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AHOTAIISA

[IpoBeaeHo gociikeHHsT BUAUIEHUX 3 YOpHOTO MOps CIOPOYTBOPIOIOYUX
OakTepi MI0J0 3JAaTHOCTI M0 Jerpajalii CHUTETHYMX IodiMepiB. JluHamiky
aKTUBHOCTI BU3HAYAJIU METOJOM CKPHUHIHTY Ha arapoBUX IUJIACTUHAX 3 J0JABaHHSIM
TECTOBUX CHOJYK. Y T€HOMax HaWOUIbIl aKTUBHUX IITaMIB MPOBEACHO MOIIYK 3a
JIOTIOMOT'O0 MPUXOBAHOI MAPKOBCHKOT MOJIEJ1 3 METOI0 BUIICHHS MOCIiAOBHOCTEN
dbepMeHTIB, BIMOBITATHHUX 32 JICTPAIAIIifo.

Busneno 52 kynbTypu, 34aTHI 70 pO3KJIalaHHS CHHTETUIHHX MOJIMEPIB in
vitro. HaiiBuiy poskiagalody akKTHBHICTH IOJO IMIIPAHIUIy IOKa3aldH INTaMHu B.
velezensis 1a B. halotolerans (B103), mono BI'ET — nBa mrtamu B. atrophaeus (B82,
B86). YcranosneHo, o po3kiafgaHHs IMIpaHUTy akTHBHIiIIE BigOyBaiocs npu 30
°C, Ha poskiangaHHs Oic(2-rigpokcieTwin)repedranaty BIUIMBY TEMIIEpAaTypu HeE
3a(ikcoBaHO. Y TeHOMax aKTUBHUX KYJbTyp BusaBieHO 45 noteHuiinux [1ETa3, mo
HaJIeXkaTh 10 HAAPOIUHU o/} Tiaposas.

Kamidikariiiny po6oTy BHKIaJeHO Ha 59 cTopiHkax, BoHa MICTUTH 10
tabmuibs Ta 10 pucynkiB. HaBeneno mocwianns Ha 50 mxepen miteparypu (1
KUPUITUIIEIO Ta 49 naTUHUIEIO).

KuouoBi cioBa: cunmemuuni nonimepu, 6iodecpadayis, cnopoymeoproryi
baxmepii, Yopne mope, npuxo8ana MapKo8cbKa Mooelb.

A study was conducted on the ability of spore-forming bacteria isolated from
the Black Sea to degrade synthetic polymers. The dynamics of activity was
determined by screening on agar plates with the addition of test compounds. The
genomes of the most active strains were searched using hidden Markov model in
order to isolate the sequences of enzymes responsible for degradation.

A total of 52 cultures capable of degrading synthetic polymers in vitro were
identified. The highest degradative activity toward Impranil was demonstrated by
the strains B. velezensis and B. halotolerans (B103), while two B. atrophaeus strains
(B82 and B86) showed the strongest activity towards BHET. It was established that
Impranil degradation proceeded more actively at 30 °C, whereas no temperature-
dependent effect was observed for bis(2-hydroxyethyl) terephthalate degradation. A
total of 45 potential PETases belonging to the o/B-hydrolase superfamily were
identified in the genomes of the active cultures.

The qualification thesis comprises 59 pages, and includes 10 tables and 10
figures. The reference list contains 50 source (1 in Cyrillic and 49 in Latin script).

Key words: synthetic polymers, biodegradation, spore-forming bacteria,
Black Sea, hidden Markov model



ITIEPEJIIK YMOBHHUX ITO3HAYEHD TA ABPEBIATYP
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EI' — eTriieHr1ikob

KEC — kapOoxkcunecrtepasa

[IET (ITET®) — monieTunentepedranar
[THB ectepasa — mapa-HITpOOCH3MI ecTepasa
MALT ninaza — MOHOALMJITITIIIEPOJT JIiTas3a
MI'ET — mono(2-rinpokcietuin)Tepedranar

TK — TepedraneBa kucnora
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BCTYII

[Tonietunentepedranar a6o [IET € ogqHuM 3 HalBaXIUBIIIMX CUHTETUYHUX
MOJIIMEPIB, 1110 BUKOPUCTOBYIOTHCSI CHOTOJIHI. X04a MJIACTUKH € KOPUCHUMHU, Yepe3
CBOIO CTIHKICTb Ta IHEPTHICTh BOHHM HAaKOIUYYIOTHCS B PI3HOMaHITHUX MPUPOTHUX
CepeIOBHILAX ICHYBaHHs, CTBOPIOIOUN €KOJIOTIYHY 3arpo3y. MexaHiuHi Ta XiMiuH1
MeToan OOpOOKHM IUIacTMac, MmO ICHYIOTh Ha JTaHUW MOMEHT, MAalTh MEPeTiK
HEJIOJTIKIB, BKJIIOUAIOYH BEJIMKI €HEPTOBUTPATH UM YTBOPECHHS 3a0pYIHIOIOUHX ra3iB
[Martin-Gonzalez et al., 2024].

Tomy moTpiOHI HOBI TEXHOJIOTII ISl TIOKPAIIEHHS] IEPEpOOKHU IIacTMac Ta
3MEHIIICHHS CIIOKMBAaHHS HEBIJIHOBIIIOBAaHWX BUKOIMHHUX pecypciB. Hapasi Gararo
JOCHIKEHb 30CepeKeH1 Ha KOHIlenii Oloaerpananii miactukiB. OJHaK MOLIYK
HOBUX (PEpMEHTIB 3 JIOCTATHHOIO TiJIPOJIITUYHOIO AaKTHUBHICTIO € JOCTaTHBO
CKJIaJHUM BUKIIMKOM, IO CTBOPIOE OaraTto TpyaHoIliB. J(oOpe oxapakTepu3oBaHa
JUIIE HEBENUKA KUIbKICTh €(pEeKTUBHHX (QepMeHTiB, 1o poskiagaroTs I[IET
(ITETa3). IToTpiOH1 10AATKOBI TOCTIIXKEHHS JJI11 pO3pOOKH €(PEKTUBHUX CTpaTEriid
oionerpananii [Méndez-Zamora et al., 2024].

Xo4va TpaguIiiHi METOAN MIKpOOIOJOTIYHOTO KYJIbTUBYBAaHHS 1 MOKAa3yIOTh
NIEBHI Pe3yJIbTaTH, BOHU HE JO3BOJISIIOTh BUAUIATH [IETa3u 3 MikpoopraHi3mis, 110
BOXKO TIIAAIOTECA KYJbTUBYBAaHHIO B JIAOOpPAaTOPHMX yMOBaxX Ta HE JarOTh
ysiBlieHHs po po3noBciokeHHs [IETa3 y rnobaibHUX eKOJOTTYHUX Hilax. Tomy
BUKOPHCTOBYIOTHCS TIIXOIW HA OCHOBI NMPUXOBAHMX MApKOBCHKUX MOJEIECH, IO
BIJIIFPAIOTh BAXJIMBY POJIb y MOIIYKY TOMOJIOTIYHUX mociigoBHOocTel. Lleit meton
OBOIUTH CBOIO edexkTuBHICTh y BusBiaeHHlI [IETa3 micns mnepeBipku Ha
naboparopHomy piBHI [Méndez-Zamora et al., 2024].

Cepen mxepen BuauieHHs: MailOyTHiX [1ETa3, nepcnekTUBHUM JUIsl TIOIIYKY
BBAKAETHCSI MOPCHKE CEPEOBHINE, OCKIIBKA HOTO YMOBHM CTBOPIOIOTH YHiKaJabHE
CEepelIoBHUINE, 1[0 CIPHUAE EBOJIOLII  MIKPOOPraHi3MiB 3  YHIKaJbHUMHU
MeTtabonmiyaumMu nipodimsimu. JIo Toro k, 3HauHa kumbkicTe [IET moTpamise B
CBITOBHH OKe€aH, 110 CIpHsie pO3MOBCIOKEHHIO I'eHiB Oioerpaaartii [Jacquin et al.,

2019].



[IpencraBauku poxy Bacillus, KpiM IIMPOKOTO MeTaboJIuyHOr0 mpodinto, €
CTIMKUMU JI0 HECHPUSTIMBUX YMOB HABKOJHUIIHBOTO CepeloBHINa. Takox
NOTeHI1al mTtamiB Bacillus y 6loaerpaaanii miacTUKIB MiATBEPIKY€EThCS BUCOKOIO
IIBUJIKICTIO TIOALTY KJIITHH, CEKPEII€l0 0araThb0X akTUBHUX OLIKIB 1M03a KIITHHOIO,
BIJICYTHICTIO TOKCHYHOCTI Ta MAaTOT€HHOCTI IuX mTamiB. Pomu Bacillus maiothb
rapHy 3JaTHICTh A0 Jerpamamii i MOXYTh aJanTyBaTHCS A0 pPI3HUX THITIB
MikporutacTuky [Dabrowska et al., 2021].

3 ormsay Ha BUINECKa3aHe, MeTol poOoTu Oysio BHUBYCHHS 3JaTHOCTI
CIIOPOYTBOPIOKOYUX OakTepii, BuaiieHUX 3 YopHoro mops, a0 Oiojerpanamii
CUHTETUYHHUX IOTIMEPiB.

JI1s1 JOCSITHEHHS BKa3aHO1 METH BUPIIIYBaJIM TaKi 3a7ayi:

1. BuzHaunTu 1OCIIKYBaHUX KYJIBTYp A0 Oioerpaaalii imnpaniny ta 6ic(2-
rigpokcietui)tepedranary.

2. locnmiinTy 3alIeKHICTh aKTUBHOCTI B1J YMOB KYJIbTUBYBaHHS.

3. BusButH BiAmoBigandpHI 3a Olojgerpagairiio (GpepMeHTH 3a JIOIIOMOI'OK0
MPUXOBAHUX MAPKOBCHKUX MOJICIICH.

4. locniauTy MOMMUPEHICTh UX (PEPMEHTIB y Pi3HUX BHUIIB.

06'exm nocniKeHHs — MiKpoOHa 010/ierpaaailisi CHHTETUYHHX MOJIIMEpIB.

Ilpeomem nocmixeHHs — Olojerpanauis MoJieTUeHTepedTanary Ta

IMITPaH1JTy MOPCHKUMHU CIIOPOTBIPHUMH OaKTEPISIMH.

[Ilupo BAsSYHUN HACTYMHHM Oco0aM Ta OpraHi3allisiM, 3aBASKUA SKUM Oyia
MpoBeJIeHa 111 podoTa:

K.0.H., no1. 3iHuenko O.10.

k.0.H. [lITenikoB M./I. Ta. Camyk O.B.

Germans Trias 1 Pujol Research Institute (IGTP), baganona, Icnianis

npod. Pyt IImitu-ITpaiit, Christian Albrecht University of Kiel,

Himeyunna.
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BUCHOBKHA

1. Cepen 56 KynbTYp CHOPOYTBOPIOIOUMX OaKTepiil, BUALIEHUX 3 HopHOTO
MopH, 52 Oynu 3/IaTHI 10 PO3KIJIaIaHHS IMITpaHiTy Ta
oic(rimpokcieTun)tepedranary. HaiiBuiry poskiagarody aKTHBHICTD — IIOJI0
iMITpaHiTy Tokasanu mramu B. velezensis (B98) ta B. halotolerans (B103), momo
BI'ET — nBa mrtamu B. atrophaeus (B82, B86).

2. Maitxke nis BCiX KyJbTyp 3 IUIMHOM 4Yacy Ha CEPEJOBHII 3 IMIIPaHLIOM
HE3aJIe)KHO BiJ] TEMIEpPaTypu KyJIbTHBYBAHHS CIIOCTEpITalid MOMITHE 301IbIICHHS
30H MPOCBITIEHHS, ajlé HOBUX aKTHUBHUX INTaMIB 3 ABJISUIOCS 3HA4HO MeHIie. Ha
cepenoBuii 3 BI'ET, nHaBnaku, 3 yacom Bce Oijbllle HOBUX KYJbTYp MOYMHAIU
MIPOSIBIISITH aKTUBHICTB, TIPOTE Y BXKE aKTUBHUX KYJIBTYP PO3MIPH 30H MPOCBITICHHS,
B OCHOBHOMY, 3pOcTaja HE3HauHO.

3. IIpotsirom 000X THXKHIB OUIBLIICTE BHUCOKO- Ta CEPEIHbOAKTHUBHUX
KYJbTYp MPOSIBIISIIA 3HAYHO BUIIY aKTUBHICTH LIOA0 IMIIPAHLITY, TOM1 SIK aKTUBHUX
mono BI'ET Oymo y 2-2,5 paza menme. HatomicTh KUJIBKICTh HHU3BKOAKTUBHHX
mramiB, Outbil akTUBHUX 10 BI'ET, Ha npyromy TuxH1 3pocTana BABIY1 HOPIBHSIHO
3 iMripaHisioM. [ iMmpanisy TeMnepaTypHuil pexxuM He BIUTMBAB HA aKTUBHICTh Y
nepuuii TUXAeHb, asie Ha apyromy mpu 30 °C akTMBHUX WITaMiB OyJ0 y YOTUPH
pasu oubiue, HixK npu 37 °C. Jns BI'ET ynponoBxk 000X TUXKHIB TeMIIEpaTypHUN
e(deKT He BUSIBJICHO; BUCOKOAKTHBHI IITAMHU JEMOHCTPYBAJIM Ty CaMy TEHJICHIIIIO.

4. 3paTHICTH A0 PO3KJIAJaHHS IJIACTHKIB MPOSBUIIM MPEACTABHUKU I ATH
pomiB MikpoopranismiB (Bacillus, Shouchella, Neobacillus, Peribacillus Tta
Priestia). Haitbinpll KUTbKICTh BUCOKOAKTUBHUX Ta CEPEIHbOAKTHUBHUX IITaMIB
Hajexana A0 poay Bacillus. HaltyacTiie akTUBHICTh TPOSIBISIN MPEACTAaBHUKU
BUJIIB B. atrophaeus ta P. frigoritolerans.

5. V reHomax akTUBHMX KyJbTyp BusiBieHO 45 nmotenuiinux [IETa3. VYci
3HaieH1 B pe3yabTaTi nomyky [IMM Ta anorauii PlasticDB dbepmenTu matots o/
TiApoNIa3Hy CKJIAAKY, BIIHOCSTHCS 1O HAIAPOJUHU O/f Tiapoja3 Ta JIBOX POJUH.
Poauna ecrepas/ nina3 Bkmouae mwicth rpyn: KEC BACSU, KEC GEOSE, MAT

mina3u, mna3u EstA, ecrepasm EstB, IIHBb ecrepasu. Poguna MenH Bxmrouae
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CT'UI'K cunTazu. HaiiOinbma kiibkicTh noteHiiitnux [IETa3 (15) Oyna BusBieHa y
NpeJCTaBHUKIB BUAY B. halotolerans. Hali0G1bI pO3MOBCIOIKEHOO MOTEHIIIHOIO
[1ETa3o10 € KEC BACSU — renu ii cuHTE3y 3yCTpIYalOThCS Cepel MPECTaBHUKIB

[IECTU BU/IB.



55

CIIMCOK JIITEPATYPHU

. IBanunsg B. O., llltenikoB M. JI., Octamuyk A. M. ®@akynbTaTuBHO-aHAEPOOH1
CIIOPOYTBOPIOBAJIbHI OakTepili TIIIMOOKOBOAHUX BIJIKJIQJCHHL YOPHOTO MOPS.
Mikpobionozia i 6iomexnonoeia. 2017. Ne 4. C. 94-103. DOI: 10.18524/2307-
4663.2017.4(40).119560

. Abueg L. A. L., Afgan E., Allart O. et al. The Galaxy platform for accessible,

reproducible, and collaborative data analyses: 2024 update. Nucleic Acids
Research. 2024. Vol. 52. P. 83-94. Doi: 10.1093/nar/gkae410

. Biffinger, J. C., Barlow, D. E., Cockrell A. et al. The applicability of
Impranil® DLN for gauging the biodegradation of polyurethanes. Polymer
Degradation and  Stability. 2015. Vol. 120. P. 178-185. Dot:
10.1016/j.polymdegradstab.2015.06.020

. Bollinger A., Thies S., Katzke N., Jaeger K. E. The biotechnological potential of
marine bacteria in the novel lineage of Pseudomonas pertucinogena. Microb
Biotechnol. 2020. Vol. 13. P. 19-31. Doi: 10.1111/1751-7915.13288.

. Buchholz P. C. F., Feuerriegel G., Zhang H. et al. Plastics degradation by
hydrolytic enzymes: The plastics-active enzymes database-PAZy. Proteins.
2022. Vol. 90. P. 1443-1456. Doi: 10.1002/prot.26325

. Chen J., JiaY., Sun Y. et al. Global marine microbial diversity and its potential
in bioprospecting. Nature. 2024. Vol. 633. P. 371-379. Doi: 10.1038/s41586-
024-07891-2

. Danso D., Schmeisser C., Chow J. et al. New Insights into the Function and
Global Distribution of Polyethylene Terephthalate (PET)-Degrading Bacteria
and Enzymes in Marine and Terrestrial Metagenomes. Appl Environ Microbiol.
2018. Vol. 84. P. 773-17. Doi: 10.1128/AEM.02773-17

. Danso D., Chow J., Streit W. R. Plastics: Environmental and Biotechnological
Perspectives on Microbial Degradation. Appl Environ Microbiol. 2019. Vol. 85.
P. 95-119. Doi: 10.1128/AEM.01095-19



56

9. Dabrowska G. B., Janczak K., Richert A. Combined use of Bacillus strains and
Miscanthus for accelerating biodegradation of poly(lactic acid) and
poly(ethylene terephthalate). PeerJ. 2021. Vol. 9. Doi: 10.7717/peerj.10957

10.Ercolano C., Letizia E., Biagioni C. et al. Biochemical characterisation of Sis: a
distinct thermophilic PETase with enhanced nanoPET substrate hydrolysis and
thermal stability. International Journal of Molecular Sciences. 2024. Vol. 25.
Article 8120. Doi: 10.3390/1jms25158120

11. Fischer M., Pleiss J. The Lipase Engineering Database: a navigation and analysis
tool for protein families. Nucleic Acids Research.2003. Vol. 31. P. 319-321. Doi:
10.1093/nar/gkg015

12.Galarza-Verkovitch D., Turak O., Wiese J. et al. Bioprospecting for polyesterase
activity relevant for PET degradation in marine Enterobacterales isolates. AIMS
Microbiol. 2023. Vol. 9. P. 518-539. Doi: 10.3934/microbiol.2023027

13.Gambarini V., Pantos O., Kingsbury J.M., Weaver L., Handley K.M., Lear G.
PlasticDB: a database of microorganisms and proteins linked to plastic
biodegradation. Database. 2022. Vol. 2022. Article baac008. Doi:
10.1093/database/baac008

14.Gao R., Sun C. A marine bacterial community capable of degrading
poly(ethylene terephthalate) and polyethylene. J Hazard Mater. 2021. Vol. 416
P. 125-128. Doi: 10.1016/j.jhazmat.2021.125928

15.Gonzalez G., Chacon M., Butterfield T., Dixon N. Tuning the performance of a
TphR-based terephthalate biosensor with a design of experiments approach.
Metab Eng Commun. 2024. Vol. 19 P. 25. Doi: 10.1016/j.mec.2024.e00250

16.Han Y., Kinfu B. M., Blombach F., Cackett G. et al. A novel metagenome-
derived viral RNA polymerase and its application in a cell-free expression system
for metagenome screening. Sci Rep. 2022. Vol. 12. P. 82-96. Doi:
10.1038/s41598-022-22383-x

17.Jacquin J., Cheng J., Odobel C. et al. Microbial Ecotoxicology of Marine Plastic
Debris: A Review on Colonization and Biodegradation by the "Plastisphere".

Front Microbiol. 2019. Vol. 10. P. 865-882. Doi: 10.3389/fmicb.2019.00865



57

18.Lam K. N., Cheng J., Engel K. et al. Current and future resources for functional
metagenomics. Front Microbiol. 2015. Vol. 6. P. 196-202. Doi: 10.3389/fmicb

19.Martin-Gonzélez D., de la Cruz J., Reyes C. Genetic modifications in bacteria for
the degradation of plastic polymers: Cut to the chase! Microbial Biotechnology.
2024. Vol. 17(3). P. 668-694. Doi: 10.1111/1751-7915.14694

20.Martin-Gonzéalez D., Tagarro C., Lucas A. et al. Genetic Modifications in
Bacteria for the Degradation of Synthetic Polymers: A Review. Int J Mol Sci.
2024. Vol. 25. P. 36-55. Doi: 10.3390/ijms25105536

21.Méndez-Zamora A., Diaz-Vidal T., Robles-Machuca M. et al. Unveiling
potential PET degrading eukaryotes through in silico bioprospecting of PETases.
Science of The Total Environment. 2024. Vol. 948. P. 48-97.
Doi: 10.1016/j.scitotenv.2024.174978

22.Meyer Cifuentes 1. E., Wu P., Zhao Y. et al. Molecular and Biochemical
Differences of the Tandem and Cold-Adapted PET Hydrolases Ple628 and
Ple629, Isolated From a Marine Microbial Consortium. Front Bioeng Biotechnol.
2022. Vol. 10. P. 93-140. Doi: 10.3389/fbioe.2022.930140

23.Moller L., Vainshtein Y., Meyer B. et al. Rich microbial and depolymerising
diversity in Antarctic krill gut. Microbiol Spectr.2024. Vol. 12. P. 403-523. Doi:
10.1128/spectrum.04035-23

24.0Oliveira J., Belchior A., Veronica D. et al. Marine Environmental Plastic
Pollution: Mitigation by Microorganism Degradation and Recycling
Valorization. Frontiers in Marine Science. 2020. Vol. 7. P. 526-567.
Doi: 10.3389/fmars.2020.567126

25.0zhelvaci F., Steczkiewicz K. o/ Hydrolases: Toward Unraveling Entangled
Classification. Proteins: Structure, Function, and Bioinformatics. 2025. Vol. 93.
P. 855-870. Doi: 10.1002/prot.26776

26.Perz V., Baumschlager A., Bleymaier K. et al. Hydrolysis of synthetic polyesters
by Clostridium botulinum esterases. Biotechnology and Bioengineering. 2016.

Vol. 113(5). p. 1024-1034. Doi: 10.1002/bit.25874



58

27.Perez-Garcia P., Danso D., Zhang H. et al. Exploring the global metagenome for
plastic-degrading enzymes. Methods Enzymol. 2021. Vol. 648. P. 137-157. Doi:
10.1016/bs.mie.2020.12.022

28.Perez-Garcia P., Chow J., Costanzi E. et al. An archaeal lid-containing feruloyl
esterase degrades polyethylene terephthalate. Communications Chemistry. 2023.
Vol. 6. Article 193. Doi: 10.1038/s42004-023-00998-z

29.Purohit J., Chattopadhyay A., Teli B. Metagenomic Exploration of Plastic
Degrading Microbes for Biotechnological Application. Curr Genomics. 2020.
Vol. 4. P. 253-270. Doi: 10.2174/1389202921999200525155711

30.Q1 X., Ji M., Yin C. F. et al. Glacier as a source of novel polyethylene
terephthalate hydrolases. Environ Microbiol. 2023. Vol. 12. P. 2822-2833.
Doi: 10.1111/1462-2920.16516

31.Ribitsch D., Heumann S., Trotscha E. et al. Hydrolysis of
polyethyleneterephthalate by p-nitrobenzylesterase from Bacillus subtilis.
Biotechnol Prog.2011. Vol 27. P. 951-60. Doi: 10.1002/btpr.610

32.Ridley R. S. Jr., Conrad R. E., Lindner B. G. et al. Potential routes of plastics
biotransformation involving novel plastizymes revealed by global multi-omic
analysis of plastic associated microbes. Sci Rep. 2024. Vol. 14. P. 87-98. Doi:
10.1038/s41598-024-59279-x

33.Roberts C., Edwards S., Vague M. et al. Environmental Consortium
Containing Pseudomonas and Bacillus Species Synergistically ~ Degrades
Polyethylene Terephthalate Plastic. mSphere. 2020. Vol. 5. P. 151-20.
Doi: 10.1128/mSphere.01151-20

34.Sayers E. W., Beck J., Bolton E. et al. Database resources of the National Center
for Biotechnology Information in 2025. Nucleic Acids Research. 2025. Vol. 53.
P. 0-29. Doi: 10.1093/nar/gkae979

35.Sievers F., Higgins D. G. Clustal Omega for making accurate alignments of many
protein sequences. Protein Science. 2018. Vol. 27. P. 135-145. Doi:
10.1002/pro.3290



59

36.Stevensen J., Janatunaim R. Z., Ratnaputri A. H. et al. Thermostability and
Activity Improvements of PETase from I/deonella sakaiensis. ACS Omega. 2025.
Vol. 10. P. 6385-6395. Doi: 10.1021/acsomega.4c05142

37.Sui B., Xu Y., Zhang D. et al. Recent advances in the biodegradation of
polyethylene terephthalate (PET) by microbial and enzymatic means.
International Journal of Biological Macromolecules. 2023. Vol. 234. P. 123—
149. Doi: 10.1016/j.ijbiomac.2023.123156

38.Turak O., Gagsteiger A., Upadhyay A., Kriegel M., Salein P., Béhnke-Brandt S.,
Agarwal S., Borchert E., Hocker B. A third type of PETase from the
marine Halopseudomonas lineage.  Protein  Science. 2025. Vol. 34(10).
Doi: 10.1002/pro.70305

39.Skowron-Kandzia K., Mielczarek-Wréblewska A., Walczak-Lukaszewska D. et
al. Environmental Airborne Fungi in Oleophobic and Chemical Protective
Clothing Used 1in Industrial Environments. [International Journal of
Environmental Research and Public Health. 2022. Vol. 19(11). P. 63-82. Doi:
10.3390/ijerph19116382

40.Vidal P., Martinez-Martinez M., Fernandez-Lopez L. et al. Metagenomic Mining
for Esterases in the Microbial Community of Los Rueldos Acid Mine Drainage
Formation.  Front  Microbiol.  2022.  Vol. 13.  P.  868-839.
Doi: 10.3389/fmicb.2022.868839

41.Vidal P., Robles-Martin A., Fernandez-Lopez L. et al. Unlocking a Key Residue
in a Lipase for Efficient Polyethylene Terephthalate (PET) Hydrolysis and
Influencing Depolymerization Product Profiles. ChemCatChem. 2024. Vol. 16.
P. 224-265. Doi: 10.1002/cctc.202400765

42.Weber G., Bornscheuer U. T., Wei R. Enzymatic Plastic Degradation. Elsevier
Science. 2021. Vol. 7. P. 145-151. DOI: 10.1016/S0076-6879(21)00076-8

43.Weigert S., Perez-Garcia P., Gisdon F. J. et al. Investigation of the halophilic
PET hydrolase PET6 from Vibrio gazogenes. Protein Sci. 2022. Vol. 31. P. 4500-
4517. Doi: 10.1002/pro.4500



60

44 . Welden N. A., Cowie P. R. Degradation of common polymer ropes in a sublittoral
marine environment. Mar Pollut Bull. 2017. Vol. 118. P. 248-253.
Doi: 10.1016/j.marpolbul.2017.02.072

45.Wright R. J., Bosch R., Langille M. G. L. et al. A multi-OMIC characterisation of
biodegradation and microbial community succession within the PET
plastisphere. Microbiome. 2021. Vol. 9. P. 141. Doi: 10.1186/s40168-021-
01054-5

46.Yoshida S., Hiraga K., Takehana T. et al. A bacterium that degrades and
assimilates poly(ethylene terephthalate). Science. 2016. Vol. 351. P. 1196-9.
Doi: 10.1126/science.aad6359

47.Zhang H., Dierkes R. F., Perez-Garcia P. et al. The metagenome-derived esterase
PETA40 is highly promiscuous and hydrolyses polyethylene terephthalate (PET).
FEBS J.2024. Vol. 291. P. 70-91. Doi: 10.1111/febs.16924

48.Zhou H., Shi S., You Q. et al. Polyethylene Terephthalate Hydrolases in Human
Gut Microbiota and Their Implications for Human Health. Microorganisms.
2024. Vol. 12. P.138. Doi: 10.3390/microorganisms12010138

49.Zinchenko O. Yu., Chebanov N. S., Shtenikov M. D. Screening of marine spore-
forming bacteria degrading polymer materials. MICROBIOLOGY &
BIOTECHNOLOGY. 2024. Vol. 62. P. 33-49. Doi: 0.18524/2307-
4663.2024.3(62).316747

50.Zrimec J., Kokina M., Jonasson S. et al. Plastic-Degrading Potential across the
Global Microbiome Correlates with Recent Pollution Trends. mBio. 2021. Vol.
12. P. 155-121. Doi: 10.1128/mBi10.02155-21



