staphylococci were significantly more susceptiloléylosin (mean MIC
1.7 ug mit) in contrast to theiermC-caused resistance (mean MIG@
ml™), our ermA-expressing isolates did not reveal significantlyger
inhibition zones compared to those that expresstin€ gene (Table
4.2).

The mutation frequencies of our environmergahC-expressing CNS
(Table 4.3) were higher than those reported fesmC-expressingS.
aureus, which ranged between 1.7 x3@nd 4.4 x 18. The finding of
Daurel et al. (2008), which indicated that thearmA-expressingS.
aureus mutated 14 times less tharmC-possessing. aureus, supports
our observation that no correlation exists betwepacies and their

mutation frequency. The frequency seems to be dipegnon the



encoding erm gene, especially on the respective structures ef th
attenuator region. Whereas the regulatory regiorerofC comprises
only one encoded leader peptide and four inveepdats, the respective
region of ermA is longer and more complex. It includes sequences
encoding two leader peptides and six inverted rspéaaurelet al.,
2008). The similarity to the attenuator of #r@¥3 gene, which is also
constructed by sequences encoding two leader pspichwendener &
Perreten, 2012), might be a possible explanatiowdo result that none
of the 6S. lentus isolates that expressed teend3 gene mutated during
incubation with inhibitory clindamycin concentrat& Possibly the
clearly higher mutation rates of the two isolatéshés study, as well as
the fluctuations determined for strains belongmghie same species and
possessing the samem gene (as e.g. reported by Daugehl., 2008),
could be explained on the basis of sequence asalysi

To conclude, the abundance of staphylococci wittludible cross-
resistance to ML§ antibiotics that were isolated from aquatic
environment was lower than that isolated from hasmamples. The
diversity of resistance genes encoding for the meisim of ribosomal
modification and their phenotypic expressions s¢erbe much more
variable. Whereas environmen&hphylococcus strains with inducible
MLSg-resistance, encoded bgrmA or ermC, showed phenotypic
resistance patterns and reactions to inhibitory ceotrations of
clindamycin assignable to the respective resistgaee, isolates from
sewage and river water that harbored ¢hevd3 gene or so far not
detected resistance genes, did not behave as edpfectthis resistance
mechanism. Collectively, environmental IM-ENS displayed a
broader range of reactions against the differentSMicompounds,

possibly as a result of an adaption to the pernthnerhanging



conditions in their ecosystem. For successful tneat of infections
caused by such strains it is important to know rtheihenotypic
characteristics for identification and medicatiorithwan adequate

antibiotic.
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5. Removal of total and antibiotic resistant bactern in _advanced

wastewater treatment by ozonation in_combination wh different

filtering technigues

Klaranlagen stellen eine bedeutende Eintragsquaie Antibiotika,
deren Metaboliten sowie Antibiotika-resistenten t®alen und
Resistenzdeterminanten in das aquatische OkosydéenGerade weil
das daraus resultierende potentielle Risiko fir Giesundheit von
Mensch und Tier derzeit nicht abgeschéatzt werdem kst es wichtig,
die Belastung von als Vorfluter dienenden Oberfiigfewassern weiter
zu minimieren. Um die diesbeziigliche Effizienz etemer
Abwasserreinigungstechnologien zu testen, wurde Abwasser-
teilstrom in der Klaranlage Eriskirch mit Ozon bsgand anschlieRend
Uber verschiedene Filter geleitet. Als Bezugspunlt Beurteilung
dieser um eine vierte Stufe erweiterten Abwassgigengsverfahren
wurde der Ablauf des derzeit grof3technisch etabiieFlockungsfilters

herangezogen.

- Die Ozonung war ,der* keimeliminierende Schritt,r ddlerdings
zu einem erhdhten relativen Anteil Antibiotika-itenterE. coli
und Staphylokokken fiihrte.

- Im Gegensatz z&. coli und den Staphylokokken nahm der Anteil
resistenter Enterokokken wahrend der Ozonung udf2%b, was
mit einer Veranderung in der Speziesverteilungb@s®ndere einer
Abnahme des Anteils da faecium-Isolaten) gekoppelt war.

- Teilweise kam es wahrend der Passage durch di€Ddenung

nachgeschalteten Filter wie auch des Flockungdiltei einem



Anstieg der Konzentration an fakultativ pathogeBakterien wie
auch des Anteils resistenteE. coli, Enterokokken und
Staphylokokken. Ein entsprechend angepasster Betige Filter
wie regelmaflige Wartung, Intensivierung von Spélivallen etc.
wirde aber die beobachtete Zunahme von Keimen ri@rgm
kénnen.

- Die keimeliminierende Wirkung des Ozons uberlagedie
teilweise gesehene Zunahme des Anteils resistéstkate, sodass
die Konzentration fakultativ pathogener und Antitka-resistenter
Keime in den Ablaufen der vierten ReinigungsstufeViergleich
zum Ablauf des derzeit etablierten Flockungsfilte(tertiare

Reinigungstufe) um etwa eine log-Stufe geringer. war

Reproduziert von: Liddeke, F., HeR, S., Gallert, Winter, J., Glide,
H., Loffler, H. (2015): Removal of total and antkic resistant bacteria
in advanced wastewater treatment by ozonation mbogation with
different filtering techniques. Water Research®83-251

Abstract

Elimination of bacteria by ozonation in combinatiwith charcoal or
slow sand filtration for advanced sewage treatmenimprove the
quality of treated sewage and to reduce the peaterisk for human
health of receiving surface waters was investigategiilot scale at the

sewage treatment plant Eriskirch, Baden-WuerttegiBarmany. To



determine the elimination of sewage bacteria, wiilhg and leaving
wastewater of different treatment processes waly/sathin a culture-
based approach for its contentEfcoli, enterococci and staphylococci
and their resistance against selected antibiotiex @ period of 17
month. For enterococci, single species and theibiatic resistances
were identified. In comparison to the establishieddulation filtration
at Eriskirch, ozonation plus charcoal or sand diltn (pilot-scale)
reduced the concentrations of total and antibioésistantE. coli,
enterococci and staphylococci. However, antibiotsistante. coli and
staphylococci apparently survived ozone treatmeiteb than antibiotic
sensitive strains. Neither vancomycin resistant emtocci nor
methicillin resistan®&aphylococcus aureus (MRSA) were detected. The
decreased percentage of antibiotic resistant ertecd after ozonation
may be explained by a different ozone sensitivitf species:
Enterococcus faecium andE. faecalis, which determined the resistance-
level, seemed to be more sensitive for ozone thher &nterococcus-
species. Overall, ozonation followed by charcoadamd filtration led to
0.8 - 1.1 log-units less total and antibiotic resi$E. coli, enterococci
and staphylococci, as compared to the respectiveeerdrations in
treated sewage by only flocculation filtration. Bhuadvanced
wastewater treatment by ozonation plus charcoahkad filtration after
common sewage treatment is an effective tool fahér elimination of

microorganisms from sewage before discharge irasarfvaters.



5.1 Introduction

In Germany so far, no breakpoints exist for thecemtration of bacteria
or even for antibiotic resistant microorganisms the effluent of
wastewater treatment plants (WWTP), since the folies on the
elimination of carbon, nitrate and phosphate. Gulye sewage
treatment of most plants can be divided into thsesps: primary and
secondary treatment (mostly activated sludge) coetbi with
nitrification/denitrification, phosphate precipitat and/ or filtration as
tertiary treatment (Statistisches Bundesamt, 20ih3jhe last years, the
quality of receiving water bodies, which very ofteerve as drinking
water reservoir or for recreation, moved more anmgteminto public
interest. This is manifested in different guidesinfor instance in the EU
Bathing Water Directive (European Parliament & Ggiljr2006), which
defines quality thresholds for bathing water. Amanber parameters,
maximal numbers of two fecal indicator groufscherichia coli and
enterococci are fixed. These two bacterial groupgewchosen as
markers for contamination with human feces (Lucaigz et al., 2011).
In contrary, staphylococci, typical colonizers dfinrs and mucous
membranes of humans and animals, are not classifiéecal indicators.
However, some species and subspecies of enteroanddt. coli are

also relevant human pathogens.

To achieve the goals manifested e.g. in WHO or Hiudejines,
improvements of wastewater purification by fourthreatment
techniques, such as UV-irradiation, photo Fentohlormnation or
photocatalysis may be useful (e.g. Diao et al.,420Rinc6n and
Pulgarin, 2005; Michael et al., 2012). A positiviteet of the mentioned

techniques is the reduction of living facultativatipogenic bacteria but



it is unclear if their establishment will lead tohagher percentage of

antibiotic resistant bacteria (e.g. Dodd, 2012).

Ozonation is another of the recently tested adwhnosidation
processes: molecular ozone decays in three phigeis idissolved in

water (Gehr et al., 2003). Its decay rates depenchaous parameters.

If, for instance, alkalinity is low and/or the camtration of organics
high, ozone will decay rapidly, forming hydroxyldiaals for non-
selective oxidation (Gehr et al., 2003). Hunt andridas (1997) found
out that molecular ozone primarily inactivatedcoli. Up to date, the
mode of action and the specific target structurésozpne and its
decomposition products in microbial cells are nobmpletely
understood: amino acids or proteins, peptidoglydggs in the cell
wall and cell membrane, enzymes as well as DNA-mdés may be
affected (Dodd, 2012). Furthermore it is still gmen question whether
antibiotic resistant microorganisms might be legnsgtive against
oxidative stress that is caused by ozone in ageaticonment.

The effect of different filter materials such asaga sand or charcoal on
the distribution of antibiotic resistance genes dentroversially
discussed: Grabow et al. (1976) assumed that storigces of biofilters
or sand filters are unfavorable for conjugation aadld damage sex pili
resulting in a stable or even decreasing percergagatibiotic resistant
bacteria. On the other hand, the prolonged hydraeliention times in
the filters may promote horizontal gene transfene Tpercentage of
antibiotic resistant bacteria may also increasdeifiporarily retained
microorganisms in a filter would incorporate fre®&® fragments of

lysed cells after ozonation (Dodd, 2012).



Within the project “SchussenAkiplus’ the effect of ozonation followed
by sand and/or activated-charcoal filtration peos& combination was
investigated with respect to the removal of totad antibiotic resistant
bacteriaE. coli, enterococci and staphylococci. The filters wesedufor

post-ozonation treatment to remove e.g. emergingtaoainants,

estrogenicity or mutagenicity possibly induced lzpre (Magdeburg et
al., 2014). For this purpose, part of the sewaderiry the wastewater
treatment plant of Eriskirch was treated with thentioned advanced
techniques. The concentrations of bacteria as agethe percentage of
antibiotic resistant isolates were determined oulture-based approach
and results were compared with those of the effloémoutine tertiary

treatment by flocculation filtration.

5.2 Material and methods

5.2.1 WWTP characteristics

The study site is a medium sized WWTP in Eriskif@ermany) with
40,000 inhabitant equivalents located 0.5 km upstréo the Schussen
estuary into Lake Constance. The catchment areaahaspulation of
28,000 inhabitants. Standard wastewater treatmettepses comprise
mechanical retention of large solids, separationsafid and grit in
aerated chambers, settling of suspended soliddarmaypy settling tanks,
biological removal of nitrogen and phosphorus biyvated sludge units
(including chemical phosphorus precipitation) aedondary clarifiers.
In an additional flocculation filtration step, agaiphosphorus

precipitation takes place, before the treated wédedirected to a



filtration unit consisting of seven cells with arface area of 22.1 M
each filled with 15 cm quartz gravel support lagéf8 mm), 65 cm
quartz sand layer (0.71-1.25 mm) and a 85 cm ariterdayer
(1.4-2.5 mm). Back flushing was performed at 6 terivals from cell to
cell, requiring 42 h. Depending on weather condgidghis time span
may have been shorter. The maximum hydraulic load 860 I/s. The
mean daily run-out was about 10,296 m3/ d (dry teatminimum
6,468 m3/ d, rainy weather maximum 20,318 m?3/ @ntrial means
2011-2013) (for details see Triebskorn et al, 2013
www.schussenaktivplus.de).

For the pilot scale study, a partial flow of thdlegnt (1.5 m3/h) was
piped through an ozonation reactor (contact timer@® with 0.73 mg
Os/ mg DOC), followed by either sand filtration oragulated activated
charcoal (GAC) adsorption or a combination of btebhniques. The
three filters were identically sized (4 m height3 On diameter, filter
area 0.0707 f) and were top-down fed and bottom-up back-flushed.
The sand filter (back-flush interval 43 h) contairgie3 m gravel support
layer, a 0. 6 m sand layer (volume 40 I, grain §iZ&l mm — 1.25 mm)
and a 0.8 m hydroanthracite layer (volume 55 ljrggaze 1.4 mm —
2.5 mm). The GAC filter (back-flush interval 5 hprgained 0.3 m
gravel support layer and a 2.2 m charcoal layeluae 155 I, grain size
0.425 mm - 2.36 mm, manufacturer Chemviron). Thenbined
sand/GAC filter contained 0.6 m sand and 2.2 m GAls filter was
emptied in August 2013 and filled only with GAC maal to check its
removal efficiency for bacteria from wastewaterttiaas not treated
with ozone before. Fig. 5.1 shows a scheme of théTW Eriskirch and

the sampling points.
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Fig. 5.1: Schematic overview of WWTP Eriskirch atié pilot station with ozonation
followed by sand filtration (Sa) and/ or granulatadtivated charcoal (GAC). The
combination filter Sa + GAC was substituted in Asg2013 against a GAC filter
examining the effect of GAC solely without priorammtion. Grey dots indicate sampling
stations.

5.2.2 Sample collection from the WWTP Eriskirch

In sampling campaigns from May 2012 until Decemb@t3 effluents
of primary treatment (ef PT), secondary settlin§ $8), flocculation

filtration (ef FF), ozonation (ef Oz), ozonationdambination with sand



filtration (ef Oz+Sa), ozonation in combination WIEAC (ef Oz+GAC)
or ozonation in combination with sand filtration/GAadsorption
(ef Oz+Sa+GAC) were analysed. Effluent of a filleat was filled with
exclusively GAC and operated with conventionallyrified sewage
without ozonation (ef GAC) served as a control sgavaamples were
collected volume-proportional over a period of s and refrigerated
in an automatic sampler. Purified sewage for miidiolgical
investigations was sampled in autoclaved glassldsotivhich were
stored at 4 °C during transport. Processing irlaheratory was finished
within 24 h.

5.2.3 Enumeration, isolation and identification @fltivable E. coali,

enterococci, and staphylococci

For E. coli, ECD-agar containing 4-methylumbelliferyl-beta-D-
glucuronide (MUG) was prepared according to martufac’s
instructions (Merck, Darmstadt, Germany). To covbe probable
contamination level, samples were either concesdrdty membrane
filtration (cellulose nitrate, pore size 0.45 um, 530 mm (Sartorius,
Gottingen, Germany)) or directly plated on agatgdaAfter incubation
at 37 °C for 20-24 h, blue fluorescent colonies\jiéng from the beta-
glucuronidase activity that hydrolyzes MUG) Bf coli were counted
under UV light.

For Enterococcus spec., membrane filters with appropriate dilutions
were incubated on azide nutrient pads (Sartorios¥0-48 h at 37°C,

followed by incubation on kanamycin-aesculin-addelck, Darmstadt)



for 1 h at 44 °C. Red, pink and reddish brown aadocolonies with

positive aesculin reaction were counted.

For Staphylococcus spec., Chapman-Stone agar containing 0.05 4 L
sodium azide was used. Undiluted and 10-fold dilutaw sewage
samples were plated on agar dishes. To obtain tagitci from

effluents after the mentioned sewage treatment gmatibns, 1 to

400 ml of respective samples were filtered throQgtb um membrane
filters (@ 47 mm), which were placed on Chapmam8tagar plates
and incubated for 48 h at 37 °C. Twenty coloniegath sample were

streaked on Mannitol-Salt agar and re-streaked aftee growth.

Per sampling site 15 typical coloniesEfcoli and of enterococci were
randomly selected and isolated. Presumpfivecoli - isolates were
further tested for tryptophanase activity with Ko\areagent. Separated
enterococci — isolates were further streaked orakagine aesculin

azide agar to confirm positive aesculin reaction.

Gram-positive cocci were identified on Micronaugygt®-microtiter
plates  (staphylococci) /  Micronaut-Strep2®-micratit plates
(enterococci) according to manufacturer's instamdi (MERLIN,
Gesellschatft fiir mikrobiologische Diagnostika, Bogim, Germany)E.
coli was identified by targeting a specifiaf-gene fragment (primers
and PCR-conditions as described by Maheux et @09Q Briefly, the
DNA-amplification was performed in a total volumg2b pul containing
0.625 units True Start HS Taq DNA Polymerase, 218 migCl,
(Thermo Fisher Scientific, Waltham, MA), 0.25 mM efch dNTP,
10 uM of both primers and 0.@l of template DNA (extraction with

phenol/chloroform).



5.2.4 Antibiotic _susceptibility testing and detecti of antibiotic

resistance genes (ARG)

The agar diffusion test according to DIN 58940 (DINeutsche
Industrie Norm 2011) was performed with 318 enteooc for antibiotic
resistance (AR) against ampicillin (1@)), chloramphenicol (3Q.g),
ciprofloxacin (5pg) and erythromycin (1fg). The susceptibility oE.
faecium andE. faecalis (VRE) isolates against vancomycin was tested
according to Clinical and Laboratory Standards (CLS011).
Vancomycin resistance (VR) was confirmed by thesenee of VR
genesvanA-E, G (Depardieu et al., 2004); DNA was amplified a
25 ul assay containing 0.625 units True Start HS TaADMlymerase,
2.5 mM MgC}, 0.25 mM of each dNTP, 10M of both primers and
0.5 ul of template DNA (extraction with phenol/chlorofoy. Intrinsic
low-level vancomycin-resistances Bf gallinarum andE. casseliflavus

(vanC1- and vanC2-type) were not considered.

AR of 349 E. coli-isolates against ampicillin (1Qg), ciprofloxacin
(5 ug), cotrimoxazol (1.2mg trimethoprim/ 23.75.g sulfamethoxazol;
SXT) was also tested with agar diffusion tests (D211). For testing
AR against cefotaxim (gg) clinical breakpoints (EUCAST, 2011) were
applied. To detect extended-spectrum-3-lactamaSBI(JEproducingE.
coli (multidrug-resistant strains causing severe iidest and therefore
displaying an increasing problem in human and vredey medicine), all
ampicillin resistant isolates were additionallytéss against ceftazidim
(30 pug) and cefpodoxim (1Qug) according to CLSI (2011). The
inhibitory effect of clavulanic acid on R-lactamas@s checked as
described by Bradford (2001). According to the wigifin of Robert-



Koch-Institut  (2007), ESBL producers were resistaagainst

cefpodoxim as well as ceftazidim and/or cefotaxim.

Susceptibility of the 636Saphylococcus-isolates against oxacillin
(5 pg), ciprofloxacin (5 pg) and erythromycin (1§)was tested by the
disc-diffusion test with Mueller-Hinton agar accimgl to DIN 58940
(DIN, 2011) and against clindamycin (2 pg) accogdio CLSI (2011).
Oxacillin resistance was confirmed by the detectadnmecA using
previously described primers and PCR-conditiongdBri et al., 1991).
The DNA-amplification was performed in a 28 assay containing
0.625 units True Start HS Taq DNA Polymerase, 29 gCl,,
0.25 mM of each dNTP, 10M of both primers and 0.hl of template

DNA (extraction with phenol/chloroform).

5.3 Results and Discussion

5.3.1 Quantification of cultivabl&. coli, enterococci and staphylococci

in_effluent of conventional and of pilot scale advad treatment

processes

The established wastewater treatment with flocmnafiltration as a
tertiary treatment reduced the numberEofcoli and enterococci about
2.8 log-units and of staphylococci about 3.4 logsu(Tab. 5.1 and Fig.
5.2), whereas numbers Bf coli, enterococci and staphylococci after the
flocculation filter fluctuated around one log-uifiig. 5.2). Secondary
treatment showed highest efficiency in total baateremoval, which
was observed before (George et al., 2002; Hijneat. e2000). Probably



this high elimination of bacteria was caused maihly grazing of

protozoa, competition with the prevalent microflosmd sedimentation

of bacteria adsorbed to sludge flocs.
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Fig. 5.2: Quantification of cultivablg. coli (A), enterococci (B), staphylococci (C) and
heterotrophic plate count (D) after their passdg®ugh primary treatment (ef PT),
secondary settling (ef SS), flocculation filtratidef FF), filtration with granulated
activated charcoal GAC solely (ef GAC), ozonatiefi ©z), ozonation + sand filtration
(ef Oz+Sa), ozonation + GAC (ef Oz+GAC), ozonatitnsand filtration + GAC

(ef Oz+Sa+GAC). n = number of sampling events.



Tab. 5.1: Mean log reduction efficiencies forcoli, enterococci and staphylococci as well as antibi@sistant isolates achieved by conventional
(flocculation filtration (FF)) and advanced wastésvareatment with granulated activated charco#d@Esolely, ozonation (Oz), Oz+sand filtration
(Sa), Oz+GAC or Oz +Sa+GAC. Calculations were mimtleeach purification step compared to the primaeatment effluent. In brackets are the

corresponding cfu/ 100 ml.

elimination efficiency E. coli enterococci staphylococci
calculated to PT total antibiotic resistant total antibiotic resistant total antibiotic resistant
FF 2.8 (45x 19 2.6 (1.0x 18 2.8 (1.4x 18 2.6(53x18 3.4(9.8x 18 3.6 (2.5x 18
GAC 3.2(1.9x 19 3.1(3.9x18 3.3(5.1x18 3.3(1.1x18 3.3(1.2x16 3.5(3.0x 18
Oz 3.8(5.0x19 35(1.3x16 39(1.3x18 42 (1.4x16 3.7 (5.6x16 3.7(1.7x18
Oz+Sa 3.6 (7.5 xB) 3.8 (6.8 x 16 3.6 (25x16 3.4(79x16 4.1(23x18 4.4 (4.0x 19
0z+GAC 38(4.6x1) 3.8 (6.6 x 16) 39(1.3x18 3.6 (5.1x16 43 (1.4x1H 45 (3.0x 19

Oz+Sa+GAC 3.7(6.1x 35(1.4x16 3.8(1.6x16 3.6 (5.9x 16 4.4 (1.0x 19 4.7 (2.0x 19




Compared with removal efficiencies of other coniaml WWTPs with
equivalent treatment techniques, bacterial elinmmafound in our study
was relatively high. Kistemann et al. (2008) repdria reduction of
fecal-associated microorganisms of one to maxintalge log-units and
Faria et al. (2009) measured a reduction of staygoylci in the order of

two log-units.

In comparison to the effluent of the establisheddascale flocculation
filter, numbers of culturablE. coli and enterococci after ozonation were
about one K. coli) or 1.1 (enterococci) log-units lower. For
staphylococci, a possibly higher reduction by usizgne could not be
seen due to already low cfu-values in ef SS (meauev
8.6 x 16 cfu/100 ml; Tab. 5.1 and Fig. 5.2). In accordamgéh our
data, Abegglen et al., (2009) reported that ozonatiith 0.4 - 1.1 g
Os/g DOC caused a 1-2 log unit reductionEotcoli and enterococci cell
concentrations. The duration of ozonation, the eatration of ozone in
the sewage and the composition of sewage may mfu¢he efficiency
of this advanced treatment technique concerning efiraination of
living cells. Xu et al. (2002) measured the effedtthe hydraulic
retention time in the ozonation unit on the elintima rate. They found
no difference of inactivation between 2 and 10 r@auexposure time
for a given ozone dose. Reported inactivation rafegifferent genera
and species varied (Gehr et al., 2003; 1989; Xal.et2002) and were
lower in biofilms (Zimmermann et al., 2011), presbly due to cell

protection in deeper layers.

Regarding the mean reduction rates shown in Taliledgonation is the

elimination step for microorganisms during advansedage treatment.



The effect of sewage filtration through sand or G&fter ozonation on
the number of living cells varied. During some séingpcampaigns they
were higher in the effluent of the respective filtean in the influent (up
to 0.6 log-steps; data not shown). The mean regluctites oft. coli
and enterococci after passing the respective diligere in the same
order of magnitude as after ozonation (3.6 - 3@units; Table 5.1).
The number of living staphylococci decreased dugpagsage of the
filters, whereas the passage though the combined-sand granular
activated charcoal filter was the best option Iegdio an additional
reduction of 0.7 log-units (Table 5.1). The textofethe filter material
seemed to be a determining factor for removal speetive particles. A
study of Foppen et al. (2010) showed that the lattent on quartz sand
filter material was dependent on sphericity, migtilzeta-potential, cell
aggregation, lipopolysaccharide composition and gresence/absence
of different outer surface proteins. The mentionkdracteristics are not
genus or species specific as Foppen et al. (204€jritbed those for a
number ofE. coli-isolates. Therefore, using different filter matkria
may increase removal efficiency. The mean hydraeliention times of
E. coli, enterococci and staphylococci in the respectiters in the STP
of Eriskirch are unknown and are probably influehbg back-flushing
intervals. Nevertheless, comparison of cell numbershe respective
effluents allows an evaluation of the advanced sgew#reatment
techniques of the pilot-scale plant. On average, ntbmber of living
cells in the effluents of the respective filterseafozonation was about
one log-unit lower compared to respective effluafier only tertiary

treatment without preceding ozonation (Table 5.1).



5.3.2 Species diversity of enterococci

The most frequently isolated species of the genierococcus wasE.
faecium (36.5%), followed byE. faecalis (18.2%) ancE. hirae (14.5%;
Table 5.2). Dominance of these species in sewage abaerved in
different countries in Europe like Sweden, Spaiortéyal and the
United Kingdom (e.g. Ferreira da Silva et al., 200D86czkiewicz et al.,
2011). E. faecium and E. faecalis are regarded as specific species in
human feces, whereds hirae, E. gallinarunVE. casseliflavus and E.
durans seem to be environmental strains and originaten ffeces of
animals (Luczkiewicz et al., 2011). A shift of tladundance of the
different Enterococcus-species after ozonation was obvious. In effluent
samples of the secondary settling pond (ef SS)iandater samples
from aquatic environment, percentageskEoffaecium and E. faecalis
were identical (49.1%; Table 5.2). After ozonatithe percentages &
faecium andE. faecalis decreased to only 26.3% in favorkfhirae, E.
gallinarun/E. casseliflavus and E. durans (Table 5.2). Possibly those
Enterococcus-species that were found mainly in aquatic enviromme
had developed mechanisms against oxidative strebsherefore were
less “sensitive” against ozone. They survived oziveatment in larger
numbers tharkt. faecalis and E. faecium. The pigment produced .
casseliflavus may for instance play a role in the defense agj@amage
by reactive oxygen species similar as already de=tr for the
staphyloxanthin that is synthesized &gphylococcus aureus (Clauditz
et al., 2006). In the effluents of the respectiMters (ef FF, ef Oz+SF,
ef Oz+GAC, ef Oz+SF+GAC):. faecium and E. faecalis dominated:
57.7% to 78.6% of the isolates of these samplingtpavere identified

as one of the two species (Table 5.2). To exclid¢ the observed



species shift was an effect of the chosen cultaset) approach further

investigations are needed.



Tab. 5.2: Diversity and antibiotic susceptibilitf/Enterococcus species isolated from the different sampling go(nt= absolute numbers; n-r = number

of resistant isolates).

ef PT ef SS ef FF ef GAC ef Oz ef Oz+Sa ef Oz+GAC ef Oz+Sa+GAC
n n-r n n-r n n-r n n-r n n-r n n-r n n-r n n-r
Sum 70 57 74 22 38 26 17 14
E. avium 1
E. casseliflavus 16 7 8 5 7 1 1
E. durans 2 1
E. faecalis 13 2 8 14 1 -4 4 4 7 2
E. faecium 25 12 20 14 34 19 6 -4 6 2 11 8 8 6 4 3
E. gallinarum 5 1 5 1 7 1 3 8 4 1
E. hirae 5 1 16 4 9 3 1 6 2 2 2
1 7 1 4 1

E. spec. 4




5.3.3 Effect of conventional and pilot scale adwthsewage treatment

on the percentage of antibiotic resistaft coli, enterococci and

staphylococci

To evaluate the effect of the installed advancedage treatment
techniques in more detail, percentages of antibiesistant bacteria in
respective samples from conventional treatmentsuwigre compared

with effluent samples of the established floccolatfiilter.

The percentage of antibiotic resistdhtcoli was higher in the effluent
of the flocculation filter (FF, 22%) than in effloeof primary treatment
(ef PT, 14.5%; see Table 5.3). With few exceptia<E. coli-isolates
were — if at all — resistant against ampicillin.n®o of the ampicillin
resistant isolates were additionally resistant rggaiSXT and/or
ciprofloxacin. Extended-spectrum-R-lactamases (BSBtoducing E.
coli were detected twice (ef PT and ef Oz+GAC). Theudency of
distribution of resistance against the four tesaatibiotics (Table 5.3)
was in accordance with the findings of Luczkiewetzal. (2010), who
also analysed the antibiotic resistance pattet. obli strains that were
isolated from sewage. They isolated one ESBL inatration chamber.
The fact that ESBL producers can be detected byureulbased
approaches points out that they are present inectisp numbers in

sewage.

During ozonation, the percentage of antibiotic gtsit isolates
increased about 16% (Table 5.3), especially duantancrease of the
percentage of ampicillin resistaBt coli. The percentage of SXT and
ciprofloxacin resistant strains did not change (SXT7-8%;

ciprofloxacin: about 4%; Table 5.3). Contrary tatth_uczkiewicz et al.



(2010) described an increased percentage of SXT cgmbfloxacin
sensitiveE. coli-isolates during ozonation. However, they also et
differences between the respective antibiotics. ti8o percentage of

cephalosporin resistant isolates, for instance iggdastable.

Filtering of sewage after ozonation led to a desweaz the percentage of
antibiotic resistank. coli strains, whereas the percentage of resistant
isolates was lowest after passing of the sandr filteduction about
17.7%; according to Table 5.3). Grabow et al. (J9%t6nmarized that,
on average, advanced treatment by biofiltration samt! filtration led to
a reduction of transferable resistance to one aerdougs in coliforms
of about 50%. The authors discussed the structutieecfilter material
concerning its inhibitory effect on conjugation. Wkver, the question
remained why the flocculation filter and the saitig4f after ozonation
(comparable construction) had a contrary effecttlmn percentage of
resistant isolates. The percentage of resistafatéso increased about
11.3% during passage of the flocculation filterlflEa5.3). Nevertheless,
the percentages of resistait coli in the effluents of the filters
downstream of the ozonation unit were in a comgarairder of
magnitude or lower than after passing the flocootefilter (according
to Table 5.3).

Similar to E. coli, the percentage of antibiotic resistant enterocoes
about 10.8% higher in effluent (ef FF) of the flatation filtration unit
compared to the percentage in effluent of primagatment (ef PT;
Table 5.3). The resistance-level was determinedésjstance against
erythromycin. The same trend was seen for cipraftox resistant

isolates (Table 5.3). No vancomycin resistBnfaecium or E. faecalis



(VRE) strains were detected and the resistancd-lagainst the last
resort antibiotic “chloramphenicol” was low in thespective samples
(at most 2 chloramphenicol resistant enterocoatates per sampling
point). The percentage of ampicillin resistant ase$ of the genus
Enterococcus was nearly doubled in ef FF (10%) compared to EBf P
(5.2%; Table 5.3). Such a resistance pattern was described by
Ferreira da Silva et al. (2006) and by Luczkiewstzl. (2010). During
ozonation, the percentage of antibiotic resistarter®cocci decreased
about 25.4% (Table 5.3). In accordance to the tesdlLuczkiewicz et
al. (2011), the percentages of erythromycin andofligxacin resistant
isolates were lower after ozonation (reduction &bad20.7%
(erythromycin) and 4.1% (ciprofloxacin) (Table 5.3\ possible
explanation for the exactly contrary effect of ogoan enterococci
compared tcE. coli and staphylococci may be connected to the above
described shift of the abundance of the respeéiterococcus-species:
the percentage of isolates identified Bs faecium or E. faecalis
decreased remarkably from 49.1% to 26.3% duringnhation (Table
5.2). The resistance-level was determinedebyaecium; 75.9% of the
resistant enterococci wer&. faecium and 59.3% of the isolates
belonging to the mentioned species were resistdetat against one of
the five tested antibiotics (Table 5.2). Within téweterococci that were
found associated with human fec&s faecium andE. faecalis) 42.6%
were antibiotic resistant in contrast to only 12.8¢4he “environment-
associated”E. durans, E. hirae, E. cassdliflavus and E. gallinarum
(Table 5.2). Ferreira da Silva et al. (2006) alsported thak. faecium
was more frequently antibiotic resistant tHanhirae. In consequence,
the abundance oE. faecium determined the resistance-level in the

respective sample. Having this in mind, the explelsi increased



percentage of antibiotic resistant isolates in #ffluents of the
respective filters downstream of ozonation (up t@%4 in ef
0Oz+Sa+GAC; Table 5.3) could be better integratethéngeneral view.
The percentages d. faecium and E. faecalis in the effluents of the
respective filters were in the same order of magidtas in ef PT
(68.6%). The lowest resistance-level was detectettie effluent of the
sand-filter downstream of ozonation (28.3%) with73% of the isolates
identified asE. faecium or E. faecalis and the highest in ef Oz+Sa+GAC
(42%) in which 78.6% of the enterococci wétefaecium or E. faecalis
(Table 5.2 and 5.3). The percentage of resistatérecocci in the
effluent of the large-scale flocculation filter wa8.3% (Table 5.3). In
the effluent of the ozone + sand filtration unié tresistance-level was
about 5% lower (28.3%). In the effluent of the O24Gunit 39.6% of
the enterococci and in the effluent of the Oz+Sa®&Gkit 42% were

resistant (Table 5.3).

Contrary toE. coli and enterococci, the percentage of antibioticstast
staphylococci, determined by erythromycin resistangas about 10%
lower in ef FF than in ef PT (Table 5.3). The tremfda decreasing
percentage of the resistance-level during sewagatnrent by the
established treatment process could also be seencdostitutive
clindamycin resistance (Table 5.3). No ciprofloxaciresistant
Saphylococcus was isolated and the percentage of oxacillin rastst
isolates fluctuated between 1.5 and 2.5% in thpeats/e samples (data
not shown).mecA could only be detected in coagulase-negativeispec
and no methicillin resistanSaphylococcus aureus (MRSA) was
isolated. The detected resistance patterns weeednrdance with the

results of Faria et al. (2009), who analyzed rasist of coagulase-



negative staphylococci in the influent and the ueffit of a sewage

treatment plant in Portugal.

The effect of advanced sewage treatment on theepexge of resistant
staphylococci was the same as Borcoli: the percentage of antibiotic
resistant staphylococci increased about 5.5% duvrgnation (Table
5.3). After passing the filters downstream of oz the percentage
of resistant isolates decreased to a differentnextethe effluents of the
respective filters. The highest reduction of resisisolates was detected
downstream of ozonation followed by sand filtratidd.5%; according
to Table 5.3). In accordance with the results Eorcoli, the effect of
flocculation filtration and sand filtration afterzonation was also
contrary. Both filters had a comparable structpessibly, a closer look
on effects of precipitating agents and ozone ols edgth special respect
to promoting effects on transformation and conjiagatates may help

to understand these results.



Tab. 5.3: Percentage of antibiotic resistantoli, enterococci and staphylococci isolates with respmethe wastewater treatment in standard operatin
procedures (ef PT, ef SS, ef FF) and advanced waste treatment with ozonation (ef Oz) or GAC (eA@ solely as well as with ozonation in
combination with sand filtration and/ or GAC (ef €8a, ef Oz+GAC, ef Oz+Sa+GAC). n = number of sangpiampaigns (Abbreviations same as

Tab. 5.1).
treatment . . . . . .
% resistank. coli % resistant enterococci % resistant staphylococci
Total cipro- ampi- Total cipro- ampi- chloram-  erythro- Total
(n= no. of floxacin SXT cillin (n= no. of floxacin cillin phenicol mycin (n= no. of cpnstltutw_e
samplings) samplings) samplings) clindamycin
ef PT 14.5 (6) 0 8.4 14.5 225 (6) 36 5.2 3.6 20.1 36)8 8.9
ef SS 10.7 (5) 42 8.3 10.7 36.4 (5) 8.5 7.7 2.9 29.7 (&5 3.3
ef FF 22 (7) 0.5 3.9 21 33.3(7) 7.4 10 2 29.3 25.8 (7) 73
ef GAC 19.3 (3) 8.9 145 192 20.9 (2) 0 0 4.2 20.9 25 (1) 5
ef Oz 26.7 (4) 3.6 7.1 19.6 11 (4) 44 9 3.1 9 305 (4) 94
ef Oz+Sa 9 (5) 0 4 9 28.3 (4) 1.7 9.2 0 24.2 16 (5) 3
ef 0z+GAC 14 (5) 3.2 1.3 12.6 39.6 (4) 8.3 6.3 0 39.6 19)6 (5 2
ef Oz+Sa+tGAC 55 g () 13.6 13.6 182 42 (2) 0 4.2 0 417 24)7 (4 0




Compared to the percentage of resistant staphytbodtained from ef
FF, resistance-levels in effluents of the respectilters after ozonation

were up to 9.8 % lower (Table 5.3).

Even if the percentage of antibiotic resistant éaatincreased during
ozonation or after downstream filtration the corications of antibiotic
resistantE. coli, enterococci and staphylococci in all effluentstiod

pilot plant were lower compared to the respectiorcentrations of the
effluent of the currently established tertiary treant step (ef FF; Fig.
5.2 and 5.3). Figure 5.3, which shows the samedti@n Figure 5.2,
illustrates the overbalancing disinfectant effettoaone. Establishing
ozonation followed by a filter passage would redtloe discharge of
total and antibiotic resistant bacteria into theeiging water body by
about 0.8 to 1.2 log-units (Table 5.1). Neverthglestibiotic resistant
bacteria and antibiotic resistance determinantsldvbe released into
the aquatic environment. At the moment, the remaginiisk and the
effect on autochthonous microorganisms cannot hémated. To

improve advanced sewage treatment processes, itlweumportant to
understand the detailed mode of action of ozonéving cells as well

as the ‘“interactions” of filter materials with celenvelopes.
Investigations concerning terms for conjugation &madsformation and

the respective rates would help to understand ¢lseribed observations.
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Fig. 5.3 Colony forming units (cfu) of resistanblstes of E. coli, enterococci and
staphylococci during different treatment steps.

5.5 Conclusion

- Ozonation followed by a filter passage led to arditwhal
reduction of total and antibiotic resistdat coli, enterococci and
staphylococci between 0.8 and 1.1 log-units congpare the
respective concentrations of the effluent of therrently
established tertiary sewage treatment (flocculatidtration).
Nevertheless, a potential risk for human and anhmealth remains,
as to date the effect of the discharge of antibimdsistant bacteria
and antibiotic resistance genes on the autochtlonou

microorganisms in surface water cannot be estimated

- Treatment with ozone led to an increased percergégatibiotic

resistantE. coli- (16%) and staphylococci-isolates (5.5%) and a



decrease of the resistance-level of enterococcd{2p whereas
differences for the respective antibiotics wereepbsd. A deeper
insight into the mode of action of ozone on livicg)ls would help
to explain these results and to improve advance@ge treatment

processes.

- Environment-associatefnterococcus-species seemed to be less

sensitive against ozone thenfaecium andE. faecalis.

- Filter passages partially caused an increase ofetsistance-level.
Investigations concerning the effect of the filteraterial on
retention of microorganisms and horizontal genasier would

help to optimize advanced sewage treatment techsiqu

Acknowledgements

The project SchussenAkplus is funded by the Federal Ministry for
Education and Research (BMBF) and co-founded byvimistry of the
Environment, Climate Protection and the Energy &ecBaden-
Wiirttemberg. In addition, Jedele & Partner GmbHp@¥ult GbR, the
city of Ravensburg, the AZV Mariatal and the AV Ergs Schussental
financially contribute to the project. Schussenitiis is part of the
BMBF action plan “Sustainable water management (HEW and is
integrated in the BMBF frame programme “Researah siastainable
development FONA”. It is part of the funding measufRisk
Management of Emerging Compounds and PathogenfeinWWater
Cycle (RiSKWa)". Contract period: 1/ 2012 to 06/801funding
number: 02WRS1281G and 02WRS12811I.



The excellent technical support of Petra Obad, iKatrehner and
Simone Eckenfels is greatly appreciated. Furtheemee thank the

WWTP coworkers for their logistic support duringrgaing.

References

Abegglen, C., Escher, B.l. Hollender, J., Koepke Qlt, C., Peter, A., Siegrist, H., von Gunten, U.
Zimmermann, S., Koch, M., Niederhauser, P., SchaerBraun, C., Gélli, R., Junghans, M., Brocker,
S., Moser, R., Rensch, D. (2009). Ozonation oftéeaffluent — final report pilot plant Regensdorf
(report in German with English summary). Swiss FeleOffice for the Environment.
http://www.eawag.ch/media/20090616/indexDOI

Bradford, P.A. (2001). Extended-spectrum R-Lact@wa@ the 21st century: characterization,
epidemiology, and detection of this important resise threat. Clin. Microbiol. Rev. 14 (4): 933-951
DOI: 10.1128/CMR.14.4.933-951.2001

Clauditz, A., Resch, A., Wieland, K.-P., Peschel, Botz, F. (2006). Staphyloxanthin plays a role in
the fitness oBtaphylococcus aureus and its ability to cope with oxidative stress.eletf Immun. 74 (8):
4950-4953. DOI: 10.1128/1A1.00204-06

Clinical and Laboratory Standards Institute (CL&P11). Performance standards for antimicrobial
susceptibility testing. Twenty-First Informatioralipplement. Document M100-S2. CLSI, Wayne, PA,
USA.

Depardieu F., Perichon B., Courvalin P. (2004).ebgon of thevan alphabet and identification of
enterococci and staphylococci at the species teyehultiplex PCR. J. Clin. Microbiol. 42 (12): 5857
5860. DOI: 10.1128/JCM.42.12.5857-5860.2004

Deutsche Industrie Norm (DIN) 58940 (2011). Emplicitkeitsprifung von mikrobiellen
Krankheitserregern gegen Chemotherapeutika. Dezgdaistitut fur Normung e.V., Berlin.

Diao H.F.., Li X.Y., Gu J.D., Shi H.C., Xie Z.M. QR4). Electron microscopic investigation of the
bactericidal action of electrochemical disinfection comparison with chlorination, ozonation and
Fenton reaction. Process Biochem. 39 (11): 1425.18DI: 10.1016/S0032-9592(03)00274-7



Dodd M. C. (2012). Potential impacts of disinfentiprocesses on elimination and deactivation of
antibiotic resistance genes during water and wagEwreatment. J. Environ. Monitor. 14 (7): 1754-
1771. DOI: 10.1039/C2EM00006G

European Committee on Antimicrobial Susceptibilligsting (EUCAST). Clinical breakpoints 2011;
http://www.eucast.org/clinical_breakpoints/

European Parliament & Council (2006). Directive @0EC of the European Parliament and of the
council of 15 February 2006 concerning the managenoé bathing water quality and repealing
directive 76/160/EEC. Official Journal L 064, 37-51

Faria, C., Vaz-Moreira, |., Serapicos, E., Nunes;C.QManaia, C.M. (2009). Antibiotic resistance in
coagulase negative staphylococci isolated from evester and drinking water. Sci. Total Environ. 407
(12): 3876-3882. DOI: 10.1016/j.scitotenv.2009.62.0

Ferreira da Silva, M., Tiago, I., Verissimo, A.,&entura, R. A., Nunes, O. C., Manaia, C. M. (2006)
Antibiotic resistance of enterococci and relatedtdaa in an urban wastewater treatment plant. FEMS
Microbiol. Ecol. 55(2): 322-329. DOI: 10.1111/j.145941.2005.00032.x

Foppen, J. W., Lutterodt, G., Roéling, W. F. M., &brook S. (2010). Towards understanding inter-
strain attachment variations Bfcherichia coli during transport in saturated quartz sand. Waeer. R4
(4): 1202-1212. DOI: 10.1016/j.watres.2009.08.034

Gehr, R., Wagner, M., Veerasubramanian, P., Payrfer(003). Disinfection efficiency of peracetic
acid, UV and ozone after enhanced primary treatroémhunicipal wastewater. Water Res. 37 (19):
4573-4586. DOI: 10.1016/S0043-1354(03)00394-4

George, l., Crop, P., Servais, P. (2002): Fecafazal removal in wastewater treatment plants stidie
byplate counts and enzymatic methods. Water Res.(18§: 2607-2617. DOI: 10.1016/S0043-
1354(01)00475-4

Grabow, W.O.K., van Zyl, M., Prozesky, O.W. (197Bghaviour in conventional sewage purification
processes of coliform bacteria with transferablenon-transferable drug-resistance. Water Res. 10:
717-723. DOI: 10.1016/0043-1354(76)90010-5

Hijnen, W. A. M., Veenendaal, D., van der Speld, M/.H., Visser, A., Hoogenboezem, W., van der
Kooij, D. (2000): Enumeration of faecal indicatoadteria in large water volumes using on site
membrane filtration to assess water treatment ieffay. Water Res. 34 (5): 1659-1665. DOI:
10.1016/S0043-1354(99)00311-5



Hunt, N. K., and Marifias, B. J. (1999). Inactivatiof Escherichia coli with ozone: chemical and
inactivation kinetics. Water Res. 33 (11): 2633-2620I: 10.1016/S0043-1354(99)00115-3

Kistemann, T., Rind, E., Rechenburg, A., Koch, Classen, T., Herbst, S., Wienand, I., Exner, M.
(2008). A comparison of efficiencies of microbiolcal pollution removal in six sewage treatment
plants with different treatment systems. Int. J.gH¥nviron. Health 211 (5-6): 534-545. DOI:
10.1016/j.ijheh.2008.04.003

Luczkiewicz, A., Jankowska K., Fudala-Ksiazek, ®lanczuk-Neyman, K. (2010). Antimicrobial
resistance of fecal indicators in municipal wastew#&eatment plant. Water Res. 44 (17): 5089-5097.
DOI: 10.1016/j.watres.2010.08.007

Luczkiewicz, A., Jankowska K., Bray, R., Kulbat, Ruant, B., Sokolowska, A., Olanczuk-Neyman,
K. (2011). Antimicrobial resistance of fecal indioes in disinfected wastewater. Water Sci. Technol.
64 (11): 2352-2361. DOI:10.2166/wst.2011.769

Magdeburg A., Stalter D., Schlisener M., TernesOehimann J. (2014). Evaluating the efficiency of
advanced wastewater treatment: Target analysis rghn@c contaminants and (geno-) toxicity
assessment tell a different story. Water Res. 5BBt47. DOI: 10.1016/j.watres.2013.11.041

Maheux, A. F., Picard, F. J., Boissinot, M., Bissette, L., Paradis, S., Bergeron, M. G. (2009).
Analytical comparison of nine PCR primer sets desijto detect the presence Bécherichia
coli/Shigella in water samples. Water Res. 43 (12): 3802B. DOI: 10.1016/j.watres.2009.04.017

Michael, 1., Hapeshi, E., Michael, C., Varela, A, Ryriakou, S., Manaia, C. M., Fatta-Kassinos, D.
(2012). Solar photo-Fenton process on the abatemkmintibiotics at a pilot scale: Degradation
kinetics, ecotoxicity assessment and removal obamic resistant enterococci. Water Res. 46 (17):
5621-5634. DOI: 10.1016/j.watres.2012.07.049

Predari, S. C., Ligozzi, M., Fontana, R., (1991)nGtypic identification of methicillin-resistant
coagulase-negative staphylococci by polymerasenaleaiction. Antimicrob. Agents Ch. 35 (12): 2568-
73. DOI: 10.1128/AAC.35.12.2568

Rincon A.-G., Pulgarin C. (2005). Use of coaxiabpitatalytic reactor (CAPHORE) in the Tithoto-
assisted treatment of mixd#l coli and Bacillus sp. and bacterial community present in wastewater.
Catal. Today 101 (3-4): 331-344. DOI: 10.1016/f@@12005.03.022

Robert Koch Institut, Epidemiologisches Bulletin 281i 2007/Nr.28. ESBL und AmpC: R-Laktamasen
als eine Hauptursache der Cephalosporin-Resistirzrerobakterien.

Statistisches Bundesamt (2013). Fachserie 19, Relh®, Strukturdaten zur Wasserwirtschaft 2010.



Triebskorn, R., Amler, K., Blaha, L., Gallert, GGiebner S., Gude, H., Henneberg, A., Hess, S.,
Hetzenauer, H., Jedele, K., Jung, R.-M., Kneipp,K®hler, H.-R., Krais, S., Kuch, B., Lange C.,

Loffler, H., Maier, D., Metzger, J., Miller, M., @knann, J., Osterauer, R., Peschke, K., Raizner, J.
Rey, P., Rault, M. Richter, D., Sacher, F., Scheuvke, Schneider-Rapp, J., Seifan, M., Spieth, M.,
Vogel, H.-J., Weyhmiller, M., Winter, J., Wurm, K2013). SchussenAktivplus: reduction of

micropollutants and of potentially pathogenic baatdor further water quality improvement of the

river Schussen, a tributary of Lake Constance, @aymEnv. Sci. Eur. 25 (2). DOI: 10.1186/2190-

4715-25-2.

Xu, P., Janex, M. L., Savoye, P., Cockx, A., Lararov. (2002). Wastewater disinfection by ozone:
main parameters for process design. Water Rese@&h(4): 1043-1055. DOI: 10.1016/S0043-
1354(01)00298-6

Zimmermann, S. G., Wittenwiler, M., Hollender, Brauss, M., Ort, C., Siegrist, H., von Gunten, U.
(2011). Kinetic assessment and modeling of an dimmatep for full-scale municipal wastewater
treatment: Micropollutant oxidation, by-product rimation and disinfection. Water Res. 45 (2): 605-
617. DOI: 10.1016/j.watres.2010.07.080



6. Sensitivity of antibiotic resistant _and antibiotc _susceptible

Escherichia coli, Enterococcus and Staphylococcus strains _against

ozone

In der Wissenschaft wird momentan diskutiert (DBdd, 2012), ob der
Einsatz von Ozon in der Abwasserreinigung mit dewgativen” Effekt
einer relativen Anreicherung von Antibiotika-resisten Keimen
verbunden und Antibiotika-Resistenz  mit einer ggeiren
Empfindlichkeit gegen Ozon gekoppelt ist. Auch ier dPilotanlage in
Eriskirch wurde nach der Ozonung ein Anstieg deteidgresistenteE.

coli und Staphylokokken detektiert. Um diese im voragggenen
Manuskript beschriebenen Ergebnisse zu verifizienath das diametral
unterschiedliche Verhalten vorke. coli und Staphylokokken im
Vergleich zu den Enterkokken wahrend der Ozonungverstehen,
wurde diese Reinigungsstufe im Labor simuliert et Effekt von
Ozon auf einzelne Isolate mit unterschiedlichen i#otika-

Resistenzmustern bestimmt:

- Innerhalb der einzelnen Spezies wurde eine grolReiaNa
hinsichtlich der Empfindlichkeit gegen Ozon detekiti (bis zu
3,8 log-Stufen), die nicht monokausal erklart werdkann.
Antibiotika-Resistenz per se scheint nicht der @mglende Faktor
Zu sein.

- Manche Spezies sind aufgrund von artspezifischeardkkeristika,
wie beispielsweise die Synthese von Staphyloxantiei
Saphylococcus aureus, weniger empfindlich gegen Ozon als

andere. In der Kombination mit dem Ergebnis, dasmahe



Spezies haufiger Antibiotika-resistent sind alseardArten, kann
es durch die aus der Ozonung resultierenden Veisghg in der
Abundanz der einzelnen Spezies zu einer indirel@etektion
Antibiotika-resistenter Isolate kommen.

- Die in der Pilotanlage in der Kléaranlage in Eriskirgesehene
Reduktion des Anteils resistenter Enterokokken 42§, hangt
tatséchlich mit der detektierten Verschiebung in Aleundanz der
einzelnen Enterococcus-Spezies zusammen (der Anteil vdn
faecium sank wahrend der Ozonung um 15,8%, wahrend degilAnt
von E. cassdiflavus sich von 12,3% auf 18,4% erhohte}
casseliflavus-Isolate waren unempfindlicher gegen 4 mg/L Ozon
als E. faecium-Isolate, die aber deutlich haufiger gegen einessde
getesteten Antibiotika resistent waren und derennéllanz in der

Konsequenz das detektierte Resistenzniveau bestimmt

Reproduziert von: HeR3, S., Gallert, C.: Sensitigfyantibiotic resistant
and antibiotic susceptibleEscherichia coli, Enterococcus and

Saphylococcus strains against ozone. Eingereicht bei “JournalVater

and Health”

Abstract

The tolerance of antibiotic susceptible and antibioresistant

Escherichia coli, Enterococcus and Saphylococcus strainsfrom clinical



and wastewater samples against ozone was teste¢esiigataf ozone,

a strong oxidant applied for advanced wastewasgatitnent, will affect
the release of antibiotic resistant bacteria i@ aquatic environment.
For this purpose the resistance pattern againsbiatits of the
mentioned isolates and their survival after expesior 4 mg/L ozone
was determined. Antibiotic resistance of the tesséithins was not
correlated with a higher tolerance against ozonigh We exception of
ampicillin resistantE. coli strains, which seemed to be litthaore
resistant against ozonds. coli strains that were resistant against
cotrimoxazol, ciprofloxacin or a combination of thieree antibiotics
were similarly or less resistant against ozone thatibiotic sensitive
strains.  Pigment-producing Enterococcus casseliflavus  and
Saphylococcus aureus were little more resistant against ozone than non-
pigmented species of these genera. The ability iofilin formation
apparently protected bacteria from inactivationozgne. The relatively
large variance of tolerance against ozone may atelithat resistance is
most probably dependent on several factors, whatibiatic resistance,

if at all, plays not the major role.

6.1 Introduction

Surface water sources very often serve as drinketgr reservoir or for
recreation and therefore their water quality isfufdamental interest.
This is manifested in WHO or EU guidelines, fortaree in the
European Union Water Framework Directive (EC 2000kich

demands to reduce acute and chronic toxicity inewdbr aquatic

organisms and to protect biological diversity angman health. To



achieve these aims, improvements of sewage puiifita by
ultrafiltration or ozonation as additional treatrhestages in sewage
treatment plants (STPs) are discussed and testedmain goabf these
additional wastewater treatment technologies iseduction of the
concentration of emerging contaminants in the efftuof STPs and
respectively in receiving water bodies. A positiside effect of e.g.
ozonation is the inactivation of facultative patboi bacteria such as
Escherichia coli, Enterococcus or Saphylococcus strains in effluents of
STPs by several log-decades (Xu et al. 2002; Gehak 2003; Luddeke
et al. 2015). The efficiency of ozone as a disit&fetdepends on several
parameters. Kinetics of the reactions of ozone @mmplex due to
different reaction rates with the compounds of sgyaspeciation of
ozone and its decomposition products, which agaiteract with
microorganisms (Gehr et al. 2003). In batch as€agir et al. (2003)
demonstrated that ozone decayed rapidly and fotmgddoxyl radicals
for non-selective oxidation, if the alkalinity wasy and/or the organic
concentration was high. Hunt and Marifias (1997)ormeg that
molecular ozone was the agent responsible fomhetivation ofE. coli.
Up to date, the exact mode of action and the dpdaeifget structures of
ozone and of its decay products in microbial calls not completely
understood: Ozone is expected to react rapidly i unsaturated
bonds of phospholipids and lipopolysaccharides @mtoranes and cell
walls, but intracellular amino acids and proteinaynalso be affected
(Dodd 2012). In addition DNA damages may also héased by ozone
(Gehr et al. 2003).

For advanced sewage treatment ozone is applied a#eondary

treatment either with a diffuser at the bottomhaf tank or with a pump-



injector system, injecting small gas bubbles ihi influent water of the
ozone-reactor. Ozone-concentrations between 2 @mdglL, depending
on the dissolved organic carbon (DOg@ncentration, are used for final
treatment of sewage. The minimally required contiao¢ of ozone with
sewage in STPs for a maximal oxidation is diffictdt determine.
Investigations in the STPs Bad Sassendorf, Duiskigdinden and
Schwerte (Northrhine-Westphalia, Germany) indicdted the reactions
triggered by ozone occurred within less than 30 uteis
(http://www.lanuv.nrw.de/wasser/abwasser/forschpdfdAbschlussberi
cht_Spurenstoffe_Warburg.pdf).

In his recent review Dodd (2012) raised the questiiether antibiotic
resistant bacteria have an advantage to cope witthative stressors
such as ozone in comparison to bacteria that areesistant against
antibiotics. We addressed this problem and invatai) if the treatment
of conventionally purified sewage with ozone wodllior a better
survival of antibiotic resistant bacteria than aitikiotic sensitive

bacteria. For this purpose the sensitivity of &atib resistant and
antibiotic  susceptible Escherichia  coli, Enterococcus and

Staphylococcus isolates from clinical samples, sewage and rivetewa
against ozone was determined for the first timedétail. Survival of

antibiotic susceptible and antibiotic resistant tbdal strains were

compared with data obtained from an ozonationiorat STP.



6.2 Materials and Methods

6.2.1 Laboratory assay simulating the pilot-scalmnation of the

sewage treatment plant (STP) in Eriskirch

In the pilot-scale ozonation unit of the STP of skiich (Baden-
Wouerttemberg, Germany) 34°mof mechanical and biological treated
sewage with a mean DOC of 5.5 mg/L were separagrddpy and
supplemented with 4 mg/L ozone that was injected bgntury injector
(Xylem Water Solutions GmbH, GroRRostheim, Germanidter the
ozone dosagehe sewage was pumped into a closed tank (volume:
0.5 nf). The contact time of ozone with sewage was 20uteB) long

enough to decompose organic material until ozoheuestion.

Ozonation experiments in the laboratory were peréat with 100 mL
aqueous samples in 250 mL glass reactors, equipjted diffuser and
sterile 0.2 um PTFE filters (Roth, Karlsruhe, Gengjaat the in- and
outlet. Since the pH in sewage-simulating 20-foldutdd OECD

medium (final DOC of 5.5 mg/L as in treated sewagpped below
5.5 after ozonation a phosphate-buffered mediur@7(3/L K.HPQy,

2.42 g/lL KHPGQ, 0.0138 g/L @H:120s 9 g/L NaCl dissolved in
deionized water, pH 7.0, autoclaved for 15 minutesgh 5.5 mg DOC
per L and a pH of 7 after ozonation was used instéan ozone-
generator (Laborozonisator 301.7, Sander, UetzzeElBermany) was
connected via Norprene tubings with the inlet filtenit of the glass
reactor. Ozone was generated from hydrocarbonefbegressed air for
three minutes and introduced via the diffuser itite glass reactor. A

concentration of 4 mg £ was reached after 3 minutes. Then 0.5 mL of



an overnight culture of the respective strain, grow DEV-nutrient

broth, was inoculated.

After 0.5, 1, 2, 5, 20 and 40 minutes of exposarezone, surviving cell
numbers were determined. Frdincoli cultures 16, 10° and 10 -fold

and from Enterococcus and Saphylococcus cultures 1¢, 10% and

103-fold dilutions were prepared for plating on DEVutrient agar
(Roth) in duplicate. To determine original cell diies in overnight
cultures 100 pL of the dilution steps®@nd 10" were plated on
DEV-nutrient agar. After 20 h of incubation at 3 tolonies were
counted and inactivation with exposure time to @&aas calculated.

The reproducibility of these assays was about &{dy-decades.

Ozone decay in the phosphate-buffered medium wasrdmedusing

potassium indigo trisulfonate according to DIN 384 (DIN, Deutsche
Industrie Norm 2011-04). The half-life time of ozowas 6 minutes and
4 seconds (Fig. 6.1). Preliminary experiments riegbathat ozone
inactivated bacteria within less than 30 secondstwBen 5 and 20
minutes after inoculation no further inactivatioh lacteria was seen,

although ozone was not yet depleted (Fig. 6.1).
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Fig. 6.1: Decrease of the ozone concentration dncblony forming units (cfu) in an
Escherichia coli, Enterococcus faecium and Staphylococcus saprophyticus culturein the
presence of initially 4 mg/L ozone.

In control assays with a. coli, anEnterococcus and aStaphylococcus

strain in the phosphate buffered medium gassing ait instead of
ozone did not change numbers of living cells duiimaybation (data not
shown). For laboratory assays the contact timedctuls be restricted
to 5 minutes, compared to 20 minutes contact tifewage with ozone

in the pilot-scale ozonation plant in Eriskirch.

6.2.2 Identification and antibiotic susceptibiltgsting of isolated strains

The tested 5Z. coli, 89 Enterococcus and 80Staphylococcus strains

were isolated within the SchussenAklivs project during 2012 and



2014 from sewage and river water (for details se8&Gallert 2014;
Triebskorn et al. 2013; www.schussenaktivplus.de). Strains that
probably have already survived ozonation (e.gaisal from the effluent

of the STP of Eriskirch) were excluded from thiadst. Depending on
the contamination level dhe respective samples, direct plating or the
filtration method was used to obtaiR. coli, Enterococcus and

Saphylococcus isolates.

For cultivation of E. coli isolates, ECD-agar (Merck Millipore,
Darmstadt, Germany) and ESBL CHROMd§afMAST Diagnostica
GmbH, Reinfeld, Germany) were used, following thanmfacturer’s
instructions. On ECD-agar, blue fluorescent anal@ghositive colonies
(red-colored after reaction with 10 pL Kovac’s reagy were identified
by PCR targeting o& specifictuf-gene fragment (Maheux et al. 2009).
Briefly, the DNA-amplification was performed in atal volume of
25 pl containing 0.625 units True Start HS Taq DNA Potyase,
2.5 mM MgC} (Thermo Fisher Scientific, Waltham, MA), 0.25 mN o
each dNTP, 10uM of both primers and 0.qul of template DNA

(extraction with phenol/chloroform).

For cultivation ofEnterococcus isolates bile-esculin-azide agar (Roth)
and VRE CHROMagal (MAST Diagnostica GmbH), supplemented
with 0.15 g/L sodium azide were used, following timanufacturer’s
instructions. Black colonies with a halo on bilew-azide agar and
pink colonies on VRE CHROMagat were identified on species level
with  Micronaut-Strep2®-microtiter  plates according to eth
manufacturer’s instructions (MERLIN, Gesellschaft dr f

mikrobiologische Diagnostika, Bornheim, Germany).



For cultivation of Saphylococcus isolates Chapman-Stone agar,
containing 0.05 g/L sodium azide, was used. Cokrgeown after
incubation for 48 h at 37 °C were streaked on Mat8alt agar before
they were identified by their physiological reaasoon Micronaut-
Staph®-microtiter plates (MERLIN, Gesellschaft finikrobiologische
Diagnostika). Staphylococcus aureus and Staphylococcus saprophyticus
isolates from clinical specimerwere obtained from Stadtisches
Klinikum Karlsruhe. Strains were isolated by thafsbf the municipal
hospital from different patients, mainly from sneaf skin and mucous

membranes but also from smears of wounds and ldolbares.

Antibiotic resistance (AR) of thd&. coli isolates against ampicillin
(10 ng), ciprofloxacin (5pg), cotrimoxazol (1.25ug trimethoprim/
23.75ug sulfamethoxazol; SXT) was tested using the agarsibn test
according to Deutsche Industrie Norm (DIN 58940120 For testing
AR against cefotaxim (Rg) clinical breakpoints according to EUCAST
(2011) were applied. All ampicillin resistant isa were additionally
tested against ceftazidim (3@®) and cefpodoxim (1Qg) according to
CLSI (2011); the inhibitory effect of clavulanicidmn R-lactamase was
checked as described by Bradford (2001). Accortlindpe definition of
Robert-Koch-Institut (2007), extended-spectrum<didmase producers
phenotypically were resistant against cefpodoximwesdl as against
ceftazidim and/or cefotaxim. All isolates that weesistant against the

above mentioned antibiotics were classified as EfRiducers.

AR of the Enterococcus isolates was tested against ampicillin (id),
chloramphenicol (3Qug), ciprofloxacin (5ug) and erythromycin (159)
according to Deutsche Industrie Norm (DIN 58940,1P0 The



susceptibility ofE. faecium andE. faecalis isolates against vancomycin
(VRE) was tested according to Clinical and Labanat&tandards
(CLSI, 2011). Vancomycin resistance (VR) was conéid by the
presence ofanA-E andvanG genes (Depardieu et al. 2004). Intrinsic
low-level vancomycin resistances Bf gallinarum andE. casseliflavus

(vanC1- andvanC2-type) were not considered.

Susceptibility of theSaphylococcus isolates against oxacillin (5 pg),
ciprofloxacin (5 pg) and erythromycin (15 pg) wasted by the disc-
diffusion test with Mueller-Hinton agar accordirmgDeutsche Industrie
Norm (DIN 58940, 2011) and against clindamycin () according to
CLSI (2011). Oxacillin resistance was confirmedthg presence of the
mecA gene using previously described primers and P@ftitions
(Predari et al. 1991). DNA-amplification was perfad in a 25 assay
containing 0.625 units True Start HS Taq DNA Polyase, 2.5 mM
MgCl,, 0.25 mM of each dNTP, 1M of both primers and 0.kl of

template DNA (extraction with phenol/chloroform).

6.2.3 Pigment extraction and guantification

Cells of an overnight culture of the respectiveaureus strains, grown

in DEV-nutrient broth, were pelleted by centrifugat The cells were
re-suspended in a 0.9 % sodium chloride solutiosbtain a turbidity of
McFarland 2.0. Two mL of the suspension were usedextract

staphyloxanthin and to quantify pigment productias described by
Morikawa et al. (2001).



6.2.4 Statistical analysis

For descriptive analysis of the obtained data, Ipints were used

displaying variation within the respective “clustéer

6.3 Results and Discussion

6.3.1 Exposure time for inactivation of bacteriadagne

A Gram-negativeE. coli strain, a Gram-positiv&nterococcus isolate
and a Gram-positiv&taphylococcus isolate were exposed to 4 mg/L
ozone. Inactivation of cells by more than 3 logatizs occurred within
the first 30 seconds contact time from initially-14 x 10 to finally
5 x 1F — 5 x 10 bacteria per mL (Fig. 6.1). No further inactivatio
occurred later on, although even after 5 minutegentban 2 mg/L
ozone was still present, an ozone concentrationvtha higher than the
initial concentration in some pilot-scale ozonatisgstems. The
phenomenon of a rapid initial inactivation of baigeby ozone seemed
to be independent of the applied ozone concentrasoXu et al. (2002)
also reported no difference in inactivation of fecaliforms between 2
and 10 minutes hydraulic retention time for a givemone dose.
Differences in cell wall and membrane architectbetween Gram-
positive and Gram-negative bacteria seemed notetathle decisive

structures that were responsible for survival enphesence of ozone.



6.3.2 Inactivation oEscherichia coli by ozone

A relatively large variance of antibiotic suscefgiband antibiotic
resistantE. coli strains was observed for inactivation by ozoney.(Fi
6.2).
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Fig. 6.2: Inactivation of 13 antibiotic susceptitelad 39 antibiotic resistarscherichia
coli strains that were isolated from sewage and rivéemsamples by 4 mg/L ozone.

Number of tested isolates, n. Resistant straingnsigampicillin (AM-r), cotrimoxazol

(SXT-r), ciprofloxacin (CIP-r). Extended-spectrumagtamase-producers, ESBL.

Within the same species some strains were lesegtlilsie against
ozone than others (variation of the inactivationliahg cells between
0.3 and 4.1 log-decades), independent of whethersthain carried
antibiotic resistance genes or not (Fig. 6.2): Tiedian inactivation
(2.8 log decades) of the tested antibiotic resistsmlates was in the

same ordetto that of antibiotic sensitive strains. Looking n@anto



details, the median of the cluster “ampicillin stahtE. coli” was the
lowest within all antibiotic resistari. coli strains, indicating a lower
susceptibility against ozone of ampicillin resigt&olates compared to
strains, which were not at all resistant against tdsted antibiotics or
were resistant against at least one more antibitaiss (Fig. 6.2). The
same trend was also observed in the pilot-scalenaiimn plant in
Eriskirch: The percentage of ampicillin resistabscherichia coli
isolates increased during ozonation about 8.9 %uént: 10.7 %,
effluent: 19.6 %; Luddeke et al. 2015).

In the STP of Eriskirch, the percentage of ampititesistant isolates,
which were additionally resistant against at lease more class of
antibiotics, decreased from 8.3 % to 3.8 % aftemation (Luddeke et
al. 2015). This was in line with the laboratory eggrh, where isolates
that were in addition to ampicillin resistant agdincotrimoxazol,

ciprofloxacin or cefotaxim (ESBL) were more susd@ptagainst ozone,
manifested in higher median values for inactivatdriving cells (2.7-

3.4 log-decades compared to 1.9 log-decades ofampicillin resistant
isolates; Fig. 6.2). Handel et al. (2013) demonstiahatEscherichia

coli cells apparently compensated “metabolic costs” &mtibiotic

resistance by physiological adaption. Comparingbaoiic susceptible
and antibiotic resistant strains, changes in gapeession levels, mainly
of genes for cell wall maintenance, DNA metaboliogesses, cellular
stress and respiration as well as for the electmamsport, were
observed. Overall the acquisition of antibiotic iseEnce primarily

seemed not to require much extra energy, but setmnealisea reduced
ecological versatility (Handel et al. 2013). Nehetess there were

apparently differences between mechanisms for iatitbresistances:



On average, ampicillin resistai coli strains were less susceptible
against ozone, as indicated by the results ofaherhtory assays (Fig.
6.2) as well as from pilot plant operation in Enisk, but the tested
“only” ampicillin resistantE. coli isolates showed a very broad range of
susceptibility against ozone (the reduction ofrlgyicells varied between
0.8 and 3.9 log-decades; Fig. 6.2). The reasondcbel that several
mechanisms for resistance against [3-lactam-aritbi@ire expressed,
that are more or less energy intensive, e.g. opeession of the
intrinsic ampC-gene or the expression of one of thla-genes (e.g.
TEM, SHV, CTX-M; Robert Koch Institut 2007).

6.3.3 Inactivation oEnterococcus isolates by ozone

Inactivation ofEnterococcus strains by ozone ranged from 0.2 to 5 log-
decades (Fig. 6.3a, b). Although there was a broadge of
susceptibility within the respective “clusters” different species, the
median of inactivation of. cassdliflavus (1.5 log-decades; Fig. 6.3) by
ozone was significantly lower thdar E. gallinarum (3.8 log-decades),
E. durans (3.6 log-decades)E. hirae (2.5 log-decades)E. faecalis
(3.0 log-decades) dt. faecium (3.2 log-decades; Fig. 6.3).
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gallinarum, E. durans, E. hirae andE. faecalis strains were susceptible against the tested

antibiotics.

A typical feature of the specieBnterococcus casseliflavus is the
production of a yellow pigment leading to inten$jvgellow colored
colonies on agar plates. Pigment formation is d kedwn strategy for
protection against oxidative stress by many Grasitpe bacteria.
Investigations of Clauditz et al. (2006) witBaphylococcus aureus
confirmed that staphyloxanthin, a carotenoid preducby this
Saphylococcus species, plays a role for fithess and the abibitycope
with oxidative stress. Possibly, the pigment itself intracellular
processes coupled with its synthesis are the fadtmat protect cells
against damaging effects of ozone and its decoriposproducts.
Nevertheless, concerning the inactivationEofcasseliflavus strains by
ozone, which varies over 0.9 - 4.3 log-decadesnpitg synthesis itself
could not explain the broad range of susceptibdigginst ozone within
the strains of this species. In the STPEirskirch, the percentage of
isolates that were identified aB. cassdiflavus was higher after
ozonation (18.4 %) than before ozonation (12.3 %gdeke et al. 2015),
indicating a higher “resistance” of the respectpecies against ozone.
A notable reduction oE. faecium strains in the STP of Eriskirch after
ozonation of 15.8 % (Luddeke et al. 2015) was inoatance with
results of the laboratory experiments (Fig. 6.3)ddeke et al. (2015)
assumed that the recorded shift might explain ttestat decrease of
antibiotic resistant enterococci of about 25.4 Y%erabzonation. The
results of our laboratory experiments supportesl liypothesis since the

median for inactivation of active cells of antibotesistantE. faecium



strains was higher (3.4 - 4.2 log-decades; Figh)sc8@mpared to that of
susceptible strains (1.7 log-decades; Fig. 6.3bj)isTantibiotic resistant
strains may reveal a higher sensibility againsnezd.uczkiewicz et al.
(2011) also reported an increased percentage ofhremycin,
ciprofloxacin and chloramphenicol susceptii@terococcus strains
after ozonation. They also observed a decreased pereenfaigolates
that were identified ak. faecium andE. faecalis (10.2 % and 25.2 %
decrease, respectively), mainly in favor Bfhirae (36.3 % increase;
Luczkiewicz et al. 2011). Handel et al. (2013) mpd thatE. faecium
strains with ampicillin resistance invested the sanmaintenance energy
as antibiotic sensitiv&. faecium strains, whereas vancomycin resistant
strains required extra energy. High-level vancomymdsistance (e. g.
encoded byanB), associated with a metabolic burden, might teisuh
higher sensitivity against ozone compared to varyoimsusceptible
strains in the absence of the antibiotic (Fig. §.Bbcasseliflavus andE.
gallinarum strains intrinsically are low-level vancomycin istant
(vanC1 andvanC2-type). Comparing ozone susceptibility of isodatd
the two Enterococcus species in laboratory assayi, casseliflavus
strains (median inactivation of living cells 1.5gtdecades; Fig. 6.3a)
were more resistant against ozone thlangallinarum strains (most
sensitiveEnterococcus species: median inactivation of living cells 3.8
log-decades; Fig. 6.3). Therefore, low-level vangoim resistance
seemed not to be “the” determining factor for ozeunsceptibility.
Pigmentation oE. casseliflavus might be one possibility to explain this

difference.



6.3.4 Inactivation oftaphylococcus isolates by ozone

Saphylococcus aureus isolates were less susceptible against ozone
(median inactivation of active cells 2.1 log-decgd¢han e.g.S
saprophyticus (3.2 log-decades}k sciuri (3.1 log-decades) @ xylosus
(2.7 log-decades; Fig. 6.4a). A possible explanafiio this finding may
be staphyloxanthin synthesis &faureus as a protecting substance. It is
known that the orange-red triterpenoid caroten@d tunction as an
antioxidant and seems to play a role in the praecbf S. aureus
against oxidative stress (Clauditz et al. 2006ru@itz et al. (2006)
showed that staphyloxanthin, located in the celmimene, scavenges
free radicals with its conjugated double bonds #meteby probably
protects primarily lipids. It might, however, alsoe involved in
protecting proteins and DNA. Staphyloxanthin miglgo play a role in
the defense against reactive oxygen species, whemzsymes such as
catalase and superoxide dismutase most likely iboér to a larger
extent to the survival of cells during stress (@i et al. 2006). Our
results provide evidence for the assumption thgingints might confer
an additional protection fo&aphylococcus aureus as the tested non-
pigmented isolates identified &sciuri, S. epidermidis, S. xylosus and
S. saprophyticus were more sensitive against ozone (Fig. 6.4a)hétiy
tolerance against ozone coincided with a high ednté carotenoides in
S aureus colonies but the level of resistance against ozamé the
amount of staphyloxanthin were not always in lidatéd not shown),
indicating that there must be also other factospaasible for resistance
against ozone. The possession and expression afdtfe gene seemed

to have no consequence for the susceptibility agjamone as median



inactivation of MRSA (methicillin-resistan& aureus) and MSSA

(methicillin sensitiveS. aureus) were identical (Fig. 6.4b).
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Fig. 6.4a, b: Inactivation of 8@&aphylococcus strains from environmental and clinical

sources belonging t& different species (Fig. 6.4a) and of 30aureus (splitted in



susceptible (MSSA) and resistant against oxac{MRSA)) and 31S saprophyticus
strains (splitted in susceptible and resistant reggagrythromycin, Fig. 6.4b) by 4 mg/L

ozone.

Number of tested isolates, n; isolates from theaiqienvironment, e; clinical strains, ¢
(all S aureus strains were obtained from hospital); erythromysirsceptible strains, E-s;
erythromycin resistant isolates, E-r. Slisciuri, S epidermidis andS. xylosus strains were
susceptible against the tested antibiotics.

The median for inactivation of active cells 8f epidermidis isolates
(2.3 log-decades) was only slightly higher comparethat ofS. aureus
(2.1 log-decades; Fig. 6.4apaphylococcus epidermidis is a well
known biofilm-forming species (e.g. Cerca et al02Pand cells of an

overnight culture alreadyggregated and formed visible flocs.

Although cell flocs in theS. epidemidis culture could be disaggregated
to single cells by high shear forces, extracellgabstances may have
surrounded single cells and thus have protectet vealls or cell
membranes from oxidation by ozon€he clearly higher resistance
against ozone of cells embedded in biofilms hasaaly been described
and attributed to an extracellular polymeric substs (EPS) matrix
(e.g. Hems et al. 2005). The same observationraS fapidermidis was
made with aggregating strains & xylosus, resulting in a median
inactivation by ozone of 2.7 log-decades, wheresakaies ofS. sciuri
andS. saprophyticus, both of which neither produced pigment nor grew

in aggregates were less resistant to ozone (Fg).6.

Regarding the inactivation &. saprophyticus isolates of clinical and

environmental samples by 4 mg/L ozone, there waresignificant



differences with respect to their origin (Fig. 6.46he median for
inactivation, independently of origin or antibiotiesistance e.g. against

erythromycin was almost identical (Fig. 6.4b).

Taking the results ofEscherichia coli strains, Enterococcus and

Saphylococcus isolates from hospital sources, sewage and rigtemas

a whole, then single isolates, that were resistgainst at least one of
the tested antibiotics, were not per se more aedisigainst oxidative
stress by 4 mg/L ozone than antibiotic sensitivailss. Some species
seemed to be (little) more “ozone-resistant” thémers and thus might
be “positively selected” by ozonation with the cegsence that the

percentage of such strains increases.

6.4 Conclusions

- Antibiotic resistance per se did not lead to a cedusensitivity of
E. coli, Enterococcus and Staphylococcus strains against 4 mg/L
ozone.

- Pigment-producindgenter ococcus casseliflavus and Staphyl ococcus
aureus were little less sensitive against ozone compaoedon-
pigmented species of the respective genera.

- Within the same species, the susceptibility agaimehe expressed
as inactivation of active cells differed in a widage up to 3.8 log-
decades.

- Cell wall and membrane architecture seemed not éo“the”
decisive structures that were responsible for safvin the
presence of ozone. Several other factors may infeieesistance

against ozone within species or genera.
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7. Removal of micropollutants, facultative pathogeit and antibiotic

resistant _bacteria_in_a_full-scale retention soil ifter receiving

combined sewer overflow

Wenn in Mischentwasserungssystemen beispielsweidelgé von
Starkregenereignissen die Reinigungskapazitat déraklage und das
Einstauvolumen von Regentiberlaufbecken ubersahriiterden, kann
das mit Regenwasser verdinnte Abwasser fakultb@vpr es in den
Vorfluter abgeschlagen wird, Uber einen Retentiodsifilter geleitet
werden. Im Rahmen des Projektes Schussenpligsv wurde die
Effektivitat des Retentionsbodenfilters in Tettnah@sichtlich der
Entnahme von Spurenstoffen und fakultativ pathogenend

Antibiotika-resistenten Keimen untersucht:

- Die Eliminationsleitung des Retentionsbodenfiltérsziiglich E.
coli, Enterokokken und Staphylokokken lag in der gleich
GréRenordnung wie in einer dreistufigen KlaranlaBei diesem
Vergleich bleibt allerdings zu bertlicksichtigen, sldsereits die
Konzentration an fakultativ pathogenen Keimen imaxfi zum
Retentionsbodenfilter geringer war als im Zulauf Kléranlage

bei Trockenwetter.

- Der Anteil resistenteE. coli- und Staphylokokken-lsolate nahm
wahrend der Passage durch den Retentionsbodeumfiltevahrend
sich der relative Anteil resistenter Enterokokkéchhveranderte.
Projiziert man jedoch den jeweiligen prozentualemted
resistenter Isolate auf die ermittelten Lebendkeinten pro

Volumen, war die Konzentration Antibiotika-resisenE. coli,



Enterokokken und  Staphylokokken im  Ablauf des
Retentionsbodenfilters zwischen 2,1 und 2,9 lodestMediane)

geringer als in dessen Zulauf.

- Anhand des Anteils aBtaphylococcus-Isolaten, die in die Sciuri-
Gruppe gehdrten beziehungsweise an der Abundanz von
Saphylococcus xylosus innerhalb der Saprophyticus-Gruppe
(,Freiland-Marker*), war es mdglich qualitativ diénteile an
Rohabwasser und Regenwasser/OberflachenabflussilamfZzum

Retentionsbodenfilter abzuschéatzen.

Reproduziert von: Scheurer, M., HeR, S., LuddekeS&cher, F., Gide,
H., Loffler, H., Gallert, C. (2015): Removal of mipollutants,

facultative pathogenic and antibictic resistanttbéaa in a full-scale

retention soil filter receiving combined sewer diew. Environmental

Science Processes&Impacts 17 (1): 186-196

(Reproduced by permission of The Royal Society of her@istry;
http://pubs.rsc.org/en/content/articlelanding/2@htc4em00494a#!divAbstract)

Abstract

Combined sewer systems collect surface runoff dsasevastewater of
industrial and domestic origin. During periods dafakly rainfall the
capacity of the sewer system is exceeded and thdlow is discharged
into receiving waters without any treatment. Consegyly, combined

sewer overflow (CSO) is considered as a major sowt water



pollution. This study investigates the effectivened a retention soil
filter (RSF) for the removal of micropollutants a®ll as facultative
pathogenic and antibiotic resistant bacteria froB0OC The removal of
organic group parameters like total organic canvas excellent and the
removal efficiency for micropollutants of the RSkdathe wastewater
treatment plant (WWTP), which treats wastewatethaf same origin
during dry and normal weather conditions, was caaipa. Compounds
of high environmental concern like estrogens otaiepharmaceuticals,
e. g. diclofenac, were completely eliminated or ogeed to a high
degree during RSF passage. RSF treatment alsoeedoe number of
E. cali, enterococci and staphylococci by 2.7, 2.2 and l@gtunits

(median values), respectively. Obviously, soBephylococcus species
can better adapt to the conditions of the RSF dihers as a shift of the
abundance of the different species was observed whenparing the
diversity of staphylococci obtained from the RSHuent and effluent.
RSF treatment also decreased the absolute numiaettibfotic resistant
bacteria. The percentage of antibiotic resistanmli and staphylococci
isolates also decreased during passage of the R&BEreas the
percentage of resistant enterococci did not chabgeE. coli ampicillin

and for enterococci and staphylococci erythromydetermined the

antibiotic resistance level.

The results demonstrate that RSFs can be consideyexth adequate
treatment option for CSO. The performance for tlenaval of
micropollutants is comparable with a medium sizedVWP with
conventional activated sludge treatment. The nunifefacultative
pathogenic and antibiotic resistant bacteria wassicerably decreased

during RSF passage. However, as RSF effluentxstiliained antibiotic



resistance genes and traces of micropollutantsjvieg waters may still

be at risk from negative environmental impacts.

7.1 Introduction

Pollution of surface waters poses a threat foratheatic environment.
For this reason the European Union Water FramewbDilective
(EUWFD) was passed in 2000 to reduce acute anchichtoxicity for
aguatic organisms, to minimize the accumulation pollutants in
ecosystems and to protect biological diversity angnan healt.
Environmental quality standards were establishedifoinitial set of 33
priority substances, which must not be exceededafgood surface
water chemical status. In 2013 the list was extdnig twelve new
compounds. Additionally, three compounds (diclofenh7$-estradiol
and 17e-ethinylestradiol) were put on a watch list, for i@
monitoring data are to be collected to support eisiten on potential
prioritization in the futuré. Some chemicals listed in the EUWFD are
supposed to be mainly discharged by point sourides Wwastewater
treatment plants (WWTPSs). This holds true not dolycompounds on
the EU list of priority substances, but also fomauous other chemicals
as well as facultative pathogenic and antibiotsistant bacteria which
might also affect the aquatic environment or huimaaith.

One successful approach to minimize the dischafgaicropollutants
and microorganisms (bacteria, viruses, protozoahogens) by point
sources is upgrading WWTPs by additional treatntectinologies like
ozonation or powdered activated carbon filtrafiomn Germany,
however, two thirds of the sewer systems collecstaaater with

domestic and industrial origin together with stosmater runoff:®



During heavy rainfall up to seven times more watercollected in
combined sewer systems than under dry weather tonsfi As a
consequence, the capacity of the sewer system aWd\oTPs can be
insufficient during heavy rainfalls as most fagdg have a maximum
treatment capacity equivalent to twice the dry Wweatlischargé.

It is therefore assumed that 30 % to 50 % of theuahstorm water
runoff is discharged as untreated combined sewerflow (CSO) into
receiving waters, including readily biodegradable or nonpolar
micropollutants which would have been removed bycrabial
degradation or by sorption onto the sewage sludgierudry weather
conditions. One measure to cope with high flowthansewer system are
storm water overflow basins (SOBs), which provideiterim storage
capacity for excess water, that is transferrechéoWWTP after the rain
event. However, no microbial degradation of nutsenor
micropollutants is achieved in the SOBs and wheirr ftorage capacity
is exceeded, untreated SOB overflow is also a soimccontamination
with micropollutants and potentially pathogenic mimrganisms. This
chemical and bacterial pollution can be a thrediuman health when
water is used for drinking water production, retice®l activities or
irrigation.  Antibiotic  resistance genes within thereleased
microorganisms even increase this health threatraag contribute to
their dissemination to the autochthonous microb@mmunity.
Therefore, CSO is an important source of pollufimnreceiving waters
as it may represent large loads of microbial andengbal
contaminants:?®

For combined sewer systems retention soil filt&SKs) are a treatment
technology that helps to safeguard WWTPs and raxgiwaters from

hydraulic, chemical and hygienic stress causedhigyfeed of excess



water® RSFs are soil filters with a vertical flow-througlassage that
also provide additional intermediate storage angntéon capacity.

Basically, RSFs are constructed wetlands that bake an intermittent
infow and receive overflows from combined seweswrm water or

highway runoff and not predominantly wastewat@hey provide water
treatment by filtration, sorption and biologicalopesses. In previous
studies, RSFs showed excellent retention or remeffadiencies for

nutrients like ammonium or phosphate as well assf@pended solids
and oxidizable organic matter, expressed e.g. a&midal oxygen

demand (COD) and biochemical oxygen demand afte(B0Ds).*°

The interest in retention soil filter technologygi©wing, but with many
newly deployed filters there still is little expenice with regard to long
term performance. A survey among RSF operatorseim@ny (n = 83)

revealed that only 21 % of all filters have beersénvice for more than
five years™

The RSF analyzed in this study treats CSO of twonstwater overflow

basins (SOBs) and discharges into the river Schusae densely
populated catchment area in Southwest Germany. Sidieissen is a
tributary of Lake Constance, which is an importahinking water

reservoir and a popular recreation are@he elimination of nutrients,
organic trace pollutants and facultative pathogdrdcteria by a RSF
downstream of two storm water overflow basins igspnted. For
numerous micropollutants, facultative pathogenid antibiotic resistant
bacteria this study presents the first baselina éat their retention by
RSF.
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Figure 7.1: Map of Germany and scheme of the stweg in the southwestern federal state
Baden-Wirttemberg (by courtesy of Katharina Peschldeiversity of Tubingen,
Germany. The map of the study area is based on SdEmtMap. Mapdata:
©0penStreetMap contributors, license: http://opéactmmons.org/licenses/dbcl/1.0/).

7.2 Materials and methods

7.2.1 Study site and sampling protocol

The RSF was put into operation in 2002. It recethesoverflow of two
SOBs, which serve the city of Tettnang in Baden-iéumberg,
Germany. The effluent of the storm water overfloasibs passes a
cross-flow screen with a gap size of 5 mm. The ewater solely
originates from the two residential catchments ddttfang (2,450

population equivalents) as the wastewater from Iteal hospital is



separately discharged to the wastewater treatment. he effluent of
the RSF is discharged into the Tobelbach, whicWwdlinto the Schussen
river, one of the main tributaries of Lake Constanthe RSF has a
surface area of 2,000°mwhich is planted with common reed
(Phragmites communis). The formation of a colmation layer and the risk
of surface clogging are reduced by the reed setalatstock growth. At
the study site no further measures against cloggiegnecessary. The
rooting and intermittent flooding also enables pleaetration of oxygen
into the subsurface, which stimulates the microaaivity. Once a year
the reed is mown and removed from the filter swfathe filter layer
has a thickness of about 80 cm and rests on a lgdaaimage system
(40-60 cm). At its base the RSF is furnished withram non-permeable
lining. On average, 40 to 60 impounding events opew year. In more
than one third of the events the influent volumeesxs the capacity of
the RSF of 2,000 P Excess wastewater (stormwater) is discharged to
the Tobelbach without treatment. The RSF's effluBstharge point is
controlled by a throttle valve limiting the outflote 10 L/s. Complete
drainage takes about 60 h. The removal of groupameters,
micropollutants, facultative pathogenic and antibioesistant bacteria
presented here is based on the difference betwaarentration values
determined for the influent of the RSF after SOBd &or the effluent

after the throttle valve.
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Figure 7.2: Flow diagram of the study site (adoptesn Dr.-Ing. Jedele und Partner
GmbH, Stuttgart, Germany).

The WWTP in Eriskirch which serves the two catchtrameas depicted
in Figure 7.2 was used for comparison of treatnedfitiencies. This
WWTP treats a population equivalent of 50,000 pay énd the
maximum dryweather flow is 17,300 m3/d. Treatmennsists of a
screen, sand trap and a primary clarifier, followbgbiological

treatment comprised of zones of denitrification andrification

combined with simultaneous phosphorus eliminatidme water is then
directed to a secondary sedimentation basin and (i) chloride

sulfate is added as a precipitating agent. Thesflae removed by
filtration through layers of sand and anthracitdobe the water is

discharged into the Schussen river. Results preddmre are based on



values determined for the influent of the WWTP @afteechanical

treatment and for the wastewater after activatedgd treatment.

At the RSF there were five sampling events betwéeme 2012 and
November 2013. The WWTP Eriskirch was sampled ufd Xotimes
between May 2012 and August 2014. Though 187 mathatants were
measured, only a small number were defined as atid& parameters
based on their nearly ubiquitous presence in WWAfRdnts and CSO
and were measured more frequently. Some more hiydbip
micropollutants like polybrominated diphenyl ethe(@BDE) and
polycylic aromatic hydrocarbons (PAHSs) were onlyesned at the RSF

site. Furthermore heavy metals and group parametmes measured.

During the sampling events, 250 mL of RSF influerdre sampled
every 3 min and for the effluent 250 mL were sampdgery 10 m3 until
the required total sample volume for all analyses wollected. In case
of the WWTP samples, 24 h composite samples wesetyzad. All
samples were cooled down immediately with icepaakd transported
to the laboratories, where they were stored at 4ufil sample

preparation and analysis.

7.2.2 Analysis of micropollutants, heavy metals amdter-chemical
group parameters

For the analyses of micropollutants water samplesewspiked with
internal standards prior to extraction. Solid-phagé&action (SPE) or
liquid-liquid-extraction (LLE) was used for pre-a®ntration. Gas

chromatography or liquid chromatography were codipie different



detector techniques ((tandem) mass spectrometinpgen-phosphoros
detection, diode array detection). Concentratiohsméropollutants,
heavy metals and group parameters were analyzeuhflient and
effluent waters of the RSF. A complete list of gdirameters with their
respective limit of quantification (LOQ) can be fal in the
supplementary material (Table S1). Standard methigdd for analysis
are listed in Table 7.1. Non-Standard methods aseribed briefly in

the text below.

Pharmaceuticals and some of their metabolitesficiati sweeteners,
iodinated X-ray contrast agents, benzotriazolesaaibiotics were pre-
concentrated by SPE using SDB (J.T.Baker, PhiligsbuSA), Strata-
X (Phenomenex, Aschaffenburg, Germany) or PPL BBld (Agilent

Technologies, Santa Clara, USA) polymeric adsorlyeaterials. The
very polar antidiabetic drug metformin and its detation product
guanylurea were enriched with a cationic exchardgoident material
(Strata-X-CW from Phenomenex) as described in Senei al*



Table 7.1: Standard methods used for the analybisvater samples. Non-standard

methods are explained in more detail in the text.

Parameter Standard method

) German standard method DIN
Perfluorinated compounds

38407-42"
Chelating agents DIN EN ISO 16588
Metals DIN EN ISO 17294-7*
Chemical oxygen demand (COD) ISO 6060

Total organic carbon (TOC) and dissolved organid
carbon (DOC)

DIN EN 1484Y

German standard method DIN

Spectral absorption coefficient
38404-3 (C3)®

Sample pH, the water volume used for pre-conceatratelution
solvents and the established liquid chromatographi&thods were
optimized for each substance group. The analytes geantified using
a 1290 HPLC system (Agilent Technologies) coupledcin APl 5500

mass spectrometer (AB Sciex, Framingham, USA).

Polychlorinated biphenyls (PCBs), polycyclic aroimattydrocarbons
(PAHSs) and chlorinated insecticides were extratigd LE with 20 mL
cyclohexane. The organic solvent was evaporatedl final volume of
about 0.5 mL and the compounds were measured by

chromatography coupled to a tandem mass spectro(@&EMS/MS).

PBDEs were extracted with 25 mL cyclohexane. Redidvater was
removed with a sodium sulfate filled cartridge. Thke&tract was
evaporated to a volume of 0.2 mL and measured BIEIMS with

negative chemical ionization.

gas



Trialkylphosphates were enriched with a polymerits@bent (SDB)
and cartridges were eluted with dichlormethane. NBSMS was
performed for separation and quantification usingRACE GC Ultra
gas chromatograph coupled to a TSQ Quantum XLSaUitrass
spectrometer (both Thermo Scientific, Waltham, USA)

For the SPE of phthalates self-packed glass SPEdegs filled with
Chromabond C18 Hydra material (Macherey Nagel, Biif@ermany)
were used. Phthalates were analyzed using a AdtmeyXL GC
coupled to a Turbo Mass Gold MS (both Perkin Elfdéaltham, USA).

Endocrine disrupting chemicals were also pre-comated by SPE with
a polymeric adsorbent material (Strata-X from Plnesoex,
Aschaffenburg, Germany). After elution of the amasywith acetone the
extracts were evaporated to dryness and recomstituvith a
derivatization mixture (MSTFA  (N-methyl-N-(trimettsjlyl)
trifluoroacetamide, trimethylchlorosilane and pymig). After silylation
(80 °C for 45 min) a keeper was added and the dtzation reagent
was removed in a gentle stream of nitrogen. Thedues was
reconstituted in cyclohexane and measured by aeTiG€ TSQ
Quantum XLS Ultra GC-MS/MS (Thermo Scientific).

Pesticides were enriched using 1 g IST Isolute @dsbrbent (Biotage,
Uppsala, Sweden) and analyzed after elution widtae by GC-MS
using a 6890 5973 GC-MS system (Agilent Technolg)gie

Aliphatic amines were derivatized in the water skmpwith
fluorenylmethyloxycarbonyl chloride (FMOC) and prencentrated
using 200 mg LiChrolut EN adsorbent material (Merékarmstadt,



Germany). Measurements were performed with LC amiplo a

fluorescence detector (both Agilent Technologies).

7.2.3 Analysis of microbiological parameters - Emuation, isolation

and identification oE. coli, enterococci and staphylococci

Depending on the probable contamination level,eeitihe membrane
filtration method (according to 1ISO 7704H) or dir@tating forE. coli,
enterococci and staphylococci was uSeH. coli were grown on ECD-
agar (Merck, Darmstadt, Germany). After incubatan37 °C for 20-
24 h, under UV light blue fluorescent colonies dre tmembrane
(cellulose nitrate, pore size 0.45 pm, @ 50 mm t(Biais, Gottingen,
Germany)) or on the agar surface (resulting froentibta-glucuronidase
activity that hydrolyzes MUG present in the medigre counted as
E. coli. Presumptive E.coli isolates were further tested for

tryptophanase activity with Kovac's reagéht.

For Enterococcus spec., membrane filters with appropriate dilutions
were incubated on azide nutrient pads (Sartoriosy0-48 h at 37 °C
according to Slanetz and Bartley, followed by iratidin on kanamycin-
aesculin-agar (Merck) for 1 h at 44 ERed, pink and reddish brown
colored colonies with positive aesculin reactiorreveounted based on
ISO 7899-27

For analysis of staphylococci Chapman-Stone agaraatng 0.05 g/L
sodium azide was used. After incubation for 48 I3aAt’C, colonies

were counted and streaked on Mannitol-Salt agar.



For each sampling event, randomly selected colonfethe genera
Enterococcus and Staphylococcus were selected for identification on
species-level by their physiological reactions oierhaut-Staph®- and
Micronaut-Strep2®-microtiter plates (MERLIN Diagtite GmbH,
Bornheim-Hersel, Germany) according to manufactsir@rstructions
(for details: http://www.merlin-diagnostika.de/nicraut-

identifizierung.html).

7.2.4 Antibiotic susceptibility testing

The agar diffusion test according to the Germandsted method DIN
58940 was performed with 50 enterococci to test #mtibiotics
ampicillin  (10pg), chloramphenicol (3Qg), ciprofloxacin (5ug),
erythromycin (15:9).2 To detect vancomycin resistalt faecium and

E. faecalis (VRE), the susceptibility of these isolates agains
vancomycin was tested as described by the Clirdeml Laboratory
Standards Institute (CLSH. Intrinsic low-level vancomycin resistance
of E. gallinarum andE. cassdliflavus (vanC1- and vanC2-type) were not

considered.

Susceptibility of 76E. cali isolates was tested against the antibiotics
ampicillin - (10pg), ciprofloxacin (5ug), cotrimoxazol (1.2%g
trimethoprim / 23.7ug sulfamethoxazol) with agar diffusion tests
according to DIN 58940 and against cefotaxinug® using the clinical
breakpoints listed by the European Committee on imintobial
Susceptibility Testing (EUCAST}.?®> All ampicillin resistant isolates

were additionally tested against ceftazidim (80 and cefpodoxim



(10 ng) according to CLS# the inhibitory effect of clavulanic acid on
the R-lactamase was checked as described by Bdfdfaccording to
the definition of the Robert-Koch-Institute, exteddspectrum-R3-
lactamase producer phenotypically showed resistaragainst
cefpodoxim as well as ceftazidim and/or cefotaximd &he inhibition of

the enzyme by clavulanic acid.

Susceptibility of the 144 obtaine@aphylococcus isolates against
oxacillin (5 ug), ciprofloxacin (5 ug) and erythrgon (15 ug) was
tested by the disc-diffusion test with Mueller-Hintagar according to
DIN 58940 and to clindamycin (2 pg) according toST.E2*

7.2.5 Data analysis

Changes in the number of livirig coli, enterococci and staphylococci
and in the percentages of antibiotic resistantaissl during passing the
RSF were tested respective their statistical sicanite using bilateral t-
test. Bacterial numbers represent the median vabfidse parallels.
Removal of micropollutants was determined by catiny the average
removal of all single sampling events. The varigbibf the data is
expressed by the standard deviation. In the caséfloént values below
the LOQ, the value half of the LOQ was used focuglation. Data are
only presented if for at least half of the samplevgnts concentrations

above the LOQ were measured.



7.3 Results and discussion

In the years 2012 and 2013, the volume of CSOddeat the RSF per
month varied in a wide range between less thanni00p to more than
12,000 m3. The same holds for the number of dayesnvehmeasureable
amount of drainage could be observed in the RSHigst. The total
number of drainage events at the RSF in Tettnangoeaconsidered as
rather high. A survey by Roth-Kleyer et al. showkeat almost 60 % of
RSFs in Germany had less than twelve events patr'yétowever, it
has to be pointed out that such small humbers ehtsvhave to be
regarded as contradictory to the establishmentefl vegetation. The
intermittent loading of RSFs is important for theration of the
subsurface. It has been demonstrated that suffiolgrgen supply in the
soil filter enhances the removal of COD, ammonid &otal nitrogen
and that other factors like vegetation or tempeeatariations between
2 °C and 20 °C had only little effect on removaest’

7.3.1 Group parameters

DOC represents the total carbon concentration lodissolved organic
compounds. It is especially important for the dépieof oxygen and
thus affects prevailing redox conditions and thgrddation of inorganic
nitrogen compounds like ammonia. The UV absorptdndissolved
organic matter is measured by the parameter ,.$A& As mainly
unsaturated organic compounds absorb radiation 5 ngh, the
parameter is used as a proxy for aromatic dissolmeghnic matter.
Both, DOC and SA&.m can be used to calculate the specific UV
absorption (SUVA) coefficient (SAf, nm divided by DOC). A high



SUVA indicates a high portion of aromatic compouidthe water. The
good DOC-removal of more than 80 % (Figure 7.3)irdura short
residence time in the filter reflects a high panticof readily
biodegradable dissolved organic matter in the érftuof the filter. The
average DOC concentration in the RSF influent & rBg/L is in a
concentration range typically measured in the efftuof municipal
WWTPs, where readily biodegradable DOC has alredmben
assimilated during activated sludge treatment. SA€,s,4 nmis reduced
in the RSF by about 50 %. The more pronounced teduof the DOC
relative to the SAG, nmis expressed by an increase of the SUVA from
1.7 L/(mg*m) to 3.1 L/(mg*m). Therefore, it can bencluded that less
UV light absorbing saturated organic compounds jareferentially
degraded in the RSF.

In similar subsurface treatment processes like aqilifer treatment
(SAT) the same observations have been materor a SAT field in
Israel a preferential degradation of non-aromatiganic compounds
was reported as an increase of SUVA from the patico basin to a
vertically located observation well (detention times months) was
observed® In contrast to the SAG;.m the SSG,.m takes the
scattering of light due to suspended matter intmant®* As expected, a
higher removal rate of S$& ,in the RSF Tettnang could be observed
(Figure 7.3) due the removal of suspended particiethe RSF by
physical filtration processes. Higher removal rai€3OC compared to
DOC and the pronounced improvement in turbidity calso be

attributed to the removal of suspended solids byRBF.



The COD removal of 80+10 % is in the range founditerature for
other RSFs in Germany. Mean removal rates from 4% more than
90 % have been reportéd
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Figure 7.3: Mean removal of physical-chemical anoug parameters by RSF treatment.

Error bars represent standard deviation.

7.3.2 Micropollutants

Most of the 187 micropollutants analyzed were retedted in the RSF
influent or effluent on a regular basis. Microptdiots with wastewater
origin are diluted by storm water and consequeiftlpresent their

concentrations often decreased below the respdoivg.
Pharmaceuticals and their metabolites

From a total of 79 pharmaceuticals (including antibs and some
metabolites and excluding X-ray contrast mediay @4 were regularly
found in more than half of the WWTP influent sangpémalyzed within



this study. Only nine out of those 24 compoundsewagtected in the
RSF influent in more than 50 % of the samples. Galye the
pharmaceutical residues with the highest conceéotstin the WWTP
influent were also detected in the RSF influent @md depicted in
Figure 4. Pharmaceuticals additionally found in théuent of the
WWTP Eriskirch belonged to several therapeutic sdas with
betablockers  (atenolol, bisoprolol, sotalol) and tiaotics
(clarithromycin,  sulfamethoxazol, trimethoprim, w@foxacin,

ofloxacin) as the most prevailing compound groups.

For most pharmaceuticals removal efficiencies weaimilar for

activated sludge treatment in the WWTP and in th&FR
Pharmaceutically active compounds which are comynomadily

biodegradable in WWTPs were also removed in the RSR high
degree. Examples are paracetamol (98 %) and ibaip(@4 %). For the
latter substance good removal from 0.5 ug/L to aceatration below
the LOQ has been reported for another RSF3ite.

For diclofenac, metoprolol and 10,11-dihydro-10,11-
dihydroxycarbamazepine, a metabolite of the argpfic drug
carbamazepine, removal rates were slightly highan tin the WWTP.
Varying removal rates have been reported for ditlat® >’ The fact
that diclofenac is not readily biodegradable isilaited to its chlorine
group. Wastewater characteristics as well as treattroonditions also
influence removal rates in WWTBSThe mean removal of diclofenac
in the WWTP Eriskirch was 14 % (n=11) after aated sludge
treatment and 37 % post sand filter at the endheftteatment train,

whereas the RSF removed 89 % on average (all aeffkmues <LOQ).



This is in agreement with good diclofenac remowatks reported for
other RSFs. In Altendorf (Germany) the mean comedénoh of

diclofenac (0.14 pg/L) was reduced to below the L®@ondera et al
reported a diclofenac removal of more than 70 %tviar RSF in North-
Rhine-Westphalia (Germany¥?

The reported elimination for metoprolol in WWTPs atso highly
inconsistent and ranges between 0% and more tiafo38%*
Sorption in water-sediment systems revealed ndygigisorption
tendency for metoproldf. The removal of 36 % and 84 % in the WWTP
Eriskirch and the RSF Tettnang, respectively shobé attributed
mainly to biodegradation although metoprolol isgem in its cationic
form at environmental pH values and might also le&ined by

negatively charged solid particles.

The negative elimination of carbamazepine (see rEigw) can be
presumably explained by the cleavage of glucuronagugates, which
are formed in the human body, back to carbamazefihe fact that
carbamazepine is not removed at all may reflectpitevailing redox
conditions in the RSF, as the compound is perdisteran aerobic

environment but can be degraded under anaerobiitimrs:*

For the antidiabetic drug metformin concentration$VWTP influents
up to 100 pg/L have been reported and as a rulevamates are higher
than 90 %2** This was also the case for the WWTP Eriskirch, dug
to high influent concentrations still several hwdirng/L could be
detected after biological wastewater treatment. él@x, as for most
micropollutants no complete mineralization takesacpl during

biological treatment, but degradation productsfarmed. In the case of



metformin, transformation into guanylurea (diamireghylideneurea)
takes placé?* Consequently, a maximum concentration of 96 ug/L
guanylurea was measured in the effluent of the WWHrBkirch.
Removal of metformin was high and comparable to WW&/TP
Eriskirch, but again traces of metformin were degtdcin the RSF
effluent. Interestingly, no guanlyurea was detedtethe effluent of the
RSF. The residence time and biological activityhef RSF appear to be
sufficient to degrade or retain both metformin atetransformation
product and therefore, the RSF has a better peafocen compared to

conventional activated sludge treatment in WWTPs.
Benzotriazoles

The corrosion inhibitor 1H-benzotriazole is usedlishwashing liquids,
anti-freezing and deicing fluids. Its eliminatiomthe WWTP Eriskirch
was incomplete (mean value 42 %) and an averagee\af 5.1 pug/L
could still be measured in the treated wastewdteis is in accordance
with the incomplete removal reported in literaturghere effluent
concentrations of several pg/L were deteéfé The mean removal of
1H-benzotriazole in the RSF was better (66 + 2M%t)not significantly
different. The compound was found in productionlsvelt river bank
filtration sites after a residence of several menth the saturated
subsurfacé’ However, sorption onto soils is negligitfleand the
decrease in concentration during RSF passage cast likely be
attributed to a slow biodegradation. Greater pwste in aquatic
environments has been reported for the 4-methyl logna
4-methylbenzotriazol& A decreasing 1H-benzotriazole/4-

methylbenzotriazole ratio with increasing residetio® was observed



in the partially closed water cycle in Berlin, Gemmy*° In comparison
to 1H-benzotriazole, the removal for 4-methylbenaable was lower at
both sites, the WWTP and the RSF.
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Figure 7.4: Comparison of removal rates of orgarice pollutants in a retention soil filter
and a wastewater treatment plant after activatedgsl treatment, n.a. = not analyzed.
Error bars represent standard deviation of removal.

Estrogens

The main sources for estrogenic activity in wasteware natural

hormones and synthetic compounds like-gthinylestradiol (EE2) and,



to a smaller extend, alkylphenols. The removal wéhs compounds
during conventional wastewater treatment is usuglpd, but often
incomplete. Both, biodegradation and sorption attimige contribute to
the elimination of these compourtsA good compilation of estrogenic
compounds, their effects and fate during wastewameatment can be
found in Teske and Arnoff. Estrone (E1), 1f-estradiol (E2) and
estriol (E3) were detected in every influent sampfethe WWTP
Eriskirch with mean concentrations of 140 + 130Ln&/7 + 16 ng/L and
180 + 48 ng/L, respectively. The removal during teaater treatment
was in almost all cases complete and only once &4 detected with
2.1 ng/L above the limit of quantification (LOQ 5tnhg/L) after
activated sludge treatment. Only E1 and E3 wereatied on a regular
base in the RSF influent but due to dilution witkvér concentrations of
22+19ng/L and 25#17 ng/L. In Figure 4 the remlowf both
compounds appears to be slightly lower than in YW&/TP, but
concentrations were lower than the detection liffiite apparent lower
removal rate is simply due to lower influent cortcations, which were

compared with the same effluent values as abovédqhtne LOQ).
Artificial sweeteners

For the artificial sweeteners saccharin and cyctamgood removals
were observed for both the WWTP and RSF. This sctordance with
high removal rates for both compounds during waatewtreatment
reported in literaturé® Acesulfame was retained with a mean value of
46 % in the WWTP Eriskirch. However, the removakraaried over a
wide range from -5% to 90 % with no obvious treod seasonal

correlation like it was reported for some pharméicals in the past:



The results are against expectation as in previpublications
acesulfame was reported to be recalcitrant andowlyspoorly removed
in WWTPs>*®> An adaptation of microorganisms cannot be the only
reason for the degradation as after sampling eweitiishigh removal a
pronounced stability of acesulfame was observednagdowever,
recent studies have questioned the compound’slistadmd report a
partial degradation in certain environmental cortipants like river
bank filtration sites® The reason for the heterogeneous stability of
acesulfame is yet unknown. Tran et al. reportedoar pemoval of
acesulfame in batch tests with nitrifying sludgeyt bemoval was
increased with increasing ammonium concentrafton#laximum
acesulfame concentrations after activated sludgatrtrent or in the
effluents of the RSF were 19 pg/L and 1.3 pg/L eesipely and thus

among the highest values observed for micropoltatan
Antibiotics

Within this study 37 antibiotics comprising diffete classes
(macrolides, tetracyclines, penicillins, sulfonagsd fluoroquinolones)
were analyzed. Only two of them (sulfamethoxazaid &imethoprim)
were detected once in the influent of RSF Tettnatith a maximum
concentration of 0.12 pg/L for sulfamethoxazole.sile these two
antibiotics azithromycin, clarithromycin, roxithrgwein, ciprofloxacin

and ofloxacin were detected in the influent of IMVTP. With two

exceptions the concentration levels were below /Audut all

antibiotics mentioned before could be found attleasce above the
LOQ after activated sludge treatment. No conclusiabout the RSF

performance in terms of the removal of antibiottzn be drawn as



values below LOQ can be a matter of dilution anel re@ proof for the
complete absence of a certain compound. Assuminigasielimination
processes and removal rates in the WWTP and the, R8€es of
antibiotics might end up in receiving waters. Otbtrdies have pointed
out that presence and long-term exposure even therralow
concentrations of antibiotics might be a reason tfa selection of

resistant bacteria and their spreading in the enment®®*

The source of a compound is an important factoriforpresence in
combined sewers. If compounds which derive maimgmf domestic
wastewater are biodegradable, their absolute ammlatsed to the
environment will increase due to the absence ddttnent of CSO
overflow. However, there will be no change in thes@ute amount of

recalcitrant compounds.

In contrast, the absolute amount of micropollutamtsch are only re-
mobilized, washed off or introduced by surface fidaring rain events
will increase in any cas®. Biodegradable micropollutants are
discharged by CSO overflow, while recalcitrant sabses are released

by both CSO overflow and WWTP effluent to receivingters.

One example for the appearance of a micropollutantunoff is
mecoprop which is used as pesticide but also asid@ipe.g. in roof
sealings. As a consequence it can be washed offedaedsed into the
environment during rainfall eventThe compound was not detected in
samples from the WWTP influent in Eriskirch. In t@st, in two RSF
influent samples mecoprop was measured with a marim
concentration of 1.4 ug/L. However, mecoprop wdigiehtly removed

during RSF passage to a final concentration befma ©Q.



Another compound group typical for the phenomenbremobilization
during rainfall events are polycyclic aromatic hydarbons (PAHS).
Since their sorption tendency to particulate magtdngh, it is of special
importance for their elimination that the concetitra of solids is
reduced to a minimum during treatment. Filteratdkds were reduced
by more than 97 % in the RSF Tettnang. A 93 % t&terwas reported
by Tondera et al. for a RSF six years in operatioRAHs were
analyzed only for the RSF site. When detected & R&F influent

removal efficiency was between 70-90 %.

In summary the performance of the RSF for the reghoof

micropollutants can be most likely attributed tocembination of
sorption and biodegradation. Compounds not discuabeve were not
detected in the RSF influent or the calculatiorihefir removal rate was

not feasible due to the lack of frequent detection.

7.3.3 Removal of microorganisms

Concentrations of all microorganisms studied wegaificantly lower
in the RSF effluent than in the influent (Figur&)7 Removal rates were
variable but comparable with those in WWTPs. Thenlber ofE. coli
und enterococci decreased by 2.7 (median valueiesafor individual
samples ranged from 2.1 - 3.2) and 2.2 log-unitsdjan value; values
for individual samples ranged from 0.9 - 2.8), exjvely. The
maximum elimination achieved was in a similar ramgereported for
other constructed wetlands planted wihragmites spec3*°4% The

median elimination rate of fecal indicator bactgiidB) exceeded the



observations made by Tondera et al., who obsemmdval rates of 1.1
log-units for E.coli and enterococcl. Comparing the number of
staphylococci in the influent and effluent of th&sR their number
significantly decreased by about 2.4 log-units (lmed/alue; values for
individual samples ranged from 2.2 - 3.0 log-uniEria et al. reported
a removal of about 2 log-units in a conventionativated sludge
treatment plant® A higher retention of up to 4 log-units (mediariue
was detected by HeRR and GalférComparing elimination efficiencies
of WWTP and RSF, it has to be considered that tie apunt of
staphylococci was already lower in the influent the RSF (19
CFU/100 mL, median value) compared to the influehta WWTP
(Faria et al.: 1DCFU/100 mL; HeR and Gallert: 2.7 x*10FU/100 mL
(median value)i®®” In consequence, the removal expressed in log-
decades has to be lower. Remarkably, the conciemtraft staphylococci
in the effluent of the RSF (median value: 3.8 CRM/InL) was in the
same order of magnitude or lower (Faria et al% @BU/100 mL; HeR
and Gallert: 2.3 CFU/100 m%®’ compared to the WWTP effluents.

Factors like retention time, characteristics of fitter material, organic
matter concentration and biocenosis compositioieidffom site to site,
however many authors suggested predation in thmat@n layer or the
subsurface of the RSF and adsorption as main fafiothe retention of
bacteria in RSF&:°®*Bacteria and viruses are attached to solids or in
the free water pha3and like for hydrophobic micropollutants which
are preferentially bound to particles, Passerat.aibserved a first-flush
effect forE. coli in a CSO discharge caused by particle attachdsl@el
Based on the analysis of TOC and SSC, a consicenahoval of

suspended matter can be assumed and at least part@aval of bacteria



attached to particles by filtration is likely. Howex, Tondera et al.
observed no correlation between the removal of satapended solids
and the removal dE. coli or enterococci.Key factors and mechanisms
governing removal processes comprise a complex ic@tibn of
chemical, physical and biological factors, whichswet accounted for
in this study and should be investigated by furthesitu studies. In this
context, it would also be interesting to performdeerm experiments
investigating whether the RSF sediment is likelghange from sink to

source.

Nola et al. studied different soil columns with aed to their retention
efficiencies’™ The removal of staphylococci was in the order of
99.99 %. Comparing their results with those of RfeF in Tettnang is
difficult because of higher staphylococci concettres in the influent
of the columns (2.9 x TOCFU/100 mL; RSF, median value: *10
CFU/100 mL) with a retention efficiency of 6.7 logits (mean value)
and different construction and operating factorger@ll, the efficiency
of the retention of particles depends on the constn and the
operating factors of the RSF. Sidrach-Cardona a@chRes identified a
subsurface-flow constructed wetland planted vititagmites spec. as
the best combination among several types of cortstruand reported a
removal of total coliformsE. coli and Enterococcus spec. between 2.5
and 3 log-units (mean valu®&)The construction of the treatment facility
and the removal efficiency are similar to the reswbtained in this

study.
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Figure 7.5: Colony forming units (cfu) (median ved) of total and resistari. coli,

enterococci and staphylococci per 100 mL in thiiérft and effluent of the RSF Tettnang

7.3.4 Species diversity of staphylococci

Comparing the diversity of staphylococci obtainszhf the influent (71
isolates) and the effluent (73 isolates) of the R&Fshift of the
abundance of the different species can be obsertereas the
percentage of isolates belonging to the Sciuri-graecreased from
59.3 % in the influent to 36.0 % in the effluenhetpercentage of
isolates clustered to the Saprophyticus-group neeaastable (influent:
37.3 %; effluent: 36.0 %). However, within the Sapryticus-group the
abundance of the respective species changed: theerpage of
Saphylococcus xylosus on isolates belonging to the Saprophyticus-
group increased from 10.9 % in the influent to 68%.7n the effluent.

Obviously, some Saphylococcus-species can better adapt to the



conditions of the RSF than others. Coinciding vitria et al., Hel3 and
Gallert reported that species of the Saprophytgroesp were dominant

in raw sewage (Faria et al.; 78.7 % of the isolatese representatives
of the mentioned group; Hel3 and Gallert: 51.6 %hef isolates were
species of the Saprophyticus-group and 31.8 % erhtlvere identified
as S xylosus).®®®” Furthermore, the study of HeR and Gallert showed
that species of the Sciuri-group were more abunthariver water than

in sewage and the percentage Sfsaprophyticus ssp. saprophyticus
drecreased in favor @& xylosus in receiving water bodi€¥.Using the
percentage of isolates belonging to the Sciuri-gras well as the
percentage 08. xylosus on the abundance of isolates belonging to the
Saprophyticus-group as ‘“less-sewage derived” marker further
characterization of the influent and the effluehtlee RSF is possible:
Based on diversity and abundance of the staphytioctee influent of
the RSF was a mixture of raw sewage diluted wisligaificant volume

of surface runoff. TheStaphylococcus-species diversity found in the
effluent of the RSF was dominated by species ratissociated with
river water indicating that these species are beditapted to the
condition of the RSF.

7.3.5 Antibiotic resistanE. coli, enterococci and staphylococci

The percentage of antibiotic resistaBt coli isolates (35 isolates
obtained from the influent and 41 strains obtaiftech the effluent were
tested) significantly decreased during passingRB€& from 17 % in the
influent to 10 % in the effluent (level of signiéince 0.05). If an isolate

was resistant, it was resistant against ampicillinthe influent two



isolates were additionally resistant against caixazole, one of them
also against cefotaxim classifying it as an extendpectrum p-

lactamase (ESBL) producer. The fact that ESBL-pceds can be
detected by culture based approaches points outha are present in
respective numbers in sewage. In the effluent, ameicillin resistant
E. coli was additionally resistant to cotrimoxazole. Luezkicz et al.

found a comparable resistance pattern Eorcoli isolated from a
municipal wastewater treatment plant, but overadl tesistance level

was lower’2

Similar toE. coli, the percentage of antibiotic resistant staphydoc(r1
isolates obtained from the influent and 73 stradbgained from the
effluent were tested) was significantly lower ire tbffluent of the RSF
(6.8 %) than in the influent (16.9 %, level of dfgrance 0.05). The
percentage of isolates resistant to erythromycinerdgned the
resistance level. None of the obtained staphyldcees constitutively
resistant against clindamycin and/or ciprofloxacirhe fact that 5
isolates obtained from the influent were resistagainst oxacillin
showed that the antibiotic resistance gemeA is present in sewage.
The observed resistance pattern was comparableatodescribed for
raw sewagé>®’ but the overall percentage of resistant isolates w
lower. A possible explanation for this observatisnbased on the
species diversity. Some species were more frequersistant than
others: for instance, 24.7 % of ti% saprophyticus ssp.saprophyticus
isolates, a species dominating in raw sewage, @sistant against one
of the tested antibiotics, whereas “only” 10.8 %Sofylosus isolates,
which rather could be isolated from river water, sweesistant’

Consequently, based on the found resistance levelE. coli and



staphylococci as well as on the describ8adphylococcus-species
diversity, the influent of the RSF cannot be directompared to the

influent of a WWTP under dry weather conditions.

The percentage of resistant enterococci (32 isplab#ained from the
influent and 18 strains obtained from the effluawtre tested) did not
significantly change during passing the RSF (initug4.4 %,; effluent:

38.9 %). This observation might be an effect of simeall number of
isolates; a higher number is needed to confirmrssilt. Erythromycin
resistance determined the resistance level of ecteci in the

respective sample. Two isolates in the influent and isolate obtained
from the effluent were additionally resistant agaiciprofloxacin. One
Enterococcus isolate of the effluent was resistant against gt tesort
antibiotic chloramphenicol. None of the obtainedlases were high-
level resistant against vancomycin and/or ampicillluczekiewicz et
al., who isolated enterococci from sewage of a gipal WWTP, also
found the described resistance pattern, but aadjreeen foE. coli and

staphylococci the overall percentage of resissolates was lower.

Even if the resistance level of enterococci did adedrease, the absolute
concentrations of antibiotic resistank. coli, enterococci and
staphylococci in the effluent of the RSF were altbitand 2.9 log-units
lower than in the influent. Nevertheless, antilmo#sistant bacteria and
antibiotic resistance genes were released intadbeiving Tobelbach.
At the moment, the remaining risk and the effect aartochthonous
microorganisms in receiving waters cannot be ptedicSome authors
discussed the long hydraulic-retention time as wslithe exposure to

low (not inhibitory) concentrations of differentt#éiotics as promoting



factors for the spread of antibiotic resistanceegéh® Comparing the
detected resistance level of the influent and tifleest of the RSF in
Tettnang, there were no indices at present forsgiread of resistance

determinants.

7.4 Conclusions

The effectiveness of a retention soil filter (RSB) the removal of
micropollutants, facultative pathogenic and antibioesistant bacteria
from CSO was investigated. The removal efficienoy rhicropollutans
was comparable to activated sludge treatment inearhly WWTP.
WWTP effluent still is an important source of wateollution with
micropollutants. The conventional treatment in WVETB especially
important for biodegradable mircopollutants or cammds which tend
to adsorb onto suspended and settleable solidst Rieasures for
upgrading WWTPs with ozonation or activated carbre@tment units
on a full-scale are taken and will improve the allelemoval efficiency.
However, the whole treatment train is only sucadBsfpplied during
dry weather conditions. Therefore, a complementeggitment option
with an active microbial environment and a reliahtisorption capacity
is needed for events of heavy rainfal, when WWTdsl sewage
overflow basins cannot cope with the additional antcof water. The
results of this study support the extension of R&F technology as a
low cost addition to overflowing combined sewer dleav basins to
control the discharge of standard pollutants anctepollutants, and the
number of facultative pathogenic and antibiotic istasit bacteria.

Detailed investigation of the subsurface of fulldec RSFs should be



conducted for a better understanding of the basicgsses involved in
the removal of micropollutants, facultative pathoigeand antibiotic

resistant bacteria.
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8. Konzentration und Resistenzniveau fakultativ_patogener und

Antibiotika-resistenter Keime in _der durch Einleitung von

gereinigtem Abwasser belasteten Schussen

Um den Effekt der Einleitung von (gereinigtem) Alssar auf das
aquatische Okosystem zu untersuchen, um dann bearti kénnen,
inwieweit durch zusétzliche Abwasserreinigungsstufewie sie
beispielsweise in Kapitel 5 und 7 beschrieben wordéeser verringert
werden kann, ist es wichtig, das OberflachengewAsge das die
Klaranlagenablaufe abgeschlagen werden, zu chaisigten. Deshalb
werden in diesem Kapitel die (noch unveréffentiéhit Ergebnisse
bezlglich der Konzentration an fakultativ pathogem&imen sowie

deren Resistenzniveau beschrieben.

8.1 Mikrobiologische Charakterisierung der Schussen

Vier Probenahmestellen an der Schussen und eirerdRefktelle an der
Argen (Abb. 2.2) wurden innerhalb der dreijahrigBnojektlaufzeit
achtmal zu unterschiedlichen Jahreszeiten und logiszhen
Verhaltnissen beprobt und die Konzentration #omoli, Enterokokken

und Staphylokokken sowie deren Resistenzverhakstiromt.



8.1.1 E. coli-, Enterokokken- und Staphylokokken-Konzentratiomen

der Schussen

Die nachfolgend abgebildeten box-plot-Diagrammel(AB.1) zeigen,
dass die Konzentrationen abhéngig von den hydratbgn
Verhaltnissen, innerhalb einer log-Stufe schwankerer sich weder
die Gesamtkeimkonzentration noch die Konzentratitakultativ
pathogenerE. coli, Enterokokken und Staphylokokken entlang der
FlieBstrecke durch die Einleitung von Klaranlagdaafen

aufsummierte.

100E+09 1,00E404
a) Gesamtkeimzahl b) Escherichia coli
1,00E+08
1,00E+03
2 1,00E+07 g
H + = & ? % 2 1oEs02
N ) 05408 g
1,00E+01
1,00E+05
10004 32 ] 8 8 s 8 1.00E+00 140 3 3 8 8 3
Klaranlagen-  PNO PN1 PN3 PNG6 PN4 Klaranlagen- PN O PN1 PN3 PN PN4
Ablauf Ablauf
1,00E+04 1,00E+03
c) Enterokokken d) Staphylokokken

1,00E+03 1,00E+02
5 LooEs02 £ 1B+ _L
g g

100E401 100E+00 frt 2 3 3 s 8 H

lakanl; PNO PN1 PN3 PNG6 PN4
Ablauf
10000 140 8 8 8 8 8 1.00E-01
Klaranlagen- PN O N1 PN3 PN6 PN4
Ablauf

Abb. 8.1. Konzentrationen von Gesamtkeimen Eagherichia coli (b), Enterokokken (c)
und Staphylokokken (d) an den einzelnen Probenaieftees der Schussen (PN O bis zur
Schussenmiindung in den Bodensse PN 6) und Arged)Bblie im Klaranlagenablauf.
(n: Anzahl der Probenahmen; die KonzentrationenEoroli und Enterokokken wurden

vom Institut fir Seenforschung (LUBW) in Langenardgestimmt)



Im Vergleich mit den dem fluviatilen Okosystem zsgaagenen
Konzentrationen in den Klaranlagenablaufen lagkibezentration von
E. coli und Enterokokken in der Schussen in der gleichen
GrolRenordnung, was in gewisser Weise das Konzept falalen
Indikatororganismen bestétigt. Die Konzentratiom &aphylokokken
lag im Klaranlagenablauf etwa eine log-Stufe urter Konzentration
im Freiland, was den Schluss zulasst, dass entwetder andere
Eintragsquelle existiert oder Staphylokokken, zuwest manche
Spezies, natiirlicherweise im fluviatilen Okosysteorkommen und
sich dort auch vermehren kdnnen. Die Konzentratiomen E. coli,
Enterokokken und Staphylokokken in der Argen waighbis 0,7 log-
Stufen geringer als die in der Schussen. Bei diBstrachtung bleibt
allerdings zu bertcksichtigen, dass der mittlerdlusis der Argen mit
20,1 ni/s fast doppelt so hoch ist wie der der SchusseR:(M,8 n/s;
Auerbach et al., 2009). Wenn man den Median derzEomationen auf
den mittleren Abfluss projiziert, sieht man, dase drrachten an
fakultativ pathogenen Keimen, welche die Schussah die Argen in
den Bodensee eintrugen, in der gleichen GréRenagdtagen (Tab.
8.1; da die Argen nicht an ihrer Mindung in den &uske beprobt

wurde, wurde fir diese Betrachtung Probenahmestdilerangezogen).



Tab. 8.1: Vergleich der Frachten von Schussen ugeriA

Fracht in KBE/s
Gesamtkeimzahl | E. coli Enterokokken Staphylokokken
Schussen 50x 16 53x10 | 2,4x10 3,2x16
(PN 6)
Argen 6,0 x 1 2,0x10 | 2,2x10 28x10
(PN 4)

(KBE: Kolonie bildende Einheiten)

8.1.2 Speziesverteilung der Staphylokokken im Eril

Die Speziesverteilungen der Staphylokokken waren den 4
Probenahmenstellen entlang der beprobten FlieRstrder Schussen
sehr ahnlich (Abb. 8.2). Es dominierten Spezies,ididie Sciuri- und
Saprophyticus-Gruppe gehéren, wahrend klinischvegite Spezies, wie
Saphylococcus aureus, S. epidermidis, S. hominis und S. haemolyticus,
nur sporadisch isoliert wurden. Im Vergleich zuméitgnlagenablauf
war der Anteil an Isolaten der Sciuri-Gruppe in 8ehussen zu Lasten
des Anteils an Mitgliedern der Saprophyticus-Gruppéer. Innerhalb
der Saprophyticus-Gruppe fand eine VerschiebungAtbeindanzen der
einzelnen Spezies zwischen Klaranlagenablauf unadviafilem
Okosystem statt: Wahrend im Klaranlagen-AblSugaprophyticus ssp.
saprophyticus die dominante Spezies innerhalb der Isolate, wlidié¢
Saprophyticus-Gruppe gehérten, darstellte, war reildhd der Anteil
anS. xylosus-Isolaten deutlich héher. In Kapitel 7 wurde scleowahnt,
dass ein relativ hoher Anteil an Isolaten der $¢Bruppe sowie ein
hoher Anteil vonS. xylosus an Isolaten der Saprophyticus-Gruppe als

.Freiland-Marker* herangezogen werden kann, um fieisweise die



qualitative Zusammensetzung von mit Niederschlagdiugntem

Abwasser abzuschatzen.

Auch die Argen zeigte mit einem hohen Anteil @&nxylosus-Isolaten
innerhalb der Saprophyticus-Gruppe (61%) und einemVergleich
zum Klaranlagenablauf leicht hoheren Anteil (5,584)Isolaten, die in
die Sciuri-Gruppe gehorten, typische Merkmale elregilandprobe. Im
Vergleich zur Schussen war der Anteil an Isolatié® weder als Spezies
der Sciuri- noch der Saprophyticus-Gruppe idendfizwurden, mit
44,4% deutlich groRBer (die Anteile an Isolaten, kiddne Spezies der
Sciuri- und der Saprophyticus-Gruppe waren, lagemén Schussen-
Proben zwischen 18,1% und 24,3%). Mdglicherweised sdiese
Unterschiede in der Speziesdiversitat zwischen &dmuund Argen in
der unterschiedlichen Nutzung des Einzugsgebietizhen: Die fakale
Belastung der Argen ist geringer und diffuse Eiggrébeispielsweise
aus der Landwirtschaft, koénnten die Speziesvertgilu der

Staphylokokken stérker pragen.



Kapitel 8

= % Sciuri-Gruppe
(n=157)

. Kliranlagenablauf (n=432)
® 9% Saprophyticus-Gruppe

% Sonstige Ravensburg
% Angabe: Anteil von
S. xylosus-Isolaten an
der Saprophyticus-
Gruppe

n: Anzahl
untersuchter Isolate

Meckenbeuren

Friedrichshafen

Abb. 8.2: Speziesverteilung der Staphylokokkenagmflder Schussen sowie in der Argen

und im Klaranlagenablauf

(Quelle der Karte: Kartharina Peschke, Universtidingen; Mapdata: ©OpenStreetMap contributors,
license: http://opendatacommons.org/licenses/di)/1

Die Argen wurde vom NABU als ,Flusslandschaft dehr& 2014 und
2015" ausgezeichnet und gilt als einer der letzteatschen voralpinen
.wilden*  Gebirgsflisse (http://www.nabu.de/tiergpilanzen/
naturdesjahres/2014/16223.html). Wie bereits eriydkonnten die
Saphylococcus-Isolate aus der Argen nur zum Teil einer bekannten

Spezies zugeordnet werden. Eines dieser nicht tjfdearbaren”

192



Isolate ist eine neu entdeckte Spezies, die in michsten Wochen

detailliert beschrieben werden wird.

8.1.3 Antibiotika-Resistenzsituation im Freiland

Der Trend eines mit zunehmender Flie3strecke aesiden Anteils
resistenter Isolate war sowohl bei den beiden sontditen Gattungen als
auch der Spezies Escherichia coli erkennbar, wobei die
Probenahmestelle 6 die héchste Belastung an netsiaté&nterokokken
und multiresistenten Staphylokokken (Isolate wamg@ndestens gegen
zwei Antibiotika unterschiedlicher Klassen resisteaufwies (Tab. 8.2).
Die Probenahmestelle 3, die etwa 12 km unterstrem&hleitung des
Klaranlagenablaufs Ravensburg-Langwiese liegt, msafern auffallig,
da dort der hodchste Anteil resistentdt. coli (24,4%) und
Staphylokokken (15,3%) detektiert wurde. Interet=aveise war dort
vor allem bei den Herbstprobenahmen der AnteilstesterE. coli
signifikant hoher als an den anderen Freilandprabemstellen sowie
dem Ablauf der Klaranlage Ravensburg-Langwiese. IMbgrweise ist
diese Beobachtung auf die Dlingung der angrenzentigrienfelder
zurlickzufiihren, von welchen eine Drainageréhrektliredie Schussen
flhrte.

Im Vergleich mit der Resistenzsituation im Klaragdaablauf, lag das
Resistenzniveau vork. coli in der Schussen (mit Ausnahme der
Probenahmestelle 3) auf einem &hnlichen Niveaurewihder Anteil
resistenter Enterokokken und Staphylokokken in &ehussen im

Vergleich zum Klaranlagenablauf bis zu 13,6% gexingvar. Das



Resistenzniveau der Argen war vergleichbar mit disn Schussen-
Probenahmestelle 0. Ohne das natiirliche Resisteranin aquatischen
Okosystemen zu kennen, fallt auf, dass auch ausrARgyoben Isolate
mit Resistenzen gegen ausschlieBlich synthetischrgebtelite
Antibiotika, wie zum Beispiel Cephalosporine deittdn Generation,
gewonnen wurden, was auf eine anthropogene Betashimweist.
Allgemein gesehen wurden die Resistenzen, die idraflagenablauf
detektiert wurden, auch in der Schussen gefundebeirUnterschiede
im Verhéltnis der Anteile der jeweiligen Resistemzewischen
Klaranlagenablauf und Freiland erkennbar warenw&obeispielsweise
im Freiland der Anteil induzierbar MlgSesistenter Staphylokokken an
Erythromycin-resistenten Isolaten um 33,5% hoherial gereinigten
Abwasser (Tab. 8.2¢).



Tab. 8.2: Anteile resistentét. coli (a), Enterokokken (b) und Staphylokokken (c), @etgrt nach den einzelnen untersuchten Antibiotikaden

einzelnen Freiland-Probenahmestellen sowie im Klagenablauf

a) E. coli

Probenahme- % % % multiresistent % % % % % %

stelle resistent multiresistent an resistent AM-r ETP-r SXT-r CIP-r CTX-r ESBL
Klaranlagen-

ablauf 246 17,5 8,9 51,7 14,6 7 45 0,4

PN O 100 14 8 57,1 13 0 5 5 2 2
PN 1 119 16,8 10,9 65,0 16,0 0 10,1 17 0,8 0,8
PN 3 86 24,4 15,1 61,9 22,1 0 11,6 538 0,0 2,3
PN 6 119 16,8 9,2 55,0 15,1 0 7,6 10,9 0,0 0,0
PN 4 91 12,1 8,8 72,1 12,1 0 7.7 1,1 1,1 1,1




b) Enterokokken

Probenahme- % % % multiresistent an % % % % % CC-r
stelle n resistent multiresistent resistent AM-r CIP-r C-r E-r der E-r
Klaranlagen-

ablauf 203 29,1 9,8 33, 7, 5|4 1,0 26,1 79,2
PN O 97 15,5 3,1 20 1 5,2 2,1 103 70
PN1 125 16,8 3.2 19 2.4 438 16 13l6 82,4
PN 3 96 17,7 5.2 29,4 2,1 6,3 31 12|5 75
PN 6 91 26,4 44 16,7 4,/ an D 24|2 95,5
PN 4 68 17,6 15 8,3 0,0 7.4 00 11|8 62,5




c) Staphylokokken

Probe- %

nahme- % % multiresistent % % % % % %

stelle n resistent multiresistent an resistent MSg cMLSg | iIMLSg | Ox-r CC-r Cip-r

Klér-

anlagen-

ablauf 432 23,1 6,9 30 16,2 3|0 34 0,7 D,9 0
PN O 157 10,2 32 31,3 1, 1B 19 13 0 0.6
PN 1 166 12,0 4,8 40,0 3, 0,6 5/4 0,6 Q,0 ,0
PN 3 157 15,3 5,7 37,5 3,2 5,1 415 0,6 0 0
PN 6 177 14,7 9,6 65,4 3.4 1. 62 0,6 1,1 0
PN 4 152 9,9 53 53,3 3.9 58 o 0 0,7

(n: Anzahl untersuchter Isolate; AM-r: resistengge Ampicillin; SXT-r: resistent gegen CotrimoxagzGlP-r: resistent gegen Ciprofloxacin; CTX-r:
resistent gegen Cefotaxim; ESBL: Extended-Specfubaktamase-Bildner; C-r: resistent gegen Chlorangol; E-r: resistent gegen Erythromycin;
CC-r: resistent gegen Clindamycin; MSkonstitutive Resistenz gegen Makrolide und Strggtmine B; cML$: konstitutive Resistenz gegen
Makrolide, Linkosamide und Streptogramine B; iMt$hduzierbare Resistenz gegen Makrolide, Linkosiamind Streptogramine B; Ox-r: resistent
gegen Oxacillin. Keines der untersuchten Enterokakisolate zeigte eine Resistenz gegen Vancomyibei die intrinsische low-level Vancomycin-

Resistenz voik. gallinarum undE. cassdliflavus nicht berlicksichtigt wurde.)



8.2 Einfluss von Niederschlagsereignissen

Um den Einfluss von Niederschlagsereignissen ucthérdlicher
Charakteristika auf die Konzentration von fakultaiathogenen und
Antibiotika-resistenten Keimen zu zeigen, werden kolgenden die
Ergebnisse von drei verschiedenen Probenahmen de&nan
gegenubergestellt (Abb. 8.3): Wahrend es in der W¥owor der
Probenahme O (09.07.2013) im Einzugsgebiet nichiegyet hat
(Trockenwetter-Probenahme), ist die Probenahme4l0{02012) durch
einen mehrere Tage andauernden Landregen gerindatensitat
gepragt. Die Probenahme N (14.05.2013) wurde deshasgewahlt,
weil dieser Probenahme ein Starkregenereignis ggiag, bei dem z.B.
auch das Regeniiberlaufbecken Mariatal in die Sehuabgeschlagen
hat. Obwohl dieses Ereignis mehrere Tage zurickiagten die

Auswirkungen auf das fluviatile Okosystem noch aerkear.



a) Konzentrationen b) Resistenzniveau

1,00E+04 25
n: Anzahl untersuchter Isolate
20
1,00E+03
£ 315
f 1,00E+02 ;
g £10
Z $
1,00E+01
5
1,00E+00 o !®
o L N o L N
mEcoli mE kokk m Staphylokokk
¢) Speziesverteilung_der Staphylokokken
O =80 L =76) N (=80 W % Sciuri-Gruppe

m % Saprophyticus-Gruppe
% Sonstige
%-Angabe: Anteil von S.
xylosus in der Saprophyticus-
Gruppe
n: Anzahl untersuchter Isolate
Abb. 8.3: Konzentration (a) und Resistenzniveau (o) E. coli, Enterokokken und

Staphylokokken sowie Speziesverteilung der Stapiokken (c) bei Trockenwetter (O),

Landregen (L) und nach einem Starkregenereignis (N)

(Die Konzentrationen vonE. coli und Enterokokken wurden vom Institut fir

Seenforschung (LUBW) in Langenargen bestimmt.)

Bei Regenereignissen waren die Konzentrationen FEorcoli und
Enterokokken sowie Staphylokokken zwischen 0,3 Oy log-Stufen
hoher als bei Trockenwetter, wobei die Differenz isolen
Trockenwetter und direkt nach dem Starkregenergignias der
Probenahme N vorausging, wahrscheinlich noch grifer Da es sich
bei den Probenahmen O und L beides um Sommer-Pabbem
handelte, kann in diesem Zusammenhang ein jahtksizei Einfluss

ausgeschlossen werden.



Wenn man die drei Probenahmen vergleicht, fallt, addéiss die
Staphylokokken-Konzentrationen in der SchusserdbriProbenahmen
O und N nahezu identisch waren, wahrend die Konagoh nach dem
Landregen (Probenahme L) im Vergleich zur Trocketevgrobenahme
O um 0,7 log-Stufen hoher lag. Diese Beobachtuaztstlie bereits im
Zusammenhang mit der um etwa eine log-Stufe hdheren
Staphylokokken-Konzentration im Freiland im Vergkei zum
Klaranlagenablauf formulierten Vermutung, dassudié Eintrdge aus
der Flache zur Konzentration an Staphylokokken ihavidtilen
Okosystem beitragen. Wenn man einen hohen Anteilsalaten der
Sciuri-Gruppe als einen ,Freiland-Marker" herantjetbietet die
Speziesverteilung der Staphylokokken einen weitéfignveis fir diese
Hypothese: Der Anteil an Isolaten, die als Mitgéedler Sciuri-Gruppe
identifiziert wurden, war bei der Probenahme L 46it1% um 14,9 bzw.
18,6% hdher als bei den Probenahmen N und O.

Dadurch dass manche Spezies weniger hédufig geges eer getesteten
Antibiotika resistent waren als andere, beeinflugiie Abundanz und
die Speziesdiversitdt das Resistenzniveau. Bei RPlebenahme N
wurden 57,5% der 80 untersuchten Staphylokokkelatisonicht als
Mitglieder der Sciuri- oder der Saprophyticus-Grepgdentifiziert; der
Anteil an nicht identifizierten Isolaten bzw. anoliten, die als
humanpathogen einklassifiziert werden, wie beispielse S
epidermidis oderS. warneri, war deutlich hoher als bei der Probenahme
L, was in einem um 8% hoheren Anteil resistenteapBylokokken
resultiert. Auch bei den Enterokokken umd coli war der Anteil
Antibiotika-resistenter Isolate nach dem Starkregeignis héher als bei
den Probenahmen O und L. Wahrend bei den Enterekoklezuglich



des Resistenzniveaus zwischen Trockenwetter- undhdriegen-
Probenahme kein Unterschied festzustellen war, wdar Anteil
resistenter E. coli unabhdngig von der Charakteristik des

Regenereignisses mindestens doppelt so hoch.

8.3 Einfluss von Abwassereinleitungen auf die Veitng von

Antibiotika-resistenten Bakterien im aquatischero§jstem

Die Unterschiede beziglich der Konzentration unah dResistenzniveau
fakultativ-pathogener Keime sowie der Speziesditérs von

Staphylokokken bei Regen- und Trockenwetter vetibbgn, dass die
Schussen sowohl durch die Einleitung von gereimigtdozw.

verdinntem Abwasser als auch durch Oberflachenaesumungen
beeinflusst wird. Die Speziesverteilung der Stapkgkken und das
Resistenzniveau bietet einen Anhaltspunkt dafiitches Einfluss zum
Probenahmezeitpunkt Uberwog, erlaubt aber, auchrand der Wahl
der einzelnen Probenahmestellen, keine quantit@ienzierung der

Eintragsquellen.

Der Anteil resistenteE. coli, Enterokokken und Staphylokokken nahm
mit zunehmender Fliel3strecke, auf der mehrere Klagen ihren
Ablauf der Schussen zugeschlagen haben, zu. Akiyar@avin (2010)
berichteten von einem erhdhten Resistenzniveafoooler Keime nach
Einleitung von gereinigtem Abwasser und Czekalskiak (2012)
detektierten ein erhdhtes Resistenzniveau in Sedpreben unterhalb
der Einleitung von Klaranlagenablauf. Es wéare ie$éeant zu

untersuchen, ob sich langfristig die Konzentratientsprechender



Antibiotika-Resistenzgene unterstrom einer Klargatginleitung in
Sedimenten und Biofilmen erhéht und ob und in wetckrequenz
Resistenzgene auf autochthone Mikroorganismen, beiispielsweise
verschiedene Spezies der GeneBacillus oder Pseudomonas,
Ubertragen werden. Leider gibt es derzeit keineekdnichungen, die das
Resistom in einem Transekt, das sich Uber Probessteften vor und
nach der Einleitung eines Klaranlagenablaufs eketec misste,
beispielsweise mittels qPCR-Analysen langerfriatiglysieren und sich
dabei nicht nur auf die flieBende Welle beschrankeEmeben bleibt die
Frage, wie sich klinisch relevante Stamme in daratigchen Umwelt
verhalten. Es ware spannend (Uber den Vergleich von
Restriktionsmustern ,bacterial source tracking” hbetreiben und
herauszufinden, ob diese aus Oberflachengewéassalfarien Stamme

human- oder veterinarmedizinisch relevant sind.



9. Synopse

Durch erweiterte Abwasserreinigungstechnologien a@e in Kapitel 5
beschriebenen Ozonung ist es mdglich, die Konzémtraund damit
letztendlich die Fracht an fakultativ pathogenend uAntibiotika-
resistenten Keimen, die in die aquatische Umwelgetragen werden,
um etwa eine log-Stufe zu reduzieren. Der keimelienende Effekt des
Ozons Uberdeckte die teilweise detektierte relafiveahme des Anteils
resistenteiE. coli und Staphylokokken, wobei Laborergebnisse gezeigt
haben, dass Antibiotika-Resistenz per se nicht ktirmit einer
geringeren Empfindlichkeit gegen Ozon gekoppelt (iKapitel 6).
Vielmehr scheint letztere von mehreren Faktoreremuwelchen auch
die Synthese von Pigmenten und extrapolymeren Suobesh zu nennen
sind, determiniert zu werden. Nach der Passagehdiktivkohle- oder
Sandfilter wurde teilweise eine im Vergleich zum lad hdhere
Konzentration an fakultativ pathogenen und Antili@tresistenten
Keimen detektiert (Kapitel 5). Hier kdnnten deiaifte Untersuchungen
helfen, mogliche Zell-Filtermaterial-Wechselwirkwerg  und
Bedingungen fiur horizontalen Gentransfer, die aRébkspulintervalle
und die chemische Beschaffenheit und Konzentratmmosierter
Flockungsmittel bericksichtigen, als Ursachen dieseheinbaren
Zunahmen zu identifizieren und in der Folge dieriBesweise der Filter
im Hinblick auf die Eliminationsleistung von fakativ pathogenen und

Antibiotika-resistenten Keimen weiter zu optimieren

Die Untersuchungsergebnisse zum Retentionsbodarifitben gezeigt,
dass in Mischentwasserungssystemen bei Starkrezignesen, bei

welchen die Reinigungskapazitat der Klaranlage sdbeitten werden,



die Leitung des verdiinnten Abwassers Uber eine Bmadsage zu einer
deutlichen Reduktion der Fracht an fakultativ pgtwen und
Antibiotika-resistenten Escherichia  coli,  Enterokokken  und
Staphylokokken, die in den Vorfluter abgeschlageerdsen, fihrt
(Kapitel 7). Anhand der Speziesverteilung der Sylgkokken ist es
moglich den Zulauf zum Retentionsbodenfilter gadilit bezlglich
seiner Zusammensetzung zu charakterisieren uncenfititend auch
zwischen den Eintragsquellen ,Abwasser* und ,Oféefilenabfluss” im

aquatischen Okosystem zu differenzieren (Kapit&)7,

Auch nach einer Ausstattung von Klaranlagen mit derzeit getesteten
vierten  Reinigungsstufen  beziehungsweise dem Baun vo
Retentionsbodenfiltern werden fakultativ humanpgére Keime, die
teilweise Antibiotika-Resistenzgene besitzen, i@ dguatische Umwelt
eingetragen werden. Im Vergleich zum Resistenzuivealer Klinik ist
zwar der Anteil Antibiotika-resistenteE. coli, Enterokokken und
Staphylokokken, die aus der aquatischen Umweltiedolwurden,
deutlich geringer (Tab. 2.4), dass allerdings adwt klinisch relevante
mecA-positive Staphylokokken, ESBL-produzierende coli sowie
gegen das Reserveantibiotikum  Chloramphenicol teadis
Enterokokken Uber den gewdahlten kulturbasierterafmeachgewiesen
werden konnten, zeigt, dass sie in entsprechendsrzdftrationen in
fakal belasteten Oberflaichengewéassern vorkommenpit@a8). Wenn
man sich die Antibiotika-Resistenzmuster der aum deguatischen
Okosystem gewonnenen Isolate genauer ansieht, ratall fest, dass die
Abundanz von Resistenzen gegen bereits seit lamgareder Medizin
eingesetzte Antibiotika, die auch in der Umwelt messbaren

Konzentrationen detektiert werden koénnen, hodher att gegen



antibiotische Substanzen, die erst kirzlich zugelas bzw. als
Reserveantibiotika eingesetzt werden. Als einerteren Hinweis fur
die anthropogene Beeinflussung des fluviatilen @&wsns kann der
Nachweis von Resistenzen gegen Antibiotika, die sehl®Rlich

synthetischen Ursprungs sind, angefuhrt werdeni{&lad, 5, 7).

Beim Vergleich des Resistenzverhaltens von kliresc8taphylokokken
und Isolaten, die aus der Umwelt isoliert wurdeiit fuf, dass letztere
haufig keine fiir klinische Isolate typische highdeResistenzen zeigen
und Resistenzen haufig auch nicht konstitutiv erien (Kapitel 3, 4,
8). Betrachtet man dierm-Gene fir sich, so ist die Diversitat der Gene
und die phénotypische Expression der von ihnen ektei MLS-
Resistenz in der aquatischen Umwelt deutlich gré@kerdiejenige, die
fur die Klinik beschrieben wirdKapitel 3, 4). Moglicherweise stellt die
feine Regulation der Expression von Resistenzgema Anpassung an
Umweltbedingungen dar: Wahrend die Antibiotika-Rt&siz klinischer
Isolate, die mit inhibitorischen Antibiotika-Konzeationen bekampft
werden, eine Art Schutzschild darstellt, sind Uniigelate
schwankenden, aber subinhibitorischen Konzentraticausgesetzt und
bendtigen keine high-level-Resistenz, deren Expyassn ihrem

Lebensraum eventuell mit energetischen Nachtedebunden ware.

Aus dieser Beobachtung leitet sich die Frage ab, solkche in
aquatischen Okosystemen prasenten Antibiotika-Resien basierend
auf klinischen Grenzwerten Uberhaupt detektiertderr und infolge
dessen die Diversitat und Abundanz von AntibiofResistenzgenen in
der Umwelt nicht unterschatzt wird. Bakterien, diese Resistenzen

exprimieren, mogen zwar auf den ersten Blick aufdrihrer relativ



niedrigen minimalen Hemmkonzentrationen zunachsekérobleme
beziglich der Behandlung durch sie ausgel6stektiofgen darstellen,
es ist allerdings unklar, wie diese sich verhaltemenn sie
inhibitorischen Antibiotika-Konzentrationen ausges&erden, und was
passiert, wenn diese Resistenzgene auf andere geskhoSpezies
Ubertragen werden (Kapitel 4). Solche Gentransfeigiisse kénnten
sowohl in der Klinik als auch im aquatischen Okdsys —

moglicherweise  forciert durch  subinhibitorische  ibdtika-

Konzentrationen — stattfinden. Laborversuche halgezeigt, dass
subinhibitorische Antibiotika-Konzentrationen dieisBemination von
Resistenzgenen fordern (Ohlsen et al., 2003) und Selektion

Antibiotika-resistenter Bakterien fiihren kénnen {B8erg et al., 2011).
Dass sogar subinhibitorische Antibiotikametabolidrigentrationen
einen Einfluss auf die Induktion von Antibiotika-$tgtenzen haben,
konnte fur Anhydroerythromycin gezeigt werden: RiedMakrolid-

Metabolit, der selbst eine vernachlassigbar geriagéimikrobielle

Wirkung besitzt, induziert bereits nach wenigen ién Kontaktzeit
eine Kreuzresistenz gegen drei verschiedene Atitibidlassen, woflr
picomolare Konzentrationen, die praktisch ubiquitider aquatischen

Umwelt gemessen werden, ausreichen (Kapitel 3).

Die im Rahmen der vorliegenden Dissertation durfilfggen
Untersuchungen und dargestellten Ergebnisse madeeitiich, wie
wichtig es ist, Abwasser-reinigungstechnologieninigéhend weiter zu
verbessern, dass der Eintrag sowohl von Antibiotikad deren
Metaboliten als auch von Antibiotika-resistenten irken und

Resistenzdeterminanten weiter minimiert wird, umveushindern, dass



auch die derzeit noch wirksamen Antibiotika in Zokuir die Human-

und Veterindrmedizin nicht mehr zur Verfiigung stehe
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Kapitel 5
Zitat: Liuddeke, F., HeR, S., Gallert,

J;.\L e C., Winter, J., Gude, H., Loffler, H.
n;m:;_w:“;,:mm;;mb;rm ®— (2015): Removal of total and antibiotic

combination with different filtering techniques

resistant bacteria in  advanced
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techniques. Water Research 69: 243-
251

Eigener Anteil von > 50%:

Bestimmung der Lebendzellzahl der
Staphylokokken und Gewinnung von Isolaten; Idexitfiung der
Enterokokken- und Staphylokokken-lsolate; UntersuchderE. coli,
Enterokokken und  Staphylokokken-Isolate  hinsichtlic ihrer
Antibiotika-Resistenz; Schreiben der entsprechendfassagen im
Manuskript. Ohne diese Arbeiten hatten die Ergedenisnicht

veroffentlicht werden kdnnen.

Kapitel 6
Zitat: HeBR, S., Gallert C. (eingereicht bei “Journal of t&aand

Health”): Sensitivity of antibiotic resistant andhtibiotic susceptible
Escherichia coli, Enterococcus and Saphylococcus strains against

ozone

Eigener Anteil: Experimentelle Arbeit, Schreiben des Manuskript-

Entwurfs



Kapitel 7

Zitat: Scheurer, M., Hel3, S., Luddeke, F.,
Sacher, F., Gude, H., Loffler, H., Gallert,

C. (2015): Removal of micropollutants,
facultative pathogenic and antibiotic

resistant bacteria in a full-scale retention

soil filter receiving combined sewer

el semn— overflow. Environmental Science
' Processes&Impacts 17 (1): 186-196

Eigener Anteil von 33%: Bestimmung der
Lebendzellzahl der Staphylokokken und Gewinnung vsolaten;
Identifizierung der Enterokokken- und Staphylokakisolate;
Untersuchung deE. coli, Enterokokken und Staphylokokken-Isolate
hinsichtlich ihrer Antibiotika-Resistenz; Schreibéer entsprechenden

Passagen im Manuskript.
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