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091 «biomoris» (09 — Biomoris). — InctuTyT MikpooOiosorii i Bipycosorii im. J1.K.
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Tokcuuni cnonyku Kynpymy € ofHMMU 3 HaWOUIBII MOIIMPEHUX Ta €KOJOTIYHO
HeOe3MeyHuX 3a0pyAHIOBaYIB MOBKULISA. BOHU MOTpaIuisitoTh y JOBKULISA SIK Y MICISX
POJIOBHILI, TaK 1 BHACIIIOK IPOMHUCIIOBOI Ta MOOYTOBO1 ISNTBHOCTI JIFOJIUHU. 3a0pyTHEHHS
Kymnipymom 3ry6HO j1i€e Ha ekocucteMu. HaltOu1bI1 MOTYKHUMH JKepeaMu 3a0pyIHEHHS
KyrnpymoM € rippu4Ho-BU100yBHI1 Ta TipHUYO-IIEPEPOOH] MIANPUEMCTBA, a TAKOXK CTIUHI
BOJY IPOMHUCIIOBUX HiANpueMcTB. KynpyM € nomupeHum 3a0pyIHIOBaYeM Ha TEPUTOPIi
arporpoMMCIOBUX KpaiH, 30KpeMa YKpaiHH, e IUPOKO PO3NOBCIOAKEHO BUKOPUCTAHHS
KYIIPYMBMICHUX MECTHLMAIB JJIi OOpoThOM 3 OakTepialbHUMHU Ta TPUOKOBUMU
3aXBOPIOBaHHS CUIbCHKOTOCIOIAPCHKUX KYJIBTYP.

Ha cworomni, nomryk e()EeKTUBHUX METOJIIB OYHUIICHHS EKOCHUCTEM BiJl CIOJIYK
Kynpymy € aktyanbHuMm ana 30epexxkeHHs JNoBKULIA. l[lepcriekTHBHOIO € po3poOka
010TEXHOJIOTTYHUX, 30KpeMa, MIKPOOHHUX METOIIB 3HEIMIKOKeHHs croyk Kympymy. 1i
METOAM NOTPeOYIOTh BUILJIEHHS Ta BABYEHHS MIKpOOPIraHi3MiB, 10 CTiiKi 10 Kynpymy y
BHCOKHX KOHIICHTpAI[iSIX Ta 3/1aTHI B3aEMOJISATH 3 HUM (HAKOMUYYBaTH, BIJHOBIIOBATH,
ocapKyBaTu TOIIO). CKPHUHIHT €KOCHUCTEM Ha HasSBHICTh TaKUX MIKPOOPTaHi3MiB,
PO3YMIHHSI iX MOJIEKYJSApHHUX 1 (D1310J0TIYHUX MEXAHI3MIB CTIMKOCTI Ta JETOKCHKAIlii
cnosiyk KynpyMy MaroTh mpiopUTeTHE 3HAYCHHS JJII OXOpOHU MOBKiuLIA. [l 3HaHHA
CTaHOBJISITH (PyHIAaMEHTAIBLHUN 1HTEpEC I MIKpOO10JI0TiB, O10TEXHOJIOTIB Ta €KOJIOTIB,
a TaKoXX € HEOOXITHUMHU JJIsI PO3POOKH MPUPOJOOXOPOHHUX O10TEXHOJIOTIH OUYUILCHHS
KynpyMBMiCIM{gIX_CTquI/IX BOJ Ta 3a0pyaHeHux Kynpymom rpyHTIB.
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U?*) KOHLEHTpauiii. Brepmie NpPOBENEHO CKPUHIHT

omHoMousipaux (63546 wmr/n C
NPUPOJHUX EKOCHUCTEM II'SITU reorpadiuHux perioHiB 3eMHOi Kyni (YkpaiHw,
AHTapkTuau, Apkrtuku, I3paimo Ta IliBmenHoi AMeEpHKH) Ha  HasBHICTb
KyIPYMpPE3UCTEHTHUX MikpoopranizmiB. [lokazaHo iX IIHMpOKE PpO3MOBCIOMKEHHSA Ta
BU3HAYEHO KIJBKICHI TOKa3HUKHU CTIMKOCTI 40 TOKCHMYHMX cnioyyk Kynpymy. Busineno,
10 y 3pa3Kax IPYHTY, [NIMHM 1 ICKy Yy 3Ha4Hil KinekocTi (Big nx10? go nx10* KYO/r)
IPUCYTHI MiKpoopranizmu, cTiiiki 1o Kynpymy y HaaBucokux konueHtpauiax (1000 —
15500 mr/n) 3a KyIbTUBYBaHHS Ha arapm30BaHOMY MOKMBHOMY cepeoBullli. Bumaineno
10 Kynpym-pe3UCTEHTHHX KYJbTYp MIKPOOPIraHi3MiB 1 BCTaHOBJIEHO, IO BOHHU
3MIMCHIOIOTh AK IMMOOUTI3aIi0 pO3uyMHHUX crodyk Kympymy, Tak 1 MoOuTi3aIiio
HEPO3UYMHHUX CMOJYK. BU3HaueHO iX TaKCOHOMIYHE IMOJIOKEHHS Ta 0XapaKTePU30BAHO
KyJnbTypalbHO-MOpQoJoridyai  Ta  ¢izionoro-6ioxiMiuyHi  o3Haku. Bwuaimeno 9
OakTepiaibHUX  KynpyMm-pesucteHTHux  mramiB  (Pseudomonas  lactis UKR1,
P. panacis UKR 2, P. veronii UKR 3 i UKR4, Staphylococcus succinus Cop98, Pantoea
agglomerans Copl01, Bacillus mycoides Cop102, B. megaterium Cop99, B. velezensis
Cop4l) ta 1 mram ppixmkiB (Rhodotorula mucilaginosa UKRS), mo 3paTHi pocTH y
npucyTHOCTI 1 Monb/11, T06T0 63546 Mr/n Cu?"y piIKOMy IOKMBHOMY CEPEIOBHII.
Briepmie cekBeHoBaHo TeHomu 4YoTHphox mTamiB Pseudomonas lactis UKR1,
P. panacis UKR 2, P. veronii UKR 3 i UKR4, mo criiiki g0 1 mons/n Cu?* ta nmokasano
smatHicTh Pseudomonas lactis UKR1 B3aemomiatu 3i cronykamu Kympymy 3a ycima
TEPMOJIMHAMIYHO JIOMYCTUMHUMH MIISXaMH: 1MMOOLUTI3aIls (aKyMmyJisiisi B KIITHHAX,
BIJIHOBJICHHS JJ0 HEPO3UMHHUX CIIOJIYK Ta OCa/PKEHHsI 0€3 3MiHM BaJICHTHOTO CTaHy) Ta
moOum3amis. ['eHomMHI  mocmiioBHOCTI  HajcTidkux  no  Kympymy — mramiB
Pseudomonas lactis UKR1, Pseudomonas panacis UKR2, Pseudomonas veronii UKR3
ta Pseudomonas veronii UKR4 3apeectpoBani y 0a3i nanux DDBIJ/ENA/GenBank 3
HOMEPOM JocTymy a0 Oiompoekty PRINAS565195 ta Homepamu 1oCTymy 10 TEHOMIB —
VWXWO00000000, VWXV00000000, VWXU00000000, VWXT00000000 BiamoBiaHoO.
[IpoBeeHO TOYATKOBHM CKPUHIHT TEHOMIB, IO IIOKa3aB HASBHICTh T'€HETUYHUX
JeTepMIHAHT, sIK1 KOJIYIOTh CTiiKicTh 10 Kynpymy — 6i5iku A, B, D, kynpym-ekcnopTyroua

ATd®daza copA3, MiiHMI IIaniepoH COPZ, a TAKOXK IBOKOMITOHEHTHA PETYJISITOPHA CHCTEMa



cusRS. IlopiBHsHO edekTHBHICTE iMmoOGimizanii Cu?* o6miratTHO aepoOHUMHU Ta
oOJiraTHO-aHaepOOHWMH MiKpoopraHizMamu. JloBeAEHO 37aTHICTh HEAJAaNTOBAHOTO JI0
Cu?" o6iraTHO-aHaepoOOHOTO BOJEHb-CHHTE3yBanbHOro mramy Clostridium butyricum

u?* 3 eexruBHicTIO 88,0-99,2% y KOHLEHTpaLiliHOMY Hiana3oHi 50

92 immo6imizyBatu C
— 200 mr/n Cu?*. Ilpore edekrupHicTs iMmo6inizanii Cu?* maxacrilikum g0 Kynpymy
mrramoM P. lactis UKR1 cranosua muire 18-76,8% 3a BuxigHoi koHieHTpariii 200 mr/i
Cu?*. Bucoka edextuBnicts iMmo6imizanii Cu?* Heaganrosanum 10 Kynpymy mramom
Clostridium butyricum 92 Bu3Ha4Ya€TbCs BEIUKOIO PI3HHUICIO PEIOKC-MOTECHIIATIB MiX
BHCOKO NoTeHUilHuM Kationom Cu?* (Eh = + 390 MB) Ta HM3BKO NOTEHLIHHUMU
mikpoOuumu kaitmaamu (Eh = — 300 MB), mo npusBoauTs 10 BigHoBnenHs Cu®* mo
Cu,OY. HaBmaxu, y aepo6roro P. lactis UKR1 Taka pi3HHII HOTEHIIAIIB € HE3HAYHOIO.
Tomy, He3BakarOYM Ha BHUCOKY PE3UCTEHTHICTH M0 Kympymy, 1ied mram 31 3HAYHO
MeHIIOK edekTuBHiCTIO BimHOBmOe Cu? 10 HeposumuHoro Cu;Od mopiBHSHO 3
anaepoonum Clostridium butyricum 92.

Brepiiie BCTAHOBIIEHO MOXJIMBICTD PETYJISLIT BUAIB B3a€EMO/I1i MIKPOOPTaHi3MIB 31
cnoinykamu Kynpymy Ha npukiani mramy P. lactis UKR1. Tlokazano, mo 3a 3MiHH
CKJIaJly TIOKMBHOTO CEpEe/IOBUIA Ta YMOB KyJbTHBYBaHHS IITaM 3MIHIOBAB BHJIU
B3aemonii 3 Kympymom. 3a pocty Ha OinkoBoMy cepenoBuili LB mikpoopranizmu

u?* pracmigok migsumenns pH mo 9,3+0,2, 3a

edekTuBHO 1MMOOLTI3yBanu croiyku C
sixoro Cu?* Bumazas, iiMoBipHO, y ocan y dopmi Cu(OH)zd, CuCOsd. Y minepambsrOoMy
cepenoBuiil 3 po3unHHuM 1uTparoM Kymnpymy Cuz[NaCsHs07], sk equnnm mxepenom
Byriemto ta eHeprii, P. lactis UKR1 ocamxysas Cu®"y ¢opmi Cu(OH),| BHacmimok
MIKpPOOHOT JECTPYKIIil IMUTPATHOTO pajguKaia-xexaropa. 3a CIOXKUBAHHS TIIOKO3U SK
cyOcTpary, mTaM CHHTE3yBaB OpraHiyHi KHCJIOTH Ta 3HIWKyBaB pH cepenoBuia Ta
mo6inizyBas HepozunnHi Cu(OH),| Ta Cuz(PO4)2| 3 yrBopennsam Cu?*.

U?* 3a BiNHOBJEGHHA 1O

JloBeneno BUCOKY edeKkTuBHICTh 1MMoOUTi3amii C

2+ -
HepozunHHOro CupO| a Takox ocamkeHHs CuU" Ge3 3MiHM BaJCHTHOTO CTaHy
HeajanTtoBaHUMU 10 KynpyMy HH3BKOMOTEHIIATbHUMU BOJACHbCUHTE3YBaJIbHUM Ta
METAaHOT€HHUM YIpyNOBaHHsAMU. MeTaHOoreHHe yrpynoBaHHsA iMmoOuTizyBaso 100%

pozunHHoro Kynpymy(Il) 3a 30po/KyBaHHS  €KOJIOTIYHO-HEOE3NMEUHUX POCIUH



Pistia stratiotes L. mporsrom 3 ta 10 1i6 3a Buxignoi konnenTpamii 100 Ta 200 mr/n Cu®*

BiMOBiAHO. OOTPYHTOBAHO TEPMOJAMHAMIYHUMH PO3PaXyHKAMH Ta €KCHEPUMEHTATbHO
MiATBEpKEHO iMMOOimizanito CuU?" MeTaHOreHHHMM MIiKpOOHMM yIpYIOBaHHSAM JBOMA

u2+

NUISIXaMH — BIJHOBJIICHHS BHCOKOIOTEHIIampHOTO C no Hepo3zunHHoro CuyO]

BHACJIJIOK 3HM)KEHHS MIKpOOpraHiaMamMu peaokc-nmoteHmiany g0 — 300... — 320 mB, a

TakoXX ocamkeHHs Cu?*

y ¢opmi CuS| cipkoBOAHEM, IO CHHTE3YIOTh CYIYyTHI
METaHOTE€HaM CYJIh(}aT-BiTHOBIIOBAIbHI OaKTEPIi.

BonenbcuHTe3yBaslbHE  MIKpOOHE  YIpYNOBaHHS IMIBUJIKO Ta  €()EeKTUBHO
BigHoBmoBano Cu?* no Cu,O] y nporeci 30poKyBaHHs TBEPAUX 0araTOKOMIIOHEHTHHUX
XapyoBUX BiaxoiB. BigHOBIEeHHS TpuBano Bcboro 5 ta 30 roauH 3 epekTuBHICTIO 99%
T2 99,5% 3a BUXigHO1 KoHueHTpauii 50 Ta 100 mr/n Cu?*, BignosigHo.

TeopetnuHo OOTPpYHTOBAaHO Ta MIATBEPAKEHO EKCIEPUMEHTAIBHO BHCOKY
e()eKTHBHICTh aKyMYJISILil pOCIMHAMH i0HIB TokcuuHuX Mertanis (Cu?*, Co?*, Ni%*, Cd?
CrO,4*) BHacIIi 0K iX cTepeoximMiuHOi aHanorii 3 Mmakpoenementamu (Ca?*, Mg?*, SO4% Ta
1H.). Y BereTtamiiHUX yMOBax JIOBEACHO €(PEKTUBHICTH BUKOPUCTAHHS TIOTIOHY
cnpasxuaporo Nicotiana tabacum L. copty Djubek ais BuTydeHHsS CIONyK 3a3HAYCHUX
METajJiB 3 KOHTAMIHOBaHMX IPYHTIB 3a BHCOKOI BHMXIJHOI KOHLIEHTpalii KOKHOTO 3
metaniB — 500 mMr/kr rpyHTy. MeTanu akyMyJTIOBajuCs SIK Y HaJI3eMHIH, Tak 1 MiI3eMHIN
yacTuHax TioTIoHY. [Ipote Haitbinbme KobansTy, Xpomy, Hikento ta Kaamito BusiBjieHO
y mucTi (Bix 1705,8 £ 424,9 mr/kr mo 11405,8 + 1848,2 mr/kr ACM pociun) a Kynpymy
— y xopensx (8491,6 £ 1241,2 mr/kr). Cywmimn TpaB’ssauctux pocaud Agrostis capillaris
L., Festuca pratensis Huds., Ta Poa pratensis L. Takox 3 BHCOKOI0 €(PEKTHBHICTIO
akymymoBaia Kynpym ta Xpowm 3a pocty y koHtamiHoBaHoMmy 50-200 mr/kr Cu(Il) ta
Cr(VI) rpynri. Tpasa akymymioBana Kynpym ta Xpowm y nianasoni Big 299,2 + 57,5 no
497,71 £74,1 ta Bim 282,7 £ 75,4 1o 426,84 £ 55.4 Mr/Kr pocIMHHOI 010MacH BiAMOBITHO.

IIpakTuyHe 3HAYEHHS OTPUMAHMX Pe3YJbTATiB. 32 BHUKOPUCTAHHS METOMIY
TEPMOJIMHAMIYHOTO MPOTHO3YBAHHS TEOPETUYHO OOIPYHTOBAHO Ta €KCIEPUMEHTAIBHO
HiATBEPAKEHO CTIMKICTh MIKpoOpraHizMiB A0 po3unHHoro Kympymy(Il) y HagBucokux
xonnenTpanisax (1 moms/n Cu?"), mo € mepcneKTUBHUM s pO3pPOOKH GiOTEXHOIOTIH

OUMIIICHHS METAJOBMICHMX CTIYHUX BOJ Ta TIpyHTIB. JloBeAeHO e(PEeKTUBHICTH



3aCTOCYBaHHS MIKPOOpPraHi3MiB Ta POCIMH JAJis OYMINEHHS TIpyHTIB Big Kympywmy.
OOrpyHTOBaHO  MOXKJIUBICTH ~ CTBOPEHHS  IHTETPaJbHUX  MPUPOTOOXOPOHHUX
OiotexHosoriil. JloBeneHo, 1m0 BUIIYYEHHS PO3YMHHUX croiyk Kymnpymy 3a paxyHOK
OIHOYACHOI peamisalii JEeKiIbKOX MexaHi3MmiB: BimHoBiaeHHS Cu®* 10 HepO3YMHHOrO
Cu20|, ocamkenns ekzometabomitamu y Burisiai Cu(OH),|, CuCOz| ta CuS|, a Takox
HakonuueHHs CU?* MikpoOHMMHM KiTiTHHaMH. Pe3ucTenTHi Ta HeaganToasi 10 Kynpymy
MIKpOOPTaHI3MH MOKYTh OYTH BUKOPUCTaH1 JIJIs1 pO3POOKH MPOMHUCTIOBHX 010TE€XHOJIOTIH.

[IIupoka  pPO3MOBCIOKEHICTh  KYNPYMPE3UCTEHTHUX  MIKPOOPTaHi3MIB Y
OioreoreHo3ax € MIATPYHTSIM JJIs TMOUIYKY Ta BUAUICHHS MPOMHCIOBO MEPCHEKTUBHUX
mramiB. Peryndimis MeTa0bosi3mMy KyNpyMpe3UCTEHTHUX MIKPOOPIaHi3MiB € HMIATPYHTIM
JUISL TIBMINCHHS IIBUIKOCTI Ta €(EeKTUBHOCTI BHIIYYEHHS METajiB 31 CTIYHHUX BOJ Ta
I'PYHTIB.

['eHOMHI TOCTIIOBHOCTI YOTHpPHOX ImTaMiB Pseudomonas, 3apeecTpoBaHi y
DDBJ/ENA/GenBank, € pgocTymHHMH IS BHBYEHHS MOJICKYJIIPHO-010J0TIYHUX
MEXaHI3MIB CTIHKOCTI Ta B3a€MOJli 3 MeTajlaMu 1 MOXYTh OyTH BHUKOPHUCTaH1 ISt
pPO3pOOKK Ta omTHMIi3allii OIOTEXHOJOTIM OYHINEHHS METAJIOBMICHUX CTIYHHUX BOJ Ta
I'PYHTIB.

Pesynbrat aucepraniifHoi poOOTH BIPOBAKEHI y HABYAIBHUM MPOIEC IS
BUKJIAJIaHHA JUCHUIUIIH «MeTabomi3M MIKpOOpTaHi3MiB» Ta «ATPOMIKpOOIOJIOTis» B
[HCTUTYTI OlOMEIMYHUX TEXHOJIOTIM YHIBEpCUTETY PO3BHUTKY JIOJUMHU «YKpaiHa» Ta
TUCIUTUTIH «bloyoris KIITHHIY Ta «3arajbHa MIKpoO10J0ris 1 Bipycosoris» B [HCTUTYTI
€KOJIOTIYHOi ~ Oe3Meku, 1HXKeHepii Ta TexHojorik HamioHaibHOrO aBialiifHOTrO
YHIBEPCUTETY.

Kirouosi CJIOBA; 0XOpOHa JIOBKI1JIJIS, MIKpOOHi 010TEXHOJIOTI],
KyIPYMpPE3UCTEHTHI MIKPOOpraHi3aMH, B3aeMOisl MikpoopradiamiB 3 Kynpymowm,
TEpMOJMHAMIYHE TMPOTHO3YBaHHSA, cekBeHyBaHHs renyl6S pPHK, Bacillus,
Pseudomonas, moBHe CeKBeHYBaHHs T€HOMiB, 0i0iH(GOpPMATHYHUN aHaji3, FCHETHYHI
JeTepMiHaHTHU cTiikocTi 70 Kynpymy, MikpoOHI yrpynoBaHHS IPYHTIB, (D€HOTHUIIOBI Ta

T€HOTHITOB1 BJIACTUBOCTI, META0OJIITH, MIKPOOPTAaHI3MHU Ta POCIUHU



SUMMARY

Havryliuk O.A. Spread of copper-resistant microorganisms and prospects of their
application for environmental protection. —Qualifying scientific work on the rights of the
manuscript.

The Ph.D. thesis is submitted to obtain a PhD scientific degree — the doctor of
philosophy on a specialty 091 «Biology» (09 — Biology). Zabolotny Institute of
Microbiology and Virology of the National Academy of Sciences of Ukraine, Kyiv, 2022.

Toxic copper compounds are one of the most spread and ecologically hazardous
contaminants of the environment. They are released into the environment in the places of
its deposits and as a result of human industrial and household activities. Environmental
pollution with copper compounds has a detrimental effect on ecosystems. The most
powerful sources of copper pollution are mining sites, as well as wastewater of industrial
enterprises. Today, copper is one of the most widespread contaminants on the territory of
agro-industrial countries, including Ukraine. Thus, the use of copper-containing pesticides
to eliminate bacterial and fungal diseases of agricultural crops is widespread.

Nowadays, the development of the effective methods of ecosystems purification is
relevant for the preservation of the environment. The development of biotechnological, in
particular, microbial methods of toxic copper detoxification is promising. These methods
require the isolation and investigation of microorganisms that are resistant to copper in
high concentrations and are able to interact with it (accumulate, reduce, precipitate, etc.).
Screening ecosystems for the presence of such microorganisms and understanding their
molecular and physiological mechanisms of resistance and detoxification of hazardous
copper compounds are of priority importance for environmental protection. These
knowledges are of fundamental interest to microbiologists, biotechnologists, and
ecologists, and are necessary for the development of environmental protection
biotechnologies for the purification of copper-containing wastewater and copper-
contaminated soils.

Scientific novelty. The position of the thermodynamic prognosis about the
possibility of growth and interaction of microorganisms with soluble copper(Il)
compounds at extremely high, one-molar (63546 mg/L) concentrations was confirmed



experimentally for the first time. The natural ecosystems of five geographical regions of
the globe (Ukraine, Antarctica, the Arctic, Israel, and South America) were screened for
the presence of copper-resistant microorganisms. Their wide distribution was shown and
the quantitative parameters of resistance to toxic copper compounds were determined. It
was determined that there are microorganisms in the studied samples of soil, clay and
sand, resistant to copper in extremely high concentrations (1000 — 15500 mg/L) in a
significant amount (from nx10? to nx10* CFU/g) during cultivation in the agar nutrient
medium. Ten copper-resistant cultures of microorganisms were isolated and established
that they immobilize soluble and mobilize insoluble copper compounds. Their taxonomic
position, cultural-morphological and physiological-biochemical features were
characterized. Nine new copper-resistant bacterial strains (Pseudomonas lactis UKRL1, P.
panacis UKR 2, P. veronii UKR 3 and UKR4, Staphylococcus succinus Cop98, Pantoea
agglomerans Copl101, Bacillus mycoides Cop102, B. megaterium Cop99, B. velezensis
Cop4l) and 1 yeast strain (Rhodotorula mucilaginosa UKR5) were isolated capable to
grow in the presence of 1 M or 63,546 mg/L Cu?*in a liquid nutrient medium.

For the first time, the genomes of the four strains of Pseudomonas lactis UKRL,
P. panacis UKR 2, P. veronii UKR 3 and UKR4 resistant to 1 mol/L Cu?* were sequenced.
The ability of Pseudomonas lactis strain UKRL1 to interact with copper compounds via all
thermodynamically acceptable pathways (immobilization (accumulation in cells,
reduction precipitation to insoluble compounds and precipitation without valency
changing) as well mobilization) was shown. Genomic sequences of highly resistant strains
of Pseudomonas lactis UKR1, Pseudomonas panacis UKR2, Pseudomonas veronii UKR3
and Pseudomonas veronii UKR4 have been deposited in the DDBJ/ENA/GenBank
database with bioproject accession number PRINA565195 and genome accession
numbers — VWXWO00000000, VWXYV00000000, VWXU00000000, VWXT00000000,
respectively. Initial screening of the four genomes for genes encoding copper resistance
mechanisms was shown the presence A, B, D proteins, copper-exporting ATPase copA3,
copper chaperone copZ, as well as the two-component regulatory system cusRS.

The effectiveness of Cu?* immobilization by both strict aerobic and anaerobic

microorganisms was compared. The ability of the unadapted to Cu?* strict anaerobic



hydrogen-synthesizing strain Clostridium butyricum 92 to adapt and immobilize Cu?* with
the efficiency of 88,0-99.2% in the concentration range of 50-200 mg/L Cu?* has been
proven. However, the efficiency of Cu?*immobilization by the highly resistant to copper
P. lactis strain UKR1 was 18.0-76.8% at the initial concentration of 200 mg/L Cu?*. The
high efficiency of Cu?* immobilization by the unadapted to copper Clostridium butyricum
strain 92 is determined by the high difference in redox potentials between the high-
potential Cu?* cation (Eh = + 390 mV) and the low-potential microbial cells (Eh = — 300
mV), which leads to the reduction of Cu?* to Cu,O}. On the contrary, this potential
difference is insignificant in aerobic P. lactis strain UKR1. This strain reduced Cu?* to
insoluble Cu,O4 with much lower efficiency despite high resistance to copper, compared
to anaerobic Clostridium butyricum strain 92.

For the first time, the possibility of regulation of types of the microorganisms
interaction with copper compounds was established on the example of P. lactis strain
UKRL. It was shown that the types of microbial interaction with Cu?* can be changed via
the regulation of the nutrient medium composition and cultivation conditions.
Microorganisms effectively immobilized Cu?* during growth on LB protein medium due
to the increase of pH to 9.3+0.2 at which Cu?* precipitated, probably, in form of Cu(OH)z\,
CuCOs4. The strain UKR1 precipitated Cu?* in the form of Cu(OH).| in a mineral
medium with soluble sodium citrate Cuz[NaCgHsO7] as the only source of carbon and
energy due to the microbial degradation of citrate-chelator. The strain synthesized organic
acids, decreased the pH of the medium and mobilized unsolvable Cu(OH).| and
Cus3(POy)2] with Cu?* formation as a result of glucose consumption.

The high effectiveness of the copper immobilization via reduction to insolvable
Cu,0] as well as precipitation of Cu?* without valence changing by unadapted diversified
hydrogen-synthesizing and methanogenic microbial communities has been proven. The
methanogenic microbial community immobilized 100% of soluble copper(ll) during
methane fermentation of environmentally hazardous aquatic plants Pistia stratiotes L. for
3 and 10 days at initial concentrations of 100 and 200 mg/L Cu?*, respectively. The
immobilization of Cu?" by methanogenic microbial community via two pathways was

substantiated by thermodynamic calculations and experimentally confirmed: reduction of



Cu?* to insoluble Cu,O| due to decrease of the redox potential of the culture liquid and
precipitation of Cu?* in the form of CuS| by hydrogen sulfide, synthesized by sulfate-
reducing bacteria associated with methanogens.

The hydrogen-synthesizing microbial community fast and effectively reduced Cu?
to Cu,0O] in the process of the solid multicomponent food waste fermentation. The
reduction lasted only 5 and 30 hours with the efficiency of 99% and 99.5% at initial
concentrations of 50 and 100 mg/L Cu?*, respectively.

The high efficiency of the toxic metals ions (Cu?*, Co?", Ni?*, Cd?*, CrO,>)
accumulation by plants due to their stereochemical analogy with macroelements (Ca?*,
Mg?*, SO4>, etc.) has been theoretically substantiated and experimentally confirmed. The
effectiveness of using tobacco Nicotiana tabacum L. variety Djubek for the removal of
specified metals from contaminated soils at a high initial concentration of each metal —
500 mg/kg soil has been proven in the vegetation conditions. Metals accumulated in both
aerial and underground part of the tobacco. However, the most cobalt, chromium, nickel
and cadmium were found in the leaves, (from 1705.8 + 424.9 mg/kg to 11405.8 £ 1848.2
mg/kg) and copper — in the roots (8491.6 + 1241.2 mg/kg). A mixture of herbaceous plants
Agrostis capillaris L., Festuca pratensis Huds., and Poa pratensis L. also accumulated
copper and chromium with high efficiency during growth in contaminated by 50-200
mg/kg Cu(ll) and Cr(V1) soil. The grass accumulated copper and chromium in the range
from 299.2 + 57.5 to 497.7 + 74.1 and from 282.7 + 75.4 to 426.84 + 55.4 mg/kg plant
biomass, respectively.

The practical significance of the results. The resistance of microorganisms to
soluble copper(ll) in ultrahigh concentrations (1 mol/L Cu?") was theoretically
substantiated and experimentally confirmed via the thermodynamic prognosis method,
which is promising for the development of biotechnologies for the purification of metal -
containing wastewater and soils. The effectiveness of the application of microorganisms
and plants for soil purification from copper has been proven.

The possibility of the development of integrated environmental biotechnologies is
substantiated. It has been proven that the detoxification of soluble copper compounds is

due to the simultaneous implementation of several mechanisms: reduction of Cu?* to



insoluble Cu,O|, precipitation by exometabolites in the form of Cu(OH);|, CuCOs|, and
CuS|, as well as accumulation of Cu?* by microbial cells.

The copper unadapted microorganisms can be used for the development of
industrial biotechnologies.

The wide distribution of copper-resistant microorganisms in the biogeocenoses is
the basis for the search and isolation of industrially promising strains. Regulation of the
metabolism of copper-resistant microorganisms is the basis for the fast and efficient metal
removal from wastewater and soils.

Genomic  sequences of four Pseudomonas strains  deposited in
DDBJ/ENA/GenBank are available for the study of molecular-biological mechanisms of
resistance and interaction with metals and can be used for the development and
optimization of biotechnologies for the purification of metal-containing wastewater and
soils.

The results of the PhD thesis are implemented in the educational process for
teaching the disciplines "Metabolism of microorganisms" and "Agromicrobiology" at the
Institute of Biomedical Technologies of the Open International University of Human
Development "Ukraine" (Kyiv, Ukraine) and the disciplines "Cell Biology" and "General
Microbiology and Virology" at the Institute of Environmental Safety, Engineering and
Technologies of the National Aviation University (Kyiv, Ukraine)

Key words: environmental protection, microbial biotechnologies, copper-resistant
microorganisms, interaction of microorganisms with copper, thermodynamic prognosis,
16S rRNA gene sequencing, Bacillus, Pseudomonas, whole genome sequencing,
bioinformatics analysis, genetic determinants of resistance to copper, soil microbial
communities, phenotypic and genotypic properties, metabolites, microorganisms and

plants.
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