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Streszczenie

Oporno$¢ bakterii na $rodki przeciwdrobnoustrojowe (AMR) jest jednym z najwigkszych
globalnych zagrozen i1 wyzwan dla zdrowia publicznego, z ktorymi aktualnie mierzy si¢
ludzkos¢. Problem AMR nalezy postrzegac¢ holistycznie z perspektywy roznych dziedzin nauki
w duchu koncepcji Jednego Zdrowia. Koncepcja ta wskazuje potrzebg badania potencjalnych
drog transmisji bakterii lekoopornych pomigdzy réznymi srodowiskami. Priorytetowe obszary
badawcze zidentyfikowane w odniesieniu do przenoszenia AMR skupiajg si¢ m.in. na
zrozumieniu wptywu $ciekdéw 1 gospodarki $ciekowej na rozprzestrzenianie AMR w réznych
sektorach. Dlatego gtownym celem badan podjetych w ramach niniejszej pracy doktorskiej
byto okreslenie roli $ciekow komunalnych i szpitalnych w rozprzestrzenianiu lekoopornosci w
srodowisku. Wyniki pracy wskazaly, ze $cieki szpitalne i komunalne petnig istotng role w
rozprzestrzenianiu lekoopornosci w Ssrodowisku poprzez transmisje gendw lekoopornosci i
zywych lekoopornych priorytetowych patogenéw alarmowych, stanowigcych najwigksze
zagrozenie dla zdrowia ludzkiego. Stosowane metody dezynfekcji $ciekéw szpitalnych i
oczyszczania §ciekow komunalnych wydaja si¢ by¢ nieskuteczne w usuwaniu zanieczyszczen
mikrobiologicznych. Dlatego potrzebne sa pilne dziatania legislacyjne, ktore bedg mialy na celu
wprowadzenie stalego, regularnego monitoringu AMR w $rodowisku oraz wytypowania
istotnych wskaznikow oceny bezpieczenstwa S$ciekéw oraz skutecznosci procesow ich

oczyszczania.

Slowa kluczowe:

bakterie, antybiotykoopornos¢, geny opornosci, oczyszczalnia §ciekéw, dezynfekcja Sciekow



Abstract

Bacterial antimicrobial resistance (AMR) is one of the greatest global threats and public health
challenges currently facing humanity. The AMR problem should be addressed holistically from
the perspective of various fields of science in the spirit of the One Health concept. This concept
indicates the need to investigate potential routes of transmission of drug-resistant bacteria
between different environments. Priority research areas identified in relation to AMR
transmission focus on, among others: on understanding the impact of wastewater and
wastewater management on the spread of AMR in various sectors. Therefore, the main aim of
the research undertaken as part of this doctoral thesis was to determine the role of municipal
and hospital wastewater in the spread of drug resistance in the environment. The results of the
work indicated that hospital and municipal sewage play an important role in the spread of drug
resistance in the environment through the transmission of drug resistance genes and live drug-
resistant priority alert pathogens, posing the greatest threat to human health. The methods used
to disinfect hospital sewage and treat municipal sewage seem to be ineffective in removing
microbiological contaminants. Therefore, urgent legislative action is needed to introduce
permanent, regular monitoring of AMR in the environment and to select important indicators

for assessing the safety of wastewater and the effectiveness of its treatment processes.
Key words:

bacteria, antibiotic resistance, antibiotic resistance genes, wastewater treatment plant,

wastewater disinfection



Wstep

Uzasadnienie i charakterystyka problemu badawczego

Opornos¢ bakterii na §rodki przeciwdrobnoustrojowe (z ang. antimicrobial resistance — AMR)
w 2019 roku zostata uznana przez Swiatowa Organizacje Zdrowia (WHO) za jedno z
najwigkszych globalnych zagrozen i wyzwan dla zdrowia publicznego, z ktérymi aktualnie
mierzy si¢ ludzkos¢ (WHO, 2019). Urzad ds. Gotowosci 1 Reagowania na Stany Zagrozenia
Zdrowia Europejskiej Unii Zdrowia zakwalifikowat AMR do 3 najwazniejszych zagrozen dla
zdrowia (HERA, 2022). Problem AMR juz teraz niesie ze sobg powazne konsekwencje
zdrowotne, spoleczne i gospodarcze, a w przypadku braku podjecia pilnych dziatan w
przysztosci ich efekty moga narastac. MoOwi si¢ o zmierzaniu ludzkosci w ere
postantybiotykowa, gdzie proste infekcje bakteryjne moga ponownie stanowi¢ powazne
zagrozenie dla zycia, a aktualnie stosowane metody leczenia beda bezskuteczne. W takim
wypadku powaznie zagrozone poprzez brak skutecznych srodkéw przeciwdrobnoustrojowych
w celu zapobiegania infekcjom bylyby standardowe procedury -chirurgiczne, zabiegi
transplantacyjne 1 terapie nowotworowe (WHO, 2023). Globalne skutki zdrowotne
wywolywane przez bakterie lekooporne (z ang. antibiotic resistant bateria, ARB) sg aktualnie
poréwnywalne z laczng S$miertelnoscia grypy, gruzlicy i HIV/AIDS. Najnowsze dane
statystyczne wskazuja, ze w samym 2019 roku bakteryjna oporno$¢ na srodki drobnoustrojowe
przyczynita si¢ do 4,95 mln zgonow, a bakterie lekooporne bezposrednio odpowiadaty za 1,27
mln zgondw na §wiecie (Murray et al., 2022). Najnowszy raport Europejskiego Centrum ds.
Zapobiegania i Kontroli Chorob (ECDC) analizujacy dane z lat 2016-2020 donosi o rosngcych
trendach szacowanej liczby zakazen (z 685 433 do 865 767) oraz mozliwych do przypisania
zgonow (z 30 730 do 38 710) wywotywanych przez bakterie oporne na antybiotyki na obszarze
UE/EOG (ECDC, 2022).

Monitorowanie 1 nadzér jest podstawowym narzgdziem na drodze do oceny
rozprzestrzeniania si¢ AMR. Aktualne dzialania zwigzane z gromadzeniem informacji o AMR
na $wiecie opiera si¢ na danych o izolatach klinicznych izolowanych w laboratoriach
szpitalnych. Nadzor nad opornosciag na S$rodki przeciwdrobnoustrojowe na szczeblu
europejskim jest obecnie organizowany za posrednictwem EARS-Net (z ang. European
Antimicrobial Resistance Surveillance Network), ktory dostarcza roczne raporty skupiajace
dane o lekooporno$ci drobnoustrojéw w krajach UE/EOG (ECDC, 2023). W pazdzierniku 2015
r. WHO uruchomitlo system nadzoru nad AMR 1 stosowaniem S$rodkow

przeciwdrobnoustrojowych GLASS (z ang. z ang. Global Antimicrobial Resistance and Use
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Surveillance System), bedacy pierwszym globalnym przedsiewzigciem majacym na celu
standaryzacj¢ nadzoru nad AMR. Program GLASS gromadzi aktualnie dane kliniczne z 132
krajow, w tym z Polski (https://www.who.int/initiatives/glass). Wraz z powstaniem programu
monitoringu WHO przedstawito globalny plan dziatan w zakresie przeciwdziatania opornosci
na $rodki przeciwdrobnoustrojowe (WHO, 2015), w ktorym wskazano m.in. na silng potrzebg
poprawy $wiadomo$ci 1 zrozumienia problemu AMR w spoteczenstwie, optymalizacj¢
stosowania lekow przeciwdrobnoustrojowych oraz zwigkszenie dostepnej wiedzy o problemie
poprzez nadzor i1 badania.

Intensywnie prowadzone na calym $wiecie badania nad AMR wykazaly, ze zjawisko
lekoopornosci jest problemem zlozonym i nalezy spojrze¢ na niego holistycznie z perspektywy
réznych dziedzin nauki. Zauwazono, ze bakterie lekooporne nie sg zwigzane jedynie ze
zdrowiem ludzkim, ale tez zwierzat, ktore dzielg z ludzmi to samo srodowisko naturalne oraz
wiele choréb zakaznych (Velazquez-Meza et al., 2022). Problem AMR polaczono z XIX-
wieczng koncepcja ,Jednego zdrowia” (ang. One Health), ktéora uwzglednia wzajemne
powiazania migdzy zdrowiem ludzi, zwierzat, ro$lin i srodowiskiem. Podej$cie to angazuje
wiele sektoréw, dyscyplin 1 spotecznosci do wspdlnej pracy na rzecz eliminowania zagrozen
wynikajacych z szerzenia AMR. Koncepcja ,,Jedno zdrowie” podkresla, ze $rodowisko
naturalne jest ogniwem laczacym wszystkie zywe organizmy, a jego jakos¢ wplywa na zdrowie
zamieszkujacych je jednostek. Bakterie lekooporne i geny lekooporno$ci (z ang. antibiotic
resistance genes, ARGs) moga wiec rozprzestrzenia¢ si¢ i cyrkulowa¢ wérdd ludzi, zwierzat,
ro$lin i $rodowiska (McEwen & Collignon, 2018). To holistyczne spojrzenie na problem AMR
uwzgledniono w najnowszym globalnym planie dziatan na lata 2022-2026 (ONE HEALTH -
JOINT PLAN OF ACTION) podjetym przez najwigksze S$wiatowe organizacje: FAO
(Organizacja Narodow Zjednoczonych do spraw Wyzywienia i1 Rolnictwa), UNEP (Program
Srodowiskowy Organizacji Narodéw Zjednoczonych), WHO oraz OIE (Swiatowa Organizacja
Zdrowia Zwierzat) (FAO et al.,, 2022). Podobne dzialania podjeto lokalnie w ramach
europejskiego planu dziatania ,Jedno zdrowie” przeciwko opornosci na Srodki
przeciwdrobnoustrojowe (EC, 2017). Powyzsze programy podkreslaja potrzebe badania
potencjalnych drég transmisji ARB i ARGs pomiedzy §rodowiskami ujetymi w One Health.
Priorytetowe obszary badawcze zidentyfikowane w odniesieniu do przenoszenia AMR skupiaja
si¢ m.in. na zrozumieniu wptywu $ciekow i1 gospodarki sciekowej na rozprzestrzenianie ARB 1
ARGs w roznych sektorach (FAO et al., 2023).

Scieki wydaja sie szczegolnie istotnym wektorem mikrozanieczyszczen (w tym ARB i

ARGs) aczacym srodowisko antropogeniczne ze §rodowiskiem naturalnym. Scieki ptynace w
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miejskich sieciach kanalizacyjnych niosg zanieczyszczenia pochodzace z roéznych zrddet
(szpitale, przemyst, gospodarstwa domowe) (Mitobedzka et al., 2022). Scieki doptywajace do
oczyszczalni $ciekdw (z ang. wastewater treatment plant, WWTP) moga by¢ dobrym
materiatem do monitorowania AMR, gdyz zawierajg zbiorcza biomas¢ bakteryjng calej
populacji aglomeracji, ktora przedostaje si¢ do nich wraz z m.in. katem, moczem, §luzem, skoérg
i plwocing z gospodarstw domowych oraz z placowek medycznych (Tiwari et al., 2022). Biorac
pod uwage powyzsze, Scieki doptywajace do WWTP zawieraja zlozone struktury
mikroorganizméw, w ktorych sktad wchodzg miliony komorek bakteryjnych, z czego duza
czg$¢ moga stanowi¢ ARB. Biologiczne procesy oczyszczania $ciekoOw przeprowadzane w
WWTP skupiaja si¢ na eliminacji zanieczyszczen chemicznych, a skuteczno$¢ procesu
oceniana jest na podstawie redukcji wskaznikow fizykochemicznych z pominigciem aspektu
mikrobiologicznego (Kumar et al., 2022). Dodatkowo uwaza si¢, ze warunki panujace w
WWTP takie jak wysoka koncentracja komorek bakteryjnych, prawdopodobna obecnos¢ ARB
i/lub ARGs, bogactwo sktadnikow odzywczych oraz potencjalna obecno$¢ czynnikow
stresowych (np. subletalne stezenia antybiotykdéw i metali cigzkich) mogg sprzyja¢ rozwojowi
AMR 1 przenoszeniu ARGs na drodze horyzontalnego transferu genéw (z ang. horizontal gene
transfer - HGT) (Rizzo et al., 2013). Oczyszczone w WWTP $cieki odprowadzane sa do
srodowiska naturalnego (wo6d odbiornika), dlatego oczyszczalnie wydaje si¢ by¢ idealnym
miejscem dla monitorowania uwalnianych zanieczyszczen mikrobiologicznych zwigzanych z
AMR 1 oceny idacego za tym zagrozenia. Mikroorganizmy chorobotworcze 1 lekooporne nie
wystepuja wylacznie w $ciekach, ale sa rowniez obecne w bioaerozolach powstajacych na
roznych etapach oczyszczania $ciekoOw 1 unoszacych si¢ na terenie obiektow komunalnych
(Korzeniewska, 2011). Powstajace bioaerozole moga stwarza¢ istotne zagrozenie dla
pracownikow WWTP, ktorzy spedzaja wiele godzin w szkodliwych warunkach sprzyjajacym
infekcjom. Komorki zywych drobnoustrojow zawieszonych w bioaerozolach moga by¢ wnika¢
do gardta 1 gérnych drog oddechowych wraz z wdychanym powietrzem (Lou et al., 2021).
Scieki szpitalne (z ang. hospital wastewater, HWW) doptywajace do WWTP moga
stanowi¢ szczegolne niebezpieczenstwo, gdyz potencjalnie niosg chorobotworcze i lekooporne
patogeny odpowiedzialne za zakazenia szpitalne. W celu minimalizacji zagrozenia
rozprzestrzeniania tych patogenow, HWW, przed uwolnieniem do miejskich sieci
kanalizacyjnych, sg czesto poddawane dezynfekcji w lokalnych stacjach dezynfekujacych na
terenie szpitali. Praktyka ta ma zapewni¢ bezpieczenstwo mikrobiologiczne $ciekéw poprzez
dezaktywacje bytujacych w HWW mikroorganizméw (Azuma & Hayashi, 2021). W procesie

dezynfekcji HWW najczesciej wykorzystuje si¢ fizyczne oraz chemiczne metody dezynfekc;i.
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Dezynfekcja chemiczna przy uzyciu zwigzkéw chloru jest szeroko stosowana na catym $wiecie
ze wzgledu na wysoka skuteczno$é, niski koszt i szerokie spektrum dziatania (Wang et al.,
2020). W Polsce do dezynfekcji HWW prawnie zobowigzane sg jedynie wybrane placowki
medyczne (Dz.U. 2001 nr 72 poz. 747, 2001). Zgodnie z postanowieniami ww. ustawy zabrania
si¢ wprowadzania do urzadzen kanalizacyjnych $ciekow zawierajacych chorobotworcze
drobnoustroje pochodzace z obiektow, w ktérych sa leczeni chorzy na choroby zakazne i
posiadajace stacje krwiodawstwa. Metody, parametry i wymagana skuteczno$¢ procesu nie sg
w zadnym stopniu regulowane. Niedawne badania wykazaly, ze dezynfekcija HWW z
wykorzystaniem zwigzkow chloru moze réwniez znaczaco wptywac na rozprzestrzenianie si¢
AMR w $rodowisku. Wyniki badan na ten temat sg jednak czgsto sprzeczne. Wedtug niektérych
badan dezynfekcja chlorem moze skutecznie inaktywowaé wystepujace w HWW bakterie
lekooporne (Azuma & Hayashi, 2021), inne sugeruja, ze zwigzki chloru moga sprzyjac
wymianie ARGs migdzy spoleczno$ciami bakteryjnymi poprzez wzmaganie procesu HGT u
bakterii, w tym koniugacji (Guo et al., 2015) i transformacji (Jin et al., 2020). Pomimo
dotychczasowych dziatan istnieje spora luka w ustaleniu doktadnych powigzan miedzy
dezynfekcja chlorem a rozprzestrzenianiem si¢ opornosci na $rodki przeciwdrobnoustrojowe
(Adefisoye & Olaniran, 2022).

Badajac zjawisko rozprzestrzeniania lekoopornosci w $rodowisku najwigcej uwagi
poswigca si¢ konkretnym grupom drobnoustrojéw lekoopornych, tzw. patogenom
priorytetowym. Lista patogendéw priorytetowych zostata opublikowana w 2017 roku przez
WHO i zawiera 12 taksonéw bakteryjnych, ktore stanowia najwigksze zagrozenie dla zdrowia
ludzkiego. Patogeny priorytetowe zgrupowano w trzech poziomach istotnosci: krytycznym,
wysokim 1 srednim. Na samym szczycie listy, wykazujac krytyczny poziom istotnosci, znalazty
si¢ oporne na karbapenemy bakterie z gatunku Acinetobacter baumannii 1 Pseudomonas
aeruginosa oraz oporne na karbapenemy i/lub produkujacy betalaktamazy o rozszerzonym
spektrum substratowym (z ang. extended-spectrum beta-lactamases, ESBLs) przedstawiciele
rodziny Enterobacteriaceae (Tacconelli et al., 2018). Badania oparte na wykryciu 1 izolacji
patogendéw priorytetowych bazuja na pracy z zywymi izolatami bakteryjnymi, co pozwala na
kompleksowe poznanie ich fenotypowej lekoopornoséci. Izolacja genomowego DNA
wyhodowanych szczepéw bakteryjnych umozliwia z kolei identyfikacje szczepéw oraz
wykrycie niesionych przez nich ARGs 1 czynnikéw wirulencji za pomocg narzedzi
molekularnych, takich jak tancuchowa reakcja polimerazy (z ang. polymerase chain reaction,
PCR) lub sekwencjonowanie calogenomowe. Bakterie hodowalne stanowig jednak mniej niz

1% bakterii srodowiskowych (Tiwari et al., 2022). W opozycji do monitoringu opartego na
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hodowli zywych bakterii s3 badania metagenomiczne, ktore bazujg na izolacji i analizie
catosciowego DNA obecnego w badanych probkach. Wyizolowana probka metagenomowego
DNA moze by¢ matrycg do prostych analiz molekularnych, takich jak PCR czy ilosciowy PCR,
lub bardziej zawansowanych metod sekwencjonowania (Tiwari et al., 2022). Metagenomika
jest jednym z najatrakcyjniejszych narzedzi do badania ztozonych srodowisk takich jak $cieki.
Analiza metagenomowego DNA pozwala na poznanie trzech glownych sktadowych
metagenomu istotnych pod katem szerzenia si¢ AMR: mikrobiomu, rezystomu i mobilomu.
Zastosowanie specjalnych metod statystycznych (np. korelacji), bioinformatycznych (np.
metagenomic binning) i1 technologii sekwencjonowania (np. sekwencjonowanie dtugich
odczytéw) moze dostarczy¢ istotnych informacji na temat zwigzku pomiedzy skladowymi
metagenomu (Mitobedzka et al., 2022).

Zastosowane w artykutach sktadajacych si¢ na rozprawe doktorska podejscie badawcze
wpisuje si¢ w aktualne zalecenia dotyczace stosowania metod molekularnych, zwtaszcza
metagenomiki, do rutynowego monitorowania opornosci na antybiotyki w S$ciekach i
srodowiskach wodnych (Milobedzka et al., 2022). Prowadzone w ramach pracy doktorskiej
badania probuja sprosta¢ aktualnym wyzwaniom zwigzanym z wypetnieniem luk w
monitorowaniu lekoopornosci w srodowisku. Uzyskane 1 upublicznione wyniki moga zosta¢ w
przysztosci wykorzystane w lokalnych i globalnych analizach opartych na dostepnych danych,
np. metagenomicznych. Aktualnie prowadzone sg intensywne prace nad zintegrowaniem i
wdrazaniem Srodowiskowego monitoringu w rutynowym nadzorze rozprzestrzeniania AMR.
Powstaja pierwsze propozycje procedur dla §ledzenia priorytetowych patogendw w koncepcji
,Jednego zdrowia” z uwzglednieniem poboru probek wody rzecznej w okolicy WWTP oraz
probek sciekow komunalnych 1 szpitalnych (WHO, 2021). Uzyskane dotychczas dane o AMR
w §rodowisku naturalnym pochodza wytacznie z doniesien naukowych i aktualnie nie prowadzi
si¢ zadnych skoordynowanych dziatan globalnych i lokalnych na wzor tych opartych na danych
klinicznych (np. wczesniej wspominany GLASS). Badania monitorujgce skalg¢ wystepowania
ARB 1 ARGs w §rodowisku naturalnym sg niezbedne do wytypowania istotnych wskaznikow
dla oceny bezpieczenstwa §ciekow oraz skuteczno$ci proceséw ich oczyszczania. Obecnie nie
istniejg punkty odniesienia ani progi bezpieczenstwa dla parametrow mikrobiologicznych,
ktore klasyfikowatyby i wskazywatyby na poziom wystepujacego zagrozenia w $ciekach
(Tiwari et al., 2022). Unia Europejska pracuje nad nowelizacja aktualnie obowigzujacej
dyrektywy Rady 91/271/EWG z 21 maja 1991 r., ktéra w nowej formie znacznie zwigkszy
ogoblne znaczenie $ciekow komunalnych w monitorowaniu odpowiednich parametroéw zdrowia

publicznego. Nowa wersja dyrektywy miataby naktada¢ obowigzek monitorowania opornosci
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na $rodki przeciwdrobnoustrojowe co najmniej dwa razy w roku na wlotach i wylotach
oczyszczalni §ciekow komunalnych dla aglomeracji o rownowaznej liczbie mieszkancow 100
000 i powyzej, do dnia 1 stycznia 2025 r. (EC, 2022). Niestety badane parametry, ich

dopuszczalny poziom oraz metody badania nie s3 jeszcze znane.

Cel i zakres badan

Gtownym celem badan podjetych w ramach niniejszej pracy doktorskiej byto okreslenie roli
sciekow komunalnych 1 szpitalnych w rozprzestrzenianiu lekoopornosci w srodowisku. Celem
dodatkowym byla ocena skutecznosci dezynfekcji S$ciekow szpitalnych jako bariery
ograniczajacej transmisje istotnych klinicznie lekoopornych patogendow i determinantéw
lekoopornosci.

Osiagniecie powyzszych celéw zaplanowano poprzez wykonanie nastepujacych zadan

badawczych:

1. Zadaniel
Wstepne badania oceniajace rozpowszechnienie wybranych ARGs w metagenomie §ciekow
komunalnych (na r6znych etapach oczyszczania) i wod powierzchniowych (Zalacznik 1).

2. Zadanie Il
Ocena wystepowania lekoopornych 1 wirulentnych bakterii w $ciekach komunalnych oraz
okreslenie ich potencjalnej transmisji do gornych drog oddechowych pracownikéw
oczyszczalni §ciekow 1 naturalnych zbiornikow wodnych (Zatacznik 2).

3. Zadanie III
Okreslenie wystgpowania istotnych klinicznie lekoopornych patogenow w $ciekach
szpitalnych oraz ocena ich zdolnosci do przezywania procesu dezynfekcji (Zalacznik 3).

4. Zadanie IV
Poznanie kompletnego metagenomu $ciekow szpitalnych oraz ocena zmian zachodzacych
w mikrobiomie, rezystomie 1 mobilomie Sciekow szpitalnych wywotanych chemiczng

dezynfekcja (Zatacznik 4).
Hipotezy badawcze

1. Scieki komunalne sa rezerwuarem genéw lekoopornosci oraz bakterii lekoopornych i

przyczyniajg si¢ do rozprzestrzeniania determinantoéw lekoopornosci w srodowisku.

2. Oczyszczalnia $ciekow jest srodowiskiem transmisji Zywych lekoopornych 1 wirulentnych

mikroorganizmow do gornych drog oddechowych pracownikow WWTP.
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3. Scieki szpitalne stanowia wektor dla transmisji lekoopornych patogenéw i determinantow

lekoopornosci.

4. Dezynfekcja $ciekow szpitalnych z wykorzystaniem zwigzkow chloru jest skuteczna

w dezaktywacji klinicznie istotnych bakterii lekoopornych.

5. Dezynfekcja z wykorzystaniem zwigzkow chloru istotnie zmienia sktad metagenomu

sciekow szpitalnych.
Krotki opis stosowanych metod badawczych i uzyskanych wynikow

W przedstwionej pracy skupiono si¢ na analizie dwoch réznych srodowisk: oczyszczalni
$ciekéw komnalnych oraz przyszpitalnej stacji dezynfekujacej $cieki szpitalne — srodowisk,
ktoére moga odgrywacé znaczacg rolg w szerzeniu i/lub ograniczaniu zjawiska AMR. Badane
srodowiska analizowano w 4 zadaniach badawczych, z czego 2 pierwsze (Zadania I i II)
zwigzane byly z WWTP, a 2 kolejne (Zadania III i IV) dotyczyty HWW chlorowanych w
przyszpitalnej stacji dezynfekujacej. Kazde z $rodowisk badano z zastosowaniem dwodch
podejs¢: badan metagenomu (Zadania I i IV), przeprowadzajac analizy bezposrednio na calej
puli DNA $rodowiskowego oraz badan genomowych (Zadania II i III), pracujac z materialem
genetycznym wczesniej wyizolowanym z konkretnych szczepoéw bakteryjnych. Wyznaczone

zadania badawcze wraz z ich charakterystyka przedstawiono schematycznie na Rysunku 1.

BADANE SRODOWISKO

Oczyszczalnia $ciek6w

PRZYGOTOWANIE MATERIALU

ZAKRES BADAN

:‘_7‘ metagenom bm sull, suf2, gepA,
M "~ srodowiskowy aac(6’)-1b-cr
— q R genom e
- / Zadanie Il el bakteryjny :)&/
$cieki szpitalne
@ “ : genom =
— Zadanie Ill e B bakteryjny @i
=_ [ \ il
A N
R — = - . wrob
HEEEE E N - metagenom mikrobiom,
HHHH = Zadanie IV &1 ———> | srodowiskowy DN rezystom i mobilom
i VT
Pobrane Izolacja R
probki bakterii  '701acja DNA

Rysunek 1 Schemat badan przeprowadzonych w ramach pracy doktorskiej
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Zadanie I Wstepne badania oceniajace rozpowszechnienie wybranych ARGs w metagenomie

sciekow komunalnych (na réznych etapach oczyszczania) i wod powierzchniowych.

Rolbiecki, D., Harnisz, M., Korzeniewska, E., Jatlowiecki, L., & Plaza, G. (2020). Occurrence
of fluoroquinolones and sulfonamides resistance genes in wastewater and sludge at different
stages of wastewater treatment: a preliminary case study. Applied Sciences-Basel, 10, 1-13.
https://doi.org/10.3390/app10175816

IF 2.474, punkty MEIN 100

Zaplanowane zadanie badawcze (zadanie I) przedstawiono w artykule naukowym,
stanowigcym zalacznik 1 do rozprawy doktorskiej, poddajac weryfikacji hipoteze 1.

Badania podjete w zadaniu I miaty formg¢ wstepnych analiz majacych na celu oceng
rozpowszechnienia wybranych ARGs w $ciekach komunalnych i w $rodowisku naturalnym. W
pracy badano obecno$¢ gendéw kodujacych oporno$¢ na sulfonamidy (sull, sul2) i
fluorochinolony (gepA, aac(6')-Ib-cr) na rdéznych etapach oczyszczania w dwodch
oczyszczalniach $ciekéw. Badane obiekty stosowaty podobne metody oczyszczania §ciekow
oparte na osadzie czynnym i charakteryzowaty si¢ podobnym $rednim przeplywem, jednak
zlokalizowane byly w regionach znacznie rdznigcych si¢ poziomem i charakterem lokalnego
przemystu. Obiekty przyjmowaty réwniez rdzne proporcje Sciekow szpitalnych (2 1 6%) i1
przemystowych (20 1 25%).

Probki sciekow pobierano na kolejnych etapach oczyszczania w celu obserwacji potencjalnej
redukcji ARGs. Analizie poddano takze probki osadow sciekowych powstajacych na terenie
WWTPs. Zbadano réwniez probki wody rzecznej pobranej przed i za punktami zrzutu Sciekow
w celu okres$lenia wplywu WWTP na szerzenie si¢ AMR w §rodowisku. Probki pobierano w
dwoch sezonach badawczych: latem (czerwiec) i jesienig (listopad) 2018 roku. Z pobranych
materialow wyizolowano $rodowiskowe DNA (eDNA) z wykorzystaniem dedykowanych
zestawoOw 1zolacyjnych. Otrzymane eDNA postuzyto jako matryca do badan molekularnych z
wykorzystaniem metody PCR. Dzigki zastosowaniu specyficznych starterow w probkach
eDNA okreslono obecno$¢ lub brak sekwencji genow kodujacych oporno$¢ na sulfonamidy
(sull, sul2) 1 fluorochinolony (gepA, aac(6')-1b-cr).

Otrzymane w pracy wyniki wskazuja, ze $cieki nieoczyszczone doptywajace do WWTPs sg
istotnym Zrddlem ARGs i zawieraty wszystkie z badanych genéw. Obserwowano, ze niektore
z ARGs (sull, aac(6')-Ib-cr) sa szerzej rozpowszechnione w S$rodowisku naturalnym w
porownaniu do innych (sul2, gepA). Ich wystepowanie w wodzie rzecznej nie dotknigtej

wpltywem WWTP wskazuje na potencjalne inne ich zrédta w §rodowisku naturalnym lub
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sugeruje, ze moga one by¢ niesione przez autochtoniczng mikrobiote rzeki. Proces
biologicznego oczyszczania S$ciekow nie byl w stanie efektywnie usuwac¢ badanych
mikrozanieczyszczen. Redukcja ARGs obserwowana byta tylko w przypadku gendéw mniej
rozprzestrzenionych w $rodowisku (sul2, gepA), ktory mogly mniej licznie wystepowac
rowniez w $ciekach doptywajacych do oczyszczalni. Scieki odprowadzane z WWTPs mogty
odpowiada¢ za pojawienie si¢ ARGs wczesniej nieobecnych w wodzie rzecznej (co
stwierdzono dla su/2, gepA), lub wzbogacaé pule ARGs obecng juz w rzece. Stwierdzono, ze
osady Sciekowe sg znaczagcym rezerwuarem ARGs. Procesy grawitacyjnego zageszczania i
odwodniania osadow S$ciekowych moga powodowaé¢ kumulacje ARGs w statych odpadach
produkowanych przez WWTPs. Wystepowanie ARGs w $ciekach nieoczyszczonych i na
réznych etapach oczyszczania $ciekow bylo zréznicowane w badanych oczyszczalniach.
Rozbieznosci te mozna przypisa¢ roznicom w skladzie $ciekow doplywajacych oraz
charakterystyce regionu lokalizacji WWTP. Szczegdlnie obencos¢ genu sul2 moze byc
zwigzana z hodowla zwierzat gospodarskich w regionie i wysokim udziale $ciekow

odprowadzanych z zakladow przetworstwa migsnego.

Zadanie II Ocena wystepowania lekoopornych 1 wirulentnych bakterii w $ciekach

komunalnych oraz okre$lenie ich potencjalnej transmisji do gdérnych drég oddechowych

pracownikow oczyszczalni Sciekow 1 naturalnych zbiornikow wodnych

Rolbiecki, D., Harnisz, M., Korzeniewska, E., Buta, M., Hubeny, J., & Zielinski, W. (2021).
Detection of carbapenemase-producing, hypervirulent Klebsiella spp. in wastewater and their
potential transmission to river water and WWTP employees. International Journal of Hygiene
and Environmental Health, 237, 1-13. https.://doi.org/10.1016/j.ijheh.2021.113831

IF 5.84, punkty MEIN 140

Zaplanowane zadanie badawcze (zadanie II) przedstawiono w artykule naukowym,
stanowigcym zalgceznik 2 do rozprawy doktorskiej, poddajac weryfikacji hipoteze 1 i 2.

W zadaniu II podjgto si¢ izolacji szczepow nalezacych do rodzaju Klebsiella pozyskanych z
probek sciekow, wody rzecznej i gornych drog oddechowych pracownikow WWTP. Glownym
celem badan byta detekcja produkujacych karbapenemazy bakterii z rodzaju Klebsiella, ktore
WHO opisuje jako patogeny o krytycznym stopniu priorytetu. W pracy dodatkowo
przeanalizowano niesione przez te bakterie czynniki wirulencji, ktére moga utatwi¢ m.in.
kolonizacje 1 przezywalnos¢ w organizmie cztowieka. W badaniach skupiono si¢ na Sciekach
doptywajacych do WWTP jako potencjalnym rezerwuarze badanych patogenow. Oceniono
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rowniez rolg $ciekow komunalnych jako wektora w transmisji bakterii do goérnych drog
oddechowych pracownikow WWTP (poprzez bioaerozole w bioreaktorze z osadem czynnym)
i naturalnych zbiornikow wodnych (wraz ze zrzutem $ciekow oczyszczonych).

Obiektem badawczym byla WWTP (wczesniej badana rowniez w zadaniu 1) wykorzystujaca
mechaniczno-biologiczny system oczyszczania, nie stosujaca procesu dezynfekcji. Materiat
badawczy stanowity probki $ciekéw doplywajacych do oczyszczalni, Sciekow pobranych z
bioreaktora z osadem czynnym, §ciekow oczyszczonych oraz wody rzecznej przed i za zrzutem
sciekow oczyszczonych. W dniu poboru probek srodowiskowych pozyskiwano rowniez
wymazy z nosa i1 gardta od pracownikow WWTP, ktoérzy odpowiedzialni byli za rutynowe prace
na terenie WWTP oraz za systematyczne obserwacje urzadzen  wszystkich etapow
oczyszczania sciekdw (w tym bioreaktora z osadem czynnym). Wymazy pobrano réwniez od
losowo wybranych os6b niebedacych pracownikami WWTP, ktérzy stanowili probe kontrolng
w badaniach. Pobor probek srodowiskowych oraz wymazow przeprowadzono trzykrotnie: zima
(luty), latem (czerwiec) i jesienig (wrzesien) 2019 roku. Uzyskane probki postuzyly jako
materiat do izolacji bakterii z rodzaju Klebsiella z wykorzystaniem dedykowanych pozywek
mikrobiologicznych. Lacznie uzyskano 332 izolaty Klebsiella spp., z ktérych wyizolowano
genomowe DNA metodg obrobki cieplnej. Materiat genetyczny postuzyt jako matryca do badan
molekularnych z wykorzystaniem metody PCR. Dzi¢ki zastosowaniu specyficznych starterow
w probkach genomowego DNA okre§lano obecnos¢ 10 ARGs kodujacych opornosé na beta-
laktamy, 9 gen6w kodujacych czynniki wirulencji, 3 gendéw kodujacych komponenty systemow
pomp wyptywowych oraz genu integrazy integronu klasy pierwszej. Za pomoca metody PCR
sposréd wyhodowanych przedstawicieli rodzaju Klebsiella wytypowano szczepy Klebsiella
pneumoniae w oparciu o sekwencj¢ wewngtrznego transkrybowanego region odstgpnika (ITS)
16S-23S.

Wykazano, ze $rodowisko WWTP jest miejscem wystepowania krytycznych patogendéw
alarmowych. Badane izolaty charakteryzowaly si¢ wysoka czestotliwos$cig nosicielstwa ARGs-
az ponad 90% szczepow posiadato przynajmniej jeden z badanych gendéw lekoopornosci.
Niektore z ARGs (kodujace karbapenemazy) byly charakterystyczne jedynie dla izolatéw
pozyskanych ze $ciekow. Zaobserwowano duze roznice jakosciowe 1 iloSciowe w
wystepowaniu ARGs 1 gendw zjadliwosci pomigdzy szczepami Klebsiella pneumoniae a
pozostatymi przedstawicielami rodzaju Klebsiella. Sposrod rodzaju Klebsiella przedstawiciele
K. pneumoniae cechowaty si¢ zdecydowanie najwyzsza frekwencja kodowanych ARGs i
czynnikow wirulencji, w tym genoéw karbapenemaz i czynnikdéw hiperwirulencji. Komora

osadu czynnego (bioreaktor) wytypowano jako najbardziej prawdopodobne miejsce transmisji
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bakterii do pracownikow WWTP, a probki $ciekoéw pobrane z tego stanowiska wykazywaly
najwyzsza frakcje K. pneumoniae. Obecno$¢ w Sciekach oczyszczonych produkujacych
karbapenemazy i hiperwirulentnych zywych szczepow K. pneumoniae potwierdza, ze $cieki
przyczyniaja si¢ do rozprzestrzeniania w S$rodowisku patogendw o najwyzszym statusie
zagrozenia dla zdrowia ludzi. W badaniach udalo si¢ pomyslnie wyizolowaé patogeny z
gornych drog oddechowych jedynie w jednym z trzech sezondéw badawczych. Sugeruje to
wystepowanie transmisji badanych bakterii do pracownikow WWTP, cho¢ zjawisko to jest
mniej wiarygodnie udokumentowane w porownaniu do uwalniania patogenow do srodowiska

naturalnego.

Zadanie III Okreslenie wystepowania istotnych klinicznie lekoopornych patogendw w

sciekach szpitalnych oraz ocena ich zdolnosci do przezywania procesu dezynfekciji

Rolbiecki, D., Korzeniewska, E., Czatzkowska, M., & Harnisz, M. (2022). The Impact of
Chlorine Disinfection of Hospital Wastewater on Clonal Similarity and ESBL-Production in
Selected Bacteria of the Family Enterobacteriaceae. International Journal of Environmental
Research and Public Health, 19, 1-19. https://doi.org/10.3390/ijerph192113868

IF 3.39, punkty MEIN 140

Zaplanowane zadanie badawcze (zadanie III) przedstawiono w artykule naukowym,
stanowigcym zalgceznik 3 do rozprawy doktorskiej, poddajac weryfikacji hipoteze 3 i 4.
Celem zadania III byto ocena skutecznos$ci procesu dezynfekcji z wykorzystaniem zwigzkow
chloru prowadzonego w przyszpitalnej stacji dezynfekujacej $cieki szpitalne. W pracy oceniono
zdolnos$¢ do przezywania dezynfekcji bakterii o krytycznym stopniu priorytetu obecnych na
lisScie WHO stanowiacych najwieksze zagrozenie dla zdrowia ludzkiego: produkujacych ESBL
bakterii z rodziny Enterobacteriaceae. Za pomocg metod molekularnych zbadano réwniez
wplyw dezynfekcji na podobienstwo klonalne przedstawicieli rodziny Enterobacteriaceae.
Obiektem badawczym w pracy byt szpital specjalizujacy si¢ w leczeniu chorob ptuc. Badana
jednostka posiadala w swojej strukturze oddzial zakazny, wigc zgodnie z obowigzujacym
prawem generowane S$cieki musialy zosta¢ poddane procesowi dezynfekcji przed ich
uwolnieniem do miejskiego systemu kanalizacji. Na terenie szpitala znajduje si¢ lokalna stacja
dezynfekujaca zaopatrzona w generator S$rodka dezynfekujacego (elektrolitycznego
podchlorynu sodu (NaClO)) i pompy dozujace. Stacj¢ dozowania zaprogramowano tak, aby
koncowe stezenie wolnego chloru w komorze reakcyjnej wynosito 0,2 mg/l sciekow, a czas

dezynfekcji wynosit 90 minut. Materiat badawczy w pracy stanowily prébki Sciekow
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odprowadzanych ze szpitala oraz probki sciekow bezposrednio po procesie dezynfekcji, ktore
pobrano w czterech sezonach badawczych: wiosng (kwiecien 2021), latem (sierpien 2021),
jesienig (listopad 2021) i zimg (luty 2022). Uzyskane probki postuzyty jako materiat do izolacji
bakterii z rodziny Enterobacteriaceae z wykorzystaniem dedykowanych pozywek
mikrobiologicznych. Z kazdego rodzaju probek wybrano losowo po 240 izolatoéw bakteryjnych
(tacznie 480). Izolaty testowano dwuetapowo pod katem fenotypowej zdolnosci produkcji
ESBL z wykorzystaniem podtdz chromogennych i tzw. testu dwoch krazkow. Z wszystkich 480
szczepdw wyizolowano genomowe DNA metodg obrobki cieplnej, a otrzymany materiat
genetyczny postuzyt jako matryca do badan molekularnych z wykorzystaniem metody PCR.
Dzigki zastosowaniu specyficznych starteréw w probkach genomowego DNA okreslano
obecnos¢ 7 gendw mogacych kodowa¢ mechanizmy ESBL. Dodatkowo metoda amplifikacji i
sekwencjonowania fragmentu 16S rDNA zidentyfikowano wszystkie izolaty wykazujace
fenotypowa zdolnos¢ produkcji ESBL. W pracy wykorzystano réwniez technike amplifikacji 1
rozdzialu miedzygenowych konsensusowych sekwencji powtorzonych enterobakterii na drodze
tancuchowej reakcji polimerazy (ERIC-PCR) w celu identyfikacji klonéw bakteryjnych
zdolnych przetrwa¢ dezynfekcje

W wykazano, ze HWW odprowadzane z obiektu badawczego sa rezerwuarem krytycznych
patogendw alarmowych. Uzyskane wyniki wskazuja, ze proces dezynfekcji prowadzony w
przyszpitalnej stacji nie jest w petni skuteczny, a bakterie z rodziny Enterobacteriaceae, w tym
ESBL+, moga przetrwa¢ proces dezynfekcji i wraz z HWW trafia¢ do miejskiego systemu
kanalizacji. Analiza wzoréw ERIC-PCR wykazata przezywalno$¢ konkretnych klonow
bakteryjnych, ktore izolowano zaréwno w probkach $ciekéw odprowadzanych ze szpitala, jak
1 probkach Sciekow zdezynfekowanych. Obserwowano zwigkszony udziat frakcji
Enterobacteriaceae wytwarzajacych ESBL w probkach zdezynfekowanych $ciekow. Sugeruje
to, ze stosowana w obiekcie dezynfekcja na bazie chloru moze faworyzowac przezywalno$¢
bakterii wytwarzajacych ESBL 1/lub przenoszenie ARGs na drodze HGT. Otrzymane wyniki
wskazuja rodzaj Klebsiella, a w szczegdlnosci Klebsiella pneumoniae, jako glownego
promotora oporno$ci na antybiotyki w rodzinie Enterobacteriaceae. Analizy podobienstwa

klonalnego sugeruja, ze sSrodowisko HWW moze sprzyja¢ zmienno$ci genetycznej bakterii.

Zadanie IV Poznanie kompletnego metagenomu $ciekdOw szpitalnych oraz ocena zmian

zachodzacych w mikrobiomie, rezystomie i mobilomie $ciekdw szpitalnych wywolanych

chemiczna dezynfekcja
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Rolbiecki, D., Paukszto, L., Krawczyk, K., Korzeniewska, E., Sawicki, J., & Harnisz, M. (2023).
Chlorine disinfection modifies the microbiome, resistome and mobilome of hospital wastewater
- A nanopore long-read metagenomic approach. Journal of Hazardous Materials, 459, 1-16.
https://doi.org/10.1016/j.jhazmat.2023.132298

IF 13.6, punkty MEIN 200

Zaplanowane zadanie badawcze (zadanie IV) przedstawiono w artykule naukowym,
stanowigcym zalgceznik 4 do rozprawy doktorskiej, poddajac weryfikacji hipoteze 3 i 5.
Zadanie IV bylo bezposrednig kontynuacjg badan prowadzonych w ramach zadania III. Dane
uzyskane podczas analiz na zywych szczepach bakteryjnych poszerzono w tym etapie o
kompletny obraz metagenomu $ciekdéw szpitalnych. Celem badan ujetych w tym zadaniu byta
analiza zmian w mikrobiomie, rezystomie i mobilomie HWW spowodowanych procesem
chemicznej dezynfekcji z wykorzystaniem zwigzkow chloru. Przeprowadzone badania
pozwolily na identyfikacje glownych nosicieli ARGs obecnych w probkach HWW 1 okre$lenie
mobilno$¢ mechanizmow lekoopornosci. Szczegdlng uwage poswiecono wykryciu w
mikrobiomie HWW krytycznych patogendéw alarmowych, ktére stanowia najwigksze
zagrozenie dla zdrowia czlowieka. Na podstawie wynikow analizy sekwencjonowania
metagenomowego oszacowano wptyw dezynfekcji chlorem na ryzyko przeniesienia ARGs do

ludzkich patogenow bytujacych w HWW.

Zardéwno obiekt badawczy jak 1 probki pobrane do badan w tym zadaniu s3 tozsame z obiektem
1 probkami opisanymi w zadaniu III. Z probek wyizolowano eDNA przy uzyciu dedykowanego
zestawu do izolacji. Srodowiskowe DNA oczyszczono i sekwencjonowano z uzyciem
nanoporow. Wykorzystana metoda sekwencjonowania pozwala na uzyskanie dlugich odczytow
DNA co umozliwia bezposrednig identyfikacje taksonéw drobnoustrojow bedacych
nosicielami ARGs oraz odkrywa kontekst potaczen ARGs z mobilnymi elementami
genetycznymi. Otrzymane sekwencje poddano analizom bioinformatycznym w celu wykrycia
sekwencji charakterystycznych dla konkretnych taksonow bakteryjnych, ARGs 1 mobilnych

elementow genetycznych.

Analiza metagenomu HWW wykazata, ze HWW sa kolonizowane przez ztozone spotecznosci
mikroorganizmdéw niosgce liczne ARGs. Otrzymane w pracy wyniki metagenomiczne
wskazuja, ze chemiczna dezynfekcja HWW z wykorzystaniem zwigzkoéw chloru moze
powodowac istotne zmiany w strukturach calosciowej populacji bakteryjnej i populacji bakterii
lekoopornych oraz modyfikowa¢ rezystom i mobilom $ciekow szpitalnych. Populacja ARB

wykazywata wigkszg stabilno$¢ podczas procesu dezynfekcji w poréwnaniu do populacji
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catosciowej, co sugeruje istnienie korelacji pomiedzy zwigkszong tolerancjg na chlor a
wystepowaniem u bakterii determinantow lekoopornosci. Dezynfekcja powodowata
selektywne dziatanie w stosunku do ARGs, zmniejszajac czestos$¢ ich wystepowania w HWW,
jednoczes$nie zwigkszajgc ich réznorodnos¢é. W badanych préobkach HWW ARGs najczescie]
identyfikowano u bakterii nalezacych do klas Gammaproteobacteria, Bacteroidia, Bacilli,
Clostridia, Betaproteobacteria i Epsilonproteobacteria, ktore tacznie byty gospodarzami ponad
95% wszystkich ARGs przypisanych do gospodarzy. Dezynfekcja skutkowata pojawianiem si¢
mechanizmow lekoopornosci u nowych, wezesniej lekowrazliwych, taksonow bakteryjnych, a
przedstawiciele rodziny Enterobacteriaceae wykazywaty szczegdlng zdolnos$¢ przystosowania
i plastyczno$¢ w pozyskiwaniu/transferze waznych ARGs, co obserwowano rowniez wczesniej

u przedstawicieli tej rodziny (zadanie III).

Podsumowanie

Przeprowadzone w ramach pracy doktorskiej badania pozwolity osiggna¢ zaplanowany
cel pracy oraz zweryfikowa¢ postawione hipotezy badawcze. Stwierdzono, ze zarowno $cieki
komunalne, jak i HWW pehnig istotng rol¢ w rozprzestrzenianiu lekoopornosci w srodowisku
poprzez transmisj¢ ARGs 1 zywych lekoopornych priorytetowych patogenow alarmowych,
stanowigcych najwigksze zagrozenie dla zdrowia ludzkiego. Potwierdzono, ze WWTP moze
by¢ Srodowiskiem transmisji zywych lekoopornych i wirulentnych mikroorganizméw do
gornych drog oddechowych pracownikéw WWTP. Wykazano, ze aktualnie stosowane metody
dezynfekcji HWW 1 oczyszczania $ciekéw komunalnych wydaja sg by¢ nieefektywne w
usuwaniu zanieczyszczen mikrobiologicznych. Kolejne etapy oczyszczania w WWTP nie
eliminowaty ARB 1 ARGs, tym samym nie zapobiegajac uwalnianiu tych mikrozanieczyszczen
do srodowiska. Dezynfekcja HWW z wykorzystaniem zwigzkéw chloru okazata si¢ by¢ nie
tylko nieskuteczng w dezaktywacji klinicznie istotnych ARB, ale 1 mogta faworyzowac
przezywalno$¢ bakterii lekoopornych w HWW. Dodatkowo dezynfekcja powodowala istotne
zmiany w metagenomie HWW, ktore w rezultacie zwigkszaly ryzyko przenoszenia ARGs do

ludzkich patogendéw bytujacych w HWW.

Transfer ARB 1 ARGs poprzez $cieki szpitalne i komunalne nastgpuje wielowektorowo. Tak
samo wszechstronne powinny by¢ dzialania zwigzane 2z minimalizacja transmisji,

uwzgledniajace:

e staly i uregulowany monitoring AMR w $ciekach komunalnych i dazenie do ograniczenia

uwalniania ARB i ARGs do wod powierzchniowych,
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e zapewnienie odpowiednich $§rodkéw ochrony osobistej dla pracownikow obiektow
komunalnych wraz z u§wiadamianie o istniejagcym zagrozeniu,

e podniesienie pilnych dziatan legislacyjnych w celu uregulowania parametréw dezynfekcji
oraz zapewnienia, ze stosowane dawki srodka dezynfekcyjnego i czas kontaktu gwarantujg

skuteczng dezynfekcje 1 bezpieczenstwo HWW.
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Rysunek 1 Schemat badan przeprowadzonych w ramach pracy doktorskiej
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Abstract: This study identified differences in the prevalence of antibiotic resistance genes (ARGs)
between wastewater treatment plants (WWTPs) processing different proportions of hospital and
municipal wastewater as well as various types of industrial wastewater. The influence of treated
effluents discharged from WWTPs on the receiving water bodies (rivers) was examined. Genomic DNA
was isolated from environmental samples (river water, wastewater and sewage sludge). The presence
of genes encoding resistance to sulfonamides (su/1, sul2) and fluoroquinolones (gepA, aac(6’)-Ib-cr)
was determined by standard polymerase chain reaction (PCR). The effect of the sampling season
(summer — June, fall - November) was analyzed. Treated wastewater and sewage sludge were
significant reservoirs of antibiotic resistance and contained all of the examined ARGs. All wastewater
samples contained sull and aac(6’)-Ib-cr genes, while the gepA and sul2 genes occurred less frequently.
These observations suggest that the prevalence of ARGs is determined by the type of processed
wastewater. The Warmia and Mazury WWTP was characterized by higher levels of the sul2 gene,
which could be attributed to the fact that this WWTP processes agricultural sewage containing animal
waste. However, hospital wastewater appears to be the main source of the sull gene. The results
of this study indicate that WWTPs are significant sources of ARGs, contributing to the spread of
antibiotic resistance in rivers receiving processed wastewater.

Keywords: antibiotic resistance; wastewater; WWTP; ARGs; sulfonamides; fluoroquinolones

1. Introduction

The overuse and misuse of antibiotics in human and veterinary medicine, animal farming
and agriculture contributes to antibiotic pollution and the spread of antibiotic resistance in the
environment [1,2]. The wide use of antimicrobial drugs creates selection pressure, which speeds up
microbial evolution and promotes the development of antibiotic resistance mechanisms. The presence
of close associations between antimicrobial medicines and resistance has been widely documented
around the world [3]. Antibiotics, antibiotic-resistant bacteria (ARB) and antibiotic resistance genes
(ARGsS) are ubiquitous in surface water [4-6], ground water [7-9] and soil [10-12]. The ongoing spread
of these micropollutants in the natural environment contributes to the development of antibiotic
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resistance mechanisms in environmental bacteria. Antibiotic resistance genes play a fundamental role
in this process.

The sources and transmission mechanisms of ARGs have to be investigated in detail to prevent
the spread of antibiotic resistance in the environment. Raw municipal and hospital wastewater, treated
effluents and sewage sludge are significant reservoirs of ARGs, and they play a significant role in
the transfer of antibiotic resistance [1,13,14]. For this reason, the release of ARGs from wastewater
treatment plants (WWTPs) and their fate in the environment have attracted considerable research
interest in recent years [15-19].

The removal of solids, organics and nutrients is the key process in wastewater treatment.
Wastewater treatment plants are not equipped to remove microbiological contaminants, including ARB
and ARGs. The activated sludge process is a biological method that is frequently used in wastewater
treatment. The conditions inside activated sludge tanks, including high oxygen concentration,
high temperature and high densities of bacterial cells, can promote horizontal gene transfer (HGT)
between closely related as well as unrelated microorganisms [20]. As a result, treated effluents can
contain more copies of a given resistance gene per unit volume than raw wastewater [21,22].

Treated wastewater is evacuated to water bodies, which leads to the release of large gene pools,
including ARGs, into the natural environment [18,23]. Receptacles of treated effluents accumulate
mobile genetic elements (MGEs) such as plasmids, transposons, insertion sequences and integrons [15,24],
which are effective carriers of ARGs. Mobile genetic elements play a key role in the spread of genetic
information between even the most phylogenetically distant species of bacteria. Genetic resistance can be
further transferred between bacteria, including pathogenic microorganisms, posing a significant threat to
human health and life.

Organic solid waste such as sewage sludge is also a considerable source of ARGs, which contribute
to the spread of antibiotic resistance in the environment. Sewage sludge treatment leads to the
recovery of municipal biosolids. Biosolids are abundant in nutrients, and they are often used as
agricultural fertilizers [25]. In Poland, the storage of sewage sludge with a high caloric content
was banned in 2016 [26], which increased the supply of sewage sludge for fertilization purposes.
The management of sewage sludge delivers unquestioned benefits, but the application of treated sludge
in agriculture may also have negative consequences. Research has shown that ARGs levels in treated
sewage are very high [27,28] and often significantly exceed ARGs concentrations in wastewater [29,30].
Sewage sludge is usually stabilized before it is used as fertilizer, but according to many authors, biosolids
processed with the use of various stabilization methods are still highly abundant in ARGs [30,31].
Elevated concentrations of ARGs in soil samples [28,30,32] and accelerated transmission of ARGs from
soil to plants [32] were also reported in farmland fertilized with sewage sludge.

Microorganisms have developed various mechanisms of resistance to antibiotics, depending on
the type of antimicrobial drugs and their effects on bacterial cells. In Europe, clinical bacterial isolates
are becoming increasingly resistant to fluoroquinolones, which are an important class of antibiotics [33].
Resistance to fluoroquinolones is encoded by aac(6’)-Ib-cr and gepA genes [34], which are usually
localized in plasmid DNA. The gepA gene encodes efflux pumps of the major facilitator superfamily
(MFS), which are responsible for the transport of antibiotics to extracellular space. The aac(6’)-Ib-cr gene
encodes an enzyme that suppresses the activity of two fluoroquinolone antimicrobials (ciprofloxacin
and norfloxacin) through their acetylation [35].

Sulfonamides are one of the oldest groups of antibiotics used in medicine. In recent years, the use
of sulfonamides in human medicine has declined due to growing levels of bacterial resistance [36],
but these antimicrobials are still widely applied in veterinary medicine [37]. Sulfonamides inhibit
folate synthesis by suppressing the production of dihydropteroate synthase (DHPS) (EC 2.5.1.15),
an enzyme involved in the synthesis of folic acid. Bacteria have developed mechanisms of resistance
against sulfonamides through mutation of the chromosomal DHPS gene (folP) or the acquisition of
an alternative DHPS gene (sul). Dihydropteroate synthase encoded by a sul gene has a low affinity
for sulfonamides, and is not inhibited by this class of antibiotics. Three genes encoding resistance
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to sulfonamides (sull, sul2, sul3) with estimated 50% sequence similarity have been identified to
date [37,38]. It is believed that general resistance to sulfonamides is encoded mostly by sull and sul2.
The acquisition of sulfonamide resistance through sul genes is the most prevalent mechanism in the
environment [19,39].

This study aimed to determine the prevalence of genes encoding resistance to sulfonamides (sull,
sul2) and fluoroquinolones (gepA, aac(6’)-Ib-cr) in various stages of wastewater treatment in two WWTPs.
The examined plants are situated in the regions of Warmia and Mazury (northern Poland) and Silesia
(southern Poland), which differ considerably in industrial development level. The treatment plants use
similar methods of wastewater treatment based on activated sludge. Differences in the prevalence of
ARGs between the studied WWTPs processing different proportions of the hospital and municipal
wastewater as well as various types of industrial wastewater were investigated. The study analyzed
whether the inflow of various sources of industrial wastewater (brewery wastewater, animal industry
wastewater) affects the differentiation in the occurrence of ARGs in WWTPs. Samples were collected at
the subsequent stages of wastewater treatment to capture the ARGs reduction, and the influence of
treated effluents evacuated from WWTPs on the receiving water bodies was examined by analyzing
samples of river water collected upstream and downstream from wastewater discharge points.
Sewage sludge was also analyzed. The impact of the season on the ARGs prevalence was evaluated by
analyzing samples collected in summer (June) and fall (November).

2. Materials and Methods

2.1. Study Area and Sampling Sites

In this study, the presence of genes encoding resistance to fluoroquinolones and sulfonamides was
analyzed in two WWTPs with similar treatment systems and processing capacities. Two wastewater
treatment plants (WWTPs) in Poland were analyzed in the study. The WWTPs are located in different
Polish regions: Warmia and Mazury (WM-WWTP) and Silesia (S-WWTP). Treated effluents are
evacuated to the Lyna River and the Gostynia River, respectively. Samples of river water collected
upstream and downstream from effluent discharge points were examined to determine the influence
of wastewater processing technology on rivers receiving treated wastewater. The analyzed WWTPs
are characterized by similar treatment technologies, but they differ in the type of inflowing wastewater.
Both WWTPs have a similar daily average processing capacity and employ a mechanical-biological
treatment system based on the activated sludge. S-WWTP has an average influent flow rate of
32,000 m3/day, and it receives municipal sewage from the city of Tychy, hospital wastewater and
industrial sewage. Industrial wastewater (25% of the receiving wastewater) is supplied mainly by a
brewery where sewage is pre-cleaned in the methane fermentation process. The brewery is the largest
and the most important industrial facility in the S-WWMT area. S-WWTP deploys mechanical-biological
treatment methods and operates sequencing C-TECH reactors, activated sludge chambers (a system
of chambers of various oxygen conditions: anaerobic, anoxic and aerobic), a secondary settling
tank and an anoxic chamber. S-WWTP uses supplementary chemical phosphorus removal [40].
WM-WW TP operates a mechanical-biological treatment system with an elevated removal of nutrients
(MB-ERN) with the following sections of the wastewater treatment process: a pre-denitrification
chamber, a phosphorus removal tank, nitrification/denitrification chambers and secondary settling
tanks. It processes municipal sewage from the city of Olsztyn, industrial wastewater and sewage from
three hospitals. Industrial wastewater (20% of the receiving wastewater) is supplied by animal industry
wastewater. According to the information obtained from the administration of the WM-WWTP,
the plant has an average processing capacity of 35,000 m%/day. The prevalence of bacterial infections,
the amount of antimicrobial drugs and the number of hospitalized patients differ across seasons.
These parameters can influence the results noted in each sampling season. Therefore, samples were
collected in the summer (June) and fall (November) of 2018. Samples of river water, wastewater and
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sludge from various stages of treatment were analyzed (n = 36). The types of samples collected in each
WWTP are presented in Table 1.

Table 1. Types of collected samples.

Region of Silesia
(S-WWTP)* (n = 18)

Region of Warmia and Mazury
(WM-WWTP)** (n = 18)

Type of Sample Symbol Type of Sample Symbol
Untreated wastewater S1 Untreated wastewater W1
Wastewater from the outlet Wastewater from the outlet
. o S2 . e W2
of the primary clarifier of the primary clarifier
W f h 1 W in the biological
Liquid samples from WWTPs astewater from the qgt et 53 astewater in the biologica W3
of the secondary clarifier chamber
Wastewater from the outlet sS4 Wastewater from the outlet Wa
of the C-TECH reactor of the multipurpose reactor
Treated wastewater S5 Treated wastewater W5
Sludge from the outlet of the Sludge from the outlet of the
. S6 . Wé6
. mechanical concentrator open fermentation pool
Solid samples from WWTPs
Sludge from the outlet of the
. S7 Treated sludge W7
gravity concentrator
River water upstream the River water upstream the
. . S8 . . W8
. effluent discharge point effluent discharge point
River water - :
River water downstream the s9 River water downstream the W9

effluent discharge point

effluent discharge point

* Silesian wastewater treatment plant; ** Warmia and Mazury wastewater treatment plant.

Three grab samples of around 160 mL of wastewater or river water were individually collected
and combined into composite samples in sterile 500 mL bottles. Sludge samples were collected into
sterile urine containers. The samples were transported to the laboratory on the day of collection and
stored in 4 °C for further analysis.

2.2. DNA Extraction

Samples of wastewater and river water were filtered with the use of vacuum pumps and passed
through 0.2 um pore size polycarbonate membrane filters. The volume of the filtered samples ranged
from 10 mL to 400 mL, depending on the site and season of collection. Sludge samples of 0.25 g each
were used directly for DNA isolation.

The DNeasy Power Water Kit (Qiagen, Hilden, Germany) was used to isolate genomic DNA
from sewage and water samples, and the DNeasy Power Soil Kit (Qiagen, Hilden, Germany) was
used to isolate genomic DNA from sewage sludge samples according to the manufacturer’s protocol.
The quality and quantity of the obtained genetic material was checked with the Multiskan Sky
Microplate Spectrophotometer (Thermo Scientific, Waltham, MA, USA).

2.3. Identification of Aantibiotic Resistance Genes by Polymerase Chain Reaction (PCR)

The presence of genes encoding resistance to sulfonamide (sull, sul2) and quinolone (gepA,
aac (6’)-Ib-cr) was confirmed by PCR. The applied primers and reaction profiles are presented in Table 2.
The PCR reactions were performed in a volume of 15 pL containing 10 uM of the respective primer
pairs, 1 pL of genomic DNA of each sample and the NZYTaq II 2xGreen Master Mix.

PCR products were separated electrophoretically by transferring 5 uL of every amplified DNA
fragment to 1.5% agarose gel stained with ethidium bromide (0.5 pg/mL) (Sigma, St. Louis, MO, USA).
Electrophoresis was conducted for 1 h at 100 V in 0.5x TBE buffer.
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Table 2. Polymerase chain reaction (PCR) primers and parameters.

Primer Sequence Amplicon Size  PCR Annealing

Target Gene (5'-3) (bp) Temp (°C) References
CGCACCGGAAACATCGCTGCAC
sull 163 55.9
TGAAGTTCCGCCGCAAGGCTCG
41
TCCGGTGGAGGCCGGTATCTGG [41]
sul2 191 60.8
CGGGAATGCCATCTGCCTTGAG
CCAGCTCGGCAACTTGATAC
qepA 570 58 [42]
ATGCTCGCCTTCCAGAAAA
TTGCGATGCTCTATGAGTGGCTA
aac(6’)-Ib-cr 482 55 [43]
CTCGAATGCCTGGCGTGTTT

2.4. Cluster Analysis

An analysis of hierarchical clustering was performed to illustrate the relationship of the sampling
sites and the collection season based on the occurrence of studied ARGs. The Dice similarity coefficient
(Serensen—Dice index) was used to measure the relationship between two sets of data. The unweighted
pair group method with arithmetic mean (UPGMA) was used as a clustering method. A hierarchical
tree (dendrogram) of the analyzed samples was generated for each research object (Supplementary
materials). The clustering analysis was performed using the Molecular Evolutionary Genetics Analysis
(MEGA?, Pennsylvania State University, State College, PA, USA, 2016) software [44].

3. Results and Discussion

The results of the cluster analysis did not show a similarity between the results for samples collected
in the same season. The samples collected in different seasons from the same sampling sites were often
grouped in one cluster on the dendrogram. It can be concluded that the sampling season probably had
no effect on the presence of ARGs in the analyzed samples (Figure S1). However, the prevalence of
ARGs differed across the types of genes and the stages of wastewater treatment. Raw sewage was a
significant source of ARGs and contained all of the analyzed genes (Table 3).

Influent wastewater is an important reservoir of ARGs. Wastewater treatment plants offer
supportive conditions for the spread of ARGs by horizontal gene transfer (HGT) [45-47]. The low
effectiveness of treatment processes can contribute to the transmission of ARGs from treated effluents
to surface water [2,19,48]. Antibiotic resistance genes are localized on MGEs, which can be exchanged
by both closely related and phylogenetically distant bacterial species. As a result, antibiotic resistance
can be spread between bacteria of anthropogenic origin and bacterial communities in the natural
environment [6,42]. ARGs in the environment stays in two forms: intracellular ARGs (1ARGs) and
extracellular ARGs (eARGs). The forms of ARGs that occur in the environment determine the character
of its further transmission. iARGs support the spreading of antibiotic resistance via conjugation and
transduction, while eARGs can be uptaken and integrated by the competent non-resistant bacteria
via natural transformation. Of the mentioned HGT mechanisms, conjugation is deemed to have the
biggest impact on the dissemination of ARGs, while transformation and transduction are considered
less important [49].

Sulfonamides were the first safe and effective antimicrobial drugs in clinical practice that targeted
selected bacteria [50]. The medical use of sulfonamides is decreasing in Europe. The compound
annual growth rate (CAGR) of the sulfonamide market in Europe reached negative values between
2009 and 2018 [36]. In 2017, sulfonamides were the least used class of antibiotics for systemic use in
Polish and European hospitals [51]. Sulfonamide resistance in Gram-negative bacteria can probably
be attributed to sull and sul2 genes, which are carried by plasmids. Research has demonstrated
that sulfonamide resistance genes are the most ubiquitous ARGs in the environment [19,39]. In the
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present study, the sull gene was identified in all wastewater and sewage sludge samples collected
in both WWTPs. This gene was also present in samples of river water collected upstream from
the effluent discharge point. The above findings indicate that the sull gene is widely spread in the
environment. The analyzed gene was not eliminated in successive stages of treatment, which may
increase the concentration of this gene in the water and bottom sediments of effluent-receiving rivers.
Surface waters are highly contaminated with the sull gene [15,16,18,52]. The sull gene has been also
identified in samples of municipal wastewater [53], activated sludge [47] and wastewater containing
animal waste [54]. Hospital sewage appears to be the major source of the sull gene in the environment.
According to Lye et al. [2], the prevalence of sull is considerably higher in hospital wastewater than
in other types of sewage. Similar results were reported by Wang et al. [14], who analyzed hospital
sewage in China. In other studies, hospital wastewater was characterized by the highest concentration
of the sull gene relative to other ARGs [13,55]. The ubiquitous character of sull could result from
a close relationship between sull and class 1 integrons that are widespread in the environment [56].
According to Poey et al. [57], sull occurs in the variable region (gene cassette) of class 1 integrons.
In the current study, hospital sewage accounted for 2-6% of the wastewater processed by the WWTPs.
WM-WWTP treats wastewater from three hospitals, and S-WWTP treats wastewater from one hospital.
Hospital sewage could be a major source of sull in the analyzed WWTPs, which could explain the high
prevalence of this gene in all samples.

Table 3. Presence of amplicons for genes encoding resistance to sulfonamides and fluoroquinolones in
the analyzed samples. Colors correspond to sampling sites as in Table 1. + and — denote amplicons for
each gene that were and were not detected via endpoint PCR, respectively.

sull sul2 qepA aac(6’')-Ib-cr

Symbol
Summer Fall Summer Fall Summer Fall Summer Fall
S1 + + + + + + + +
S2 4 1 A + = 1 A +
. S3 + + + = = + + +
& 54 4 3 3 = = — + +
= S5 + + + - - + + +
= S6 + + - + - - + +
n S7 + + + + + + + +
S8 + + = + = = + +
S9 + + = + = = + +
W1 4 S A + 4 -+ + +
. W2 4 1 3 3 4 1 3 3
;. W3 + + + + - + + +
£ W4 + + + + + - + +
= W5 + + + - + + + +
S Wé6 A + 4 4 = - + +
= W7 + + + + + - + +
W8 4 s = = = = + +
W9 + + + = = + + +

* Silesian wastewater treatment plant; ** Warmia and Mazury wastewater treatment plant.

The sul2 gene occurred less frequently than the sull gene. The sul2 gene was not identified in river
water upstream from the effluent discharge point (excluding site S8 in fall). This gene was present in all
samples of raw wastewater, but it was eliminated in successive stages of treatment. These observations
could also suggest that sul2 was less abundant in raw sewage that sull. The presence of the sul2 gene in
river water was noted only in WM-WWTP in summer. Koczura et al. [52] reported significantly smaller
concentrations of sul2 than sull in surface waters. In a study by Ziembinska-Buczynska et al. [47],
sul2 was less prevalent than sull in bacterial isolates from activated sludge. According to Pei et al. [41],
sul2 is an important indicator of the environmental impacts of agriculture, which could explain why
sul2 concentrations are higher in areas with a predominance of agriculture, in particular livestock
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production and aquaculture. Lye et al. [2] found the highest abundance of sul2 in zoo wastewater.
The livestock population in Warmia and Mazury is several times higher than in Silesia [58], which could
imply that Warmia and Mazury is characterized by a higher contamination of animal waste and higher
concentrations of sul2 in the environment, in particular in wastewater evacuated from animal farms.
Olsztyn, the capital city of Warmia and Mazury, where MW-WWTP is situated, is the seat of Poland’s
largest poultry company, which specializes in turkey rearing and the production and processing
of turkey meat. Wastewater from turkey farms and production plants is evacuated to MW-WWTP,
which could explain the higher abundance of su/2 in raw sewage reaching MW-WWTP than S-WWTP.
The sul2 gene was not identified in only one stage of wastewater treatment in MW-WWTP, whereas in
S-WWTP, sul2 was not detected in four sampling sites.

According to the literature, seasonal variations in the virulence of pathogenic microorganisms and
the immune status of infected individuals are responsible for the seasonality of infectious diseases [59].
Seasonal variations are also noted in antibiotic use, and the consumption of antimicrobials is significantly
higher in fall than in summer [60]. Despite the above, it appears that the prevalence of sulfonamide
resistance genes in samples of river water, wastewater and sludge was not noticeably affected by season
in the present study; however, this is only a preliminary case study and to determine more precise
correlations the research must be expanded with quantitative analyses of ARGs. Similar observations
were made by Koczura et al. [52], who did not report significant seasonal differences in sull copy
numbers in river water and sewage sludge, but noted that the sul2 gene was more prevalent in
spring samples.

Fluoroquinolones are broad-spectrum antibiotics and one of the most frequently prescribed
antimicrobials. Extensive clinical use of fluoroquinolones has contributed to high resistance of
pathogenic microorganisms to this group of antibiotics. In Europe, the number of hospital strains of
Escherchia coli and Klebsiella pneumoniae resistant to fluoroquinolones increased in 2015 —2018. In 2018,
the highest percentage of Pseudomonas aeruginosa isolates (19.7%) were resistant to fluoroquinolones [33].
The genes conditioning bacterial resistance to fluoroquinolones include aac(6’)-Ib-cr, which encodes
aminoglycoside acetyltransferase, and gepA, which encodes active efflux pumps [34]. In this study,
both genes were detected in samples of raw wastewater.

The aac(6’)-Ib-cr gene was identified in all analyzed samples, and it was not eliminated during
wastewater treatment. It was also detected in samples of river water collected upstream from effluent
discharge points, which suggests that this gene also originates from other sources. The gepA gene was
less frequently isolated, and it was not found in river water sampled upstream from effluent discharge
points. In S-WWTP, the gepA gene was completely eliminated from treated wastewater in summer,
and it was not transmitted to the river with the evacuated effluents. This gene was present only in
sewage sludge where the concentration of biological material was highest relative to the remaining
samples. The gepA gene was less effectively removed in WM-WWTP. In both seasons, gepA was not
detected in river water sampled upstream from the effluent discharge point, but it was identified in the
samples collected downstream from the effluent discharge point.

According to the literature, aac(6’)-Ib-cr and gepA genes are commonly found in the wastewater.
Korzeniewska and Harnisz [21] detected both genes in influents and effluents from 13 wastewater
treatment plants with different type of the wastewater treatment technologies modifications.
Yan et al. [61] found aac(6’)-Ib-cr and gepA in treated wastewater from three Chinese hospitals,
in municipal wastewater and in river water. In each sampling site, the aac(6’)-Ib-cr gene had higher
copy numbers than the gepA gene. Wen et al. [48] analyzed samples of unpolluted river water and
samples of river water collected in the vicinity of hospitals. The gepA gene was not detected in any of
the samples, whereas the aac(6’)-Ib-cr gene was ubiquitous in all samples.

The lower prevalence of gepA could be attributed to the fact that resistance to fluoroquinolones
encoded by this gene evolved relatively late. The gepA gene was first identified in 2007 by research teams
from Belgium and Japan [62,63]. The first mechanism of plasmid encoded resistance to fluoroquinolones
was discovered in 1998 [64].
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It should be noted that all studied genes (excluding gepA at site W7 in fall) were present in treated
sewage sludge intended for further use. More than 500,000 tons of sewage sludge are produced each
year in Poland, of which around 20% are used as agricultural fertilizers on account of their high organic
matter content [65]. The application of sewage sludge as agricultural fertilizer contributes to the spread
of antibiotic resistance in the environment [28]. Chen et al. [28] found that sewage sludge fertilization
can transfer up to 108 of ARGs and MGEs to soil. The resulting increase in bacterial diversity in
the soil environment was significantly correlated with the prevalence of ARGs. Sewage sludge is
particularly abundant in tetracycline and sulfonamide resistance genes [27]. According to Lee et al. [27],
sulfonamide resistance genes (sull and sul2) were the most frequently occurring ARGs (45.6%) in
the examined sewage sludge. The number of sull copies in sewage sludge significantly exceeded
(26-87 times) the number of sul2 copies. Lee et al. [27] also observed that the prevalence of sulfonamide
resistance genes was six-fold (%) higher in sewage sludge than in raw wastewater, which suggests that
these genes are highly accumulated in sewage sludge. Quinolone resistance genes were identified
significantly less frequently, and they were not present in sewage sludge. The accumulation of ARGs
and MGE:s in soil could imply that the application of sewage sludge could accelerate gene transmission
to the soil environment via HGT.

The presence of antibiotics acting as active mutagens can also significantly contribute to the
evolution of drug resistance mechanisms. Sublethal concentrations of antibiotics, which are frequently
noted in wastewater, can lead to mutations that promote the emergence of drug resistance [66,67].
The samples of raw sewage, treated wastewater and river water that were examined in the current
study were additionally analyzed by Giebultowicz et al. [68] for the presence of 26 antimicrobials.
Very high concentrations of sulfamethoxazole (SXT) and ciprofloxacin (CIP) were noted in raw
wastewater reaching both WWTPs, and they were nearly three times higher in WM-WWTP than in
S-WWTP. It should also be noted that CIP levels in raw wastewater exceeded the minimum inhibitory
concentrations (MIC) recommended by EUCAST for most microorganisms [69]. To regulate the risk
issuing from the concentrations of antibiotics in the environment, Bengtson-Palme and Larsson [70]
estimated Predicted No-Effect Concentrations (PENCs) of antimicrobials for resistance selection.
Based on these [70] calculations, average CIP concentrations in influents, effluents and downstream
rivers were found to exceed the PENCs values for influents, effluents and downstream rivers in both
WWTPs, which is particularly worrying. Based on the calculated values of the risk quotient (RQ),
Giebultowicz et al. [68] concluded that high concentrations of the analyzed antibiotics contribute to the
development of selective resistance. The results of the qualitative analyses presented in this study
cannot reveal a correlation between antibiotic concentrations and the prevalence of the examined
ARGs. Further research involving quantitative analysis is needed to investigate the above problem.

The study determined whether the tested ARGs are present/absent in the DNA isolated from
analyzed samples. However, it remains unknown if and what part of the current ARGs is intercellularly
carried (iIARGs) by live and metabolically active bacterial cells. Therefore, to reach beyond the
qualitative and quantitative analyzes of ARGs and to reach a more extensive knowledge of ARGs
dynamics, it is necessary to identify which of the detected ARGs are expressed. The combination
of metagenomic and metatranscriptomic analyses will allow the identification of ARGs that are not
only present but also actively transcribed. There is little work on antibiotic resistance gene expression
in WWTP [71-73]. The researchers report that about 65.8% identified ARGs shows transcriptional
activity [73], and that there is a significant overexpression of ARGs occurring in an environment that
is heavily affected by antibiotic use [71]. We believe that this issue should be the direction of further
research in the WWTPs.

4. Conclusions

Wastewater treated at WWTPs is a significant point source of ARGs. The existing wastewater
treatment methods do not effectively eliminate ARGs whose concentrations in treated effluents are
not routinely monitored. This imperfect process promotes the release of ARGs into the environment.
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This study demonstrated that genes encoding resistance to sulfonamides and fluoroquinolones are
widespread in the environment and that WWTPs contribute to their transmission. The prevalence
of ARGs in raw wastewater and in various stages of wastewater treatment differed in the examined
WWTPs. These variations could be attributed to differences in the type and sources of processed
wastewater. WM-WWTP processes wastewater from livestock farms, which could explain the higher
prevalence of the sul2 gene in the analyzed samples. Hospital wastewater appears to be the main
source of sull in both WWTPs. Sewage sludge was found to be a significant reservoir of ARGs.
Sewage sludge should be stabilized before it is used as fertilizer, and its application in agriculture
should be monitored. The growing prevalence and spread of ARB and ARGs pose a significant public
health concern around the world. A sound knowledge of the sources and transmission mechanisms of
antibiotic resistance in various environments is required to develop effective strategies for managing
these risks and evaluating their impact on human health. The study is a preliminary study and a base
for further in-depth metagenomic and metatranscriptomic analyses.

Supplementary Materials: The following are available online at http://www.mdpi.com/2076-3417/10/17/5816/s1,
Figure S1: Similarity of samples, based on the occurrence of antibiotic-resistance genes (ARGs).
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ARTICLE INFO ABSTRACT

Keywords: Wastewater treatment plants (WWTPs) release drug-resistant microorganisms to water bodies (with effluents),
Klebsiella pneumoniae and WWTP employees are exposed to bioaerosol emissions from the processed wastewater. Bacteria of the genus
Wastewater

Klebsiella, in particular carbapenemase-producing (CP), hyper-virulent (Hvr) strains of Klebsiella pneumoniae, play
a special role in this process. Klebsiella spp. strains isolated from wastewater, river water and the upper respi-
ratory tract of WWTP employees were analyzed in this study. The isolated strains were identified as K. pneu-
moniae (K. pn) or K. non-pneumoniae (K. npn). The prevalence of nine types of genes encoding resistance to beta-
lactams, nine genes encoding virulence factors and K1/K2 capsular serotypes, three genes encoding multi drug
effluent pump systems, and the class 1 integron-integrase gene was determined by PCR. A total of 284 Klebsiella
spp. isolates were obtained in the study: 270 environmental strains and 14 strains from the upper respiratory
tract. Among environmental isolates 90.7% (245/270) harbored beta-lactam resistance genes, 17.4% (47/270)
were classified as CP strains, 11.1% (30/270) were classified as Hvr strains, and 1.9% (5/270) were classified as
CP-Hvr strains. CP-Hvr strains were also isolated from WWTP employees. Genes encoding f(-lactamases
(including carbapenemases), complete efflux pump systems and the K1 serotype were identified more frequently
in K. pn strains. In turn, K. npn strains were characterized by a higher prevalence of blagyy and intI1 genes and K2
serotype gene. The strains isolated from wastewater and river water also differed in the abundance of drug
resistance and virulence genes. The results of the study indicate that CP-Hvr K. pn strains are possibly transmitted
from wastewater via bioareosol to the upper respiratory tract of WWTP employees. blaggs-type carbapenemases
significantly contributed to the spread of drug resistance in the environment.

Antibiotic resistance
Beta-lactamases
Virulence

Bioaerosol

1. Introduction

Biological treatment processes of wastewater in wastewater treat-
ment plants (WWTPs) create a supportive environment for the hori-
zontal transfer of antibiotic resistance genes (ARGs), and are not
designed to eliminate microbial contaminants such as multidrug-
resistant bacteria (MDRB) (Rizzo et al., 2013). WWTPs usually adopt
different types of biological treatment processes (e.g. activated sludge,
membrane bioreactor or anaerobic techniques) with various removal
efficiency of antibiotic-resistant bacteria (ARB) and ARGs (Yuan et al.,
2016). Treated wastewater is evacuated to natural water bodies, which
significantly contributes to the spread of antibiotic resistance in the

* Corresponding author.

environment (Tesfaye et al., 2019; Alexander et al., 2020). In WWTPs,
pathogenic microorganisms (including MDRB) are not confined to
wastewater and are also highly abundant in bioaerosols that are
generated at different stages of wastewater treatment. Sand traps, acti-
vated sludge bioreactors and sludge lagoons are the main sources of
bioaerosol emissions (Lu et al., 2020; Breza-Boruta, 2010; Karra and
Katsivela, 2007; Korzeniewska, 2011). K. pneumoniae may constitute up
to 5% of the microbiological composition of bioaerosol in the proximity
of mechanical and biological wastewater treatment sites (Korzeniewska
and Harnisz, 2012). Bioaerosols pose a considerable health threat for
WWTP employees who work long hours in hazardous conditions and are
at high risk of infection. Microbial cells suspended in bioaerosols are
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inhaled with air and accumulate in the throat and the upper respiratory
tract (Lou et al., 2021; Zielinski et al., 2020).

Gram-negative bacteria of the family Enterobacteriaceae deserve
special attention in the group of MDRB present in wastewater and bio-
aerosols (Korzeniewska and Harnisz, 2012; Korzeniewska 2011). These
bacteria are often resistant to all antibiotics or are sensitive only to older
and more toxic antimicrobials (Magiorakos et al., 2012). The spread of
antibiotic resistance in the family Enterobacteriaceae, in particular
Klebsiella pneumoniae, gives serious cause for concern because these
bacteria are responsible for a high percentage of hospital infections,
including urinary tract infections, pneumonia, bacteremia and
intra-abdominal infections (Sakkas et al., 2019). In 2017, the World
Health Organization published a list of antibiotic-resistant priority
pathogens for which innovative treatments are urgently needed.
Enterobacteriaceae resistant to carbapenems and third-generation ceph-
alosporins were listed as critical priority pathogens (WHO, 2017).

The production of p-lactamases encoded by, among others, blatgy,
blasyy, blactx and blapxa genes, is one of the key resistance mechanisms
in Klebsiella spp. These genes may also be responsible for encoding the
ESBL (extended-spectrum beta-lactamases) mechanism. ESBL-
producing bacteria are resistant to most f-lactams, and the expression
of ESBL mechanisms is particularly dangerous in highly virulent or-
ganisms (Gniadkowski 2008). To date, more than 350 different ESBL
variants have been identified, which have been grouped into nine
distinct families. The main types of ESBL include TEM, SHV, CTX-M and
OXA (Bubpamala et al., 2018). Since ESBLs are not effective in hydro-
lyzing cephamycins or carbapenems, these antibiotic groups - particu-
larly carbapenems, are recommended for the treatment of infections due
to ESBL producers (Silago et al., 2021). However, a new group of
B-lactamases — carbapenemases — has been identified in Enterobacteri-
aceae in the last decade (CDC 2013). Carbapenemases are enzymes that
hydrolyze most p-lactams, including carbapenems, and have a broad
substrate spectrum. Carbapenemase types such as Klebsiella pneumoniae
carbapenemase (KPC), OXA p-lactamase (OXA-48), metal-
lo-p-lactamases (MBL), including imipenemase (IMP), Verona
integron-encoded metallo-p-lactamase (VIM) and New Delhi metal-
lo-p-lactamase (NDM), have been increasingly detected in recent years
(ECDC, 2019). Guiana extended-spectrum f-lactamases (GES) are also
increasingly identified in Gram-negative bacteria, including
K. pneumoniae (Gomi et al., 2018). Twenty-three GES types have been
identified to date (Naas et al., 2016). Most of them are able to hydrolyze
extended-spectrum cephalosporins, and nearly half show carbapenem-
ase activity (Naas et al., 2016; Kim, 2016). Despite the above, blaggs
carbapenemases are not clinically monitored because of their presum-
ably weak carbapenems hydrolyze and they are far less prevalent than
other carbapenemases (Cave, 2019). A 2017 report of the European
Antimicrobial Resistance Surveillance Network (EARS-Net) demon-
strated considerable variability in the national percentages of carbape-
nem resistance in K. pneumoniae isolates from invasive infections,
ranging from 0% to 64.7%. In 2014-2017, the prevalence of
carbapenem-resistant K. pneumoniae isolates increased in Slovakia,
Poland and Portugal (ECDC, 2018). Klebsiella pneumoniae (as a group of
bacteria), along with selected genetic determinants (including blacrx.m,
blatgm, blanpm.1, blayiv, blagpc, and intll) have been suggested as
possible indicators to assess antibiotic resistance status in environmental
settings (Berendonk et al., 2015). The global distribution of carbapenem
resistance mechanisms is extensive. The spread of KPC-producing
K. pneumoniae is considered to be endemic in the USA, China, Italy,
Poland, Greece, Israel, Brazil, Argentina, Columbia and Taiwan.
Endemic occurrence of NDM-producing K. pneumoniae is thought to
occur in the Indian subcontinent, Pakistan and Bangladesh. For
OXA-48-like-producing K. pneumoniae, endemic spread has also been
reported in Turkey, Morocco, Tunisia, Libya, Egypt and India (Lee et al.,
2016; Nordmann and Poirel, 2014). The other classes of carbapenemases
also seem to be particularly frequent among members of the Entero-
bacteriaceae family, including GES-type enzymes (widely reported in
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Brazil, Turkey and South Korea), VIM-type (endemic in Greece, Spain,
Italy, South Korea and Taiwan) and IMP-type (mainly in Japan, Taiwan
and Eastern China) (Nordmann and Poirel, 2014).

In addition to antibiotic resistance genes, K. pneumoniae also produce
virulence factors that are required for colonization, adhesion, invasion
and infection progression. Virulence factors include lipopolysaccharides
(LPS) in the cell wall, capsules, adhesins and siderophores. Hyperviru-
lent strains of K. pneumoniae (HvK. pn.) which are responsible for serious
cases of bacteremia and pyogenic liver abscesses have been increasingly
described in the literature (Ali and Al-kakei Sana’a, 2019). Bacterial
capsules are regarded as the main virulence factor of Klebsiella spp.
because they protect the pathogen against phagocytosis and the bacte-
ricidal activity of the blood serum. Numerous capsular serotypes have
been reported for Klebsiella spp. (including K1, K2, K5, K54 and K57),
where serotypes K1 and K2 have the highest clinical significance (Jasim
et al., 2020). The rmpA gene (regulator of the mucoid phenotype) is
often linked with hypervirulent strains that cause liver abscesses (Hsu
et al., 2011). Research has demonstrated that hypervirulent strains
harbor a combination of iron acquisition systems, including enter-
obactin (Ent) — the prototype catechol siderophore; Kfu — iron (III) up-
take system; aerobactin — a hydroxamate siderophore whose receptor is
encoded by the iutA gene; and yersiniabactin (YbtS) — the phenolate
siderophore that differs structurally from Ent and Kfu, participates in
iron (IIT) uptake and is frequently identified in hypervirulent strains (Ali
and Al-kakei Sana’a, 2019; Compain et al., 2014). The allS gene
(encoding allantoin metabolism) is strongly correlated with
K. pneumoniae isolates responsible for pyogenic liver abscesses. The
remaining virulence factor genes in K. pneumoniae strains encode
fimbrial and non-fimbrial adhesins. These include mrkD, the type 3
fimbrial adhesin gene which mediates the adhesion of bacterial cells to
the extracellular matrix (Compain et al., 2014). A precise definition of
hypervirulent K. pneumoniae does not exist in the international litera-
ture, but many researchers have argued that such a definition is urgently
needed. In the present study, isolates harboring the aerobactin gene
(iutA) and at least one hypermucoid phenotype gene (magA, K2, rmpA)
were classified as hypervirulent based on the definition of Hvr K. pn
strains proposed by Liu et al., (2019).

Efflux pumps that actively remove drugs from bacterial cells are an
additional mechanism of antibiotic resistance in Klebsiella spp. In
K. pneumoniae, efflux pump systems include AcrAB of the Resistance
Nodulation Division (RND) family and MdtK of the Multi-Antimicrobial
Extrusion (MATE) family. The AcrAB-TolC pump is composed of an
outer membrane channel (TolC), a secondary transporter in the inner
membrane (AcrB) and a periplasmic component (AcrA) (Wasfi et al.,
2016). The advancement of molecular methods in the recent decades has
led to the observation that the overexpression of efflux pumps is linked
with clinically significant levels of multidrug resistance (Sun et al.,
2014). The importance of efflux pumps in the context of p-lactam
resistance has been investigated for several decades in Enterobacteriaceae
(Maurya et al., 2019).

Hazardous working conditions in WWTPs and the risk of microbial
transmission to the respiratory tract of WWTP employees have been
extensively researched (Lu et al., 2020; Yang et al., 2018; Cyprowski
et al., 2015; Han et al., 2019). However, the transmission of dangerous
and clinically significant pathogens such as carbapenemase-producing,
hypervirulent (CP-Hvr) Klebsiella pneumoniae including the genetic
mechanisms of drug resistance and virulence has never been studied in
detail. According to many researchers, the virulence potential of envi-
ronmental strains of K. pneumoniae remains insufficiently investigated
and requires further study (Barati et al., 2016; Podschun et al., 2001).

In view of the above, the present study set out to analyze the envi-
ronmental strains of Klebsiella spp. isolated from wastewater, river water
and the upper respiratory tract of WWTP employees. The main aim of
the study was to identify environmental variants of carbapenemase-
producing, hypervirulent (CP-Hvr) Klebsiella pneumoniae. The study
focused on a WWTP as a potential source of CP-Hvr K. spp. emissions to
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the upper respiratory tract of the plant’s employees (bioaerosols in the
activated sludge bioreactor) and natural water bodies (receptacles of
treated wastewater). Quantitative and qualitative differences in the
prevalence of antibiotic resistance genes and virulence were determined
between the studied microbial groups (Klebsiella pneumoniae and Kleb-
siella non-pneumoniae) and environments (wastewater and river water).
Untreated wastewater (reaching the WWTP) was also analyzed to
determine whether it is a significant source of drug-resistant and
hypervirulent strains of Klebsiella spp. The seasonality of antimicrobial
resistance rates was investigated by analyzing strains isolated from
samples collected in three seasons.

2. Materials and methods
2.1. Study site and sampling

The study area (WWTP and river) has been previously described
(Zielinski et al., 2020; Gotkowska-Plachta et al., 2016). The WWTP
operates a mechanical-biological treatment system without a disinfec-
tion process. The plant processes municipal sewage from the city of
Olsztyn (including 20% of industrial and 2% of hospital wastewater).
The treated effluent is evacuated to the Lyna River.

Samples of river water collected upstream from the wastewater
discharge point (URW), untreated wastewater (UWW), wastewater from
the activated sludge bioreactor (AS), treated wastewater (TWW), and
river water collected downstream from the wastewater discharge point
(DRW) were acquired in winter (February), summer (June) and autumn
(September) of 2019. Samples of URW and DRW were collected
approximately 600 m and 2000 m from the discharge point, respec-
tively. A total of 15 samples (3 URW, 3 UWW, 3 AS, 3 TWW, and 3 DRW)
were collected during the study. Samples of 1000 mL each were
collected into sterile glass bottles. Five grab samples of river water of
around 200 mL each were collected individually and combined into a
composite sample. Wastewater for analysis was sampled at hourly in-
tervals over a period of 24 h. Hourly samples (~45 mL) were pooled to
provide a composite wastewater sample (1000 mL). The samples were
transported to the laboratory at a temperature of 4 °C and were pro-
cessed on the day of collection.

Nasal and throat swabs were obtained from the employees of the
WWTP in Olsztyn (45 persons) on the day of wastewater sampling. The
test group (employees of the wastewater treatment plant) routinely
performed work activities. They were responsible for systematic obser-
vations at all stages of wastewater treatment (including within the
activated sludge bioreactor). Samples were taken during their standard
working days. The swabs were collected after the workers’ morning
inspections. The swab sampling was conducted by the authors of the
study, who had been trained in the procedures of nasopharyngeal swab
sampling. Both types of swabs were acquired from each employee.
Swabs were collected from 15 individuals in each season, and they were
pooled to produce composite samples for each sampling site. Swabs
were also collected from a randomly selected healthy control group of
individuals who were not WWTP employees (a total of 15 people).
During the entire study, nasal and throat swabs were collected three
times from WWTP employees and the control group.

2.2. Isolation of Klebsiella spp. and genomic DNA extraction

River water and WW samples were homogenized and diluted to
isolate Klebsiella spp. strains. Sample specimens of 0.1 mL each and 0.1
mL of each serial dilution (10’1, 1072 and 10~3) were inoculated on
culture media. Klebsiella ChromoSelect Selective Agar (Sigma-Aldrich,
Merck) supplemented with Klebsiella Selective Supplement (Sigma-
Aldrich, Merck) was used for selective isolation and detection of Kleb-
siella species (Pérez-Diaz et al., 2018). After inoculation, the plates were
incubated at 37 °C for 24 h. A chromogenic mixture incorporated in the
media is cleaved specifically by Klebsiella species to produce
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purple-magenta (mucoid) colonies. Typical single colonies were trans-
ferred to Tryptone Soya Agar (Sigma-Aldrich, Merck) and incubated for
24 h at 37 °C. The obtained bacterial cultures were suspended in
phosphate-buffered saline (PBS) (1.5 mL 1xPBS). Bacterial suspensions
were centrifuged for 5 min at 8000 rpm to obtain pellets for DNA
isolation.

Nasal and throat swab sticks were placed in 50 mL sterile falcon
tubes to isolate Klebsiella spp. strains. 10 mL of 1xPBS was added to the
falcon tubes. The tubes were placed in the Grant-bio PTR-60 360° Ver-
tical Multi-Function Rotator (Grant Instruments) and shaken by vertical
rotation (200 rpm for 5 h) (Zielinski et al., 2020). 0.1 mL of the extract
was inoculated and successive steps were identical to those described in
the procedure of isolating bacteria from water and wastewater samples.
A total of 332 Klebsiella spp. isolates were obtained: 50 from URW, 64
from UWW, 67 from AS, 59 from TWW, 42 from DRW, 39 from throat
swabs, and 11 from nasal swabs. Bacterial genomic DNA was extracted
using the heat treatment method (Dashti et al., 2009) with minor
modifications (Osinska et al., 2017). 0.5 mL of double-distilled water
(ddH20) was added to the bacterial pellet and vortexed to obtain a
suspension. The bacterial suspension was incubated at 95 °C for 10 min
in the Grant QBD4 Block Heater (Grant Instruments) and centrifuged for
5 min at 4000 rpm. The supernatant (DNA) was transferred to a sterile
Eppendorf tube. The quality and quantity of the obtained genetic ma-
terial were evaluated with the Multiskan SkyMicroplate Spectropho-
tometer (Thermo Scientific, Waltham, MA, USA). DNA was stored at
—20 °C for further analysis.

2.3. ERIC-PCR fingerprinting

The enterobacterial repetitive intergenic consensus-PCR (ERIC-PCR)
method was used to generate DNA fingerprints of Klebsiella spp. isolates.
The ERIC-PCR reaction was performed according to the procedure
described by Versalovic et al. (1991) with minor modifications (Osinska
et al., 2017) using ERIC 1 and ERIC 2 primers (Table S1). PCR products
were separated on 1.5% agarose gel (Sigma-Aldrich, Merck) stained
with ethidium bromide (0.5 mg/mL). Digital image data from electro-
phoresis gels were obtained using the Gel Doc EZ System and Image
Lab™ Software (Bio-Rad Laboratories, CA, USA). Selected Klebsiella spp.
isolates had identical profiles in ERIC-PCR fingerprinting. Identical
isolates from the same sampling sites and sampling series were excluded
from further analyses. Finally, a total of 284 unique isolates (40 from
URW, 64 from UWW, 65 from AS, 59 from TWW, 42 from DRW, 5 from
throat swabs, and 9 from nasal swabs) were selected for analysis — 270
environmental isolates and 14 strains collected from the upper respira-
tory tract.

2.4. Identification of Klebsiella pneumoniae

Klebsiella pneumoniae strains were identified by PCR based on the
16S-23S internal transcribed spacer (ITS) region according to the
method described by Liu et al. (2008) (Table S1). PCR products were
separated on 1.5% agarose gel (Sigma-Aldrich, Merck), stained with
ethidium bromide (0.5 mg/mL).

2.5. Detection of resistance and virulence genes

The presence of nine beta-lactam resistance genes (blacrx, blasny,
blaTEM, blaOXA, blaKpc, blaGEs, blaNDM, blaIMp) and one Subtype (bla()XA_
48), nine genes encoding virulence factors and K1/K2 capsular serotypes
(ybtS, mrkD, entB, rmpA, K2, kfu, allS, iutA, magA), three genes encoding
multidrug efflux pump systems (tolC, acrAB, mdtk), and one class 1
integron-integrase gene (intll) were determined by standard PCR in
genomic DNA of 284 Klebsiella spp. isolates (Compain et al., 2014; Wasfi
et al., 2016; Kim et al., 2009; Goudarzi et al., 2019; Monteiro et al.,
2012; Goldstein et al., 2001). PCR was performed in a reaction mix with
a volume of 15 pL, containing a pair of specific primers (Table S1), 1 uL
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of genomic DNA of each sample, and the NZYTaq II 2xGreen Master Mix.
PCR products were separated electrophoretically by transferring 5 pL of
each amplified DNA fragment to 1.5% agarose gel stained with ethidium
bromide (0.5 pg/mL) (Sigma, St. Louis, MO, USA). Electrophoresis was
conducted for 1 h at 100 V in 0.5 x TBE buffer. A positive control for
individual genes was used for each of the PCR reactions. Up to 10
randomly selected reaction products were sequenced for each gene to
verify the accuracy of the reaction results.

2.6. Data analysis

A bubble plot showing the relative abundance (%) of the analyzed
genes was developed in RStudio using the ggplot2 package. To measure
the similarity between data sets (binary variables), the Jaccard coeffi-
cient of Gower & Legendre was calculated in RStudio using the dist.bi-
nary (ade4) package, and hierarchical cluster analysis was performed.
The plotted tree was saved in Newick (parenthetic) format. The den-
drograms were displayed, annotated and managed using the Interactive
Tree Of Life (iTOL) online tool (Letunic and Bork, 2019). Data were
processed statistically in the STATISTICA 13.1 software package (Stat-
Soft Inc.). The Chi-square test was used to detect statistically significant
differences in the occurrence of the studied genes between the research
seasons (p < 0.05). The Principal Component Analysis (PCA) was based
on the similarity of bacterial isolates in each sampling site. Spearman’s
rank correlation coefficient was calculated to determine the correlations
between the prevalence of the analyzed genes (p < 0.05). The results of
the correlation analysis were visualized in Gephi 0.9.2 software using
Force Atlas 2 and Expansion layouts. The Edge Weight Filter was set at
0.2 to cut off negligible correlation values. The mean cumulative num-
ber of virulence factors per isolate was determined by summing up the
total number of virulence genes in selected groups of bacteria/sampling
sites and dividing the result by the number of the analyzed strains
(Podschun et al., 2001).
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3. Results
3.1. Environmental isolates

3.1.1. The prevalence of Klebsiella pneumoniae in environmental samples
(K. pneumoniae 16S-23S ITS gene)

A total of 270 environmental strains of the genus Klebsiella (K. spp.)
were isolated, including 102 identified as K. pneumoniae (K. pn) based on
the presence of the ITS gene, and 168 strains without the ITS gene,
identified as Klebsiella non-pneumoniae (K. npn). Klebsiella pneumoniae
was isolated from the samples collected in all sites during all seasons
(Fig. 1). The highest prevalence of K. pn in the environmental strains of
K. spp. was observed in AS (51.5%) and in summer samples (42.2%).
Klebsiella pneumoniae was least abundant in DRW and TWW isolates at
39.9% and 25.4%, respectively.

3.1.2. The prevalence of genes encoding carbapenemases (types blagpc,
blaggs, blanpy, blajpp and subtype blapxa-4g) and beta-lactamases (types
blacry, blaggy, blapxa, blasyy) in Klebsiella spp. isolates

The blaggs gene was the most prevalent carbapenemase gene which
was identified in 8.2% of all isolates. The blaggs gene was the only
carbapenemase gene in strains isolated from all sampling sites and in all
seasons (Fig. 1). The prevalence of the blaggs gene differed between
isolates acquired in various seasons, and it was determined at 13.3% in
winter samples, 6.9% in summer samples and 2.5% in autumn samples
(p < 0.05 for W and A). This gene was also abundant in the strains
isolated from TWW (15.3%). Interestingly, the blaggs gene was more
frequently detected in K. pn isolates (14.4%) than in K. npn isolates
(3.9%). The blayyy gene was identified in 6.0% of all isolates, and it was
most frequently noted in UWW (12.3%) and AS isolates (9.1%). This
gene was not detected in isolates from TWW. Similarly to blaggs, the
blayyy gene was more prevalent in K. pn (12.5%) than in K. npn strains
(1.7%). The prevalence of blakpc, blayvp and blapxa-4s genes was similar
(2.2%, 1.9% and 2.2% of all isolates, respectively). It should be noted
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Fig. 1. A bubble plot showing the relative abundance (%) of the analyzed genes in Klebsiella spp. strains isolated in different seasons (W — winter, S — summer, A —
autumn) from different sampling sites (URW — upstream river water, UNW — untreated wastewater, AS - activated sludge bioreactor, TWW - treated wastewater,
DRW - downstream river water) and from pooled samples (river - URW, DRW; WWTP — UWW, AS, TWW), with a division into Klebsiella pneumoniae (K. pn) and

Klebsiella non-pneumoniae (K. npn).
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that blagpc and blapp were not detected in any of the isolates from river
water. The blapxa-4s gene was present only in K. pn isolates. Regardless
of season and sampling site, none of the isolates harbored the blanpy
gene.

In Klebsiella spp., blatgy was the most prevalent p-lactamase gene
(69.8%) which was more frequently detected in summer (99.0%) than
winter (56.7%) or autumn (61.7%). The blargy gene was the only ARG
that was more abundant in isolates from river water (80.4%) than from
wastewater (72.1%) isolates, and in K. npn (82.0%) than in K. pn
(62.5%) strains. In turn, blasyy (25.4%) and blapxa (9.9%) were more
prevalent in K. pn (53.8% and 17.3%, respectively) than in K. npn (4.5%
and 3.7%) strains. The blacrx gene was the least abundant f-lactamase
gene (1.3%), and it was not identified in URW and AS isolates.

3.1.3. The prevalence of virulence genes (ybtS, mrkD, entB, rmpA, K2, kfu,
allS, iutA, magA) in Klebsiella spp. isolates

entB, iutA and ybtS were the most prevalent virulence genes that were
identified in 43.3%, 40.0% and 40.0% of all examined environmental
isolates of Klebsiella spp., respectively. The abundance of the entB gene
was 50% higher in K. pn isolates and 18% higher in wastewater isolates
than in K. npn and river isolates, respectively. In turn, iutA and ybtS were
more prevalent in river water isolates and K. npn strains (by 15% on
average). The frequency of magA and mrkD was high in K. pn strains
(48.0% and 35.3%, respectively), but very low in the remaining K. spp.
isolates. (2.4% and 0.6%, respectively). The kfu gene (16.0% in all iso-
lates) was also more frequently identified in K. pn (24.0%) than in K. npn
(10.7%). The allS (10.0% in all isolates) was most prevalent in isolates
from autumn samples and its frequency was highest in URW isolates.
The prevalence of the K2 gene was highest in wastewater (maximum
abundance of 13.7% in TWW), but it was more frequently detected in K.
npn than in K. pn isolates. The rmpA gene (3.7%) was the least abundant
virulence gene, and it was not identified in URW isolates.

3.1.4. The prevalence of genes encoding class 1 integrase (intl1) and efflux
pumps (acrAB, tolC, mdtK) in Klebsiella spp. isolates
On average, 67.2% of Klebsiella spp. isolates harbored the class 1
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integrase gene. The prevalence of the intl1 gene was similar in all sea-
sons (from 60.8% in summer to 74.0% in autumn). The intl1 gene was
most frequently detected in river water isolates (86.0% in URW and
73.8% in DRW), and it was least frequently noted in AS isolates (50.0%).
Klebsiella non-pneumoniae strains harbored the intll gene more
frequently (71.9%) than K. pn strains (60.6%). The prevalence of genes
encoding the AcrAB-TolC efflux pump system was high in the analyzed
Klebsiella spp. strains. The acrAB gene was identified in 92.2% of all
isolates, and its prevalence was as high as 98.1% in K. pn strains.
However, fewer isolates harbored the tolC gene (74.6% on average). The
tolC gene was least frequently detected in river water (53.1%) and in K.
npn. isolates (58.4%). Both efflux pump genes (acrAB and tolC) were
identified in 68.5% of all isolates. These genes were present in 90.2%
(92/102) of K. pn isolates and in 55.4% (93/168) of K. npn isolates. The
mdtK efflux pump gene was present in only 8/270 of the tested strains
(2.9%), and it was not detected in UWW isolates. Six strains, including
five K. pn strains and one K. npn strain, harbored a total of three efflux
pump genes.

The principal component analysis (PCA) revealed that the examined
variables were grouped based on differences between sampling sites and
K. pn vs. K. npn strains (Fig. 2).

The analyzed genes formed two distinct clusters corresponding to the
main sampling sites: river water - URW and DRW (marked in blue) and
wastewater — UWW, AS and TWW (marked in yellow). River water
isolates were characterized by a prevalence of ybtS, iutA and allS viru-
lence genes, the intll gene and the blargy drug resistance gene. Viru-
lence genes were more frequently identified in URW isolates, whereas
the blatgy gene was more abundant in DRW isolates. In the cluster of the
genes detected in river water isolates, K. npn strains from DRW isolates
were located closely to the blatgy gene. The cluster of genes charac-
teristic of wastewater isolates contained all carbapenemase genes,
blagny, blapxa, efflux pump genes, mrkD, magA, entB, kfu, rmpA and K2
virulence genes, and the ITS gene (used in the identification of Klebsiella
pneumoniae). The blactx gene was not grouped in either cluster.
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Fig. 2. Principal component analysis (PCA) based on the distribution of the analyzed genes and K.pn and K. npn groups in sampling sites. The genes isolated from
WWTP samples and samples of river water formed two distinct groups that are marked in yellow and blue, respectively. (For interpretation of the references to color

in this figure legend, the reader is referred to the Web version of this article.)
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3.1.5. Hypervirulent (Hvr) and carbapenemase-producing (CP) strains of
Klebsiella spp.

90.7% (245/270) of the analyzed isolates harbored at least one
antibiotic resistance gene, and 86.3% (233/270) harbored at least one
virulence gene. In the group of 270 Klebsiella spp. strains, 17.4% (47/
270) harbored carbapenemase genes, of which 17% (8/47) harbored
more than one carbapenemase gene. Among CP-K. spp. strains, 70.2%
(33/47) were identified as K. pn. The number of CP strains was similar in
the samples acquired in different seasons: W — 18 (19.8%); S - 15
(15.3%); A — 14 (17.3%), but it differed across sampling sites: URW - 4
(10.0%), UWW - 15 (23.4%), AS — 13 (20.0%), TWW - 12 (20.3%), and
DRW - 3 (7.1%). Among Klebsiella spp. strains 11.1% (30/270) were
classified as hypervirulent. Within the 30 Hvr strains, 46.7% (14/30)
were identified as K. pn. The highest number of Hvr strains was isolated
in summer: 16 (16.3%), followed by autumn: 8 (9.9%) and winter: 6
(6.6%). The frequency of Hvr Klebsiella spp. strains varied across sam-
pling sites: URW -4 (10.0%), UWW — 4 (6.3%), AS—11 (17.0%), TWW —
9 (15.6%), and DRW — 2 (4.8%). Five Hvr Klebsiella spp. strains were
classified as CP-Hvr Klebsiella spp., including three K. pn (CP-Hvr K. pn.)
strains and two K. npn (CP-Hvr K. npn) strains. Clusters of similarity
among Klebsiella spp. isolates were identified in each sampling season
(Fig. 3). The majority of K. pn isolates were grouped in 3 clusters: IIA, IIB
and IIC. These clusters were characterized by the highest abundance as
well as the highest diversity of the examined genes. Many isolates con-
tained both blagyy and entB genes, and they frequently harbored genes
encoding the AcrAB-TolC efflux pump system. iutA and magA were the
predominant co-occurring hypervirulence determinant genes (8/10).
These clusters were also characterized by the highest abundance of CP
strains containing all carbapenemase genes (excluding NDM). The dis-
cussed clusters featured all K. pn strains harboring all three efflux pump
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genes. Clusters IA, VIB and VC were highly abundant in intI1 (100%),
blatgm (97.0%), ybtS (91.2%) and uitA (75.0%) genes characteristic of
river water isolates (Fig. 2). In these clusters, hypervirulence was
determined by the combination of iutA and K2 genes (11/12). It should
be noted that clusters IB, IVB and IVC contained the only strains whose
mechanism of hypervirulence relies on the rmpA gene (all strains were
isolated from AS).

The cumulative number of virulence genes per strain was calculated
to determine whether K. pn and K. npn strains differed in virulence

Table 1

Distribution of virulence factors in Klebsiella spp. isolated from wastewater and

river water.

Virulence factor

Number (%) of positive isolates

Wastewater K. River Wastewater River
pn (n = 69) water K. K. npn(n= water K.
pn(n= 119) npn (n =
33) 49)
ybtS 24 (35) 15 (46) 41 (349 28 (57)
mrkD 25 (36) 11 (32) 1) 0(0)
entB 54 (78) 21 (63) 36 (30) 6 (12)
rmpA 34 0 (0) 6 (5) 1(2)
K2 57 1(3) 14 (12) 3(6)
kfu 20 (29) 5(15) 12 (10) 6(12)
alls 4 (6) 9 (27) 7 (6) 7 (14)
iutA 24 (35) 12 (36) 46 (39) 26 (53)
magA 36 (52) 13 (39) 4(3) 0(0)
Mean cumulative 2.8 2.6 1.4 1.5
no. of virulence
factors per
isolate
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factors and whether differences were observed across sampling sites
(Table 1). No significant differences in the abundance of virulence genes
were noted between sampling sites. However, significant differences
were observed between the examined microbial groups (K. pn > K. npn).

3.2. Klebsiella spp. strains isolated from the upper respiratory tract of
WWTP employees

Klebsiella spp. strains were isolated from throat and nasal swabs only
in winter; therefore, they were analyzed separately from the environ-
mental strains isolated in all seasons. The strains isolated from swabs
were compared only with the strains isolated from the AS bioreactor,
which is considered as the sampling site with the highest potential risk of
bioaerosol transmission (Fig. 4). A total of 14 unique Klebsiella spp.
isolates were obtained, including 7 (50.0%) from WWTP employees and
7 (50.0%) from the control group. In the group of seven strains isolated
from the employees, six were isolated from nasal swabs (NW) and one
was isolated from throat swabs. In the control group, 3/7 strains were
isolated from nasal swabs (NC) and 4/7 strains were isolated from throat
swabs (TC). Seven of the nine nasal isolates (77.7%) were classified as
K. pn, and all throat isolates (5/5) were classified as K. npn. Thirteen out
of 14 swab isolates (92.9%) harbored the ybtS virulence gene. All nasal
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swab isolates (9/9) harbored the entB virulence gene. The isolates from
employee swabs were characterized by a low prevalence of efflux pump
genes (only the acrAB gene was detected in 2/7 isolates). None of the
strains isolated from various sampling sites had an identical genetic
profile.

The strains isolated from employee swabs were characterized by a
higher prevalence of drug resistance and virulence genes than the con-
trol group isolates. Six of the seven strains isolated from employee swabs
harbored carbapenemases genes (100% NW strains). All of these strains
harbored the blaggs, gene. Two of the seven strains isolated from
employee swabs were hypervirulent, and they differed in virulence de-
terminants (iutA + magA and iutA + rmpA). CP and hypervirulent strains
were not detected in the control group.

Swab isolates formed four main clusters containing strains that were
isolated from AS samples in winter (Fig. 4). All Hvr and CP strains were
grouped in three clusters: II, III and IV. Cluster II was characterized by
the highest frequency of drug resistance genes. All strains in cluster II
harbored carbapenemase genes. Cluster I contained all TC strains and
one strain from AS samples, and it was characterized by the lowest
frequency of resistance genes.
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3.3. Correlations between the genes present in environmental K. spp. and
Klebsiella isolated from the upper respiratory tract

Two groups of genes bound by positive correlations inside each
group and negative correlations with the other group were identified
(Fig. 5). Group I contained intl1, blatgy, iutA and ybtS, and group II
contained ITS, tolC, acrAB, entB, mrkD, magA, blayyy, blasyy, blapxa and
blapxa-4g- The blaggs gene was present in both groups, and it was bound
by both positive and negative correlations with group II genes.

A strong correlation was observed only between magA and mrkD
(0.63). The ITS gene (K. pn) was bound by a moderate positive corre-
lation with blasyy, magA, entB and mrkD, and a weak positive correlation
with blaggs, blayny, blapxa and tolC. Positive correlations were noted
between two subunits of the AcrAB-TolC efflux pump system. The acrAB
gene was bound by a weak negative correlation with blaggs, whereas
tolC was positively correlated with ITS, entB, mrkD, blagyy and magA.
The intl1 gene was bound by a weak positive correlation with blatgy.
Weak negative correlations were observed between the blargy gene and
blagyy, mrkD, entB and magA, between blaggs and acrAB, between ybtS
and entB, and between the iutA gene and mrkD and entB. The correlation
matrix is presented in the Supplementary Materials (Table S2).

4. Discussion

Beta-lactamase-producing Enterobacteriaceae strains are ubiquitous
in the environment (Debabza et al., 2018). The prevalence of environ-
mental Klebsiella spp. isolates harboring p-lactam resistance genes was
very high (90.7%) in the present study. It may be due to the presence of
hospital wastewater in the wastewater inflowing to the WWTP (Cahill
et al., 2019; Zhang et al., 2020). Klebsiella spp. isolated from river water
and wastewater did not differ in the cumulative number of the main
B-lactamase-encoding genes (blacrx, blasyy, blatem, blapxa). Approxi-
mately 90.0% of the strains isolated from both environments harbored at
least one p-lactamase gene, but blacry, blasgyy and blagxs were more
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frequently identified in wastewater isolates. In a study by Falodun et al.
(2018), Klebsiella spp. was the most prevalent Gram-negative and
B-lactam-resistant bacterium in samples of river water collected in
Nigeria. The results of the present study are similar to the findings re-
ported by Adesoji and Ogunjobi (2016). In the cited study, blatgy and
blagyy genes were most prevalent in Klebsiella spp. isolated from the
water distribution system, whereas the blacTx was noted only sporadi-
cally. In contrast, Al-Kareem et al. (2015) detected the blactx gene in
87.5% of K. pn river water isolates. Similar observations were made by
Makowska et al. (2020) who found that blactx was the most abundant
p-lactamase gene in bacteria isolated from wastewater. These differ-
ences suggest that the prevalence of the blactx gene could be
geographically conditioned (Gundran et al., 2019; Rossolini et al.,
2008). Considerable variations in the prevalence of the main p-lacta-
mase-encoding genes were observed between K. pn and K. npn isolates.
blasyy and blapxa were significantly more prevalent in K. pn, and they
were positively correlated with the gene used in species identification.
The blargv gene was more prevalent in K. npn, and it was negatively
correlated with blagyy.

In Poland, the prevalence of carbapenemase-producing Enter-
obacteriales has been increasing steadily for more than ten years. Strains
producing NDM, KPC, VIM and OXA-48-type carbapenemases have been
most frequently reported (KORLD, 2019). The fact that the blaggs and
blapyp are not included in the reports of the National Reference Center
for Susceptibility Testing (KORLD) gives serious cause for concern, and
it suggests that the abundance of carbapenemase-producing strains
could be much higher than reported. The prevalence of the above strains
as well as strains producing GES and IMP carbapenemases was investi-
gated in the present study. Despite the fact that NDM carbapenemases
are most abundant in Poland (KORLD, 2019), the blaypy gene was not
identified in any of the analyzed isolates. The most prevalent
carbapenemase-encoding genes were blaggs (8.2%) and blaypy (6.0%).
Similar results were reported by Makowska et al. (2020) who found that
blaggs (30.3%) and blayyy (7.8%) were the most frequently occurring CP

Fig. 5. Network analysis of the correlations be-
tween the analyzed genes. Network nodes represent
the analyzed genes. Groups of genes that are iden-
tical to those presented in Figs. 2 and 3 are denoted
by differently colored nodes. Red edges represent
negative correlations, and green edges represent
positive correlations. The size of the node corre-
sponds to the weight of the correlated attributes.
Edge thickness denotes the strength of the correla-
tion between nodes. The network is based on
Spearman’s rank correlation coefficient and in-
cludes values that are significant at p < 0.05. The
identified correlations were described as weak
(0.2-0.4), moderate (0.4-0.6), strong (0.6-0.8) or
very strong (0.8-1.0). (For interpretation of the
references to color in this figure legend, the reader
is referred to the Web version of this article.)
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genes in carbapenem-resistant Enterobacteriaceae (CPE) isolated from
wastewater. Jendrzejewska (2018) detected the blaggs gene in 20.0% of
the isolates from an aeration tank. Piotrowska et al. (2019) reported
numerous variants of the blaggs gene (11 types) in wastewater samples
from an aeration tank. In the present study, all CP genes were more
prevalent in K. pn strains (70.0%) than in K. npn strains (30.0%), and in
wastewater isolates (85.0%) than in river water isolates (15.0%). A
positive correlation was also noted between K. pn and CP genes (blaggs
and blayyy). blapyp and blagpc were not identified in river water isolates,
which could suggest that these genes are not common in environmental
Klebsiella spp. in Poland. However, the strains isolated from DRW sam-
ples were characterized by a higher prevalence of blaggs and blayy
genes than URW isolates. In other studies, CPE were identified in river
water in Switzerland (Bleichenbacher et al., 2020), Sweden (Khan et al.,
2018), Spain (Piedra-Carrasco et al., 2017), Portugal (Kieffer et al.,
2016), Austria (Zarfel et al., 2017), Ireland (Mahon et al., 2017), USA
(Aubron et al., 2005), Brazil (Oliveira et al., 2014) and the Danube River
(Kittinger et al., 2016). The blaggs gene seems to play the key role in the
spread of CP-Hvr Klebsiella spp. from WWTPs. The above gene was
detected in CP-Hvr K. pn strains isolated from WWTP employees and in
the only CP-Hvr strain isolated from DRW samples. The prevalence of
the blaggs gene increased significantly during wastewater treatment
(UWW - 6.2%; TWW - 15.3%). In a study by Makowska et al. (2020),
blaggs was the only CP gene whose abundance increased during waste-
water processing. Similar observations were made by Jendrzejewska
(2018). Such a widespread presence of blaggs in Polish WWTPs may
indicate its specific geographical conditions or relation with treatment
methods based on activated sludge. The reason for such a frequent
occurrence and increasing abundance along the wastewater treatment
stages may be due to the frequent blaggs position on class 1 integrons
(Gatica et al., 2016). In this study, however, no correlations between the
intll and blaggs genes in Klebsiella spp. were observed. Integrons car-
rying blaggs were reported in activated sludge from German (Girlich
et al., 2011) and Portuguese WWTPs (Manageiro et al., 2014). Other
authors suggest that blaggs may be more abundant in southeastern
Mediterranean countries (Gatica et al., 2016). Activated sludge abiotic
factors seem to play a role in determining resistomes. Nutrients and
oxygen are heavily consumed by activated sludge biomass and, conse-
quently, may act as drivers for the microbial community and resistome
composition (Ju et al., 2019). Moreover, the method based on active
sludge itself seems to be the least effective in reducing blaggs compared
to other carbapenemase genes (Makowska et al., 2020). Cave (2019)
also observed a surprisingly high prevalence of blaggs at all stages of
wastewater treatment and in a river acting as a receptacle of treated
wastewater in the USA. According to the cited author, the fact that the
prevalence of the blaggs gene is not monitored by the US Centers for
Disease Control and Prevention (CDC) is highly worrying. The number
of known GES variants increases rapidly, and the number of point mu-
tations of blaggs and their geographic distribution indicate that this
family of enzymes continues to evolve and spread around the world. In
some cases, variants that do not display carbapenemase activity have
expanded their substrate spectrum to include carbapenems, aztreonam
and cephamycin. This observation gives cause for serious concern
because these enzymes could become potent carbapenemases as a result
of single point mutations (Naas et al., 2016; Bogaerts et al., 2010). These
alarming reports call for further research into blaggs gene variants and
their phenotypic determinants of resistance to carbapenems.

Bacteria of the genus Klebsiella occur naturally in river estuaries,
including in areas that are located remotely from human settlements,
and river estuaries can be regarded as a natural reservoir of these species
(Barati er al. 2016). In the present study, 35.9% of river water isolates
were identified as K. pn. Similar values were reported in analyses of
transitional water (48.8%) (Barati et al., 2016), fresh water (31.6%),
brackish water (25.0%) and sea water (25.4%) (Podschun et al., 2001).
Despite the fact that Klebsiella pneumoniae is ubiquitous in nature, very
little is known about its virulence determinants in aquatic environments
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(Barati et al., 2016). An analysis of the mean number of virulence genes
revealed that strains isolated from river water were equally virulent to
the strains isolated from wastewater (Table 1). However, the mean
number of virulence genes were higher in K. pn strains (by 1.3 on
average) relative to the remaining isolates. Identical values of the above
parameter were reported in K. pn strains by Podschun et al. (2001), and
they did not deviate significantly from the values noted in typical clin-
ical isolates (2.9) (Podschun et al., 2000). According to Struve and
Krogfelt (2004), environmental and clinical K. pn strains are charac-
terized by similar virulence. The mean number of virulence genes is a
purely quantitative parameter. In the present study, virulence genes
were also analyzed qualitatively by linking them with specific sampling
sites. Statistical analyses (Fig. 2) demonstrated that three virulence
genes (allS, ybtS, iutA) were highly associated with the strains isolated
from river water and that hypervirulent strains were more abundant in
wastewater.

Capsular serotypes K1 and K2 are associated with the dominant
virulent K. pn strains. In the current study, serotypes K1 and K2
accounted for 19.6% and 8.5% of all Klebsiella spp. isolates. Similar re-
sults were reported by Wasfi et al. (2016) who identified 28.5% of K1
serotypes and 7.1% of K2 serotypes in clinical isolates. In a study by
Feizabadi et al. (2013), K1 and K2 serotypes accounted for 11.2% and
14.6% of all clinical K. pn isolates, respectively. Virulence factors such as
fimbriae, capsules, enterobactin and biofilm have been identified in
nearly all isolates, and they are involved in the pathogenesis of bacterial
infections (Hennequin and Robin, 2015). Hypervirulent K. pn strains
cause more severe and disseminated infections than classical K. pn
strains. Hypervirulent strains are also more resistant to the bactericidal
activity of the blood serum and the phagocytic activity of neutrophils
and macrophages (Harada and Doi, 2018). According to some authors,
Hypervirulence was also defined based on the presence of a mucoidal
phenotype or the rmpA gene (Shankar et al., 2018). The cited authors
identified genes responsible for the Hvr phenotype, in particular magA
(mucoid phenotype A gene associated with the K1 capsular serotype),
rmpA (regulator of the mucoid phenotype A gene) and K2 (capsular
serotype K2 and hypermucoid phenotype) (Harada and Doi, 2018; Liu
and Guo, 2019; Fang et al., 2004). In recent years, Hvr K. pn was iden-
tified based on the iutA gene encoding aerobactin (Zhang et al., 2016).
According to many authors, the iucA/iutA gene also plays a particularly
important role in hypervirulent strains (Russo et al., 2014, 2015). A total
of 30 environmental strains (river water and WWTP) and two strains
isolated from swabs were classified as hypervirulent based on the above
criteria. The most common combination of Hvr determinants was iutA +
K2 (17/32), followed by iutA + magA (11/32) and iutA + rmpA (3/32).
One isolate (1/32) harbored three genes characteristic of hypervirulent
strains (iutA + rmpA + magA). The vast majority of Hvr strains were
associated with the WWTP environment. Interestingly, the aerobactin
gene (iutA) was grouped in an opposite direction to hypermucoid
phenotype genes (Fig. 2). These genes were also located in different
clusters, but they were not bound by direct negative correlations
(Fig. 4). It has been found that carbapenemase-encoding plasmids can be
transferred to Hvr K. pn strains, which poses a serious public health
threat (Siu et al., 2014). In the present study, five environmental Hvr K.
spp. isolates harbored a CP-encoding gene. One CP-Hvr strain was iso-
lated from river water, which gives particular cause for concern. This
strain was isolated from DRW samples, whereas the remaining four
CP-Hvr strains were isolated from the WWTP environment, which could
indicate that WWTPs play a critical role in the spread of CP-Hvr K. pn
strains. A positive correlation was also noted between a CP-encoding
gene (blaypy) and a hypervirulence factor (magA). In this study, a
worrying trend was observed related to the more frequent detection of
hypervirulent strains during the biological treatment (AS) and in treated
(TWW) wastewater compared to untreated wastewater (UWW). Got-
kowska-Ptachta (2021) noticed a similar dependence while studying
virulence determinants in Enterococci occurring in sewage. This may
suggest that during the treatment process, Klebsiella spp. acquired
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certain hypervirulence determinants or that the hypervirulent strains
demonstrated enhanced survivability throughout the biological purifi-
cation process. It seems that the determinants of hypervirulence not only
allow Hvr Klebsiella to survive inside the host but also in the natural
environment. The most important siderophore, i.e. aerobactin, seems to
be of particular importance. It is responsible for iron acquisition from
the environment, contributes to biofilm formation and increases the
expression of active enzymes against toxic reactive oxygen species (ROS)
(Zhu et al., 2021).

Employees of WWTPs are at higher risk of exposure to harmful
biological factors which can exert a negative impact on the respiratory
tract (Cyprowski et al., 2015). Aeration tanks (AS) are considered to be
the main source of bioaerosols in WWTPs, and the respirable fraction
contains up to 70% of bacteria in the area of an aeration tank (Han et al.,
2019). These findings imply that most bacterial aerosols in the work
environment can be potentially accumulated in the upper respiratory
tract. The accumulation of pathogens such as K. pneumoniae can lead to
acute infections in susceptible hosts. Klebsiella pneumoniae and
K. oxytoca appear to be ubiquitous in bioaerosols emitted by the aeration
tank and mechanical treatment systems (Lu et al., 2020). Seasonal
variations in the composition and concentration of biological factors in
bioaerosols emitted by WWTPs have been widely documented (Lou
etal., 2021; Michalkiewicz, 2018; Han et al., 2020). In the current study,
Klebsiella spp. was identified only in nasal and throat isolates collected in
winter. According to research, exposure to a cold environment increases
the risk and severity of respiratory infections. Body cooling can lead to
involuntary vasoconstriction in the nose and the upper respiratory tract,
mucosal dryness, dysfunction of respiratory cilia, and higher suscepti-
bility to infections (D’Amato et al., 2018; Makinen et al., 2009; Mourt-
zoukou and Falagas, 2007). According to general practitioners,
infections of the upper respiratory tract are most prevalent in winter,
and K. pneumoniae is one of the most common causes of bacterial res-
piratory infections outside the hospital setting (Pietrzykowska, 2017). In
the present study, seven Klebsiella spp. strains were isolated from WWTP
employees, including six strains from nose swabs and one strain from
throat swabs. The strain isolated from throat swabs was least virulent,
and it harbored only the ybtS gene and one p-lactamase-encoding gene
(blagyy). All strains isolated from nasal swabs (6/6) harbored the blaggs
gene which encodes resistance to carbapenem. Most of these strains
(5/6) also harbored p-lactamase-encoding genes blatgy and blagyy. The
presence of the blapxa gene was additionally confirmed in one nasal
swab isolate. The strains isolated from nasal swabs harbored entB (6/6),
ybtS (5/6) and iutA (5/6) virulence genes. The gene encoding type 3
fimbriae (mrkD) was identified in one nasal swab isolate, which gives
serious cause for concern. The mrkD gene encodes adhesin that enables
bacterial pathogens to adhere to collagen molecules in mammalian cells
(Ranjbar et al., 2019). Two of the six strains isolated from nasal swabs
harbored magA (1/6) and rmpA (1/6) genes encoding the hypermucoid
phenotype, and they were classified as CP-Hvr K. pn. In the group of
hypervirulent environmental strains, the presence of rmpA was detected
only in Klebsiella strains isolated from AS samples, which could indicate
that the strains isolated from employees were also strongly correlated
with AS isolates. However, unlike AS isolates, the strains isolated from
nasal and throat samples were characterized by a low prevalence of
genes encoding efflux pump systems. The presence of
carbapenemase-producing strains and hypervirulent strains, in partic-
ular CP-Hvr K. pn strains from nasal swabs, is highly worrying.
Carbapenemase-producing, hypervirulent and CP-Hvr strains were not
identified in the control group. However, strains isolated from the
control group harbored beta-lactam resistance genes (blargy and
blagyy). These genes were also found in URW isolates. This proves that
the above-mentioned drug resistance mechanisms are widespread in the
natural environment, without the impact of WW.

Effluent pumps export antibiotics and other substances, including
dyes and detergents (Hennequin and Robin, 2015). Strains devoid of
efflux pumps were found to be non-pathogenic in animal models
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(Buckley et al., 2006; Bunikis et al., 2008; Nishino et al., 2006). Similar
observations were made in the present study, where the tolC gene was
positively correlated with virulence genes (entB, mrkD and magA). A
complete efflux pump system (presence of both acrAB and tolC genes)
was identified in 68.5% of all isolates, including in 92.2% (92/102) K. pn
isolates and 55.4% (93/168) K. npn isolates. Subunits of the AcrAB-TolC
system were not detected in any of the swab isolates. Positive correla-
tions were noted between the genes encoding efflux system subunits.
The tolC gene was also correlated with the blagyy resistance gene and
K. pneumoniae (ITS gene). The gene encoding subunit AcrAB was nega-
tively correlated with blaggs. The AcrAB-TolC pump (68.5%) was iden-
tified far more frequently than mdtK (2.9%), which is consistent with the
findings of Wasfi et al. (2016) and Mirzaie and Ranjbar (2020). Despite
the above, the role of the AcrAB-TolC pump in the pathogenesis of res-
piratory infections caused by K. pneumoniae has not been fully eluci-
dated to date (Padilla et al., 2010).

This study is subject to limitations. Only one WWTP was studied, and
only seven Cp-Hvr strains were detected in total. Moreover, it was
possible to successfully obtain strains from swabs from only one of the
three research seasons. This makes the claim of the transmission of
Klebsiella spp. to WWTP employees less reliable compared to the trans-
mission to river water. Further studies of the bioaerosol emitted in the
WWTP area are planned to explore the transmission aspect in more
detail.

5. Conclusions

The results of this study indicate that WWTPs are a significant source
of carbapenemase-producing, hypervirulent Klebsiella spp. A qualitative
analysis revealed that strains isolated from wastewater and river water
harbored different virulence and antimicrobial resistance genes. Dif-
ferences in the prevalence of antimicrobial resistance and virulence
genes were also observed between K. pn and K. npn strains. Klebsiella
pneumoniae strains and the strains isolated from wastewater were the
major carriers of carbapenemase genes and hypervirulence de-
terminants. The study demonstrated that CP-Hvr K. pn strains are
possibly transmitted to the upper respiratory tract of WWTP employees.
These observations indicate that WWTP employees may be at high risk
of exposure to harmful biological factors. The study also revealed that
blaggs carbapenemases, which are generally neglected in antimicrobial
resistance reports, play a very important role in the spread of drug
resistance in the environment and require further research. The preva-
lence of virulence genes and genes encoding resistance to beta-lactams
did not fluctuate across seasons.
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Abstract: Hospitals are regarded as ecological niches of antibiotic-resistant bacteria (ARB). ARB can
spread outside the hospital environment via hospital wastewater (HWW). Therefore, HWW is often
disinfected in local stations to minimize that risk. Chlorine-based treatment is the most popular
method of HWW disinfection around the world, however, recent research has suggested that it can
contribute to the spread of antimicrobial resistance (AMR). The aim of this study is to determine the
impact of HWW disinfection on the clonal similarity of Enterobacteriaceae species and their ability to
produce extended-spectrum beta-lactamases (ESBLs). The study was conducted in a hospital with
a local chlorine-based disinfection station. Samples of wastewater before disinfection and samples
of disinfected wastewater, collected in four research seasons, were analyzed. Bacteria potentially
belonging to the Enterobacteriaceae family were isolated from HWW. The Enterobacterial Repetitive
Intergenic Consensus Polymerase Chain Reaction (ERIC-PCR) method was used to generate DNA
fingerprints of all bacterial isolates. The isolates were phenotypically tested for the production
of ESBLs. Antibiotic resistance genes (blasyy, blatem, and blaoxa, blactx-M-1-group, PIACTX-M-2-group-
blactx-9-group and blactx-m-s/25-group) Were detected by PCR in strains with confirmed phenotypic
ability to produce ESBLs. The ESBL+ isolates were identified by the sequencing of 165 rDNA. In
the present study, the same bacterial clones were isolated from HWW before and after disinfection
and HWW was sampled in different seasons. Genetic and phenotypic variations were observed in
bacterial clones. ESBL+ strains were isolated significantly more often from disinfected than from non-
disinfected HWW. The blapxa gene was significantly more prevalent in isolates from disinfected than
non-disinfected HWW. Enterobacter hormaechei and Klebsiella pneumoniae were the dominant species
in ESBL+ strains isolated from both sampling sites. The results of this study indicate that chlorine-
based disinfection promotes the survival of ESBL-producing bacteria and/or the transmission of
genetic determinants of antimicrobial resistance. As a result, chlorination increases the proportion
of ESBL-producing Enterobacteriaceae in disinfected wastewater. Consequently, chlorine-based
disinfection practices may pose a risk to the environment and public health by accelerating the spread
of antimicrobial resistance.

Keywords: hospital wastewater; wastewater disinfection; chlorination; Enterobacteriaceae; antibiotic
resistance; ESBL; ERIC-PCR

1. Introduction

Antimicrobial resistance (AMR) poses one of the greatest challenges in contemporary
medicine. Hospitals are regarded as ecological niches of antibiotic-resistant bacteria (ARB).
Prolonged hospitalization and the widespread use of antibiotics contributes to ARB selection
and the spread of highly drug-resistant strains in the hospital environment [1]. ARB can
cause various infections in the hospital setting, including local hospital epidemics [2]. Drug-
resistant pathogenic microorganisms can also spread outside the hospital environment.
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Hospital wastewater (HWW) is one of the main carriers of highly pathogenic and multidrug-
resistant microorganisms. There is evidence to indicate that drug-resistant strains colonizing
patients can spread outside the hospital environment via HWW [3,4]. Therefore, HWW
is often disinfected in local stations to minimize that risk. Pathogenic bacteria colonizing
HWW are inactivated during the disinfection process in order to prevent the spread of
dangerous pathogens to municipal sewage systems. This stage is very important because
pathogenic bacteria can reach municipal wastewater treatment plants (WWTPs), where
they can survive biological treatment and eventually reach the natural environment with
effluents. Wastewater can be disinfected with the use of chemical and physical methods.
Chemical disinfection involves chlorine, and it is widely used around the world due to its
broad spectrum of antibacterial activity, high effectiveness, and low cost [5].

Chlorine is an oxidizing agent that reacts non-selectively with cell components and
affects metabolic processes. It has been suggested that the cytoplasmic membrane is a
possible key target involved in bacterial inactivation by chlorine [6]. However, chlorine
can also damage nucleic acids and affect enzyme activity [7]. Bacteria can survive high
chlorine concentrations, such as 2.0 mg/L free chlorine for 1 h [8]. Chlorine-injured bacteria
can regrow, and their biological activity can be restored [9]. Chlorine-based disinfection
eliminates microorganisms, but it can also contribute to the spread of drug resistance.
Recent research has shown that chlorination can affect the frequency of horizontal gene
transfer (HGT) in bacterial communities [10,11].

Chlorination also generates toxic disinfection byproducts (DBP), the quantity and
complexity of which are determined by the concentrations of naturally occurring substances
in wastewater. This increases the cytotoxicity and genotoxicity of wastewater organic matter
after chlorination. Disinfection byproducts can be toxic to flora and fauna in water bodies
that receive wastewater, and they can also exert adverse effects on the microorganisms and
plankton that colonize these ecosystems [12,13].

Bacteria of the Enterobacteriaceae family that produce extended-spectrum beta-lactamases
(ESBLs) play a very important role in the hospital setting and during AMR monitoring in the
natural environment. According to the World Health Organization (WHO) [14], these mi-
croorganisms constitute high-priority alert pathogens that require novel therapeutic meth-
ods. Recent AMR surveillance reports in the EU focus on E. coli and Klebsiella pneumoniae as
the key representatives of the Enterobacteriaceae family [15]. In this bacterial family, ESBL
production mechanisms are determined primarily by Ambler Class A beta-lactamases
(SHV, TEM, CTX-M). In the 1990s, TEM- and SHV-type ESBLs were the predominant
ESBL types. A total of 253 TEM variants and 247 SHV variants have been described to
date [16]. Not all TEM and SHV variants produce ESBLs, and they possess either a narrow
(e.g., TEM-1, SHV-1, SHV-11) or a broad spectrum of ESBL activity (e.g., TEM-24, SHV-5,
SHV-12) [17,18]. CTX-M-type ESBLs have become increasingly common worldwide in re-
cent decades. These enzymes are the most prevalent ESBLs in Enterobacteriaceae, in Europe
and in other parts of the world. All of the described CTX-M variants are potential ESBL pro-
ducers [18]. A total of 256 CTX-M variants have been described to date [16]. They have been
divided into five groups: (I) CTX-M-1 (including CTX-M-1, 15, 68, 32, 3, 28, 55, 57, 71, 117);
(IT) CTX-M-2 (including CTX-M-2, 31, 43, 131, 20, 124); (III) CTX-M-8 (including CTX-M-§,
40, 63), (IV) CTX-M-9 (including CTX-M-9, 21, 126, 93, 14, 67); (V) CTX-M-25 (including
CTX-M-25, 78, 152, 26, 39, 91, 89, 94, 41, 100), and each group is named after the first de-
scribed member [19]. In Enterobacteriaceae, ESBL mechanisms can be also conditioned by
the production of Ambler Class D OXA-type enzymes, which constitute a large and diverse
family of beta-lactamases. A total of 1 120 OXA variants have been described to date [16],
including narrow-spectrum beta-lactamases (such as OXA-20 and OXA-47), ESBLs (such as
OXA-32 and OXA-53), and beta-lactamases that confer resistance to carbapenems (such as
OXA-48 and OXA-23).

The aim of this study is to determine the impact of HWW disinfection on the clonal
similarity of the Enterobacteriaceae species and their ability to produce ESBLs. The fol-
lowing parameters were analyzed: (I) Enterobacterial Repetitive Intergenic Consensus
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Polymerase Chain Reaction (ERIC-PCR) fingerprints of isolates, to identify genetic clones
capable of surviving disinfection, and to determine phenotypic and genotypic differences
between these isolates; (II) changes in the abundance of ESBL+ isolates before and after
HWW disinfection; (III) changes in the species composition of ESBL+ isolates, and changes
in the genetic resistance mechanisms of ESBLs.

2. Materials and Methods
2.1. Study Site and Sampling

The study was conducted in a hospital in north-eastern Poland. The hospital is
located in a suburban area, and it treats patients with respiratory diseases. The hospital
has approximately 200 beds in eight wards. Annual patient volume exceeds 11,000. The
hospital has an infectious disease ward, and the effluents must be disinfected in line with
Polish law [20]. The hospital has a local disinfection station, which is equipped with a
dosing station (chlorinator) and dosing pumps. Wastewater is disinfected by an automated
electrolytic sodium hypochlorite (NaClO) generation system. The disinfectant is supplied
to the reaction chamber based on the volume of incoming wastewater. The dosing station
was programmed to obtain a final concentration of free chlorine in the reaction chamber of
0.2 mg/L of wastewater. Wastewater remains in the reaction chamber for 1.5 h. After this
time, the effluent is discharged to the municipal sewage system (Figure 1).
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Figure 1. Diagram of the study site and the sampling procedure.

Samples of wastewater before disinfection and samples of disinfected wastewater
were analyzed. The samples were collected in four seasons: spring (20 April 2021), summer
(24 August 2021), fall (16 November 2021), and winter (3 February 2022). The hospital
was not equipped with an automatic sewage sampler, enabling the collection of 24-h
pooled samples. Therefore, an aggregate sample composed of three grab samples, with an
estimated volume of 1 L, was collected. A total of eight wastewater samples were obtained,
including four samples from each sampling site. The samples were transported to the
laboratory on the day of collection and analyzed.

2.2. Isolation of Bacteria from Hospital Wastewater Samples

Wastewater samples were homogenized and diluted. Sample specimens of 0.1 mL of
each serial dilution (10_1, 102,103, 10_4) were inoculated on culture media. Two types of
media were used to isolate bacteria potentially belonging to the Enterobacteriaceae family.
The following growth media for isolating high priority Enterobacteriaceae species were
used: (I) m-FC Agar (Sigma-Aldrich, St. Louis, MO, USA, Merck, Kenilworth, NJ, USA),
with the addition of p-rosolic acid solution in 0.2 M Sodium hydroxide solution—to isolate
Escherichia coli; (II) Klebsiella ChromoSelect Selective Agar (KCSA) (Sigma-Aldrich, Merck),
with the addition of Klebsiella Selective Supplement (Sigma-Aldrich, Merck)-to isolate
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Klebsiella spp. The samples were plated on each medium in duplicate and incubated for
24 h at 44.5 °C for m-FC and 37 °C for KCSA.

After incubation, specific bacterial colonies (m-FC-blue colored colonies; KCSA-
purple/magenta (mucoid) colonies) were transferred to solid TSA for further analyses.
A total of 240 bacterial colonies (120 from m-FC and 120 from KCSA), including
60 colonies from each sampling season (30 colonies plated on m-FC and 30 colonies plated
on KCSA), were randomly selected from each sampling site. A total of 480 bacterial isolates
were obtained.

2.3. Phenotypic Detection of ESBL Producers

Each of the 480 isolates was phenotypically tested for the production of ESBLs. The
phenotypic detection was carried out in two stages. In the first step, each isolate was
plated on a chromogenic medium (ESBL chromID™, bioMérieux, Warszawa, Poland) to
screen for ESBL-producing Enterobacteriaceae, and it was incubated for 24 h at 37 °C. After
incubation, 130 strains were cultured on the chromID™ ESBL medium. These strains were
regarded as potential ESBL producers (P-ESBL).

In the second step, each of the 130 P-ESBL isolates were subjected to the Com-
bined Disc Test (CD), according to EUCAST guidelines [21]. An inoculum consisting of
0.5 McFarland dilutions of all tested strains was prepared in 3 mL of normal saline with
the use of 0.5 McFarland standards. The inoculums were evenly plated on an Mueller
Hinton agar, using the lawn streaking method. The plates were left to dry for 5 min. The
ESBL Detection Disc Set (Mast Group, Merseyside, UK) was then used to confirm ESBL
production. Three paired sets of antibiotic discs were used to confirm the presence of ESBLs:
(I) ceftazidime discs (30 pg), ceftazidime (30 pg) + clavulanic acid (10 pug) discs; (II) cefo-
taxime (30 pg) discs, cefotaxime (30 pg) + clavulanic acid (10 pg) discs; (III) cefpodoxime
(10 pg) discs, cefpodoxime (10 pug) + clavulanic acid (1 pug) discs. The plates with antibi-
ogram sets were incubated at 35 + 2 °C for 17 &= 1 h. After incubation, the zone of inhibition
for each antibiotic and antibiotic + clavulanic acid was compared. ESBL production was
confirmed when the inhibition zone increase reached > 5 mm in the presence of clavu-
lanic acid for any or all of the sets. Twenty-six P-ESBL strains that had been successfully
cultured on the chromID™ ESBL medium had tested negative in the disc test. A total of
104 ESBL+ strains were obtained, including 28 from non-disinfected wastewater and
76 from disinfected wastewater.

In both detection stages, E. coli ATCC 25922 and K. pneumoniae ATCC 15380 were used
as the negative and positive quality control, respectively.

2.4. Isolation of Bacterial Genomic DNA

Bacterial genomic DNA was isolated using the heat treatment method [22], with minor
modifications [23]. Bacterial strains were suspended in 0.5 mL of double-distilled water
(ddH20). The bacterial suspension was incubated at 95 °C for 10 min in the Grant QBD4 Block
Heater (Grant Instruments) and centrifuged for 5 min at 4000 x g rpm. The supernatant (DNA)
was transferred to a sterile Eppendorf tube. The quality and quantity of the obtained genetic
material were evaluated with the Multiskan SkyMicroplate Spectrophotometer (Thermo
Scientific, Waltham, MA, USA). DNA was stored at —20 °C for further analysis.

2.5. ERIC-PCR Fingerprinting

The ERIC-PCR method was used to generate DNA fingerprints of all 480 bacterial
isolates. The ERIC-PCR reaction was performed according to the procedure described by
Versalovic et al. (1991) [24], with minor modifications [23], using ERIC 1 and ERIC 2 primers
(Table S1). PCR products were separated on 1.5% agarose gel (Sigma Aldrich, Merck)
stained with ethidium bromide (0.5 mg/mL). Digital image data from electrophoresis
gels were obtained using the Gel Doc EZ System and Image Lab™ Software (Bio-Rad
Laboratories, CA, USA). Digital images of the gels were used for further data analyses.
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2.6. Detection of Antibiotic Resistance Genes Using Polymerase Chain Reaction (PCR)

Antibiotic resistance genes were detected by PCR in only 104 strains, with a confirmed
phenotypic ability to produce ESBLs. The PCR method was used to detect beta-lactam
resistance genes: blagyy, blatpwm, and blapxa, and specific groups of CTX-M beta-lactamases
(blacTx-M-1-group, blacTx-M-2-group, blACTX-9-group and blacTxm-s/25-group) [25,26]. PCR was
performed in a reaction mix with a volume of 15 puL, containing a pair of specific primers
(Table S1), 1 uL of genomic DNA of each sample, and the NZYTaq Il 2 x Green Master Mix.
PCR products were separated electrophoretically by transferring 5 uL of each amplified
DNA fragment to 1.5% agarose gel stained with ethidium bromide (0.5 pg/mL) (Sigma,
St. Louis, MO, USA). Electrophoresis was conducted for 1 h at 100 V in 0.5 x TBE buffer.
Positive control for individual genes was used in each PCR reaction.

2.7. Identification of ESBL+ Isolates

A total of 104 ESBL+ isolates were identified by PCR amplification and sequencing
(Genomed S.A., Warsaw, Poland) of 16S rDNA [27]. The obtained sequences were blasted
against the reference sequences in GenBank (https://blast.ncbi.nlm.nih.gov/Blast.cgi (ac-
cessed on 29 June 2022)) to identify bacterial strains.

2.8. Data Analysis

The electrophoretic distribution of ERIC-PCR fingerprints was analyzed with Gel] jv1.0
software [28]. Automatic photo-normalization was applied to compare banding patterns
within the same gel and between different gels. The image was analyzed automatically, and
manually corrected if needed. A total of 102 distinct amplified loci were detected within
ERIC-PCR profiles, and their molecular weight ranged from 141.39 to 5057.87 bp.

Gel images were pre-processed, and ERIC-PCR profiles were analyzed for similarities
by calculating the Dice coefficient and Pearson’s correlation coefficient. The unweighted-
pair group method with arithmetic mean (UPGMA) was used as the linkage method in
both approaches. In the Dice coefficient approach, similarities are assessed based on the
presence or absence (0/1 values) of bands of the same molecular weight in fingerprint
patterns. Pearson’s correlation coefficient was calculated based on the intensity of ethidium
bromide fluorescence along normalized migration distances for the two fingerprints. In
both approaches, error tolerance was set at 5% in order to neutralize the electrophoresis
running distance, background signal intensity, and random variability in the normalization
of gel images, according to the procedure described by Chokesajjawatee et al. (2008) [29].
The results of the analysis were used to generate a matrix of similarities between the isolates
and dendrograms.

The similarity matrix based on Pearson’s correlation coefficient was used for further
statistical analyses and visualizations, according to the procedure described by Chokesaj-
jawatee et al. (2008) [29]. Dice coefficient values were used to confirm the identification of
bacterial clones between the isolates.

According to the methodology proposed by Chokesajjawatee et al. (2008) [29], strains
with fingerprint similarity of 90% to 100% were indistinguishable when Pearson’s cor-
relation coefficient was applied to analyze normalized densitometric curves. Pearson’s
correlation coefficient of >97% was used as a border value to discriminate clones with
high accuracy. The strains showing high values of Pearson’s correlation coefficient were
further analyzed to ensure that they had the same band numbers and positions. The isolates
characterized by Pearson’s correlation coefficient of >97% and Dice similarity coefficient of
100% were considered clones.

The similarity matrix based on Pearson’s correlation coefficient was used to perform
and visualize non-metric multidimensional scaling (NMDS) in R studio with vegan and
ggplot2 packages. Bar and pie charts and heatmaps were generated, and the Chi-square
test was performed in GraphPad Prism Software. The network analysis was conducted
in Gephi 0.9.6 software using Force Atlas 2 and Noverlap layouts. The Chi-square test
was used to detect statistically significant differences between sampling sites (p < 0.05).
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The mean cumulative number of antibiotic resistance genes per isolate (ARGsjngex) Was
determined by summing up the total number of ARGs in selected groups of bacteria and
dividing the result by the number of the analyzed strains within groups.

3. Results

A total of 480 strains isolated from HWW were analyzed, and their clonal similarity
was evaluated based on ERIC-PCR fingerprints. The mean clonal similarity of all isolates
was determined at 0.44. Genetic similarity was compared within the examined isolate
groups, separately for each season (Figure 2A) (irrespective of sampling sites), as well as for
each sampling site (Figure 2B) (irrespective of season). Mean clonal similarity was higher
within groups (seasons/sites) than between groups. Season exerted a greater influence
on the genetic similarity of bacterial strains than disinfection (Figure 2). Strains isolated
in spring (SP, 0.59) were characterized by the greatest similarity, followed by the strains
isolated in summer (SU, 0.52), winter (WI, 0.49), and autumn (AU, 0.47). Clonal similarity
was highest in strains isolated in spring and winter (0.47), and lowest in strains isolated in
spring and summer (0.34). Strains isolated from HWW before disinfection were somewhat
more similar (B, 0.46) than those isolated after chlorination (A, 0.44). The mean similarity
of strains isolated from HWW before and after disinfection reached 0.43 (Figure 2).
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Figure 2. Non-metric multidimensional scaling (NMDS) based on a matrix of clonal similarity of
bacterial strains, including a 95% confidence ellipse. Each point represents one bacterial isolate.
A heatmap of similarities within and between the studied groups is presented. The barplot (Box-
Whisker Plot) of average similarity within and between groups (whiskers denote minimum and
maximum values) and the box represent the second and third quartile with the median bar inside. The
results are presented for each season (A) and sampling site (B). Legend: AU—autumn, SP—spring,

SU—summer, WI—winter, B—before disinfection, A—after disinfection.

Bacterial clones (strains showing high similarity confirmed by both values of Pearson’s
correlation coefficient of >97% and the Dice coefficient of 100% in the fingerprint analysis)
in the fingerprint analysis) were identified in the ERIC-PCR assay. A total of 133 clonal
similarities were identified in the group of 115,200 analyzed relationships (around 0.12%)
(Table S2). Bacterial clones were distributed in 40 separate groups, where the largest group
was comprised of 24 isolates, and the smallest group of two isolates (Figure 3B). Bacterial
clones were significantly more frequently identified in samples collected in the same season
and site (85.82% of the cases). The same bacterial clones were isolated from HWW before
and after disinfection (11.9%) (disinfection survivors are presented in Figure 3A and are
marked with a blue ellipse in Figure 3B). Isolates with identical ERIC-PCR fingerprints
were also detected in HWW sampled in different seasons (2.99%) (season survivors are
presented in Figure 3A and are marked with a green ellipse in Figure 3B). Bacterial clones
isolated from HWW samples before and after disinfection were only identified in the same
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season. Isolates with the same fingerprints were only detected in two successive seasons
(spring-summer, summer-autumn, autumn-winter).
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Figure 3. Presentation of clonal relationships: (A) Examples of ERIC-PCR fingerprints of isolates
regarded as clones: between sampling sites (disinfection survivors) and seasons (season survivors);
(B) Network analyses showing all clonal relationships within the studied isolates. Blue nodes
represent strains isolated from wastewater before disinfection, and pink nodes represent isolates
from disinfected wastewater. ESBL+ isolates are marked with a black star. The clones identified in
isolates from different sampling sites are marked with a blue ellipse. The clones identified in isolates
from different seasons are marked with a green ellipse. Clones that differed in ESBL production are
marked with a red ellipse. The connections between nodes represent Pearson’s correlation coefficient
of >97% and the Dice similarity coefficient of 100% (clones). Nodes = 117; Edges = 133. Red numbers
in (A) relate to the numbers in (B) and denote the same bacterial relationships.

Twenty-eight of the strains isolated from HWW before disinfection (n = 240) were
ESBL producers (11.67%, 28/240). In the group of strains isolated from disinfected HWW
(n = 240), 76 isolates were capable of producing ESBL (31.67%, 76/240). A total of
104 ESBL+ strains were obtained (21.67%, 104/480). ESBL+ strains were significantly
more often isolated from disinfected than from non-disinfected HWW (X? = 28.2815,
p <0.00001) (Figure 4A).

The Combined Disc Test analyzing bacteria’s susceptibility to cefpodoxime (CPD),
cefotaxime (CTX), and ceftazidime (CAZ), revealed no significant differences in the type of
phenotypic activity of ESBL+ strains before and after disinfection (Figure 4B). Most ESBL+
isolates were resistant to CPD (100% of isolates from non-disinfected HWW, 88.6% of
isolates from disinfected HWW; 91.35% in total), and the number of isolates resistant to
CTX and CAZ were similar (67.86% of isolates from non-disinfected HWW, and 64.47% of
isolates from disinfected HWW; 65.38% in total).

The obtained ESBL+ isolates differed in the prevalence of ARGs (Figure 4C). The blatpym
gene was most prevalent, and was identified in 84 isolates (80.77%, 84/104), including
20 isolates from non-disinfected HWW (71.43%, 20/28) and 64 isolates from disinfected
HWW (84.21%, 64/76). The blapxa gene was identified in 74 strains (71.15% 74/104),
and it was significantly more prevalent in isolates from disinfected (80.26%, 61/76) than
non-disinfected HWW (46.43%, 13/28) (X? = 11.4123, p = 0.00073). The blacTx-M-1-group
gene was identified in 60 isolates (57.69% 60/104), including 18 (64.29%, 18/28) and
42 (55.26%, 42/76) isolates from non-disinfected and disinfected HWW, respectively. The
blasyyy gene was detected in 20 isolates (19.23%, 20/104), including six isolates from non-
disinfected HWW (21.43% 6/28) and 12 isolates from disinfected HWW (18.42%,12/76).
The piacTx-M-9-group Was least prevalent, and it was identified in only two isolates (1.92%,
2/104), including one isolate from non-disinfected HWW (3.57%, 1/28) and one isolate from
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disinfected HWW (1.32%, 1/76). None of the analyzed isolates harbored blﬂCTX-M-z-group or
blaCTX-M-8/25-group SENES.
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Figure 4. Prevalence and characteristics of ESBL+ isolates in each sampling site and in all sites:
(A) pie chart presenting the number of ESBL+ isolates; (B) bar chart presenting the percentage of
ESBL+ isolates with the phenotypic ability to produce ESBL against the tested antibiotics in the
Combined Disc Test (cefpodoxime (CPD), ceftazidime (CAZ), cefotaxime (CTX)); (C) percentage of
ARGs in ESBL+ isolates; (D) percentage of bacterial species in ESBL+ isolates from sampling sites
(species identified in only one site are marked with a colored star; star colors are explained in the
legend of chart A); (E) heatmap presenting the percentage of ARGs in the total number of ESBL+
isolates. Black stars denote significant differences at * p < 0.05, **** p < 0.0001.

All 104 ESBL+ isolates were identified to species level in the 16S rDNA sequencing
analysis. The examined ESBL+ isolates were characterized by high species diversity, despite
the fact that culture media targeting Escherichia coli and Klebsiella spp. were used in the study.
Twelve Enterobacteriaceae species were identified: Enterobacter hormaechei (n= 25), Klebsiella
pneumoniae (n = 21), Citrobacter braakii (n = 16), Citrobacter freundii (n = 9), Escherichia coli
(n =7), Escherichia fergusonii (n = 7), Citrobacter portucalensis (n = 6), Klebsiella variicola (n = 4),
Klebsiella michiganensis (n = 4), Shigella sonnei (n = 2), Enterobacter kobei (n = 2), and Enterobacter
amnigenus (n = 1). The species diversity of bacterial strains isolated from HWW before and
after disinfection is presented in Figure 4D. Significant differences were observed in the
species composition of the tested isolates (X? = 19.98, p = 0.0457). Enterobacter hormaechei
and Klebsiella pneumoniae were the dominant species in ESBL+ strains isolated from both
sampling sites. Klebsiella variicola was detected only in non-disinfected HWW, whereas
Enterobacter amnigenus, Enterobacter kobei, and Citrobacter braakii were isolated only from
disinfected HWW. The prevalence of the evaluated ARGs differed across the identified
bacterial species (Figure 4E). The most prevalent genes were blatgy and blagxa, which were
identified in 10 species, followed by blactx-M-1-group (9 species), and blaspy (4 species). The
blactx-M-9-group Was detected in only two species: Citrobacter portucalensis and Enterobacter
kobei. Enterobacter amnigenus was characterized by the lowest diversity of ARGs.

The co-occurrence of ARG profiles in ESBL+ isolates is presented in Table 1. The
blatgm + blaoxa + blacTx-m-1-group combination was most prevalent, and it was detected in
30 isolates. blacTx-M-9-group, blaspy, and the combination of blapxa + blacTx-M-9-group Were
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least frequently detected. Seven ESBL+ isolates did not harbor any of the analyzed ARGs.
The co-occurrence of four ARGs (blatem + blaoxa + blaspy + blacTx-m-1-group) Was noted
only in Klebsiella spp.

The detailed characteristics of each ESBL+ isolate are presented graphically in Figure 5.
The examined isolates were grouped into six main clusters (marked with Roman
numerals I-VI in Figure 5) based on the results of the clonal similarity analysis. Each
cluster differed in species composition, which is described on the left-side of the dendro-
gram. The identified groups also differed in ARG;j,4ex Values (mean number of ARGs per
1 bacterial isolate in a cluster). The ARGj,qex Value was highest in cluster V (Klebsiella
spp-) and lowest in cluster VI (Citrobacter freundii + Citrobacter portucalensis). ARGindex
was also calculated for groups of isolates from various sampling sites and seasons. This
parameter was higher in isolates from disinfected (2.39) than non-disinfected HWW (2.07).
ESBL+ strains which were isolated from various sites, but were characterized by identical
ERIC-PCR profiles, were divided into four subgroups (marked with Arabic numerals 1-4 in
Figure 5). Both the absence and presence of differences in phenotypic drug resistance and
ARG profiles were observed in subgroups of ESBL+ genetic clones. No such differences
were observed between the clones in subgroups 1 and 2. The clones in subgroup 3 differed
in phenotypic drug resistance, but had the same ARG profile. The strains in subgroup 4
differed in both phenotypic drug resistance and ARG profile.

Table 1. Co-occurrence of ARG profiles in ESBL+ bacterial isolates.

ARG Profile Frequency % (n) Carriers

Enterobacter hormaechei (n = 20)
Klebsiella pneumoniae (n = 5)
blatpy + blaoxa + blacTx-M-1-group 28.85% (30) Klebsiella variicola (n = 3)
Escherichia fergusonii (n = 1)
Klebsiella michiganensis (n = 1)

Citrobacter braakii (n = 15)
blatgm + blapxa 16.35% (17) Citrobacter portucalensis (n = 1)
E.coli(n=1)

bl”TEM + hlaOXA + blLISHV +
blaCTX-M-l-group

Klebsiella pneumoniae (n = 14)
Klebsiella variicola (n = 2)

Citrobacter freundii (n = 4)
Enterobacter hormaechei (n = 3)
E. coli (n =3)
Citrobacter braakii (n = 1)
Citrobacter portucalensis (n = 1)
Shigella sonnei (n = 1)

15.38% (16)

bZIITEM 12.50% (13)

Citrobacter portucalensis (n = 2)
Citrobacter freundii (n = 2)
none 6.73% (7) E.coli(n=1)
Klebsiella michiganensis (n = 1)
Klebsiella pneumoniae (n = 1)

Escherichia fergusonii (n = 3)
blatem + blactx-m-1-group 4.81% (5) E.coli (n=1)
Klebsiella pneumoniae (n = 1)

Escherichia fergusonii (n = 3)

blaoxa + blacTx-m-1-group 4.81% () Enterobacter hormaechei (n = 2)
o Citrobacter freundii (n = 3)
blacTx-m-1-group 3.85% (4) Enterobacter amnigenus (n = 1)
o Enterobacter kobei (n = 1)
blaoxa 192% () Citrobacter portucalensis (n = 1)
o Shigella sonnei (n = 1)
blaten + blaoxa 1.92% (2) Klebsiella michiganensis (n = 1)
blagyy 0.96% (1) Klebsiella variicola (n = 1)
blaoxa + blacTx-M-9-group 0.96% (1) Enterobacter kobei (n = 1)

blacTx-M-9-group 0.96% (1) Citrobacter portucalensis (n = 1)
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Figure 5. A dendrogram based on the similarity matrix of ERIC-PCR patterns in 104 ESBL+ isolates
(similarity method: Pearson’s correlation coefficient; linkage method: UPGMA). The dendrogram
was divided into six clusters with different species composition (cluster numbers and species names
are presented on the left side of the dendrogram). Strain characteristics are presented on the right side
of the dendrogram: isolate identifier, species, site and season of isolation, phenotypic characteristics
of ESBLs, and the presence of ARGs. The ARGj,gqex Was calculated for each cluster, season, and
sampling site as the mean number of ARGs per bacterial isolate in each group. ESBL+ isolates from
different sampling sites, characterized by identical ERIC-PCR profiles, are presented in subgroups in
red boxes and are numbered from 1 to 4.
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Bacterial clones also differed in their ability to produce ESBLs. Three such cases were
identified during the study, including one before disinfection and two after disinfection
(marked with a red ellipse in Figure 3B). Isolates with very high values of similarity
coefficients (Dice coefficient—100%, Pearson’s correlation coefficient—99.2%) differed in
their phenotypic ability to produce ESBLs. The process of calculating similarities between
ESBL— and ESBL+ isolates is presented in Figure 6.

Dice cn‘efficient \\ L
Tolerance: 5% 1956.84 203445
Simmiliarity: 100%
S I 1124.42 L 1168.44
P — ) T
871.52 gsus.m
—* 730.27 == 75838
= 484,53 f;: 496.57
I C
= 36232 ——————. 37556
< =T |
/b 279.71 /3 289.61

Figure 6. Calculation of similarity values between pairs of ERIC-PCR fingerprints of ESBL+ and
ESBL— isolates (isolate characteristics are presented in the table under the diagrams). Band positions
were matched by automated band calling in Gel] 1.0. The Dice coefficient (100%) was calculated for
match/mismatch data. The line graph shows the intensity of ethidium bromide fluorescence along
normalized migration distances for the two fingerprints. Pearson’s correlation coefficient (99.2%)
was calculated from intensity values. The black line is the densitometric curve for fingerprints with
product band size values (bp).

4. Discussion

The ERIC-PCR, one of the repetitive sequence-based PCR (rep-PCR) methods, was
used in this study. These methods are widely applied in microbiological research, including
in analyses of environmental samples [30], to identify the sources of epidemic outbreaks
in hospitals [31,32] and in other molecular epidemiology analyses [33]. ERIC-PCR is most
often used to differentiate clones in small microbial communities belonging to the same
genus or species [34,35]. In the present study, ERIC-PCR was applied to compare a larger
group of microorganisms isolated from HWW and potentially belonging to the Enterobacte-
riaceae family. A total of 480 bacterial strains were fingerprinted in order to identify clonal
similarities. The results suggest that chlorination had no significant influence on the clonal
similarity of strains colonizing HWW. The clonal similarity of the isolated bacterial strains
was modulated to a greater extent by the sampling season. In the studied hospital, the
annual patient volume is estimated at 11,000. The admitted patients carry various bacte-
rial strains, which can increase the diversity of microbial communities colonizing HWW
throughout the year. The distribution of bacterial species in clusters in the dendrogram
(Figure 5) and the results of other studies [36] suggest that ERIC-PCR is an effective method
for grouping bacterial isolates based on species and clonal similarity values.
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In studies analyzing a large number of bacterial strains from various sources and
seasons, the isolates should be reliably identified and differentiated to determine their
sources and to monitor the clonal spread of drug-resistant and pathogenic bacteria. The
environmental reservoirs of ARB have to be identified in order to effectively monitor
their transmission in a given population or environment [37]. In the present study, the
clonal similarity analysis supported the identification of genetically related strains (bacte-
rial clones) colonizing HWW before and after disinfection. In a study of Aeromonas spp.
strains isolated from wastewater before and after chlorination, Mann et al. (2019) [38]
grouped the isolates into a single cluster based on their ERIC-PCR fingerprints. These
findings indicate that certain clonal cell lines can survive the disinfection process. Various
mechanisms underlying resistance to chlorine compounds have been identified in bacte-
rial strains, including changes in membrane permeability, increased expression of efflux
pumps, overproduction of extracellular substances or capsule materials, biofilm production,
changes in metabolism, or integration with protozoa. However, many of these mechanisms
remain unknown [8]. In the present study, clones were detected only in HWW samples
collected in two successive seasons (spring-summer; summer-autumn; autumn-winter). In
addition, disinfection survivors were isolated only from HWW samples collected in the
same season. This could imply that most strains do not survive in HWW for long periods
of time and are gradually replaced by new microbial communities that are supplied with
the evacuated HWW. Levican et al. (2016) [39] observed a similar trend when analyzing the
clonal similarity of Arcobacters spp. isolates from municipal wastewater. They found that
Arcobacters spp. were effectively eliminated during wastewater treatment, and bacterial
clones were rarely (0.9% of the isolates) identified in different sampling sites.

The results of the current study indicate that bacteria with identical fingerprints
differed in phenotypic drug resistance and ARG profiles. Bacterial clones also differed in
their ability to produce ESBLs. Bacterial clones characterized by phenotypic and genetic
differences have been identified by the rep-PCR method in previous studies. Escherichia
coli clones were more resistant to drugs in the presence of zinc and heavy metals [40,41].
Different serotypes were identified in Yersinia enterocolitica [42] and E. coli [43] clones.
Differences in drug-resistance and integron profiles were reported in E. coli clones [44,45],
whereas Klebsiella pneumoniae clones differed in virulence [46]. Changes in the bacterial
genome, such as plasmid cloning, do not induce changes in the strain’s fingerprint. Even
high numbers of small or large plasmids do not affect the rep-PCR profile [47]. Therefore,
wastewater-borne bacteria can acquire new properties (such as drug resistance) via HGT,
without any changes in their fingerprints. This phenomenon has been well documented in
the present study, where numerous phenotypic and genotypic differences were observed
within isolates sharing identical ERIC-PCR profiles. One such case is closely demonstrated
in Figure 6. No differences in the fingerprint were indicated despite the dissimilarity in
genetic resistance determinants (blatgy). These observations highlight the importance
of HWW as an environment that promotes the exchange of genetic information between
bacteria. The above report suggests that bacterial clones identified by rep-REC should
not be regarded as isolates with identical phenotypic and genetic traits. In some cases,
isolates with identical rep-PCR profiles are rejected to eliminate genetically homogeneous
strains from the analysis [48]. These strains should be regarded as closely genetically related
isolates and /or clones originating from the same bacterial cell. Therefore, rep-PCR methods
can be reliably used to determine the structure of bacterial communities in epidemiological
research, in studies evaluating microbial ecology and evolution, population dynamics,
strain survival, and host-microorganism interactions [49].

In this study, bacterial strains were cultured by the lawn streaking method. In this
approach, samples are applied directly to the agar plate to promote the growth of target
microorganisms, and surplus clones are not artificially generated. Therefore, if more than
one isolate belonging to the same clone is obtained, underlying clonal redundancy, i.e.,
the abundance of a clonal cell line in the sample, is possible [29]. For this reason, we
did not interfere with the number of bacterial strains considered in the analysis of ESBL
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producers before and after disinfection. The same number of isolates from each sampling
site were examined, and ESBL+ strains were identified significantly more often in sam-
ples of disinfected than non-disinfected HWW (p < 0.00001). These results point to an
increase in the proportion of drug-resistant bacteria in the total bacteria present in HWW,
capable of surviving the chlorination process. The strains isolated from disinfected HWW
were also characterized by higher values of ARGs;qex. According to Xiao et al. (2022) [50],
chlorine-tolerant strains are also significantly more resistant to antibiotics. There are two
possible explanations for the above. Firstly, bacteria resistant to both chlorine and antibi-
otics could be co-selected during disinfection, because both mechanisms are often encoded
together on genetic elements. In addition, the expression of multidrug efflux pumps is
the main process that mediates cross-resistance to chlorine and antibiotics. Research has
demonstrated that bacterial efflux pumps are over-expressed under exposure to chlorine,
which promotes resistance to various antibiotics, including -lactams [50,51]. Secondly,
HGT is enhanced in the presence of chlorine. Bacteria that comes into contact with chlorine
compounds possess special properties. It is believed that chlorine-injured bacteria develop
a larger number of pili and pores, and their membranes are more permeable. Such bacteria
become physiologically competent in HGT processes. Competent bacteria can account for
up to 90% of all bacteria after disinfection [10]. These bacteria can be also characterized
by a higher frequency of conjugal transfer (2-5 times higher) [52] and transformation
(>550 times higher) [10] processes than bacteria not exposed to chlorination. The number
of transformation events can also increase in the presence of high concentrations of extracel-
lular DNA (including biologically active antibiotic-resistance plasmids) in the wastewater
environment, resulting from the disintegration of chlorine-sensitive cells. In the present
study, the abundance of the blapxa gene was significantly higher (p = 0.00073) in strains
isolated from disinfected HWW, which could suggest that this gene is particularly mobile
in HWW or that it co-occurs with chlorine-resistance mechanisms.

In a study conducted in local hospitals, up to 37.1% of E. coli strains isolated from HWW
were ESBL producers [53]. In the current study, 21.67% of all isolated strains were capable
of producing ESBL. A similar percentage of ESBL-producing Enterobacteriaceae (ESBL-E,
24.81%) was reported globally in wastewater [54]. However, the results noted in the present
study differ from the mean ESBL-E counts reported by Zaatout et al. (2021) [54] in HWW
(33.98%), and they are closer to the values noted in disinfected wastewater (31.67%).

The percentage of Ambler Class A ESBLs (TEM, CTX-M, SHV) did not differ signifi-
cantly before and after chlorination. These ESBL variants were observed in 80.77%, 59.62%,
and 19.23% of all ESBL+ isolates, respectively. Similar values were reported by Tekiner and
Ozpmar (2016) [55], who identified blatgm, blactx-m, and blagyy in 96.4%, 53.7%, and 34.5%
of ESBL-E in animals and food samples, respectively. Chagas et al. (2011) [56] also found
that blatgm was the most prevalent gene in ESBL-E isolated from HWW in Brazil. The
results of the present study confirm that CTX-M-1-group and CTX-M-9-group ESBLs are the
most widespread CTX-M variants in Poland and Europe [53,57]. However, the observations
that CTX-M is the most common variant of ESBL-E ([57,58], and that blacTxm (66.82%),
blatpm (51.01%), and blagpyy (24.59%) are most frequently isolated from wastewater-borne
ESBL-E [54], were not confirmed in the present work.

The results of the current study revealed certain differences in ARG abundance across
bacterial species. The blagpry gene was identified mostly in Klebsiella spp. (excluding one
Shigella sonnei isolate). Mutuku et al. (2022) [58] analyzed 87 ESBL+ isolates from HWW
and detected blagyy only in Klebsiella spp. According to Turner et al. (2009) [59], SHV
ESBLs are chiefly responsible for ESBL+ positive phenotypes in Klebsiella pneumoniae, most
of which are plasmid-encoded.

The blapxa gene encoding Ambler Class D beta-lactamases was identified in 71.15%
of ESBL+ isolates. Osiriska et at. (2019) [60] reported considerable variations in blapxa
concentrations in municipal wastewater. Amador et al. (2015) [61] detected blapxa in
27.8% of ESBL-E, and Liedhegner et al. (2022) [62], in 86% of cefotaxime-resistant E. coli
isolated from HWW. In the present study, blagxa was the only gene whose abundance
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differed significantly between HWW samples collected from different sites. In contrast,
Xiao et al. (2022) [50] did not report significant correlations between six chlorine-resistance
genes and blapxa . This result gives particular cause for concern because blapxa is the only
carbapenemase gene in the group of the examined beta-lactamases [18]. In the present
study, 77.88% of the analyzed isolates harbored more than one beta-lactamase gene. This
result is similar to the value noted by Chagas et al. (2011) [56] (75.26%), and higher than
the value reported by Korzeniewska et al. (2013) [53] (38%), in studies of ESBL-E in HWW.

According to Khleifat et al. (2006) [63], the species composition of a sample influences
the effectiveness of chlorination. In this study, the species composition of ESBL+ isolates in
HWW differed before and after disinfection. Some species were present only in samples
collected from a single site, which could suggest that chlorination affects the species
composition of microorganisms, or that some species are more tolerant to chlorine. Despite
these variations, bacterial isolates obtained from different sampling sites did not differ
significantly in clonal similarity. Metagenomic studies have demonstrated that disinfection
induces changes in the species diversity and richness of microbial communities, but these
changes can be reversed over time [64]. In the present study, the species composition
of bacteria isolated from HWW was similar to that reported by other authors [58,65-67].
Bacteria of the genera Klebsiella, Enterobacter, Citrobacter, and Escherichia were predominant
in all cases, which could suggest that these genera are the dominant members of the
Enterobacteriaceae family in HWW. In the present study, special attention was paid to
Klebsiella spp., which were characterized by the highest AMR potential. The highest
value of ARGsjnqex Was noted in the cluster grouping of all Klebsiella pneumoniae and
Klebsiella michiganensis isolates. Klebsiella spp. Were also the only isolates containing four
of the examined ARGs. Similar results were reported by Fadare et al. (2021) [65], who
studied Enterobacteriaceae strains isolated from HWW and found that Klebsiella spp. were
characterized by the highest phenotypic drug resistance and the highest diversity of ARGs.
In the current study, bacteria of the genus Klebsiella accounted for 27.88% of all isolated
ESBL-E. In the work of Prado et al. (2008) [68], Klebsiella pneumoniae accounted for up to
33.3% of all ESBL+ isolates in wastewater evacuated from a hospital WWTP. Our results
also support the observations made by Herraiz-Carboné et al. (2021) [69], who concluded
that the fate of Klebsiella pneumoniae in HWW should be monitored because this bacterial
species poses the greatest threat to public health.

In the first WHO list of ARB [14], Enterobacteriaceae resistant to third-generation
cephalosporins (ESBL producers) were placed in the critical priority category as pathogens
for which new treatments are urgently needed. According to research, Kiebsiella spp., in
particular Klebsiella pneumoniae, are the main promoters of antibiotic resistance in the Enter-
obacteriaceae family. Klebsiella pneumoniae and selected determinants of drug resistance
(including blactx-m and blatgy) were proposed as effective indicators of AMR dissemina-
tion in the environment [70]. According to an ECDC report [71], Poland is the European
country with the highest detection rate of multidrug-resistant Klebsiella pneumoniae in
clinical isolates (percentage of isolates). In Polish hospitals, 51.5% of clinical isolates of
Klebsiella pneumoniae were resistant to all of the following antimicrobials: fluoroquinolones,
third-generation cephalosporins, and aminoglycosides. Resistance to third-generation
cephalosporins (associated with ESBLs) was observed in 64.6% of clinical isolates of
K. pneumoniae (third place in Europe). In this study, similar trends were noted outside the
hospital environment, which gives serious cause for concern.

5. Conclusions

The results of this study indicate that chlorine-based disinfection promotes the survival
of ESBL-producing bacteria and/or the transmission of genetic determinants of AMR. As a
result, chlorination increases the proportion of ESBL-producing Enterobacteriaceae in dis-
infected wastewater. The study also demonstrates that chlorination in hospital disinfection
stations is not fully effective and that bacteria of the Enterobacteriaceae family, including
ESBL-E, can survive the disinfection process and reach municipal WWTPs with HWW. Ac-
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cording to these results, Klebsiella spp., and in particular Klebsiella pneumoniae, can be the main
promoters of antibiotic resistance in the Enterobacteriaceae family. Analyses of clonal similar-
ity suggests that high levels of genetic and phenotypic variation can be observed in bacterial
clones isolated from disinfected HWW. These results confirm previous reports, indicating
that chlorination contributes to the spread of drug resistance. This observation is particularly
worrying because the number of hospitals operating infectious disease departments and
disinfecting hospital wastewater increased during the COVID-19 pandemic.
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1. Introduction

According to the World Health Organization (WHO), antimicrobial
resistance (AMR) poses one of the ten greatest threats to public health
[14]. The inhibition of the development and spread of
antibiotic-resistant bacteria (ARB) is a global challenge that requires a
holistic approach to counteract this emerging threat. Effective strategies
involve the implementation of control and supervision measures to
minimize the spread of ARB and antibiotic resistance genes (ARGs) be-
tween humans, animals, and the environment [34]. Hospitals are res-
ervoirs of multidrug-resistant pathogenic bacteria, and they play an
important role in the emergence and spread of these pathogens. Hospital
wastewater (HWW) significantly contributes to the spread of ARB car-
rying ARGs outside the hospital environment. Critical-priority patho-
gens are transported with HWW to sewage networks, and they can be
evacuated to the natural environment with treated wastewater [20,48].

Many hospitals operate wastewater disinfection stations to minimize
the risks associated with HWW. Chlorine is one of the most popular
disinfection agents due to its broad-spectrum activity against many
microorganisms, high disinfection efficacy, and low cost. However, the
main purpose of hospital disinfection stations is not to inhibit the spread
of AMR in the environment, but to inactivate bacteria and viruses pre-
sent in HWW, due to their pathogenic and infectious potential [3].
Recent research has shown that HWW chlorination can also significantly
affect the dissemination of AMR. However, research findings are often
contradictory. According to some studies, chlorine disinfection can
effectively inactivate most ARB present in HWW [3]. There is also evi-
dence to suggest that chlorine enhances horizontal gene transfer (HGT)
processes in bacteria, including conjugation [17] and transformation
[22], which ultimately promotes the exchange of ARGs between bac-
terial communities. Chlorine disinfection can also increase the abun-
dance of intracellular and extracellular ARGs in HWW, thus contributing
to the spread of AMR [30]. A recent review article indicates that despite
numerous efforts to expand our understanding of pathogen resistance to
disinfection, very little is known about the relationship between chlorine
disinfection and the spread of AMR [1]. Chlorination can contribute to
the dissemination of AMR in the aquatic environment, which poses a
potential threat to public health and water ecosystems. The influence of
chlorination on the spread of AMR also deserves special attention due to
the recent increase in the number of hospital wards treating infectious
diseases and disinfecting HWW during the COVID-19 pandemic.

According to a research study describing current challenges associ-
ated with monitoring the spread of AMR in wastewater, urgent efforts
are needed to identify the hosts of ARGs [34]. Evaluations of the di-
versity and abundance of ARGs are insufficient to describe the ecology of
AMR, propose effective control methods, and identify direct and indirect
threats to human health. Therefore, bacterial populations harboring
ARGs and the location of ARGs on mobile genetic elements (MGEs)
should be described to mitigate the rapid spread of AMR, and to identify
molecular mechanisms responsible for the accumulation of AMR in the
environment [54]. Bacterial carriers of clinically important ARGs have
not been identified to date, and the fate of specific ARB and ARGs during
disinfection has not been accurately monitored in previous studies of
bacterial communities colonizing HWW. Only selected microbial groups
can be monitored with the use of culture-based methods [45], whereas
qPCR and short-read sequencing methods describe the relationships
between ARG hosts and ARG-harboring MGEs based on the results of
correlation analyses [52]. However, the accuracy of correlation-based
analyses is doubtful because the identified correlations can be circum-
stantial or mediated by other unknown or unaccounted for variables
[12].

In view of the above, the nanopore long-read (several to several
hundred kilobases) metagenomic approach was applied in this study to
identify microorganisms colonizing HWW. Long-reads support direct
identification of microbial taxa that are hosts of ARGs, they provide
more context for sequencing analyses than short reads, and enable the
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distinction between ARGs located on plasmids and chromosomes [12].
In recent years, long-read metagenomic methods have been used to
analyze the resistome of untreated municipal wastewater, activated
sludge [12], treated municipal wastewater, river water receiving treated
effluents [16], and other environments, such as cattle manure [41]. To
the best of our knowledge, this is the first study to analyze HWW with
the use of the long-read metagenomic approach. The present study was
undertaken to determine changes in the HWW metagenome induced by
chlorine disinfection, and it is a continuation of our preliminary research
on the abundance of extended spectrum beta-lactamase-producing
(ESBL) bacteria of the family Enterobacteriaceae in wastewater before
and after disinfection [43]. The results of preliminary analyses involving
culture-based methods suggest that ARB can survive the disinfection
process and that chlorination can increase the proportion of ARB in
disinfected wastewater.

The aim of the present study was to analyze, by long-read
sequencing, changes in the microbiome, resistome, and mobilome of
HWW induced by chemical disinfection with chlorine compounds. The
main hosts of ARGs in HWW were identified, and the mobility of resis-
tance mechanisms was analyzed. Special attention was paid to the
prevalence of critical-priority pathogens in the HWW microbiome,
which pose the greatest threat to human health. The influence of chlo-
rine disinfection on the risk of ARG transmission to human pathogens in
the HWW environment was estimated based on the results of meta-
genomic sequencing analysis.

2. Materials and methods
2.1. Research site and sampling

The research site and the sampling procedure were described in
detail in our preliminary study [43]. In short, the study was conducted in
a hospital that treats patients with respiratory diseases in north-eastern
Poland. The hospital has approximately 200 beds in eight wards, and
annual patient volume exceeds 11,000. The hospital has a local disin-
fection station which is equipped with a dosing station and pumps.
Wastewater is disinfected by an automated electrolytic sodium hypo-
chlorite (NaClO) generation system. The disinfectant is supplied to the
reaction chamber based on the volume of incoming wastewater. The
dosing station was programmed to obtain a final concentration of free
chlorine in the reaction chamber of 0.2 mg/L of wastewater. Wastewater
remains in the reaction chamber for 1.5 h. After this time, the effluent is
discharged to the municipal sewage system. Samples of wastewater
before disinfection and samples of disinfected wastewater were
analyzed. The samples were collected in four seasons: spring (20 April
2021), summer (24 August 2021), fall (16 November 2021), and winter
(3 February 2022). A composite sample composed of three grab samples,
with an estimated volume of 1 L each, was collected in each season in
each research site. A total of 8 composite wastewater samples were
obtained (4 seasons x 2 research sites = 8 composite samples). The
samples were transported to the laboratory on the day of collection and
analyzed.

2.2. Isolation of genomic DNA

A total of 8 composite samples of HWW were filtered with the use of
vacuum pumps (Charles Austen Pump Ltd.) equipped with poly-
carbonate filters with a pore diameter of 0.2 um (Nucleopore Membrane,
Whatman). The volume of filtered wastewater (60-75 mL) was deter-
mined in a preliminary analysis to ensure comparable concentrations of
DNA of appropriate quality. The filters were folded in 15 mL falcons and
stored at — 20 °C. The filters were used to isolate genomic DNA (gDNA)
from HWW samples with the use of the DNeasy PowerWater Kit (Qia-
gen) according to the manufacturer’s instructions. gDNA was purified
with a Monarch Genomic DNA purification kit (New England Biolabs) to
obtain DNA of the required purity (OD 260/230 =2.0-2.2, OD 260/280
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>1.8). DNA purity and concentration were determined using the Agilent
Cary 60 UV-Vis Spectrophotometer. The obtained DNA was stored at —
20 °C.

2.3. Nanopore sequencing

Long-read DNA libraries for nanopore sequencing were prepared
with the use of the gDNA ligation sequencing technology — Native Bar-
coding Kit 24 V14 (SQK-NBD114.24; Oxford Nanopore Technologies),
according to the manufacturer’s protocol. Four samples containing 500
ng of gDNA each were multiplexed in each of the three sequencing runs.
In the first step, DNA was fragmented and end-repaired using the
NEBNext®Companion Module for Oxford Nanopore Ligation
Sequencing (New England Biolabs). Next, a unique barcode was ligated
to each sample; the samples were pooled, and sequencing adapters were
ligated. The libraries were quantified with the Qubit dsDNA HS Assay
Kit (ThermoFisher) and sequenced using the MinION MK1C portable
device (ONT) and FLO-MIN 112 Flow Cells R.10.4 (ONT).

2.4. Bioinformatics analysis

The abundance of ARGs in the samples was estimated based on the
number of ARG copies. To compare ARG abundances between samples,
the number of ARG copies was normalized with the use of a method
similar to the approach described by Ma et al. [33] and Arango-Argoty
et al. [2]. The number of ARG copies was normalized to the total number
of gigabase (Gbp) pairs in the sample to obtain relative ARG abundances
according to Eq. (A):

normalized copy number of ARGs
_ total ARG count
" size of the data set in Gbp

(A

The size of the data set in Gbp is the total number of nucleotides in
the library divided by 1 x 10°, which corresponds to 1 Gbp.

In addition, the detected ARGs were assigned to the corresponding
mechanisms of action and classified into AMR Gene Families based on
the Comprehensive Antibiotic Resistance Database (CARD).

The ratio of taxon-specific host-assigned ARGs counts to the total
number of taxon-specific reads (ARG/taxon ratio) was calculated to
compare the number of ARGs for the same number of bacterial reads in
the research sites. The value of the ARG/taxon ratio was calculated
according to the formula (B):
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Escherichia coli, Staphylococcus aureus, Streptococcus pneumoniae, and
Haemophilus influenzae.

In addition, the taxonomic affiliation of bacteria and drug resistance
mechanisms were combined to identify groups of pathogenic bacteria
that are prioritized by the World Health Organization (WHO) due to
their high AMR potential [49]. The WHO classification is based on three
categories of pathogens which have different implications for human
health and require new antibiotic treatments. Bacterial taxa (and the
corresponding drug resistance mechanisms) of critical importance
include Acinetobacter baumannii (carbapenem resistance), Pseudomonas
aeruginosa (carbapenem), and Enterobacteriaceae (carbapenem resis-
tance- and ESBL-producing). Bacterial taxa of high importance include
Enterococcus faecium (vancomycin), Staphylococcus aureus (methicillin,
vancomycin), Helicobacter pylori (clarithromycin), Campylobacter spp.
(fluoroquinolone), Salmonellae (fluoroquinolone), and Neisseria gonor-
rhoeae (cephalosporin, fluoroquinolone). Bacterial taxa of moderate
importance include Streptococcus pneumoniae (penicillin), Haemophilus
influenzae (ampicillin), and Shigella spp. (fluoroquinolone). The ARGs
encoding drug resistance in WHO critical-priority pathogens are referred
to as critical ARGs in this study. The incidence of critical AMR mecha-
nisms in WHO priority pathogens was normalized with the use of the
same method that was applied to normalize ARGs (Eq. A). The number
of reads containing ARGs identified as critical-priority pathogens was
normalized to the total number of gigabases. The ARGs encoding beta
lactamases were classified as critical AMR mechanisms (ESBLs and
carbapenemases) based on the BLDB database [36] and, if necessary, the
CARD database.

Mobile genetic elements (MGEs) were identified using mobileOG-db
(Data Version: Beatrix 1.6 v1), and were divided into five major mobi-
1leOG categories which represent the key groups of MGE-associated
molecular mechanisms: Replication/Recombination/Repair (RRR),
Integration/Excision (IE), Stability/Transfer/Defense (STD), Inter-
Organism Transfer (T), and Phage-related biological processes (P).

Plasmid sequences were identified using flye v. 2.9 software [24].
This tool assembled long nanopore reads to reconstruct chromosomal
and plasmid scaffolds. The obtained sequences were scanned using
ARGPore v.2.1 software [54] to determine the potential occurrence of
ARGs. The plasmids with identified ARGs were remapped with the use of
Geneious Prime v.2023.0.4 (https://www.geneious.com) and minimap
v.2.17 (H. [27]) software to obtain complete and high-coverage
sequences.

Raw sequencing data were deposited in the NCBI Sequence Read
Archive (SRA) under accession number PRINA999488.

ARGs

taxon X

The higher the value of the indicator, the higher the ARG counts per
1 bacterial taxon read. A value of 1.0 indicates that 1 ARG was assigned
to one taxon-specific read.

The obtained reads were combined into contigs for a risk score
analysis in the MetaCompare pipeline [38]. The results were problem-
atic (as described in the Results section, subchapter 6), and reads that
were not combined into contigs were additionally analyzed with the use
of modified formulas from the original analysis.

The NanoARG platform contains tools for identifying pathogens in
sequenced samples. Briefly, nanopore reads were matched against the
sequences available for pathogens by examining the NCBI taxonomic
identifier downloaded from the NCBI taxonomy website. The following
annotated reads were considered as pathogens: Enterococcus faecium,
Klebsiella pneumoniae, Pseudomonas aeruginosa, Acinetobacter baumannii,

RGs . total count of taxon X specific host — assigned
ratio = —
taxon total count of taxon X specific reads

(B)

2.5. Statistical analysis and visualization of the results

A linear discriminant analysis effect size (LEfSe) was performed to
determine significant differences in the occurrence of bacterial taxa
between sites. The analysis relied on the relative values of specific taxa
in the sample. In the first step, the Kruskal-Wallis non-parametric rank
sum test was applied in groups of multiple samples to determine sig-
nificant differences in abundance across groups. In the second step, a
linear discriminant analysis (LDA) was performed to classify the data
and assess the influence of significantly different species (i.e. the LDA
score). The p-value threshold for group comparisons (alpha value in the
Kruskal-Wallis non-parametric test) was set at 0.05. The LDA score
(logarithmic (log10) LDA score threshold for discriminative features)
was set at 2.0. The results of the analysis were presented in a cladogram
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and an LDA score distribution bar plot of the indicator species.

Genetic diversity within bacterial populations and AMR de-
terminants were presented with the use of alpha diversity indices (Chao-
1, Shannon_H, Dominance_D) calculated in Past 4.03 software [19]. Past
4.03 was also used to determine beta diversity, calculate the overall
average dissimilarity between samples, perform the similarity percent-
ages breakdown analysis (SIMPER), the ANOSIM analysis, and the
Mantel statistical test.

The presence of strong correlations (r > 0.9, p < 0.01) between taxa
was determined in JASP 0.16.3 (JASP Team, Amsterdam, Netherlands).
The results of the correlation analysis were visualized as networks in
Gephi 0.9 program with the Fruchterman Reingold layout. The number
of communities in the network analysis was determined with the Girvan-
Newman algorithm. The presence of resistance mechanisms in critical-
priority pathogens and the presence of ARGs on MGEs were visualized
in Gephi 0.9 using Yifan Hu Proportional and Noverlap layouts. Bacte-
rial communities were identified and described with Bayesian stochastic
blockmodeling.

The results of PCoA, adonis (differences between groups) and
permDisper (differences in dispersion between groups) tests were visu-
alized, and bar plots, box plots, Venn diagrams, and scatter plots were
created with the use of the ImageGP server [8]. Heatmaps were devel-
oped in GraphPad Prism (GraphPad Software Inc., San Diego, CA, USA).
Significant differences between groups were determined in the
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non-parametric Mann-Whitney U test, Kruskal-Wallis test, adonis and
ANOSIM tests. The results were regarded as statistically significant at
p < 0.05.

3. Results

3.1. The effect of HWW disinfection on the composition of bacterial
communities

A total of 172,532 - 865,879 reads were analyzed to determine mi-
crobial biodiversity in HWW samples, and 37.28-94.86% of the reads
were classified to a taxonomic category (Table S1; Fig. S1). The analyzed
HWW samples were colonized by bacteria representing 37 phyla, 74
classes, 167 orders, 387 families, and 1442 genera.

Significant differences in the composition of bacterial communities
colonizing HWW samples from different sites were not observed at the
phylum level (Fig. S2), but significant differences were noted at lower
taxonomic levels, including class, order, family, and species (Fig. S3).

Biomarkers were analyzed with the use of the linear discriminant
analysis (LDA) effect size (LEfSe) approach to determine differences in
the prevalence of the classified bacterial taxa in HWW samples before
and after disinfection. Fifty bacterial taxa (Fig. 1A) differed significantly
in prevalence when the LDA score for discriminative features was set at
2.0 (Fig. 1B). Before disinfection, HWW samples were colonized by 29
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Fig. 1. Differences in the microbiome of HWW before and after disinfection. A — Cladogram plotted based on the results of the LEfSe analysis. In the cladogram,
circles radiating from the inside to the outside represent different classification ranks from the phylum to the genus. Each circle represents a distinct taxon at the
corresponding taxonomic level, and its diameter is positively correlated with relative abundance. Taxa whose abundance did not differ significantly are marked in
yellow, and biomarkers (p < 0.05, LDS score >2) are marked with different colors based on the corresponding groups. Biomarkers are denoted by symbols, which are
explained on the right side of the cladogram. Full names were additionally provided for the biomarkers identified at the order level and higher. B - LDA scores
obtained in the LEfSe analysis. An LDA effect size greater than 2 was used as a threshold in the LEfSe analysis; C- alpha diversity metrics (Shannon_H and Chao-1
index) of bacterial communities at the genus level.
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indicator bacterial taxa, mostly Alphaproteobacteria (n =9), Bacter-
oidia (n = 8), and Clostridia (n = 6). In the discriminant analysis, the
class Clostridia and the order Eubacteriales were most prevalent in
HWW samples before disinfection. Disinfected wastewater was colo-
nized by 21 indicator taxa, mostly Gammaproteobacteria (n = 12) and
the genus Nostoc (Cyanobacteria). Bacteria of the family Enterobacteri-
aceae were most abundant in samples of disinfected HWW. The family
Enterobacteriaceae was characterized by the highest LDA score (5.042)
among all bacterial taxa in HWW samples from both sites. In the SIMPER
analysis, the family Enterobacteriaceae was also identified as a taxon
(variable) with the highest average dissimilarity index (11.77) in the
microbiome of wastewater samples collected from both sites (groups)
(Fig. S3C). Enterobacteriaceae were responsible for 21.25% of the
overall dissimilarity between HWW samples, and their average preva-
lence increased by 23.5% (from 3.2% to 26.7%) after disinfection
(Fig. S3C). The alpha diversity of bacterial communities was determined

Journal of Hazardous Materials 459 (2023) 132298

based on the Shannon diversity index (Shannon_H) and the Chao species
richness estimator (Chao-1) (Fig. 1C). Despite differences in the species
composition of bacterial communities colonizing HWW before and after
disinfection, no significant differences were determined in alpha di-
versity (Shannon_H, Mann-Whitney U=6, p = 0.69) or species richness
indicators (Chao-1, Mann-Whitney U=4, p = 0.34). However, the
average values of both indices were higher before (Shannon H= 2.91;
Chao-1 = 1359.5) than after disinfection (Shannon_H= 2.74; Chao-1 =
1247.5).

The correlation-based network analysis (Fig. S4) revealed strong
correlations (rs>0.9, 0 <0.01) between bacterial genera, which points
to similar responses to disinfection in HWW samples (nodes=88,
edges=384); 88.63% of the identified associations were aggregated in
three main correlation modules (Fig. S4A). Bacterial genera belonging to
the classes Clostridia and Bacteroidia (Cluster 1) were strongly corre-
lated with the following LEfSe biomarkers (Fig. 1B) associated with
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HWW samples before and after disinfection: Roseburia, Lachnospira,
Barnesiella, and Paraprevotella. The presence of a strong correlation be-
tween Clostridia and Bacteroidia was also confirmed at the class level
(rs=0.95, p < 0.01) (Fig. S4C). The biomarkers associated with HWW
samples before disinfection were also grouped in cluster 3 (Sphingopyxis,
Paenibacillus, Chrysobacterium) with numerous representatives of Beta-
proteobacteria and the genus Clostridium (Clostridia and Betaproteo-
bacteria; rs=0.81, p < 0.05). The biomarkers associated with
disinfected HWW and belonging to the class Gammaproteobacteria
(genera Lelliottia, Leclercia, Tolumonas, Pectobacterium, Kluyvera,
Enterobacter, Escherichia, Citrobacter, and Raoultella) and the genera
Sulfurospirillum (Epsilonproteobacteria) and Nostoc were grouped in
cluster 2. The second cluster also contained many important represen-
tatives of Gammaproteobacteria (genera Salmonella, Yersinia, Klebsiella,
Aeromonas, Vibrio, Serratia, and Proteus) and Epsilonproteobacteria
(genera Arcobacter, Pseudoarcobacter, and Aliarcobacter), which points to
strong correlations between these taxa. However, no significant corre-
lations between Gammaproteobacteria and Epsilonproteobacteria were
found at the class level (rs=0.28, p = 0.58). The genera grouped in
clusters 1 and 3 were considered chlorine-sensitive, whereas the genera
in cluster 2 were more resistant to disinfection (Fig. S4B).

3.2. Effect of disinfection on the composition of the HWW resistome

The resistome of HWW samples was analyzed with the use of the
deepARG database containing 131,683 to 817,535 reads (depending on
the sample) classified by the NanoARG web service. In the group of the
classified reads, 1304-13,951 harbored at least one ARG. On average,
reads containing at least one ARG accounted for 0.52% (0.40-0.63%) of
all reads in HWW samples before disinfection and 2.29% (1.71-3.21%)
of all reads in HWW samples after disinfection (Mann-Whitney U=0,
p = 0.028). A total of 562 unique ARGs grouped in 114 families that
encode resistance to 30 antimicrobial classes were identified in HWW
samples.

Disinfection induced significant changes in the alpha diversity of the
HWW resistome (Fig. 2A). Total ARG counts (individuals/Gpb)
decreased significantly after disinfection (Mann-Whitney U=O0,
p = 0.028). On average, the concentration of ARGs decreased from
1.59-10° reads/Gbp (1.35-1.86-10°) to 8.33-10* reads/Gbp (6.41-10*
1.24-10%), which corresponds to 47.6% (30.4-62.6%) on average.
Despite the above, samples of disinfected HWW harbored a high number
of unique ARGs (149; 26.51% of total ARGs) and ARG families (24;
19.67% of all families) (Fig. 2B), which led to a significant increase in
ARG richness (Mann-Whitney U=0, p = 0.028). Samples of disinfected
HWW were also characterized by significantly higher values of the di-
versity index (Mann-Whitney U=0, p = 0.028). No significant changes
in the dominance index were noted between samples (Mann-Whitney
U=0, p < 0.05). The examined samples differed in the frequency of AMR
mechanisms encoded by ARGs (adonis R2 =0.44, p = 0.028) (Fig. 2C,F).
The proportion of genes encoding efflux pumps decreased considerably
in the wastewater resistome after disinfection (Mann-Whitney U=0,
p = 0.028), whereas the proportion of genes encoding antibiotic target
replacement, reduced permeability to antibiotics, and resistance by
absence increased significantly (Mann-Whitney U=0, p = 0.028)
(Fig. S5). Antibiotic efflux (40.97% before disinfection, 35.80% after
disinfection), antibiotic target alteration (27.36% before disinfection,
26.16% after disinfection), and antibiotic inactivation (17.05% before
disinfection, 22.26% after disinfection) were the most prevalent resis-
tance mechanisms in HWW samples both before and after disinfection
(Fig. 2C).

Hospital wastewater samples differed in the prevalence of ARGs
encoding resistance to specific antibiotic classes (adonis R2 =0.03,
p = 0.027) (Fig. 2 D,G). Disinfection induced a significant decrease in
the proportion of ARGs conferring multidrug resistance (Mann-Whitney
U=0, p = 0.028), but increased the proportion of ARGs encoding resis-
tance to diaminopyrimidine and tetracenomycin C (Mann-Whitney
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U=0, p = 0.028) (Fig. S5). The most common resistance mechanisms in
HWW samples from both sites were multidrug resistance (24.56% before
disinfection, 21.27% after disinfection on average), resistance to gly-
copeptides (18.56% before disinfection, 18.65% after disinfection on
average), and resistance to aminoglycosides (8.13% before disinfection,
10.87% after disinfection on average) (Fig. 2D).

The same ARG families were dominant in HWW samples before and
after disinfection. In both cases, the predominant ARG family was the
glycopeptide resistance gene cluster (17.21% before disinfection, and
17.58% after disinfection), followed by the resistance-nodulation-cell
division (RND) antibiotic efflux pump (15.17% before disinfection and
13.37% after disinfection), ATP-binding cassette (ABC) antibiotic efflux
pump (9.82% before disinfection and 9.34% after disinfection), and the
major facilitator superfamily (MFS) antibiotic efflux pump (9.49%
before disinfection and 9.10% after disinfection) (Fig. 2E). However, the
analysis revealed significant differences in the abundance of AMR gene
families between samples (adonis R2 =0.28, p = 0.029) (Fig. 2E,H). The
frequency of CfxA beta-lactamases and class B (metallo-) beta-
lactamases decreased (Mann-Whitney U=0, p = 0.028), whereas the
proportion of trimethoprim-resistant dihydrofolate reductases (dfr),
AAC(6"), phenotypic variant regulators, GES beta-lactamases, class A
beta-lactamases, class C beta-lactamases, and MipA-interacting proteins
increased (Mann-Whitney U=0, p = 0.028) (Fig. S5). Some seasonal
differences were observed in the HWW resistome (Fig. 2F-H). The
PERMDISP test revealed considerable differences in the dispersion of
HWW samples between sites and a significant increase in sample ho-
mogeneity after disinfection (PERMDISP p = 0.001).

Four ARGs were predominant in HWW samples collected from both
sites. The most prevalent ARGs were vanR and vanS which confer
resistance to glycopeptide antibiotics, followed by OXA encoding resis-
tance to class D beta-lactamases, and bcrA (ABC transporter gene)
encoding resistance to peptide antibiotics (bacitracin) (Fig. 3A). Disin-
fection induced significant differences in the concentrations of 73 out of
the 562 unique ARGs identified in HWW. Therefore, only 12.99% ARGs
were affected by disinfection (Fig. 3B). The most profound changes were
observed in the abundance of ARGs encoding multidrug resistance
(n = 21), followed by ARGs conferring resistance to macrolide, linco-
samide and streptogramin (MLS) antibiotics (n = 12) and beta-lactams
(n=7). The abundance of 45 ARGs was significantly reduced,
whereas the abundance of 28 ARGs increased. On average, the greatest
decrease in absolute abundance was observed in the following genes:
vanS (decrease of 3.49 logio, 46.27%), transcriptional regulatory pro-
tein cpxR (decrease of 3.26 logyp, 65.77%), and truncated putative
response regulator ArlR (decrease of 3.21 logig, 61.50%). In turn, the
greatest average increase in absolute abundance was observed in the
following genes: GES (increase of 2.93 logi, 220.69%), mutant forms of
porin omp36 (increase of 2.04 logi(), and IBC-2 (increase of 2.02 logi,
983.15%). An analysis of the relative abundance of ARGs also revealed
significant differences in the composition of resistance determinants
between samples from different sites (adonis R2 =0.27, p = 0.03)
(Fig. 3C). Similarly to AMR gene families, disinfection induced signifi-
cant changes in the ARG profiles of HWW samples (PERMDISP
p = 0.001).

3.3. Communities of antibiotic-resistant bacteria in HWW samples

This section focuses solely on ARGs carried by identified bacterial
hosts. Reads containing ARGs in unidentified hosts, reads not associated
with unicellular organisms (synthetic constructs, Homo sapiens) and
Archaea were eliminated from the analysis. Based on the above criteria,
83.43% of all reads containing ARGs in HWW samples were successfully
associated with bacterial taxa. Not all ARG hosts were identified at the
same taxonomic level. Most bacterial hosts were identified at the species
level (99.19%), and only a small percentage of hosts were identified at
genus (0.6%), family (0.18%), and order (0.03%) levels. A total of
50.63-77.61% ARGs (66.94% on average) were associated with
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bacterial hosts in HWW samples before disinfection, and 87.62-92.99%
ARGs (89.72% on average) were associated with bacterial hosts in dis-
infected samples.

The taxonomic composition of the ARB population differed from the
composition of the total bacterial population in HWW (adonis R = 0.22,
p = 0.0003) (Fig. S6C). Antibiotic-resistant bacteria accounted for only
a part of the total bacterial population in wastewater (Chao-1, Mann-
Whitney U=0, p = 0.028) (Fig. S6B). The ARB community was less
dispersed (smaller ellipses in Fig. S6C) than the total bacterial popula-
tion. No significant correlations were observed between changes in the
total bacterial population and changes in the ARB population (Mantel
test, r = —0.09, p = 0.49). However, the values of the diversity index
were similar in the ARB community and the total bacterial population
(Shannon_H, p = 0.81). The composition of the ARB population differed
significantly between sampling sites (adonis R2 =0.29, p = 0.033). The
total number of bacterial genera harboring ARGs was higher in dis-
infected samples (n = 542) than in HWW before disinfection (n = 329)
(Chao-1, Mann-Whitney U=0, p =0.028) (Fig. S6A). Disinfected
wastewater was also characterized by significantly more diverse ARB
populations (Shannon-H, Mann-Whitney U=0, p = 0.028) and greater
similarities at the genus level (Fig. S6D). In wastewater samples from
both sites, most ARB were assigned to the classes Gammaproteobacteria
(76 genera before disinfection, 119 genera after disinfection), Alphap-
roteobacteria (36 genera before disinfection, 66 genera after disinfec-
tion), and Betaproteobacteria (48 genera before disinfection, 54 genera
after disinfection (Fig. S7).

In the analyzed HWW samples, ARGs were most frequently identified
in bacterial classes Gammaproteobacteria, Bacteroidia, Bacilli, Clos-
tridia, Betaproteobacteria, and Epsilonproteobacteria which acted as
hosts for more than 95% of all host-assigned ARGs (Fig. 4A). Gam-
maproteobacteria were the dominant ARG hosts in HWW samples
(63.48% before disinfection, 69.61% after disinfection). The greatest
change in the abundance of ARG hosts was observed in Bacteroidia

(Fig. 4B). No significant changes in the proportion of drug resistance
mechanisms were observed between bacterial classes (Kruskal-Wallis
statistic = 0.74, p > 0.99), and their share was similar to that noted in
HWW (Fig. 2D).

The distribution of ARGs assigned to bacterial hosts at the genus level
is presented in Fig. 4C. Ten ARG hosts were most frequently identified in
HWW, including eight genera of the class Gammaproteobacteria (Aci-
netobacter, Aeromonas, Citrobacter, Enterobacter, Escherichia, Klebsiella,
Pseudomonas, and Tolumonas) one genus of the class Bacteroidia (Bac-
teroides), and one genus of the class Epsilonproteobacteria (Arcobacter).
In the examined HWW samples, ARGs were most frequently identified in
the genera Acinetobacter (29.21% on average), Bacteroides (11.78%), and
Aeromonas (8.80%). Disinfection decreased the prevalence of the
dominant genus Acinetobacter among ARG hosts (by 11.70%), and
increased the prevalence of the genera Enterobacter (by 10.61%) and
Citrobacter (by 4.42%). Disinfection decreased the value of the domi-
nance index in the ARB population (Dominance_H, Mann-Whitney U=0,
p = 0.028) (Fig. S6A).

A strong correlation was observed between changes in the ARB
population (at the genus level) and changes in the ARG profiles of HWW
samples (Mantel test, r = 0.93, p = 0.0005). The distribution of the most
prevalent resistance mechanisms in ten bacterial genera that were most
abundant in ARGs is presented in Fig. 5D. Determinants of multidrug
resistance (17.39% of all host-assigned ARGs), resistance to glycopep-
tides (8.93%) and beta-lactams (8.29%) were most frequently identified
in these hosts. Acinetobacter spp. were the main hosts of the most
prevalent resistance mechanisms. The percentage of Acinetobacter hosts
harboring different drug resistance mechanisms decreased after disin-
fection (the share of multidrug resistance determinants decreased from
9.70% to 4.30%) due to an overall decrease in the proportion of Acine-
tobacter spp. in the ARB population (Fig. 4C). The percentage of Bac-
teroides and Aeromonas harboring determinants of multidrug resistance
and resistance to glycopeptides remained similar after disinfection. In
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Fig. 4. Host distribution of ARGs based on the assembly and quantification of reads. The figures present the percentage of individual taxa (A, B - class; C, D - genus)
in all classified and host-assigned ARG reads. A and C - bar plots showing the relative abundance of individual taxa (A-class, C-genus) in the ARB community. Ten
taxa with the highest number of ARGs reads are presented. B — bar plots presenting the percentage distribution of resistant bacteria (class) in both sites. The
abundance of taxa resistant to different antibiotics within the same class is marked in color. The percentage of changes before and after disinfection is indicated. D -
Bubble plot showing 10 genera with the highest number of host-assigned ARG reads and specific drug resistance mechanisms in both research sites. The color and size
of the dots indicate the percentage of all host-assigned ARG reads in the site. The percentages were averaged for bacterial genera in both sites (share of different
genera in the total ARB population in HWW (right) and resistance mechanisms (share of the ten most abundant genera in the total ARB population (top)). Figures (E-
G) present the ratio of taxon-specific host-assigned ARG counts to the total number of taxon-specific reads (ARG/taxon ratio) in the indicated classes (E), genera (F),
and total bacterial population (G). A comparison of ARG/taxon ratios between research sites revealed differences in the number of ARGs relative to the same number

of bacterial reads.
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Fig. 5. Network analysis of WHO priority pathogens identified in hospital wastewater before (left) and after (right) disinfection. Differently colored nodes represent
priority pathogens and ARGs encoding resistance to the main antibiotic classes. The size of node labels corresponds to cumulative node degrees. Edges denote the
physical presence of drug resistance mechanisms in reads assigned to priority pathogens. Edges representing critical-priority, high-priority, and medium-priority
pathogens are labeled with different colors. Edge size is proportional to the number of host-assigned ARG reads (also expressed in reads/Gbp).

the group of ARG hosts, disinfection increased the percentage of
Enterobacter spp. conferring multidrug resistance (from 0.84% to 3.74%)
and resistance to glycopeptides (from 0.16% to 1.86%). The proportion
of multidrug-resistant Citrobacter spp. also increased. Despite the fact
that the genus Pseudomonas accounted for a small proportion of the ARB
population, these bacteria harbored a higher number of aminoglycoside
resistance genes than other hosts. It should also be noted that new drug
resistance mechanisms were identified in Escherichia spp. (tetracyclines)
and Tolumonas spp. (beta-lactams, aminoglycosides, and MLS) after
disinfection.

The applied sequencing method provided information about the
number of ARG reads identified in different bacterial taxa (ARB popu-
lation) and the number of reads characteristic of bacterial taxa (total
bacterial population). These values were compared to determine the
ratio of taxon-specific host-assigned ARG counts to the total counts of
taxon-specific reads (ARG/taxon ratio). These indicators were compared
between research sites to calculate differences in ARG counts relative to
the same number of bacterial reads. Disinfection increased the ARG/
taxon ratio in the most prevalent bacterial classes in HWW (Fig. 4E). The
greatest increase was observed in the classes Bacilli (by 0.036), Beta-
proteobacteria (0.0308), and Gammaproteobacteria (0.0209). The
observed increase was particularly evident in taxa where the total
number of reads was similar in both sites, including in Bacilli. The total
number of Bacilli reads was comparable in both sites (32,227 before
disinfection, 32,094 after disinfection), whereas the number of taxon-
specific ARG reads increased significantly (224 before disinfection,
1383 after disinfection). A similar analysis was performed at the genus
level (Figurer 4 F). The greatest increase in the ARG/taxon ratio was
noted in the genus Enterobacter (Mann-Whitney U=0, p = 0.028) after

disinfection (by 0.2315). A smaller increase (up to 0.03) was observed in
other prevalent ARG hosts, excluding the genus Escherichia, where the
ARG/taxon ratio decreased (by 0.043) after disinfection. A comparison
of the total number of host-assigned ARG reads with the total number of
all bacterial reads revealed a global increase in the ARG/taxon ratio in
HWW (Fig. 4G). The global ARG/taxon ratio increased from 0.0062 to
0.0092 before disinfection to 0.0177-0.0295 after disinfection (Mann-
Whitney U=0, p = 0.028).

3.4. WHO priority pathogens in HWW

The percentage of ARGs identified in taxa classified as human
pathogens was 6.82% (2.37-9.56%) on average in HWW samples before
disinfection, and it increased to 11.40% (10.56-13.58%) after disin-
fection (Mann-Whitney U=0, p = 0.028) (Fig. S8A). Despite the fact that
HWW samples harbored mainly ARGs conferring multidrug resistance
and resistance to glycopeptides, most of the analyzed pathogens were
resistant to aminoglycosides (32.07% on average) and beta-lactams
(29.18% on average) (Fig. S8B). The proportion of ARGs encoding
resistance to different antibiotic classes was nearly identical in waste-
water samples from both sites, excluding ARGs conferring resistance to
beta-lactams. Pathogenic taxa harbored nearly 40% of all ARGs encod-
ing resistance to beta-lactams in samples of disinfected wastewater
(increase of 18% relative to HWW samples before disinfection)
(Fig. S8C).

The network analysis (Fig. 5) revealed an increase in the abundance
and diversity of pathogenic taxa and resistance determinants with pri-
ority status in HWW samples after disinfection (number of nodes: n = 43
before disinfection vs n = 111 after disinfection). Before disinfection,
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priority pathogens were represented by a total of 13 species harboring
30 unique ARGs, and these values increased to 32 species and 79 ARGs
after disinfection (Table S2). Disinfection also increased the number of
links between pathogens and ARGs (number of edges: n = 37 before
disinfection, n = 180 after disinfection), and many individual and
relatively homogenous communities of critical-priority pathogens
(number of communities=7; description length=187.696) became more
concentrated, complex and diverse (number of communities=4;
description length=764.022) (Bayesian stochastic blockmodeling).

The carbapenem-resistant Acinetobacter baumannii was classified by
WHO as a critical-priority pathogen. Before disinfection, A. baumannii
harbored 12 unique carbapenem-resistance genes, mostly OXA-420
(331.3 reads/Gbp), OXA-97 (310.5 reads/Gbp), and OXA-164 (207.0
reads/Gbp). After disinfection, the number of unique ARGs increased to
29, with a predominance of GES beta-lactamases: GES-21 (269.3 reads/
Gbp), GES-4 (91.3 reads/Gbp), and GES-15 (86.0 reads/Gbp). Disin-
fection decreased the concentration of carbapenem-resistant
A. baumannii by 36.9% (from 1511.10 reads/Gbp to 912.56 reads/
Gbp). The carbapenemase-producing Pseudomonas aeruginosa (critical-
priority pathogen on the WHO list) was not detected in HWW samples
before disinfection and it was identified only in disinfected wastewater
(11.22 reads/Gbp). This pathogen harbored mainly the GES-4 gene. The
group of critical-priority pathogens also included carbapenemase- and
ESBL-producing Enterobacteriaceae. Before disinfection, this group was
represented by ten species harboring eight unique ARGs, with a pre-
dominance of Escherichia coli carrying OXA-10 and OXA-1 (62.1 reads/
Gbp each) and Enterobacter hormaechei carrying OXA-30 and OXA-1
(62.1 reads/Gbp each). Disinfected HWW contained 26 critical Entero-
bacteriaceae species harboring 48 unique ARGs, with a predominance of
Escherichia coli harboring OXA-10 (273.2 reads/Gbp), Klebsiella pneu-
moniae harboring OXA-1 (86.1 reads/Gbp), and Enterobacter spp. 638
harboring the NmcR regulator (82.28 reads/Gbp). The concentration of
carbapenemase- and ESBL-producing Enterobacteriaceae increased by
136.38% after disinfection (from 496.8 to 1174.7 reads/Gbp).

The group of high-priority pathogens in HWW included Enterococcus
faecium and Staphylococcus aureus which are resistant to vancomycin
(identified in samples from both sites), and the fluoroquinolone-
resistant Salmonella enterica (the qacH gene was identified only after
disinfection). In HWW samples from both sites, resistance to vancomy-
cin in E. faecium was conditioned mainly by vanS (124.2 reads/Gbp
before disinfection, 22.44 reads/Gbp after disinfection) and vanR (103.5
reads/Gbp before disinfection, 26.18 reads/Gbp after disinfection), but
new determinants of vancomycin resistance were identified after
disinfection. Different ARGs conferring resistance to vancomycin (vanA
before disinfection, vanX after disinfection) predominated in S. aureus.
After disinfection, some ARGs were shared by pathogenic species, which
was not observed before disinfection. Disinfection decreased the con-
centration of high-priority pathogens in HWW samples by 61.01% (from
393.3 to 153.34 reads/Gbp). The beta-lactam-resistant Haemophilus
influenzae was the only medium-priority pathogen (carrying the TEM-1
gene) which was identified in disinfected wastewater. The total con-
centration of critical-priority, high-priority, and medium-priority path-
ogens decreased by 6.16% after disinfection (from 2401.2 to 2253.35
reads/Gbp). Critical resistance mechanisms are presented in Table S2.

It should be noted that some critical resistance mechanisms were
identified in the same reads, which points to the physical presence of
several priority ARGs in one bacterial cell. Such observations were made
in a total of 21 cases. In Acinetobacter baumannii, resistance to carba-
penems was encoded by two genes (OXA-233 and OXA-55). Two genes
conferred resistance to ESBLs and carbapenems in Salmonella enterica
(OXA-1 and OXA-420) and Escherichia coli (OXA-10 and OXA-244). Two
copies of the OXA-10 gene were detected in the same read in Escherichia
coli. Vancomycin-resistance genes formed the most diverse group: seven
ARGs were identified in the same read in Staphylococcus aureus (vanH,
vanR, vanS, vanA, vanZ, vanX, vanY) and Enterococcus faecium (vanA,
vanA, vanY, vanZ, vanH, vanS, vanR). In disinfected HWW, the
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coexistence of drug-resistance genes was noted in 20 cases. In one case,
Staphylococcus aureus carried both vanA and vanX genes before disin-
fection. The coexistence of critical drug resistance mechanisms is pre-
sented in Table S3.

3.5. The effect of disinfection on the wastewater mobilome

The abundance of ARG-harboring MGEs in HWW samples was
examined with the use of the mobileOG-db database. The identified
MGEs were classified in five groups representing the key divisions of
MGE-associated molecular mechanisms (Fig. S9A). Disinfection
increased the diversity (Shannon_H; Mann-Whitney U=0, p = 0.028)
and number of unique MGEs associated with ARGs (n = 29-65 before
disinfection, n = 199-371 after disinfection) in HWW samples. The
percentage of ARG-harboring MGEs was similar in both sampling sites
(anosim R=0.49, p = 0.09). Antibiotic resistance genes were most
frequently identified in the proximity of genes controlling, mediating, or
assisting site-specific recombination (integration/excision, IE) (65.16%
on average), followed by elements that participate in the replication,
recombination, or repair (RRR) of nucleic acids (12.0% on average), as
well as conjugation and natural transformation mechanisms (transport,
T) (11.03% on average). The elements associated with stability or de-
fense against resistance mechanisms in bacterial hosts or other elements
(stability/transfer, defense, STD) and phage-mediated biological pro-
cesses (phage, P) were least frequently identified in the proximity of
ARGs (<10%).

The network analysis (Fig. 6A) revealed an increase in the number of
MGEs carrying unique ARGs (number of ARG nodes: n = 97 before
disinfection, n = 314 after disinfection), as well as ARG-harboring MGEs
representing different molecular mechanisms (average number of ARG
nodes: unweighted degree=1.42 before disinfection, 2.51 after disin-
fection). Genes conferring multidrug resistance and resistance to MLS
antibiotics, beta-lactams, and aminoglycosides were most frequently
identified in ARG-harboring MGEs (more than 60% of all nodes). In both
sampling sites, the following genes were most frequently detected in the
proximity of MGEs: OXA (before disinfection=2 835.9 hits/Gbp; after
disinfection=1 107.04 hits/Gbp), vanS (1 283.4 hits/Gbp before disin-
fection; 731.17 hits/Gbp after disinfection), and vanR (828.0 hits/Gbp
before disinfection; 942.48 hits/Gbp after disinfection). The overall
abundance of ARG-harboring MGEs in HWW samples increased by
4.56% after disinfection (before disinfection =18 464.4 hits/Gbp, after
disinfection =19 302.14 hits/Gbp).

Disinfection increased the number of ARG fractions identified on
MGEs (Mann-Whitney U=0, p =0.028), from 7.38% on average
(5.5-10.83%) before disinfection to 15.54% on average (13.21-18.99%)
after disinfection (Fig. 6B). Genes encoding resistance to various anti-
biotic classes differed in mobility, but the greatest increase was observed
in the abundance of the mobile fraction after disinfection (Fig. 6B).
Genes conferring resistance to beta-lactams were characterized by the
highest mobility potential before disinfection (17.8%), which increased
by only 1.22% after disinfection relative to the remaining classes.
Disinfection induced the greatest increase in the mobility potential of
ARGs encoding resistance to diaminopyrimidine (by 12.51%) and phe-
nicol (by 12.32%). Genes conferring resistance to aminoglycosides
(20.01% after disinfection) and sulfonamides (19.19% after disinfec-
tion) were characterized by the highest mobility potential after
disinfection.

The percentage of drug resistance mechanisms in the main MGE
classes did not differ between sites (Kruskal-Wallis p = 0.96), but phage-
associated MGEs had the most unique drug resistance profiles
(Fig. S10A). In all MGE groups, drug resistance mechanisms were more
similar after disinfection than before disinfection (PERMDISP,
p = 0.038). Disinfection induced the greatest differences in resistance
mechanisms P and STD (Fig. S10B). Wastewater samples from the
analyzed sites also differed in the composition of MGEs (adonis p < 0.05
for T, RRR, P, and STD) (Fig. S11).



D. Rolbiecki et al.

Journal of Hazardous Materials 459 (2023) 132298

average ARGs nodes average ARGs nodes
unweighted degree=1.42 BEFORE DISINFECTION unweighted degree=2.51 AFTER DISINFECTION
A Edge reads hits/Gbp Edge reads hits/Gbp A
o
— 111 2297.7 === 454 848.98 ancigacth
W0
2 4141 2 374
g
T Nodes:102 = Nodes:319 ey rad
e Edges:138 = Edges:787 - viges 17 EBLachigca miok ol
o bcaatep randimes st sz P g e
a3 mE | TRE g | e
- W e . L e oll** P T e
gl
noT " N
[ ———_ L L on ‘“‘v\.. e &
T bbbt | 198/ vuggestona muiaty st gt cput o L) BNy Hap, o
g g :
. ; ; wctyeaer iy ¥ il gt g 0 g S
Ringhii}._ngga bl o 8 g 3 Braphylobsccusiupa coaleiing meggane 10 musimel
roe oy enloranhiical angiefen ool esstancy gl oo - o]
@Ml t / argry g o A lga e gy T b s
m»tegra 10 excision; <N o i :“tramfgr:;u e o
vk gD gt g ,, o o
e o \\,  bicinal wpuingy protein LR @ b DG" o mw::s uvl’r@g"“ o ol
ap?
sng-1 ¢ o unmmwm‘ s ¥
_..mavemwdm'hw oo s "‘"“rﬂ
\ & Vak 08
T/ ||\ \ NN\ -inte ratic lon/exeision: . s
. \ o a0 !
o | e T 7 mstaﬁlmamferldefense =
gt tnfaghepion uscapl Mol yiase ek - = wvﬂﬂ w-oﬂ ACEDY ;surwn \tands protin g
P — MD pet mmmn mogeoiygenas. anggcT
tabtlltvlllamlej&w qu b I
o % I = W@@om bm -
- i N & W o o i atlonlrepaur
vy ,
L e e - ™ phage i
replication/reconbinatiéfi/rep " = g, o g
ARH s o sagta e wc\:rrwoﬂhﬂ-ly\w-.n
g e Kigbaie(la preuoniss QPR35 eRal e ! gt
r—c:s - ad A gl @ iy STV )
: i o L sl plptlora s oy QW_‘F ALy -
- G @R I et o PGP B o5 il il facilitator oo s
- - R
L o { gz gD ADg2f
ArEBIEr  major tacimatct ity sansperter ot oan °’N’wn B it
. “
gl o
: T O Hifaa
Lo B % of ARGs co-oceurring with MGEs o o
ANTEHIa B |- betadactam b ¢
Vg2 12
.- or 12001 | amincgiycosie
0 A RIS e i gt i _“m::':
mgs iamincpyrmicine
¢ 5 - = L 2
O g O : - o)
. | tetracycline nacee paagac
| Nodes: 7 |- tasmidomycin
@ muhidrug glycopeptide @ peptide pucleoside @ fosfomycin 2 4q. [ fusrequinslone
(27.9]205) (561 (19120) <10 <10 .62 [ phycapeptide
aMLE diaminopyrimidine g rifamycin @ polymyxin @ aminoglycoside:aminccoumarin |- unclassified
4.1112.8) (a.712.0) {1.0]2.0) <10 <10 .53 |- phenical
actam g * b mutdng
] ) (38128) (10]2.0) <10 <10 |- bacitracin
aminoglycoside @ unclassified @ bacitracin mupiracin g antibacterial free fatty acids L peptide
(88115.7) (35]49) {L0]2.0) <10 <10

@ tetracycline g phenical
{ea]42) (3.5]2.0)

@ tusidic-acid
<10

@ fesmidomycing fusidic-acid
(€.301.0) <10

Fig. 6. Relationships between the occurrence of ARGs and MGEs in HWW samples from the analyzed sites. A — network analysis of the abundance of ARGs and MGEs
in HWW samples before (left) and after (right) disinfection. MGEs were divided into five groups representing the key molecular mechanisms associated with MGEs.
Differently colored nodes denote resistance to specific antibiotic classes. The percentage of nodes belonging to different categories is indicated under each group.
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* . p < 0.05.

The population of bacteria carrying ARGs on MGEs (ARB-MGE) in
HWW was a separate subgroup of the ARB population (Chao-1; Mann-
Whitney U=0, p = 0.028). However, species diversity in the ARB-MGE
population was similar to that noted in the total bacterial population
and the ARB population (Shannon_H, p > 0.05) (Fig. S12A). These
groups differed considerably in species composition (anosim R=0.26,
p = 0.0001), and the ARG-MGE population differed from the total
bacterial population (p = 0.0004) and the ARB population (p = 0.0496)
in this respect (Fig. S12B).

The ARB-MGE population in HWW differed between sites (adonis
R=0.27, p = 0.029). Species diversity and the number of bacterial spe-
cies increased in the ARB-MGE population after disinfection (Fig. S13).
After disinfection, a much greater increase in the number of species was
observed in the ARB-MGE population (by 220.79%) than in the ARB
population (100.16%). Acinetobacter spp. emerged as the main ARG
hosts in the ARB-MGE population in wastewater samples collected from
both sites (35.84% on average). The proportion of Escherichia hosts
decreased (by 10.71%), whereas an increase was observed in the pro-
portion of Enterobacter (by 9.4%) and Klebsiella (by 4.87%) hosts
(Fig. S13A).

Plasmids carrying critical drug resistance mechanisms were identi-
fied, and plasmid sequences were stable in the analyzed HWW samples
(Fig. 7). The plasmid carrying the class 1 integron (6759 bp) that
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contained a gene cassette with the GES-5 gene encoding the carbapenem
resistance mechanism was highly similar (97.21%) to plasmid pEcl-
35771cz that had been initially identified in Enterobacter cloacae
(6953 bp) (Fig. 7A). However, the plasmid detected in the samples was
deprived of the aadal5 gene encoding resistance to aminoglycosides
that had been present in the original plasmid sequence (GenBank:
MF370188) (Fig. S14). This plasmid was identified with similar fre-
quency in HWW samples from both sites (Fig. S15).

The plasmid carrying a class 3 integron and three drug resistance
mechanisms (fusion protein blapxa/aac(6')-Ib-cr, GES-7, dfrB3) was 100%
similar to Serratia marcescens strain S89 plasmid pPCMI3 (Fig. 7B). This
plasmid was identified twice as frequently in HWW samples before
disinfection (Fig. S15).

3.6. Evaluation of the resistome risk

The resistome risk was prioritized in the MetaCompare computa-
tional pipeline. The original analysis was based on contigs assembled
from reads. However, this approach did not produce satisfactory results
because the obtained reads were long (Table S4). As a result, the ob-
tained risk scores (RS) did not account for the abundance of critical
components. Therefore, in this analysis reads were not assembled into
contigs. The remaining calculations were performed with the use of
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Enterobacter cloacae

6,759 bp
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Serratia marcescens
9,448 bp

bla0XA/aaclE')-Ib-cr CDS

|- bla0XA/aac(6 ) Ib-cr gene

dfrB3 COS

Fig. 7. Visualization of plasmids carrying critical drug resistance mechanisms. Plasmid sequences were stable in both sites. The encoded resistance mechanisms are
marked in red, and mobile genetic elements are marked in yellow. A — plasmid carrying the carbapenem resistance mechanism (GES-5), showing 97.21% similarity to
plasmid pEcl-35771cz initially identified in Enterobacter cloacae (GenBank: MF370188); B — plasmid carrying mechanisms of resistance to fusion protein blaOXA/aac
(6')-Ib-cr aminoglycoside 6'-N-acetyltransferase, GES-7 extended-spectrum beta-lactamase (blaGES-7), and dihydrofolate reductase (dfrB3), identical (100%) to the
previously described Serratia marcescens strain S89 plasmid pPCMI3 (GenBank: MH569711.1).

MetaCompare tools (Table S5). The prevalence of critical components in
samples was correlated in both approaches (Mantel test, p = 0.012),
which points to similar trends in the examined samples.

The number of reads containing ARGs (#ARG), ARGs localized on
MGEs (#ARG_MGE), and ARGs localized on MGEs in pathogens
(#ARG_MGE_PATH) was compared with the total number of the
analyzed reads to obtain normalized values (Q(ARG), Q(ARG_MGE), Q
(ARG_MGE_PATH)) (Table S5). The values of the analyzed parameters
(Q(ARG), Q(ARG_MGE), Q(ARG_MGE_PATH) were higher in samples of
disinfected wastewater (anosim R=0.98, p = 0.0281) (Fig. 8B). Risk
scores were higher in disinfected wastewater samples (Mann-Whitney

U=0, p = 0.028) (Fig. 8A). The average RS was 18.86 (18.52-19.19)
before disinfection, and it increased to 26.82 (23.51-31.97) after
disinfection.

4. Discussion

4.1. Urgent need to control disinfection parameters and the disinfection
efficiency of hospital wastewater

In recent years, disinfection of HWW has attracted considerable
research interest in the face of the COVID-19 pandemic [51]. The
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Fig. 8. Results of the resistome risk analysis. A — risk scores in the analyzed samples increased significantly after disinfection. B — 3D hazard space based on the
relative frequency of critical components in samples: ARGs (Q(ARG)), ARGs localized on MGEs (Q(ARG_MGE)) and ARGs localized on MGEs in pathogens (Q
(ARG_MGE_PATH). The points in 3D hazard space denote samples from different sites (marked in different colors) collected in different seasons. The risk score is
presented next to each point. The prevalence of critical components differed significantly between samples collected from different sites.
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efficiency of chlorine disinfection of HWW is determined mainly by
disinfectant concentration and contact time. In most countries, the ef-
ficacy of HWW disinfection is evaluated based on chemical and physi-
cochemical parameters, whereas microbiological pollution is rarely
considered (China). To effectively mitigate the emerging biological
threats, specific guidelines for managing HWW and parameters for
monitoring the microbiological quality of HWW should be incorporated
into the existing regulations [26].

The results of studies analyzing the efficiency of HWW disinfection
are difficult to compare due to different disinfectant concentrations and
contact times. In the literature, chlorine concentrations ranged from
0.05 to 150 mg/L, and contact times ranged from 3 to 120 min [55].
Attempts have been made to standardize disinfection parameters, and
total residual chlorine > 6.5 mg/L and contact time > 1.5 h were pro-
posed as values that guarantee effective disinfection of HWW [51]. In
the present study, chlorine was applied at a low concentration of
0.2 mg/L, and this dose is regarded as the minimal selective concen-
tration (0.021-0.39 mg/L) for selecting ARB [23] or a subinhibitory
concentration (0.1-1.0 mg/L) [62]. However, the disinfection parame-
ters analyzed in this study are applied in practice in a hospital operating
a wastewater disinfection station. The above indicates that legislative
measures are urgently needed to regulate disinfection parameters in
hospitals to guarantee effective disinfection and safety of HWW.

4.2. The responses of the total bacterial population and the ARB
population to disinfection

Previous research has shown that bacterial taxa can differ in toler-
ance to various disinfectants, and little is known about the mechanism of
chlorine tolerance in bacteria [18]. Some researchers have linked
increased chlorine tolerance with the presence of AMR determinants in
bacteria [4], and have described chlorine and antibiotic co-resistance
[1]. In the present study, the total bacterial population and the ARB
population differed in their responses to chlorination. In samples
collected from different sites, greater dissimilarities were noted in the
total bacterial community than in the ARB population. The above sug-
gests that disinfection induced greater changes in the total bacterial
population, whereas the ARB community remained more stable. Alpha
diversity did not change in the total bacterial population, which in-
dicates that disinfection did not lead to the emergence of new bacterial
taxa and/or elimination of taxa, but induced changes only in the fre-
quency of taxa that had been previously identified in HWW samples.
Similar observations were made by Rios-Castro et al. [42] who analyzed
the effects of disinfection on municipal wastewater. In their study,
disinfection did not eliminate all bacterial taxa, but merely changed
their proportions in the HWW microbiome.

In contrast, considerable differences in the alpha diversity of the ARB
community were noted between wastewater samples before and after
disinfection, which indicates that chlorination promotes the emergence
of resistance determinants in new, previously sensitive bacterial taxa.
Other researchers also reported an increase in the range and diversity of
ARG hosts after chemical disinfection [9]. The percentage of ARB in
HWW samples increased after disinfection, which suggests that these
bacteria were more able to adapt and proliferate in disinfected waste-
water. Similar observations were made in our preliminary study of the
same HWW samples, which revealed an increase in the abundance of
ESBL-producing Enterobacteriaceae in the population that survived the
disinfection process [43]. Similar trends were reported by other authors
who found that bacteria resistant to chloramphenicol, trimethoprim,
and cephalothin had a higher tolerance to chlorine [46].

The above trend was observed in bacteria of the family Enterobac-
teriaceae which were highly abundant in disinfected HWW and carried
multiple ARGs, which suggests that Enterobacteriaceae can survive
disinfection and proliferate rapidly in disinfected wastewater. Entero-
bacteriaceae were also the largest and most diverse group of critical-
priority pathogens whose abundance increased after disinfection. In
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addition, Enterobacteriaceae harbor natural mechanisms such as the
ability to produce biofilm, capsules, and enzymes, and their mobility
patterns can contribute to chlorine tolerance [18]. However, the average
abundance of Acinetobacter spp., the major ARG hosts in HWW,
decreased after disinfection. The average frequency of Bacteroides spp.,
the second most prevalent ARG hosts in the HWW microbiome, also
decreased after disinfection, and these bacteria were clustered in the
group of chlorine-sensitive taxa. Therefore, AMR does not appear to be
the only factor that determines bacterial survival and growth under
exposure to chlorine. The increase in the prevalence of Nostoc spp. in
disinfected HWW was not correlated with resistance determinants,
which suggests that this bacterial genus is naturally resistant to chlorine.
Sodium hypochlorite is applied to isolate axenic cultures of the genus
Nostoc [50], and some researchers reported a rapid increase in the
abundance of cyanobacteria in wastewater disinfected with chlorine
compounds [13]; [39]). The presence and growth of cyanobacteria in
disinfected wastewater could also influence the survival of other bac-
terial taxa. According to the literature, cyanobacteria can promote the
survival of other bacteria during chlorine disinfection, which increases
the abundance of pathogens and the total bacterial population in chlo-
rinated wastewater [28]. In the current study, Nostoc spp. formed a
cluster with many bacteria of the family Enterobacteriaceae, and they
were strongly correlated with Raoultella spp., which could point to the
presence of unknown correlations between these genera.

In other studies, the same bacterial taxa responded differently to
chlorination in various types of WWTPs [39]. These findings suggest
that antibiotic resistance is only one of the many factors that affect
bacterial survival during disinfection, and the presence of several factors
in ARB poses a particular threat.

4.3. A decrease in total ARG abundance as an apparent indicator of
disinfection efficacy

Chlorine disinfection not only affects bacterial cells, but it can also
compromise the integrity of extracellular ARGs [60]. However, chlori-
nation is less effective in reducing ARG abundance than inactivating
bacterial cells [47]. Published reports on the efficiency of chlorination in
eliminating ARGs differ and often yield contradictory results, and it
appears that the abundance of ARGs is reduced effectively only in
response to very high chlorine doses (30-75 mg/L) [55]. According to
other researchers, chlorine disinfection can increase the abundance of
both intracellular and extracellular ARGs in wastewater [30]. In the
present study, the prevalence of ARGs decreased by 47.6% in HWW
samples after disinfection (at 0.2 mg/L of free chlorine), which indicates
that disinfection was less effective in eliminating ARGs than in a study
where a similar chlorine dose was applied (0.25 mg/L; 57.11-65.81%)
[47]. According to other researchers, the chlorine dose (0.2 mg/L) had
no effect on plasmid-encoded ARGs [29], and chromosome-encoded
ARGs were more effectively reduced than ARGs carried by bacterio-
phages [6] or plasmids [60]. These observations could suggest that the
mobility potential of ARGs can also affect their stability in chlorinated
HWW.

Chlorine disinfection can effectively reduce the frequency of ARG
detection in HWW, but in this study, disinfection had a varied effect on
selected ARGs and their concentrations. Other authors also reported that
chlorine disinfection expanded the pool of specific ARGs in the resistome
of drinking water [21,32] and HWW [40,57]. However, the results of the
present study differ from the findings of other authors. According to Ma
et al. [32], the abundance of the GES gene in drinking water was
effectively reduced after chlorination, whereas in the present study, GES
was a gene whose concentration increased most considerably after
disinfection. In the work of Petrovich et al. [40], GES-5 was the most
prevalent gene in HWW, including after chlorine disinfection, whereas
Rowe et al. [44] reported that GES genes were overexpressed only in
HWW samples. GES genes are regarded as critical resistance mechanism,
and an increase in their concentration after disinfection gives a serious
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cause for concern.

Disinfection also increased the concentrations of unique ARGs and
enhanced the diversity of drug resistance mechanisms in the HWW
resistome. Other researchers also reported large numbers of unique
ARGs in samples of chlorinated drinking water [32]. The number of
unique ARGs also increased in disinfected soil [59] and sewage sludge
[56], but disinfection decreased the normalized abundance of ARGs. The
prevalence of new ARGs was very low (up to 1%) in disinfected HWW,
and their emergence could be attributed to the increased mobility of
ARGs in HWW. The initial increase in ARG abundance was probably
lower, and it reached the limit of detection in disinfected wastewater. A
minor decrease in the value of the dominance index in disinfected
wastewater could have also contributed to the low abundance of newly
emerged ARGs. It is also possible that the reaction (disinfection)
chamber was colonized by bacteria harboring other ARGs than those
noted in untreated HWW. These bacteria could produce biofilm on the
walls of the reaction chamber, which further enhanced their survival
under exposure to chlorine [5]. In addition, research indicates that ge-
netic mutations are caused not only by disinfectants, but also by their
by-products in sublethal concentrations [31], which can induce resis-
tance to specific antibiotics or multidrug resistance.

4.4. Selective and consistent action of chlorine disinfection on the
resistome of HWW and the ARB population

In the current study, chlorine disinfection exerted a stable effect on
the HWW resistome and the ARB population. Wastewater samples
collected in different seasons were characterized by greater similarities
in the composition of the resistome (1.26-fold increase), the ARB pop-
ulation (1.43-fold increase), and the ARB-MGE population (2.16-fold
increase). At the same time, the diversity of the total bacterial popula-
tion increased. Regardless of the variations in the seasonal composition
of HWW before disinfection, the structure of the ARB population in
disinfected wastewater was similar in all seasons. The seasonal fluctu-
ations in the resistome and ARB and ARB-MGE populations in HWW
samples point to the presence of associations between bacteria, the
carried ARGs, and the presence of MGEs which can model similar re-
sponses during disinfection. Jia et al. [21] have argued that
chlorination-induced changes in the resistome of drinking water are
determined mainly by the composition of the bacterial population. In
turn, Yang et al. [56] observed that the resistome of soil contaminated
with a chemical disinfectant was modified mainly by the mobility of
ARGs. It should also be noted that some ARGs, including GES genes,
responded similarly to chlorination, and their prevalence increased in
samples of disinfected HWW collected in all seasons. These ARGs did not
respond to chlorination in a random manner, which could imply that
these resistance determinants were carried by specific bacterial taxa
and/or that their mobility was enhanced in HWW.

4.5. Increased ARG mobility as the main threat posed by disinfection

The mobility of ARGs in the wastewater metagenome increased after
disinfection. The occurrence of ARG-harboring MGEs in bacterial cells
was the key factor that contributed to the spread of AMR in the analyzed
HWW samples. New research studies are being undertaken to investigate
the mechanisms that affect the rate at which ARGs are transferred to
other bacteria under exposure to chlorine compounds. The latest
research examining the dissemination of genetic information between
microorganisms [11] suggests that the full disinfection cycle in the
present study (90 min) was sufficiently long to promote the dissemina-
tion of drug resistance determinants via HGT (transformation and/or
conjugation) in HWW.

Based on literature data [11], the plasmids identified in this study
can be transferred in less than 20 s, and plasmid conversion in trans-
conjugant cells (newly transferred ssDNA is converted to dsDNA) is a
relatively fast process that lasts around 4 min. In bacterial cells,
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plasmid-mediated resistance mechanisms can be triggered directly after
ssDNA-to-dsDNA conversion, and the cell acquires antibiotic resistance
within 90 min [37]. This time can be shortened in the presence of
chlorine [25].

The recombination rate indicates that internalized DNA is integrated
into the chromosome of the host cell in less than 15 min, and the first
transformants are observed 20 min after the addition of donor DNA
[35]. In environments exposed to strong oxidative stress, the trans-
formation rate can increase even 550-fold [22]. At low chlorine con-
centrations, such as those applied in the present study (0.5 mg/L of free
chlorine), the transformation rate can double even after 5 min of
exposure to chlorine [61]. According to recent research, the perme-
ability of bacterial membranes increases not only due to the formation
intracellular reactive oxygen species (ROS) and oxidative stress, but also
in response to chlorine disinfection, which increases bacterial affinity
for extracellular ARGs and facilitates their transformation [58]. In the
current study, the abundance of non-host-assigned ARGs (unidentified
ARGs) decreased by nearly 23% after disinfection, which could point to
natural transformation processes, whereby bacterial cells actively
absorb free DNA from the environment and integrate it into their ge-
nomes. According to some researchers, natural transformation could
play a much more important role in the dissemination of resistance
genes, in particular between unrelated species, that previously thought
[53].

In addition, HGT processes in HWW could be initiated already in the
collector ahead of the disinfection chamber, and they could be addi-
tionally induced and accelerated in the reaction chamber. According to
Zhang et al. [62], subinhibitory concentrations of disinfectants can
enhance the expression of genes disseminated by HGT, which can in-
crease conjugative transfer up to 25.9-fold within genera and 5.6-fold
between genera.

In samples of disinfected HWW, genes with the highest mobility
potential (encoding resistance to aminoglycosides, sulfonamides, and
beta-lactams) were also most frequently identified in putative patho-
gens. Critical-priority pathogens could transfer information about
resistance mechanisms, in particular to closely related species (such as
ESBL- and carbapenemase-producing Enterobacteriaceae). This
assumption was confirmed in the network analysis of critical-priority
pathogens which revealed an increase in the number of unique critical
resistance mechanisms, the emergence of resistance mechanisms in new
taxa within groups, and increased co-occurrence of several critical
resistance mechanisms within reads. Similar observations were made by
Rolbiecki et al. [43] who identified new resistance determinants in
strains that had been regarded as bacterial clones of the family
Enterobacteriaceae.

Long reads supported the identification of intact plasmids carrying
critical resistance mechanisms in HWW from both sites. The above in-
dicates that plasmids survived the disinfection process without any
changes in their biological activity. The identified plasmids are char-
acteristic of clinical strains, and they occurred locally. Plasmid pPCMI3
associated with Serratia marcescens had been first identified in
2010-2012 in bacteria isolated from patients with urinary infections in a
Polish hospital [7]. This hospital is situated at a distance of around
200 km from the site analyzed in the current study. The presence of
pPCMI3 in the studied HWW samples could indicate that Serratia mar-
cescens strain S89 plasmid pPCMI3 has spread to other Polish hospitals
and that it is presently carried by bacterial strains infecting patients. The
second plasmid carried the GES-5 gene, and it was highly similar to the
previously described plasmid pEcl-35771cz that had been identified in
carbapenem-resistant Enterobacter cloacae isolated in September of 2016
from leg wounds of a hospitalized diabetes patient in Czechia [10].
Similarly to the present study, changes in the plasmid’s sequence had
been previously reported in other isolates from Czech hospitals (Prague)
[15]. These findings could imply that the analyzed plasmid has spread
not only locally, but also across countries and regions.

The presented data give a serious cause for concern and they indicate
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that disinfection of HWW, in particular with the use of sublethal chlorine
concentrations, can significantly promote the exchange of genetic in-
formation between bacteria. The results of AMR risk estimation indicate
that the risk of the transfer of drug resistance mechanisms to human
pathogens increased after disinfection.

5. Conclusions

In conclusion, this study demonstrated that HWW disinfected with
low (sublethal) concentrations of free chlorine significantly contributes
to the mobility and transfer of drug resistance mechanisms (including
critical mechanisms) between bacteria (including pathogens). The
changes observed in HWW increase the risk associated with the spread
of AMR in the environment. The present findings indicate that legislative
measures are urgently needed to regulate disinfection parameters in
hospitals, and to ensure that the applied disinfectant doses and contact
times guarantee effective disinfection and safety of HWW. Other disin-
fection methods, including those involving physical processes (such as
UV radiation), are also recommended to reduce or prevent a further
increase in the abundance of ARGs and priority pathogens in the
microbiome of HWW disinfected with chlorine.

Environmental implication

Hospital wastewater (HWW) from a hospital with an infectious dis-
eases ward was examined. Hospital wastewater is considered a haz-
ardous material because it poses a microbiological risk. When
discharged into the municipal sewage system and the receiving waters,
HWW may threaten the environment and human health. The study in-
dicates that legislative measures are needed to regulate disinfection
parameters in hospitals and to ensure that the applied disinfectant doses
and contact times guarantee effective disinfection and safety of HWW.
Other methods, including those involving physical processes, are also
recommended to reduce or prevent a further spread of antimicrobial
resistance in HWW.
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opublikowanych w czasopismach naukowych.

Oswiadczam, iz samodzielna i mozliwa do wyodrebnienia czg$é ww. pracy wykazuje
indywidualny wklad kandydata Pana Damiana Rolbieckiego polegajacy na:

pozyskaniu funduszy na prowadzenie badan (kierownik projektu), udziale w zaplanowaniu
koncepcji badan, nawigzaniu kontaktu z obiektem badawczym (szpital) i uzyskaniu
niezbgdnych zgéd do prowadzenia badan, poborze prébek bedgcych materialem badawezym w
pracy, aktywnym udziale w wykonywaniu czgéci eksperymentalnej, asystowaniu w analizach
bioinformatycznych, opracowaniu i interpretacji wynikéw tej pracy, przygotowaniu pierwszej
wersji manuskryptu i korekcie po procesie recenzji oraz graficznym opracowaniu rycin.
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Rolbiecki, D., Paukszto, L., Krawczyk, K., Korzeniewska, E., Sawicki, J., & Harnisz, M.
(2023). Chlorine disinfection modifies the microbiome, resistome and mobilome of hospital
wastewater - A nanopore long-read metagenomic approach. Journal of Hazardous Materials,
459, 1-16. https://doi.org/10.1016/j.jhazmat.2023.132298

mdj wkiad merytoryczny w jej przygotowanie polegat na:
udziale w interpretacji uzyskanych wynikow, recenzji i korekcie pierwszej wersji manuskryptu.

Jednoczesnie wyrazam zgodg na przedtozenie w/w pracy przez Pana Damiana Rolbieckiego
Jako czg$¢ rozprawy doktorskiej w formie spojnego tematycznie zbioru artykuléw naukowych
opublikowanych w czasopismach naukowych.

Oswiadczam, iz samodzielna i mozliwa do wyodrgbnienia czgéé ww. pracy wykazuje
indywidualny wklad kandydata Pana Damiana Rolbieckiego polegajacy na:

pozyskaniu funduszy na prowadzenie badan (kierownik projektu), udziale w zaplanowaniu
koncepcji badan, nawigzaniu kontaktu z obiektem badawczym (szpital) i uzyskaniu
niezbgdnych zgdd do prowadzenia badan, poborze probek bedacych materialem badawezym w
pracy, aktywnym udziale w wykonywaniu czgséci eksperymentalnej, asystowaniu w analizach
bioinformatycznych, opracowaniu i interpretacji wynikow tej pracy, przygotowamu pierwszej
wersji manuskryptu i korekcie po procesie recenzji oraz graficznym oprac

--------------------------



........................................................................

(miejscowosé, data)

prof. dr hab. Jakub Sawicki
(tytut zawodowy/stopier/tytut naukowy, imig i nazwisko)

Przewodniczacy Rady Naukowej Dyscypliny

Nauki biologiczne

Uniwersytetu Warmiinsko-Mazurskiego w Olsztynie

OSWIADCZENIE

Wspélautora

Os$wiadczam, ze w pracy

Rolbiecki, D., Paukszto, L., Krawczyk, K., Korzeniewska, E., Sawicki, J., & Harnisz, M.
(2023). Chlorine disinfection modifies the microbiome, resistome and mobilome of hospital
wastewater - A nanopore long-read metagenomic approach. Journal of Hazardous Materials,
459, 1-16. https://doi.org/10.1016/j.jhazmat.2023.132298

mdj wkiad merytoryczny w jej przygotowanie polegat na:

udziat w przygotowaniu badanych prébek do sekwencjonowania, udziat w wykonaniu
sekwencjonowania DNA, udzial w analizach bioinformatycznych., recenzji i korekcie
pierwszej wersji manuskryptu.

Jednocze$nie wyrazam zgode na przedlozenie w/w pracy przez Pana Damiana Rolbieckiego
jako czg$é rozprawy doktorskiej w formie spéjnego tematycznie zbioru artykutéw naukowych
opublikowanych w czasopismach naukowych.

Os$wiadczam, iz samodzielna i mozliwa do wyodrgbnienia czg§¢ ww. pracy wykazuje
indywidualny wkiad kandydata Pana Damiana Rolbieckiego polegajacy na:

pozyskaniu funduszy na prowadzenie badan (kierownik projektu), udziale w zaplanowaniu
koncepcji badan, nawigzaniu kontaktu z obiektem badawczym (szpital) i uzyskaniu
niezbednych zgdd do prowadzenia badan, poborze probek bgdacych materiatem badawczym w
pracy, aktywnym udziale w wykonywaniu czgéci eksperymentalnej, asystowaniu w analizach
bioinformatycznych, opracowaniu i interpretacji wynikow tej pracy, przygotowaniu pierwszej
wersji manuskryptu i korekcie po procesie recenzji oraz graficznym opracowaniu rycin.
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Rolbiecki, D., Paukszto, £., Krawczyk, K., Korzeniewska, E., Sawicki, J., & Harnisz, M.
(2023). Chlorine disinfection modifies the microbiome, resistome and mobilome of hospital
wastewater - A nanopore long-read metagenomic approach. Journal of Hazardous Materials,
459, 1-16. https://doi.org/10.1016/j.jhazmat.2023.132298

méj wkiad merytoryczny w jej przygotowanie polegat na:

udziale w zaplanowaniu koncepcji i metodyki badan, nadzorze nad przebiegiem czeci
eksperymentalnej, udziale w interpretacji uzyskanych wynikéw, recenzji i korekcie pierwszej
wersji manuskryptu

Jednoczes$nie wyrazam zgodeg na przediozenie w/w pracy przez Pana Damiana Rolbieckiego
jako cze$¢ rozprawy doktorskiej w formie spéjnego tematycznie zbioru artykutéw naukowych
opublikowanych w czasopismach naukowych.

Oséwiadczam, iz samodzielna i mozliwa do wyodrgbnienia czg§¢ ww. pracy wykazuje
indywidualny wkiad kandydata Pana Damiana Rolbieckiego polegajacy na:

pozyskaniu funduszy na prowadzenie badan (kierownik projektu), udziale w zaplanowaniu
koncepcji badaf, nawigzaniu kontaktu z obiektem badawczym (szpital) i uzyskaniu
niezbednych zgod do prowadzenia badan, poborze prébek bedacych materiatem badawczym w
pracy, aktywnym udziale w wykonywaniu czgéci eksperymentalnej, asystowaniu w analizach
bioinformatycznych, opracowaniu i interpretacji wynikéw tej pracy, przygotowaniu pierwszej
wersji manuskryptu i korekcie po procesie recenzji oraz graficznym opracowaniu rycin.
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