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INTRODUCERE

Rezistenta antimicrobiand (RAM) reprezintd o amenintare globald pentru
sandtatea publica, punand in pericol eficacitatea antibioticelor existente. Statiile de
epurare a apelor uzate sunt considerate potentiale rezervoare si puncte de
diseminare pentru reziduuri de antibiotice, bacterii si gene rezistente la antibiotice.

Aceastad teza de doctorat este structurata in trei studii principale:

1. Analiza dinamicii sezoniere, a eficientei de eliminare si evaluarea riscului
de mediu al antibioticelor in trei statii de epurare din regiunea central-vestica a
Romaniei.

2. Investigarea variatiilor sezoniere ale Incarcaturilor bacteriene si
susceptibilitatii la antibiotice

3. Examinarea prevalentei si caracterizarea Escherichia coli rezistentd la
antibiotice in statiile de epurare

Cercetarea este deosebit de relevanta in contextul specific al Romaniei, care
se confrunta cu doua provocari majore in domeniul sanatatii publice si al mediului.
In primul rand, tara inregistreazi una dintre cele mai ridicate rate de consum de
antibiotice din Europa, ceea ce ridica Ingrijorari serioase privind dezvoltarea
rezistentei la antibiotice. in al doilea rind, Roméinia se confrunti cu deficiente
importante In tratarea apelor uzate, avand un nivel de conformitate cu
reglementdrile Directivei UE de doar 12%, mult sub media europeana. Aceasta
situatie subliniaza nevoia abordarii problemei contaminarii mediului cu reziduuri
farmaceutice si necesitatea unor solutii pentru protejarea sanatatii publice si a
ecosistemelor acvatice.

STADIUL ACTUAL AL CUNOASTERII

Descoperirea antibioticelor la Inceputul secolului XX a revolutionat medicina
moderna, reducand semnificativ mortalitatea si morbiditatea cauzate de infectiile
bacteriene, anterior considerate principalele cauze de deces!. Pandemia de COVID-
19 a influentat modul de utilizare a antibioticelor, cu un declin initial, urmat de o
revenire la nivelurile pre-pandemice sau chiar mai mari in unele tari. Romania a fost
raportata ca avand una dintre cele mai mari rate de consum de antibiotice din
Europa in 2021-2022, cu 25,9 doze zilnice definite la 1.000 de locuitori pe ziZ2.
Aceasta ratd ridicata de consum este atribuita factorilor precum accesul usor la
antibiotice fara prescriptie si barierelor socio-economice 34.

Impactul reziduurilor de antibiotice asupra mediului si sanatatii publice
relevd o serie de aspecte critice. Existd dovezi substantiale ca reziduurile de
antibiotice, chiar si la concentratii scazute, pot favoriza dezvoltarea rezistentei la
bacteriile din mediu. Aceasta rezistentad poate fi ulterior transferata la specii asociate
cu infectiile umane, reprezentand un risc semnificativ pentru sanatatea publicas-7.
Pentru produsele farmaceutice autorizate inainte de 2006, ghidurile actuale prevad
necesitatea unei evaludri a riscului de mediu (ERA) In cazul modificarilor
semnificative ale utilizarii sau al aparitiei de noi dovezi stiintifice privind potentiale
pericole pentru mediu8. Aceasta abordare asigura o reevaluare a sigurantei



Analysis of antibiotic residues and of antibiotic resistance of certain Escherichia coli strains in three
wastewater treatment plants in Romania 3

produselor farmaceutice mai vechi atunci cand circumstantele o impun. Totusi,
anumite antibiotice, precum ciprofloxacina, claritromicina si nu numai sunt
considerate deosebit de problematice din perspectiva mediului datorita: persistentei
lor in mediu si rezistentei la procesele de tratare a apelor uzate, potentialului de
bioacumulare in tesuturile organismelor, ecotoxicitatii semnificative chiar si la
concentratii foarte scazute (valori PNEC reduse)®. De asemenea, antibioticele pot
perturba ecosistemele acvatice, afectind bacteriile, algele si nevertebratele. Ele
promoveaza dezvoltarea bacteriilor rezistente la antibiotice si perturba comunitatile
microbiene esentiale pentru functiile ecosistemului 19.

Studiile recente la nivel european dar si global, evidentiaza necesitatea de a
consolida reglementdrile existente!0!l, precum si de a iImbunatdti sistemele de
colectare a datelor, aspect deosebit de relevant in contextul Romaniei, unde
informatiile din acest domeniu sunt adesea insuficiente sau chiar absente, creand
astfel o lacuna in intelegerea si gestionarea eficientd a problemei reziduurilor de
antibiotice In mediul Inconjurator.

Totodata, stadiul actual al cunoasterii evidentiaza rolul esential al statiilor de
epurare a apelor uzate in raspandirea rezistentei la antibiotice, cu accent pe
Escherichia coli ca organism indicator, datorita prevalentei sale in apele uzate si
capacititii sale de a dobandi si rdspandi gene de rezistenti!2-15, in Romania, tulpinile
de E. coli multi-rezistente (MDR) sunt prevalente, in special in mediile de ape uzate,
facandu-le un potential model pentru urmarirea tendintelor RAM16-18, Studiile au
aratat niveluri ridicate de rezistenta in E. coli izolata din apele uzate, cu 85,11% din
izolatele din apele uzate spitalicesti si 68,09% din apele uzate comunitare fiind
multi-rezistentel’. Prezenta reziduurilor de antibiotice si a altor poluanti in aceste
medii exercitd o presiune selectiva asupra populatiilor bacteriene, favorizand
proliferarea tulpinilor rezistente. Transferul genelor de rezistenta intre diverse
populatii bacteriene este intensificat in statiile de epurare datorita densitatii si
diversitatii ridicate a microorganismelor prezente.

Tratamentele conventionale ale statiilor de epurare a apelor uzate sunt
adesea ineficiente In eliminarea completa a antibioticele dar si a altor determinanti
ai rezistentei bacteriene, ceea ce duce la eliberarea lor In mediu, ecosistemele
acvatice si raspandirea rezistenteil®. Eficacitatea statiilor de epurare in eliminarea
antibioticelor este variabila, unele metode fiind mai eficiente decat altele. Spre
exemplu, metodele de tratare avansate: filtrarea cu membrane, iradierea UV si
ozonizarea, sunt promitdtoare in vederea eliminarii reziduurilor de antibiotice si
genelor de rezistentd2021,

Supravegherea apelor uzate poate reprezenta o metodad eficienta pentru
monitorizarea si predictia tendintelor de rezistenta la antibiotice la nivel comunitar
22, Cercetdrile au demonstrat ca profilurile de rezistentd ale E. coli in apele uzate
reflecta indeaproape modelele observate clinic In populatie, oferind astfel un
indicator fiabil al utilizarii si abuzului de antibiotice in comunitate 12.23,

Tehnicile analitice si moleculare, cum ar fi cromatografia lichida de inalta
performantd cuplatd cu spectrometria de masa (HPLC-MS) si reactia in lant a
polimerazei (PCR), sunt esentiale pentru cuantificarea reziduurilor de antibiotice si
detectarea genelor de rezistenta in probele de mediu 2425. Aceste metode sunt
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utilizate pe scard larga datorita sensibilitatii si specificitatii lor ridicate si sunt
necesare in intelegerea persistentei antibioticelor in apele uzate si a riscului
potential reprezentat de prezenta lor in efluentul tratat. Cu toate acestea, analiza
reziduurilor de antibiotice In astfel de matrici complexe prezinta provocari precum
efectul de matrice si necesitatea unor tehnici eficiente de preparare a probelor.

Pentru identificarea si caracterizarea bacteriilor si genelor rezistente la
antibiotice, pe langa metodele conventionale bazate pe cultura care ofera informatii
privind viabilitatea si fenotipul bacteriilor, tehnicile moleculare precum PCR si PCR
cantitativ (qPCR) sunt instrumente importante pentru detectarea genelor de
rezistenta specifice.

Prezenta bacteriilor rezistente la antibiotice in efluentele apelor uzate este
identificatd ca o potentiala amenintare pentru sanatatea publicd, deoarece aceste
bacterii pot intra in lantul alimentar uman sau in aprovizionarea cu apa2t. De
asemenea, impactul economic al rezistentei la antibiotice, inclusiv cresterea
costurilor de ingrijire medicala din cauza spitalizarilor mai lungi, tratamentelor mai
costisitoare si ratelor de mortalitate mai ridicate, pledeaza pentru o abordare One
Health in combaterea rezistentei la antibiotice, recunoscand interconexiunea dintre
sanatatea umand, animala si a mediului 27.

CONTRIBUTIA PERSONALA

1. Obiectivele cercetarii

Obiectivele principale ale cercetarii au fost concepute pentru a sustine scopul
general de investigare a prezentei reziduurilor de antibiotice si a prevalentei
izolatelor de E. coli si a genelor asociate 1n statiile de epurare. Cercetarea a utilizat o
abordare care combina tehnici analitice si moleculare, microbiologie si evaluarea
riscului de mediu pentru a atinge urmatoarele obiective:

e Evaluarea prezentei si variatiei sezoniere a antibioticelor tinta (amoxiciling,
piperacilina, ciprofloxacind, norfloxacing, azitromicind, claritromicina si
doxiciclind) in influentii si efluentii statiilor de epurare

e Evaluarea eficientei de eliminare a acestor antibiotice in diferite sezoane si
statii de epurare si a factorilor care influenteaza concentratiile de antibiotice
si ratele de eliminare

e Realizarea unei evaludri a riscului de mediu al reziduurilor de antibiotice
detectate in efluentii statiilor de epurare

e C(Caracterizarea Incarcaturilor bacteriene si a profilului de rezistenta din apele
uzate si evaluarea eficientei de eliminare a acestora

e Determinarea prevalentei E. coli in probele de ape uzate si caracterizarea
profilului de rezistentd antimicrobiana

o Identificarea si analizarea genelor specifice de rezistentd la antibiotice in
tulpinile de E. coli izolate
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2. Metodologia generala de prelevare

Metodologia cercetdrii s-a bazat pe analiza a trei statii de epurare a apelor
uzate din Romania, utilizdnd un esantion de 24 de probe (12 de influent, 12 de
efluent) colectate pe parcursul a patru sezoane (2021-2022) si 24 de probe colectate
pe parcursul a doud sezoane 1n 2023.

Statiile de epurare a apelor uzate selectate pentru aceasta cercetare sunt
situate In regiunea Central-Vest a Romaniei, o regiune caracterizata printr-un
amestec de zone urbane si rurale si care ofera un cadru adecvat analizei variabilitatii
prezentei antibioticelor, bacteriilor si genelor de rezistenta, influentate de factori
precum clima (temperatura, precipitatiile), densitatea populatiei, infrastructurile
spitalicesti si industria locala. Aceasta selectie geografica a fost strategica, deoarece
toate cele trei statii isi deverseaza efluentele in acelasi rau, ceea ce permite o analiza
comparativa intre acestea care difera in dimensiune, capacitate de tratare si tipurile
de influenti pe care le proceseazad. Statia de epurare A proceseaza aproximativ
115.000 de metri cubi de ape uzate pe zi si deservind o populatie de aproximativ
300.000 de locuitori. Statiile de epurare B si C trateaza aproximativ 4.772 si
respectiv 5.673 de metri cubi pe zi, deservind populatii mai mici.

Prima campanie de prelevare a fost efectuata pe parcursul a patru sezoane,
din toamna anului 2021 pana in vara anului 2022. Aceasta a stat la baza studiilor 1 si
2 ale cercetarii. lar cea de-a doua campanie de prelevare desfasurata in primavara si
vara anului 2023 a reprezentat studiul 3 al cercetarii. Probele de ape uzate au fost
colectate utilizdnd prelevatoare automate pe perioade de 24 de ore. Acestea au fost
colectate atat din punctele de influent, cat si din cele de efluent ale fiecarei statii de
epurare.

Desi metodologia ofera o perspectivd cuprinzitoare, cercetarea prezinta
limitari inerente, inclusiv potentiala subestimare a varfurilor de contaminare pe
termen scurt si posibila nereprezentativitate a intregii diversitati a statiilor de
tratare din Romania. Aceste aspecte subliniaza necesitatea interpretarii rezultatelor
in contextul specific al statiilor de epurare studiate si sugereaza oportunitati pentru
studii viitoare cu o esantionare mai frecventa si puncte de prelevare suplimentare
pentru o Intelegere mai nuantatd a dinamicii reziduurilor de antibiotice si a
bacteriilor rezistente in sistemele de tratare a apelor uzate.

3. Studiul 1. Dinamica sezoniera, eficienta de eliminare si
evaluarea riscului de mediu al antibioticelor in statiile de
epurare a apelor uzate

3.1 Obiectivele studiului

» Evaluarea prezentei si variatiei sezoniere a sapte antibiotice selectate in
influentii si efluentii a trei statii de epurare a apelor uzate din regiunea
Central-Vestica a Romaniei.

» Analiza eficientei de eliminare a antibioticelor in diferite sezoane si statii
de epurare.

» Evaluarea riscului de mediu asociat cu prezenta reziduurilor de
antibiotice 1n efluentii statiilor de epurare.
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» Investigarea factorilor de influenta asupra concentratiilor de antibiotice in
apele uzate.

3.2 Materiale si metode

Pentru atingerea obiectivelor, s-a aplicat o metodologie complexa care a
implicat colectarea de probe compozite pe 24 de ore, analizate prin cromatografie
lichida de inalta performanta cuplata cu spectrometrie de masa (HPLC-MS). Procesul
analitic a inclus extractia in faza solidd, validarea metodei prin determinarea
limitelor de detectie si cuantificare, si analiza statistica utilizind teste descriptive,
non-parametrice si modele de regresie. S-a efectuat o evaluare a riscului de mediu
utilizand coeficienti de risc (RQ) bazati pe concentratiile masurate si valorile PNEC
(concentratia predictibila fara efect). Studiul a luat in considerare si factori de
influenta precum temperatura, precipitatiile si parametrii fizico-chimici ai apelor
uzate, oferind o perspectivd cuprinzatoare asupra dinamicii antibioticelor in
sistemele de tratare a apelor uzate si a potentialelor riscuri ecologice asociate 28.

3.3 Rezultate si discutii

Rezultatele studiului au evidentiat variatii semnificative ale concentratiilor de
antibiotice in influentii si efluentii statiilor de epurare a apelor uzate, cu diferente
notabile intre sezoane si tipurile de antibiotice. Amoxicilina a prezentat cea mai
mare variabilitate, cu concentratii mediane Q3 atingand 22,16 pug/mL In primadvara
si vara anului 2022, desi diferenta medie intre influent si efluent (7,11 pg/mL) nu a
atins pragul de semnificatie statistica. S-au observat, de asemenea, fluctuatii
semnificative pentru piperacilind si norfloxacind, in timp ce azitromicina si
ciprofloxacina au prezentat concentratii constant scazute, dar cu variabilitate
ridicata in anumite sezoane.

Eficienta de eliminare a antibioticelor a variat considerabil intre statii si
sezoane, cu rate cuprinse Intre 3% si -315%. S-au observat rate de eliminare
negative pentru unele antibiotice In anumite conditii, sugerdnd posibilitatea
transformarii metabolitilor conjugati Tnapoi In compusii parentali pe parcursul
procesului de tratare, eliberare din biofilme si/sau desorbtia acestora de pe materia
particulatd, ceea ce ar putea duce la o crestere a concentratiei lor in efluent.

Analiza factorilor de influenta a relevat asocieri potentiale intre concentratiile
de antibiotice si factorii de mediu, In special pentru amoxicilind si doxiciclina.
Temperatura si precipitatiile au avut un impact semnificativ, alaturi de pH-ul si alti
parametri fizico-chimici ai apelor uzate. Temperatura a aparut ca un factor
semnificativ care afecteaza concentratiile de antibiotice si ratele de eliminare, in
special pentru amoxicilind si doxiciclind. In ceea ce priveste precipitatiile, efectul
asupra concentratiilor de antibiotice, in special pentru amoxicilina si doxiciclina, a
fost mai putin pronuntat decat cel al temperaturii. Aceasta diferenta poate fi
explicata prin factori concurenti. Pe de o parte, precipitatiile pot duce la o diluare a
concentratiilor de antibiotice in apele uzate. Pe de alta parte, ele pot creste aportul
de antibiotice din surse agricole prin intensificarea scurgerilor de suprafata. Acesti
factori opusi pot conduce la efecte variabile ale precipitatiilor asupra concentratiilor
de antibiotice in apele uzate, explicand astfel impactul lor mai putin clar comparativ
cu temperatura.
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Evaluarea riscului de mediu a relevat ca toate antibioticele vizate au prezentat
coeficienti de risc ridicati (RQ > 1) la un moment dat in timpul perioadei de studiu,
indicand riscuri ecologice.

3.4 Concluzii

Studiul subliniaza complexitatea dinamicii antibioticelor in sistemele de
tratare a apelor uzate si importanta considerarii factorilor sezonieri si operationali
in evaluarea si gestionarea riscurilor asociate cu prezenta reziduurilor de antibiotice
in mediul acvatic.

4. Studiul 2. Variatii sezoniere ale incarcaturilor bacteriene
si susceptibilitatii la antibiotice in statiile de epurare a apelor
uzate

4.1 Obiectivele studiului

Studiul a examinat trei statii de epurare a apelor uzate, concentrandu-se pe
variatiile sezoniere ale incdrcaturilor bacteriene si tiparele de rezistenta la
antibiotice.

Obiectivele principale au fost evaluarea variatiilor sezoniere ale incarcaturilor
bacteriene in influenti si efluenti, precum si analizarea eficacitdtii statiilor in
reducerea Incarcaturilor bacteriene si a rezistentei la antibiotice.

4.2 Materiale si metode

Metodologia a implicat utilizarea tehnicii unitatilor formatoare de colonii
(UFC) pentru evaluarea Iincarcaturilor bacteriene, izolarea si caracterizarea
bacteriilor prin coloratie Gram, testarea susceptibilitatii la antibiotice prin metoda
difuzimetrica si analiza morfologica prin microscopie electronica de baleiaj (SEM).
Cele sapte antibiotice detectate In cadrul primului studiu al tezei au fost selectate
pentru testarea susceptibilitatii, iar interpretarea rezultatelor s-a realizat conform
ghidurilor EUCAST. Aceasta abordare a permis o analizd detaliatd a variatiilor
sezoniere in Incarcaturile bacteriene si a profilurilor de rezistenta la antibiotice in
statiile de epurare studiate 28.

4.3 Rezultate si discutii

Studiul a relevat variatii sezoniere semnificative ale incarcaturilor bacteriene
in statiile de epurare a apelor uzate, cu valori maxime inregistrate in perioada de
primavara, atingdnd 9,230 log UFC/mL in influentul statiei B. S-a observat o eficienta
variabila In reducerea Incarcaturii bacteriene, statia de epurare A demonstrand cea
mai consistentd performantd, cu o reducere de panala 99,31% in primavara.

Analiza microscopica a evidentiat predominanta bacteriilor Gram-negative, in
special in sezoanele calde. Microscopia electronica de baleiaj a relevat formarea de
biofilme In unele probe de efluent, sugerand potentialul de protectie impotriva
agentilor antimicrobieni si facilitarea transferului orizontal de gene.

Testarea susceptibilitatii la antibiotice a indicat profiluri de rezistenta variate,
cu o rezistentd mai pronuntatd in lunile de primadvara si vard, in special la
amoxicilind si claritromicina. S-a observat prezenta tulpinilor multi-rezistente, mai
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ales in sezoanele calde, indicand un potential efect sezonier asupra dezvoltarii si
raspandirii rezistentei la antibiotice in statiile de epurare.

4.4 Concluzii

Studiul ofera o analiza preliminara a variatiilor sezoniere ale incarcaturilor
bacteriene si a susceptibilitatii la antibiotice in trei statii de epurare a apelor uzate.
Incarciturile bacteriene mai mari si rezistenta crescuti la antibiotice in lunile mai
calde sugereaza necesitatea unor procese de tratare imbunatatite in aceste perioade.
Eficienta variabild a reducerii Incarcaturii bacteriene intre statiile de epurare
evidentiaza importanta optimizarii proceselor de tratare In diferite facilitati.

5. Studiul 3. Prevalenta si caracterizarea Escherichia coli
rezistenta la antibiotice din statiile de epurare a apelor uzate

5.1 Obiectivele studiului
Studiul s-a concentrat pe izolarea si caracterizarea E. coli din probele de ape
uzate, urmarind:

» Determinarea prevalentei E. coli in probele de ape uzate din trei statii de
epurare diferite din Romania.

» Caracterizarea profilurilor de rezistenta antimicrobiana ale tulpinilor de E.
coli izolate.

» ldentificarea si analiza prezentei genelor specifice de rezistenta la
antibiotice in tulpinile de E. coli izolate

5.2 Materiale si metode

Metodologia studiului a cuprins colectarea probelor de ape uzate in sezoanele
de primavara si vara in 2023, izolarea si identificarea E. coli conform standardelor
internationale, cu confirmare biochimica utilizdnd sistemul Vitek® 2. Testarea
susceptibilitatii antimicrobiene s-a realizat prin determinarea concentratiilor
minime inhibitorii folosind sistemul VITEK® 2 si cardurile AST-GN96. S-a evaluat
susceptibilitatea la 18 antibiotice, acoperind diverse clase si mecanisme de actiune,
utilizate atat in medicina umana, cat si in cea veterinara.

Caracterizarea moleculara a genelor de rezistenta antimicrobiana a implicat
extractia ADN-ului genomic si amplificarea PCR pentru detectarea genelor de
rezistenta specifice (blaSHV, blaCMY, blaTEM, blaCTX, blaOXA, qnrA, aac, sull, tetA si
tetB), inclusiv gene pentru (-lactamaze, rezistenta la quinolone, aminoglicozide,
sulfonamide si tetracicline.

Aceastd abordare metodologica a permis o evaluare detaliata a prevalentei E.
coli rezistente la antibiotice in statiile de epurare a apelor uzate, oferind informatii
valoroase despre potentialul de raspandire a rezistentei antimicrobiene in mediul
acvatic si implicatiile pentru sanatatea publica2°.

5.3 Rezultate si discutii

S-a constatat o prevalenta ridicata (50%) a E. coli In probele de ape uzate.
83,34% din tulpinile de E. coli izolate erau multi- rezistente.

Nivelurile cele mai ridicate de rezistenta au fost observate pentru ampicilina
(66,66%), ticarcilind/acid clavulanic (50% rezistente, 16,66% intermediare) si
cefotaxim (33,33% rezistente, 33,33% intermediare). Analiza genetica a relevat
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prezenta frecventa a genelor de rezistenta la antibiotice tet4, tetB (50% fiecare), sull
(50%), blaTEM (41,66%) si blaCTX (25%).

Corelatiile intre rezistenta fenotipica si markerii genotipici au fost evidentiate
printr-o analiza heatmap, care a aratat asocieri complexe intre genele de rezistenta
si fenotipurile de rezistentd. Prezenta genelor de reistenta asociate cu antibiotice de
uz veterinar sugereaza o posibila contaminare din surse agricole.

Studiul subliniazda importanta abordarii "One Health" in combaterea
rezistentei la antibiotice, evidentiind faptul ca statiile de epurare reprezinta posibile
rezervoare si puncte de diseminare pentru bacterii si gene rezistente la antibiotice.

Rezultatele indica necesitatea unor programe mai stricte de administrare a
antibioticelor si a unei supravegheri integrate a rezistentei antimicrobiene in
sectoarele uman, animal si de mediu.

Limitarile studiului includ numarul redus de probe si acoperirea geografica si
sezoniera limitatd. Cu toate acestea, aceste constatari preliminare ofera informatii
valoroase pentru ghidarea viitoarelor investigatii mai cuprinzdtoare asupra
rezistentei antimicrobiene in sistemele de ape uzate din Romania.

5.4 Concluzii

Prevalenta ridicata a E. coli rezistenta la o serie de antibiotice in probele de
ape uzate ridicad preocupari semnificative pentru sdnatatea publica. Detectarea
diverselor gene de rezistenta la antibiotice indica potentialul de transfer orizontal de
gene in mediile de ape uzate. Prezenta rezistentei atat la antibioticele umane, cat si
la cele veterinare evidentiaza necesitatea unei abordari One Health in abordarea
rezistentei la antibiotice.

6. Concluzii generale

Prezenta cercetare doctorala a investigat dinamica reziduurilor de antibiotice,
incarcaturile bacteriene si modelele de rezistentd la antibiotice in trei statii de
epurare a apelor uzate din Romania. Cercetarea, desfisurata pe parcursul mai
multor sezoane, a evidentiat influenta factorilor de mediu si a proceselor de tratare
asupra evolutiei antibioticelor si prevalentei bacteriilor rezistente la antibiotice .

S-au observat variatii sezoniere semnificative in concentratiile de antibiotice,
incarcaturile bacteriene si modelele de rezistentd, cu niveluri in general mai ridicate
in lunile mai calde.

Eficienta de eliminare a antibioticelor In statiile de epurare a variat
considerabil, evidentiind necesitatea unor tehnologii si practici de tratare
imbunatatite.

Toate antibioticele vizate au prezentat coeficienti de risc ridicati la un
moment dat in timpul perioadei de studiu, indicand potentiale riscuri ecologice
pentru mediile acvatice.

Prevalenta ridicatd a E. coli rezistenta la mai multe medicamente In probele
de ape uzate ridica preocupari semnificative pentru sanatatea publica.

Prezenta E. coli rezistenta atat la antibioticele umane, cat si la cele veterinare
evidentiaza potentialul de contaminare incrucisata intre diferite sectoare.
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Cercetarea subliniazd importanta monitorizarii si supravegherii continue a
rezistentei la antibiotice in statiile de epurare pentru a informa interventiile de
sandtate publica si deciziile politice.

Teza semnaleazd necesitatea Imbunatatirii practicilor de tratare a apelor
uzate, utilizarea responsabild a antibioticelor si o abordare One Health pentru a
aborda provocarea globald a rezistentei la antibiotice. De asemenea, solicita
cercetdri suplimentare, inclusiv monitorizarea pe termen lung a rezistentei la
antibiotice 1n statiile de epurare, dezvoltarea de tehnologii avansate de tratare si
explorarea unor abordari noi pentru reducerea utilizarii antibioticelor si prevenirea
raspandirii rezistentei.

7. Originalitatea si contributiile inovatoare

Aceasta teza aduce contributii originale in domeniul rezistentei la antibiotice
in statiile de epurare a apelor uzate si impactul lor asupra mediului, cu accent pe
zona central-vesticd a Romaniei. Studiul oferd o analiza sezoniera a reziduurilor de
antibiotice, incarcaturilor bacteriene si modelelor de rezistenta la antibiotice in trei
statii de epurare din Romania.

Metodologia permite o evaluare complexa, de la detectarea si cuantificarea
reziduurilor de antibiotice pana la identificarea si caracterizarea bacteriilor si
genelor rezistente. Cercetarea evidentiaza statiile de epurare ca potentiale
rezervoare si puncte de diseminare pentru antibiotice, bacterii si gene rezistente la
antibiotice.

Includerea antibioticelor de uz uman si veterinar ofera perspective asupra
transferului de rezistenta intre mediile agricole si urbane. Cercetarea demonstreaza
potentialul epidemiologiei bazate pe ape uzate pentru monitorizarea tendintelor de
rezistenta la antibiotice la nivel comunitar.

O evaluare a riscurilor de mediu pentru reziduurile de antibiotice din efluentii
statiilor de epurare este prezentatd, iar analiza heatmap este utilizata pentru
vizualizarea asocierilor intre genele de rezistenta la antibiotice si fenotipuri in
izolatele de E. coli. De asemenea, integreaza factori de mediu in interpretarea datelor
privind nivelurile de antibiotice in apele uzate.

In contextul in care doar 12% din statiile de epurare din Romania indeplinesc
standardele UE, studiul ofera recomandari importante pentru factorii de decizie.
Teza adoptd o perspectivd One Health, recunoscand interconexiunea dintre
sandtatea umand, animala si de mediu In contextul rezistentei la antibiotice.

Aceasta abordare integrata faciliteaza evaluarea eficientei statiilor de epurare
in eliminarea antibioticelor si a bacteriilor rezistente, contribuind astfel la
dezvoltarea de strategii mai eficiente pentru gestionarea acestei probleme complexe
de sanatate publica si de mediu.
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INTRODUCTION

Antimicrobial resistance (AMR) represents a global threat to public health,
jeopardizing the efficacy of existing antibiotics. Wastewater treatment plants are
considered potential reservoirs and dissemination points for antibiotic residues,
bacteria, and antibiotic-resistant genes.

This doctoral thesis is structured into three main studies:

1.Analysis of seasonal dynamics, removal efficiency, and environmental risk
assessment of antibiotics in three wastewater treatment plants in the central-
western region of Romania.

2.Investigation of seasonal variations in bacterial loads and antibiotic
susceptibility.

3.Examination of the prevalence and characterization of antibiotic-resistant
Escherichia coli in wastewater treatment plants.

The research is particularly relevant in the specific context of Romania, which
faces two major challenges in public health and environmental domains. Firstly, the
country records one of the highest rates of antibiotic consumption in Europe, raising
serious concerns about the development of antibiotic resistance. Secondly, Romania
faces significant deficiencies in wastewater treatment, with a compliance level with
EU Directive regulations of only 12%, far below the European average. This situation
underscores the need to address the issue of environmental contamination with
pharmaceutical residues and the necessity for solutions to protect public health and
aquatic ecosystems.

STATE OF THE ART

The discovery of antibiotics at the beginning of the 20th century
revolutionized modern medicine, significantly reducing mortality and morbidity
caused by bacterial infections, previously considered the main causes of death!. The
COVID-19 pandemic influenced antibiotic use patterns, with an initial decline
followed by a return to pre-pandemic levels or even higher in some countries.
Romania was reported as having one of the highest rates of antibiotic consumption
in Europe in 2021-2022, with 25.9 defined daily doses per 1,000 inhabitants per
day2. This high consumption rate is attributed to factors such as easy access to
antibiotics without prescription and socio-economic barriers 34.

The impact of antibiotic residues on the environment and public health
reveals several critical aspects. There is substantial evidence that antibiotic residues,
even at low concentrations, can promote the development of resistance in
environmental bacteria. This resistance can subsequently be transferred to species
associated with human infections, representing a significant risk to public health5-7.
For pharmaceutical products authorized before 2006, current guidelines stipulate
the need for an environmental risk assessment (ERA) in case of significant changes
in use or the emergence of new scientific evidence regarding potential



Analysis of antibiotic residues and of antibiotic resistance of certain Escherichia coli strains in three
wastewater treatment plants in Romania 15

environmental hazards8. This approach ensures a re-evaluation of the safety of older
pharmaceutical products when circumstances require it. However, certain
antibiotics, such as ciprofloxacin, clarithromycin, and others, are considered
particularly problematic from an environmental perspective due to their persistence
in the environment and resistance to wastewater treatment processes, the potential
for bioaccumulation in organism tissues, and significant ecotoxicity even at very low
concentrations (low PNEC values)®. Additionally, antibiotics can disrupt aquatic
ecosystems, affecting bacteria, algae, and invertebrates. They promote the
development of antibiotic-resistant bacteria and disturb microbial communities
essential for ecosystem functions?0.

Recent studies at European and global levels highlight the need to strengthen
existing regulations 1911, as well as to improve data collection systems, an aspect
particularly relevant in the context of Romania, where information in this field is
often insufficient or even absent, thus creating a gap in the understanding and
effective management of the problem of antibiotic residues in the environment.

At the same time, the current state of knowledge highlights the essential role
of wastewater treatment plants in the spread of antibiotic resistance, with emphasis
on Escherichia coli as an indicator organism, due to its prevalence in wastewater and
its ability to acquire and spread resistance genes'2-15, In Romania, multi-resistant
(MDR) E. coli strains are prevalent, especially in wastewater environments, making
them a potential model for tracking AMR trends¢-18, Studies have shown high levels
of resistance in E. coli isolated from wastewater, with 85.11% of isolates from
hospital wastewater and 68.09% from community wastewater being multi-resistant
17_The presence of antibiotic residues and other pollutants in these environments
exerts selective pressure on bacterial populations, favoring the proliferation of
resistant strains. The transfer of resistance genes between various bacterial
populations is intensified in wastewater treatment plants due to the high density
and diversity of microorganisms present.

Conventional wastewater treatment plant treatments are often ineffective in
eliminating antibiotics and other determinants of bacterial resistance, leading to
their release into the environment, and aquatic ecosystems, and the spread of
resistancel?. The efficacy of wastewater treatment plants in eliminating antibiotics is
variable, with some methods being more effective than others. For example,
advanced treatment methods: membrane filtration, UV irradiation, and ozonation,
are promising for the removal of antibiotic residues and resistance genes20.21,

Wastewater surveillance can represent an effective method for monitoring
and predicting antibiotic resistance trends at the community level 22. Research has
demonstrated that resistance profiles of E. coli in wastewater closely reflect clinically
observed patterns in the population, thus providing a reliable indicator of antibiotic
use and abuse in the community12:23,

Analytical and molecular techniques, such as high-performance liquid
chromatography coupled with mass spectrometry (HPLC-MS) and polymerase chain
reaction (PCR), are essential for quantifying antibiotic residues and detecting
resistance genes in environmental samples 2425, These methods are widely used due
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to their high sensitivity and specificity and are necessary for understanding the
persistence of antibiotics in wastewater and the potential risk reresented by their
presence in effluent. However, the analysis of antibiotic residues in such complex
matrices presents challenges such as matrix effect and the need for efficient sample
preparation techniques.

For the identification and characterization of antibiotic-resistant bacteria and
genes, in addition to conventional culture-based methods that provide information
on bacterial viability and phenotype, molecular techniques such as PCR and
quantitative PCR (qPCR) are important tools for detecting specific resistance genes.

The presence of antibiotic-resistant bacteria in wastewater effluents is
identified as a potential threat to public health, as these bacteria can enter the
human food chain or water supply2¢. Additionally, the economic impact of antibiotic
resistance, including increased healthcare costs due to longer hospitalizations, more
expensive treatments, and higher mortality rates, advocates for a One Health
approach in combating antibiotic resistance, recognizing the interconnection
between human, animal, and environmental health 27.

PERSONAL CONTRIBUTION

1. Objective of the study

The main objectives of the research were designed to support the general
aim of investigating the presence of antibiotic residues and the prevalence of E. coli
isolates and associated genes in wastewater treatment plants. The research used an
approach combining analytical and molecular techniques, microbiology, and
environmental risk assessment to achieve the following objectives:

e Evaluate the presence and seasonal variation of target antibiotics (amoxicillin,
piperacillin, ciprofloxacin, norfloxacin, azithromycin, -clarithromycin, and
doxycycline) in the influents and effluents of wastewater treatment plants.

e Assess the removal efficiency of these antibiotics in different seasons and
wastewater treatment plants and the factors influencing antibiotic
concentrations and removal rates.

e Conduct an environmental risk assessment of antibiotic residues detected in
wastewater treatment plant effluents.

e Characterize bacterial loads and resistance profiles in wastewater and evaluate
their removal efficiency.

o Determine the prevalence of E. coli in wastewater samples and characterize the
antimicrobial resistance profile.

e Identify and analyze specific antibiotic resistance genes in isolated E. coli
strains.
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2. General Sampling Methodology

The research methodology was based on the analysis of three wastewater
treatment plants in Romania, using a sample of 24 samples (12 influent, 12 effluent)
collected over four seasons (2021-2022) and 24 samples collected over two seasons
in 2023.

The wastewater treatment plants selected for this research are located in the
Central-West region of Romania, a region characterized by a mix of urban and rural
areas and which provides an appropriate framework for analyzing the variability of
antibiotic presence, bacteria, and resistance genes, influenced by factors such as
climate (temperature, precipitation), population density, hospital infrastructure, and
local industry. This geographical selection was strategic, as all three stations
discharge their effluents into the same river, allowing for a comparative analysis
between them, which differ in size, treatment capacity, and the types of influents
they process. Wastewater treatment plant A processes approximately 115,000 cubic
meters of wastewater per day and serves a population of approximately 300,000
inhabitants. Wastewater treatment plants B and C treat approximately 4,772 and
5,673 cubic meters per day, respectively, serving smaller populations.

The first sampling campaign was conducted over four seasons, from autumn
2021 to summer 2022. This formed the basis for studies 1 and 2 of the research. The
second sampling campaign conducted in the spring and summer of 2023
represented study 3 of the research. Wastewater samples were collected using
automatic samplers over 24-hour periods. These were collected from both the
influent and effluent points of each wastewater treatment plant.

Although the methodology offers a comprehensive perspective, the research
has inherent limitations, including the potential underestimation of short-term
contamination peaks and possible non-representativeness of the entire diversity of
treatment plants in Romania. These aspects underscore the need to interpret the
results in the specific context of the studied wastewater treatment plants and
suggest opportunities for future studies with more frequent sampling and additional
collection points for a more nuanced understanding of the dynamics of antibiotic
residues and resistant bacteria in wastewater treatment systems.

3. Study 1. Seasonal dynamics, removal efficiency, and
environmental risk assessment of antibiotics in wastewater
treatment plants

3.1 Study Objectives

» Evaluate the presence and seasonal variation of seven selected
antibiotics in the influents and effluents of three wastewater
treatment plants in the Central-Western region of Romania.

» Analyze the removal efficiency of antibiotics in different seasons and
wastewater treatment plants.
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» Assess the environmental risk associated with the presence of
antibiotic residues in wastewater treatment plant effluents.

» Investigate influencing factors on antibiotic concentrations in
wastewater.

3.2 Materials and Methods

A complex methodology was applied to achieve the objectives, which involved
collecting 24-hour composite samples, analyzed by high-performance liquid
chromatography coupled with mass spectrometry (HPLC-MS). The analytical
process included solid-phase extraction, method validation by determining
detection and quantification limits, and statistical analysis using descriptive, non-
parametric tests and regression models. An environmental risk assessment was
performed using risk quotients (RQ) based on measured concentrations and PNEC
(Predicted No Effect Concentration) values. The study also considered influencing
factors such as temperature, precipitation, and physicochemical parameters of
wastewater, providing a comprehensive perspective on the dynamics of antibiotics
in wastewater treatment systems and associated ecological risks?8,

3.3 Results and Discussion

The study results highlighted significant variations in antibiotic
concentrations in the influents and effluents of wastewater treatment plants, with
notable differences between seasons and types of antibiotics. Amoxicillin showed
the highest variability, with median Q3 concentrations reaching 22.16 pg/mL in
spring and summer 2022, although the average difference between influent and
effluent (7.11 pg/mL) did not reach statistical significance. Significant fluctuations
were also observed for piperacillin and norfloxacin, while azithromycin and
ciprofloxacin showed consistently low concentrations but with high variability in
certain seasons.

The removal efficiency of antibiotics varied considerably between stations
and seasons, with rates ranging from 3% to -315%. Negative removal rates were
observed for some antibiotics under certain conditions, suggesting the possibility of
conjugated metabolites transforming back into parent compounds during the
treatment process, release from biofilms, and/or desorption from particulate matter,
which could lead to an increase in their concentration in the effluent.

Analysis of influencing factors revealed potential associations between
antibiotic concentrations and environmental factors, especially for amoxicillin and
doxycycline. Temperature and precipitation had a significant impact, along with pH
and other physicochemical parameters of wastewater. Temperature emerged as a
significant factor affecting antibiotic concentrations and removal rates, especially for
amoxicillin and doxycycline. Regarding precipitation, the effect on antibiotic
concentrations, especially for amoxicillin and doxycycline, was less pronounced than
that of temperature. This difference can be explained by competing factors. On one
hand, precipitation can lead to a dilution of antibiotic concentrations in wastewater.
On the other hand, it can increase the input of antibiotics from agricultural sources
by intensifying surface runoff. These opposing factors can lead to variable effects of
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precipitation on antibiotic concentrations in wastewater, thus explaining their less
clear impact compared to temperature.

The environmental risk assessment revealed that all targeted antibiotics
presented high-risk quotients (RQ > 1) at some point during the study period,
indicating ecological risks.

3.4 Conclusions

The study underlines the complexity of antibiotic dynamics in wastewater
treatment systems and the importance of considering seasonal and operational
factors in assessing and managing risks associated with the presence of antibiotic
residues in the aquatic environment.

4.Study 2. Seasonal variations of bacterial loads and
antibiotic susceptibility in wastewater treatment plants

4.1 Study Objectives

The study examined three wastewater treatment plants, focusing on seasonal
variations in bacterial loads and antibiotic resistance patterns.

The main objectives were to evaluate seasonal variations in bacterial loads in
influents and effluents, as well as to analyze the effectiveness of the plants in
reducing bacterial loads and antibiotic resistance.

4.2 Materials and Methods

The methodology involved using the colony-forming units (CFU) technique
for evaluating bacterial loads, isolation and characterization of bacteria by Gram
staining, antibiotic susceptibility testing by the disk diffusion method, and
morphological analysis by scanning electron microscopy (SEM). The seven
antibiotics detected in the first study of the thesis were selected for susceptibility
testing, and the interpretation of results was performed according to EUCAST
guidelines. This approach allowed for a detailed analysis of seasonal variations in
bacterial loads and antibiotic resistance profiles in the studied wastewater
treatment plants?28.

4.3 Results and Discussion

The study revealed significant seasonal variations in bacterial loads in
wastewater treatment plants, with maximum values recorded in the spring period,
reaching 9.230 log CFU/mL in the influent of plant B. Variable efficiency in reducing
bacterial load was observed, with wastewater treatment plant A demonstrate the
most consistent performance, with a reduction of up to 99.31% in spring.

Microscopic analysis highlighted the predominance of Gram-negative
bacteria, especially in warm seasons. Scanning electron microscopy revealed biofilm
formation in some effluent samples, suggesting the potential for protection against
antimicrobial agents and facilitating horizontal gene transfer.

Antibiotic susceptibility testing indicated varied resistance profiles, with
more pronounced resistance in spring and summer, especially to amoxicillin and
clarithromycin. The presence of multi-resistant strains was observed, especially in
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warm seasons, indicating a potential seasonal effect on antibiotic resistance
development and spread in wastewater treatment plants.

4.4 Conclusions

The study provides a preliminary analysis of seasonal variations in bacterial
loads and antibiotic susceptibility in three wastewater treatment plants. Higher
bacterial loads and increased antibiotic resistance in warmer months suggest the
need for improved treatment processes during these periods. The variable efficiency
of bacterial load reduction between wastewater treatment plants highlights the
importance of optimizing treatment processes in different facilities.

5. Study 3. Prevalence and characterization of antibiotic-
resistant Escherichia coli from wastewater treatment plants

5.1 Study Objectives

The study focused on the isolation and characterization E. coli from
wastewater samples, aiming to:

» Determine the prevalence of E. coli in wastewater samples from three
different wastewater treatment plants in Romania.

» Characterize the antimicrobial resistance profiles of isolated E. coli
strains.

» ldentify and analyze the presence of specific antibiotic-resistance
genes in isolated E. coli strains.

5.2 Materials and Methods

The study methodology included collecting wastewater samples in spring and
summer seasons of 2023, isolating, and identifying E. coli according to international
standards, with biochemical confirmation using the Vitek® 2 system. Antimicrobial
susceptibility testing was performed by determining minimum inhibitory
concentrations using the VITEK® 2 system and AST-GN96 cards. Susceptibility to 18
antibiotics was evaluated, covering various classes and mechanisms of action, used
in both human and veterinary medicine.

Molecular characterization of antimicrobial resistance genes involved
genomic DNA extraction and PCR amplification for detecting specific resistance
genes (blaSHV, blaCMY, blaTEM, blaCTX, blaOXA, qnrA, aac, sull, tetA, and tetB),
including genes for [-lactamases, quinolone resistance, aminoglycosides,
sulfonamides, and tetracyclines.

This methodological approach allowed for a detailed assessment of the
prevalence of antibiotic-resistant E. coli in wastewater treatment plants, providing
valuable information about the potential for spreading antimicrobial resistance in
the aquatic environment and implications for public health?°.

5.3 Results and Discussion

A high prevalence (50%) of E. coli was found in wastewater samples. 83.34%
of the isolated E. coli strains were multi-resistant.

The highest levels of resistance were observed for ampicillin (66.66%),
ticarcillin/clavulanic acid (50% resistant, 16.66% intermediate) and cefotaxime
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(33.33% resistant, 33.33% intermediate). Genetic analysis revealed the frequent
presence of antibiotic-resistance genes tet4, tetB (50% each), sull (50%), blaTEM
(41.66%), and blaCTX (25%).

Correlations between phenotypic resistance and genotypic markers were
highlighted through a heatmap analysis, which showed complex associations
between resistance genes and resistance phenotypes. The presence of resistance
genes associated with veterinary antibiotics suggests possible contamination from
agricultural sources.

The study underscores the importance of the "One Health" approach in
combating antibiotic resistance, highlighting that wastewater treatment plants
represent possible reservoirs and dissemination points for antibiotic-resistant
bacteria and genes.

The results indicate the need for stricter antibiotic stewardship programs and
integrated surveillance of antimicrobial resistance in human, animal, and
environmental sectors.

Limitations of the study include the small number of samples and limited
geographical and seasonal coverage. However, these preliminary findings provide
valuable information to guide future more comprehensive investigations into
antimicrobial resistance in wastewater systems in Romania.

5.4 Conclusions

The high prevalence of E. coli resistant to a range of antibiotics in wastewater
samples raises significant public health concerns. The detection of various antibiotic
resistance genes indicates the potential for horizontal gene transfer in wastewater
environments. The presence of resistance to both human and veterinary antibiotics
highlights the need for a One Health approach in addressing antibiotic resistance.

6. General Conclusions

This doctoral research investigated the dynamics of antibiotic residues,
bacterial loads, and antibiotic resistance patterns in three wastewater treatment
plants in Romania. The research, conducted over several seasons, highlighted the
influence of environmental factors and treatment processes on the evolution of
antibiotics and the prevalence of antibiotic-resistant bacteria.

Significant seasonal variations were observed in antibiotic concentrations,
bacterial loads, and resistance patterns, with generally higher levels in warmer
months.

The removal efficiency of antibiotics in wastewater treatment plants varied
considerably, highlighting the need for improved treatment technologies and
practices.

All targeted antibiotics presented high risk quotients at some point during the
study period, indicating potential ecological risks for aquatic environments.

The high prevalence of multi-drug resistant E. coli in wastewater samples
raises significant public health concerns.
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The presence of E. coli resistant to both human and veterinary antibiotics
highlights the potential for cross-contamination between different sectors.

The research underscores the importance of continuous monitoring and
surveillance of antibiotic resistance in wastewater treatment plants to inform public
health interventions and policy decisions.

The thesis signals the need for improving wastewater treatment practices,
responsible use of antibiotics, and a One Health approach to address the global
challenge of antibiotic resistance. It also calls for further research, including long-
term monitoring of antibiotic resistance in wastewater treatment plants,
development of advanced treatment technologies, and exploration of new
approaches to reduce antibiotic use and prevent the spread of resistance.

7. 0riginality and Innovative Contributions

This thesis brings original contributions to the field of antibiotic resistance in
wastewater treatment plants and their impact on the environment, focusing on the
central-western area of Romania. The study provides a seasonal analysis of
antibiotic residues, bacterial loads, and antibiotic resistance patterns in three
wastewater treatment plants in Romania.

The methodology allows for a complex evaluation, from the detection and
quantification of antibiotic residues to the identification and characterization of
resistant bacteria and genes. The research highlights wastewater treatment plants as
potential reservoirs and dissemination points for antibiotics, bacteria, and
antibiotic-resistant genes.

The inclusion of both human and veterinary antibiotics provides insights into
the transfer of resistance between agricultural and urban environments. The
research demonstrates the potential of wastewater-based epidemiology for
monitoring antibiotic resistance trends at the community level.

An environmental risk assessment for antibiotic residues in wastewater
treatment plant effluents is presented, and heatmap analysis is used to visualize
associations between antibiotic resistance genes and phenotypes in E. coli isolates. It
also integrates environmental factors in the interpretation of data on antibiotic
levels in wastewater.

In the context where only 12% of wastewater treatment plants in Romania
meet EU standards, the study provides important recommendations for decision-
makers. The thesis adopts a One Health perspective and recognizes the
interconnection between human, animal, and environmental health in the context of
antibiotic resistance.

This integrated approach facilitates the evaluation of the efficiency of
wastewater treatment plants in removing antibiotics and resistant bacteria, thus
contributing to the development of more effective strategies for managing this
complex public health and environmental issue.
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