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AHHOTauuA. 3arpsasHeHne MOPCKOW cpefbl OfIOBOOPraHUYECKUMU COeQUHEHNSMWN NPeacTaBnseT ce-
PbE3HYI0 3KOMOrnmyeckyo npobnemy BBUAY UX Ype3BbIYANHON TOKCUHHOCTM AN LUMPOKOro Kpyra opra-
H13MOB. B fOHHbIX ocagkax Konopckoi rybbl PUHCKOro 3anmea BbiSIBIIEH BbICOKMI YPOBEHL 3arpsi3HeHNS
coegvHeHnaMu byTunonosa. KoHueHTpaums TpubyTunonosa u aubytunonosa coctasuna 35.7 Hr(Sn)/r
a.c.0. U 9.7 Hr(Sn)/r a.c.0. COOTBETCTBEHHO. YCTAHOBMNEHO, YTO TpaHCcopMaLnst COeaUHEHMI ByTUNo-
noBa B JOHHbIX OCajKkax MPOWCXOAMT 3a CYET aBTOXTOHHOW MUKPOOWOTLI ocagkoB. CKOpOCTb yObInu
TpubyTnnonoea n gudyTtunonoea coctasuna 0.014 cyt'un 0.022 cyT', a neprogpl nx nonypacnaga 49.5
n 31.5 cyToK cOOTBETCTBEHHO. MeTareHOMHbIN aHann3 BbISBUIT U3BMEHEHNS B TAKCOHOMUYECKOM COCTa-
BE M YMeHbLUEHNE BUOOBOrO pa3Hoobpasns MMKPOOBMOMOB OOHHbLIX OCAOKOB B Mpouecce TpaHcdop-
MauumM OfoBOOpraHMYeckux coeguHeHuin. B xoge bruoperpagauum coegnHennii 6yTunonosa B JOHHbIX
ocapikax BO3pacTaeT vncrneHHocTb 6aktepuii pogoB Acidithiobacillus, Halothiobacillus, Alicyclobacillus,
Sulfurospirillum, Denitrovibrio, a Takke mMeTaHOreHHble apxen poga Methanolobus, 4TO MOXET cBuae-
TenbCcTBOBaTb 06 MX MOTEHLMaNbHOM yvacTum B Guogerpagaumm OrnoBOOpPraHMYeCKUX COeaVHEHWN.
Mony4eHHble pesynbTaTbl MOryT OblTb UCMONb30BaHbI Al BbISIBNEHWS BUAOB-aKTUBHbLIX 4ECTPYKTOPOB
TpUBYTMMNONOoBa C Lienbio pa3paboTkn Hay4YHO-060CHOBaHHbLIX METOA0B AEKOHTaMMHALUNN JOHHbIX Ocaj-
KOB, 3arpsA3HEHHbIX ONTIOBOOPraHNYeCKUMMN COEAUHEHUAMM.
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of the Gulf of Finland, the Baltic Sea

|.L. Kuzikova* , Z.A. Zhakovskaya , N.G. Medvedeva

St. Petersburg Federal Research Center of the Russian Academy of Sciences (SPC RAS), Scientific
Research Centre for Ecological Safety of the Russian Academy of Sciences, ul. Korpusnaya 18,
St. Petersburg, 197110 Russia

*ilkuzikova@ya.ru

Abstract. Pollution of the marine environment with organotin compounds is a serious environmental
problem due to their extreme toxicity to a wide range of organisms. A high level of contamination with
butytin compounds was detected in the bottom sediments of the Koporye Bay, the Gulf of Finland,
the Baltic Sea. The concentration of tributyltin and dibutyltin reached up to 35.7 ng(Sn)/g DW and
9.7 ng(Sn)/g DW, respectively. The butyltin compounds transformed in bottom sediments due to the
activity of autochthonous sediment microbiota. The degradation rate of tributyltin and dibutyltin was
0.014 day"' and 0.022 day", their half-life, 49.5 and 31.5 days, respectively. Metagenomic analysis
revealed the changes in taxonomic composition and the decrease in species diversity of the bottom
sediment microbiomes during the transformation of organotin compounds. During the biodegradation
of butyltin compounds in bottom sediments, the abundance of bacteria of the genera Acidithiobacillus,
Halothiobacillus, Alicyclobacillus, Sulfurospirillum, Denitrovibrio, as well as of methanogenic archaea
of the genus Methanolobus increases, which may indicate their potential participation in the biodegra-
dation of organotin compounds. These results may be used to identify active tributyltin degraders for
developing self-purification methods of bottom sediments contaminated with organotin compounds.
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BBepeHue

SKocucTeMbl, 3arpsi3HeHHble aHTPOMNOreHHbIMU TOKCUYHLIMU BELLEeCTBaMU, OTNIMYAOTCH HUSKUMMU
3Ha4YeHNAMMN MHAEKCOB BUAOBOIO pa3Hoobpa3ns MMKPOGMOMOB 1 BbICOKMM YPOBHEM MoKasaTtens 4oMu-
HUPOBaHUS, YTO YKa3blBaeT Ha 0OeAHEHNE MX BUOOBOIO COCTaBa U CHUXXEHME YCTOMYMBOCTIN 3KOCUCTE-
Mbl B uernoMm (Kuzikova et al., 2022; Medvedeva et al., 2009; Wang et al., 2015).

K uncny pacnpoctpaHeHHbIX BO BCEM MUPE aHTPOMOreHHbIX TOKCUKAHTOB OTHOCSITCS ONIOBOOPraHu-
yeckne coeanHeHus (OOC). Nx ncnonb3yoT B KaYecTBe CEMNbCKOXO3ANCTBEHHbIX NeCTULNA0B, KOHCEp-
BaHTOB 151 06paboTku opeBecuHbl, GuounaHbIX NpenapaTtoB. Hanbonee pacnpocTpaHeHbl coeanHeEHNS
TpubyTunonosa (TEO), (C,H,),Sn,, koTopble B 1950—-80-X IT. LUMPOKO NPUMEHANMCL Kak NpoTreoobpac-
TalLme CpeacTsa B COCTaBe Kpacok Anst Mopckon npomebiwneHHocTu (Du et al., 2014; Finnegan et al.,
2018). Mockonbky coeguHeHus bytunonosa (BO) rmapodobHbl, Npy NonagaHun B Bogy OHW aacopou-
pytOTCA Ha B3BELUEHHbIX YacTuULax, a 3aTeM OCaxaarTcs B AOHHbIX ocagkax. B ocagkax oHM JOBOMbHO
cTaburnbHbl, UX Nepuog nornypacnaga oueHuBaeTca npumepHo B 87 + 17 net (Viglino et al., 2004).
TpnOyTUNONOBO TOKCMYHO MO OTHOLLEHMIO K LUIMPOKOMY KPYry OpraHM3MoB Ha BCEX TPOhMYeCKMX YpoB-
HsX — OT BakTepun oo mnekonutawwmx. TEO paspyllaeT 3HOOKPUHHYKO CUCTEMY, HapyLLas YPOBEHb
ropMOHOB B rvnodu3ae, NonoBbIX Xernesax U WntosBnaHon xenese (Silva et al., 2014). SHOOKPUHHLIV
achdekT TBEO NS BOAHbIX OPraHM3mMoB (MOJITHOCKOB, pblb) NPOSIBNSETCA NPU KOHLUEHTPALMK ero B BOAE
1 Hr/n (npu Harpy3ke Ha opradnam 10 Hr/r macchl Tena), B TO BpEMS Kak rmbenb opraHn3mMoB NPOUCXOAUT
Npu KOHUEHTpaumsx Ha nopagok Bbilwe (Lagadic et al., 2018). Kpome Toro, TBO okasbiBaeT ToKCUye-
CKOe AeNCTBME Ha UMMYHHYIO cucTeMy, obnagaeT Henmpo- renaTto-, Hedppo- 1 racTPOTOKCUYECKUM Aei-
ctemem (Gupta et al., 2011). MNMpoaykTel pasnoxerHna TbO, anbyTtunonoso (OBO) n MoHobyTUNonoso
(MBO), Takke obnagatoT TOKCMYECKUMU CBOMCTBAMM, HO B MEHbLLEW CTEMNEHU, B CrieayHOLEM Nopsake:
MBO < OBO < TBO. Buay BbICOKON TOKCMYHOCTU COEAMHEHWIA OyTunonoBa Ans HeleneBbiX BUAOB
opraHnsmoB, MexayHapoaHas mopckas opraHusauusa B 2001 . npuHana MexayHapoaHyto KOHBEHLNIO
O KOHTpOre Hag BpefHbIMM NPOTUBOOOpAcTaloLWMMKM cucTeMamMmn Ha cygax', npegnoxus rnobanbHbIn
3anpet Ha TBO, koTopbIli ObIN BBeAeH Bo BceM Mupe B 2008 T.

HecmoTpsi Ha BBefeHHbIE 3anpeTbl, MOHUTOPUHIOBLIE AaHHbIE NMOKa3bIBalOT, YTO Npobnema 3arpsis-
HeHns mopckor cpeabl OOC Bo MHOrMx permoHax Bce ele cyulectryeT (Filipkowska and Kowalewska,
2019; Rodriguez-Grimon et al., 2020; Uc-Peraza et al., 2022). Tak, oOLIMpHbIE UCCNELOBAHUSA AOHHbIX
OTNOXEHWU B NPUOPEXHOW 30HE HOXKHOM YacTu BanTuinckoro mMopsl BbISIBUNU HanMmMyne yyacTkoB, rge
obLasn KoHUEeHTpaunsi coeanHeHuni 6ytunonosa gocturana 3321 Hr(Sn)/r a.c.o., npu atom 80% uccne-
[OBaHHbIX 06pa3LoB ocafkoB 6binn cunbHO 3arpssHeHbl TBO (Filipkowska and Kowalewska, 2019).

B oOHHBIX OCafkax pasnoxeHue coemMHeHnn ByTnnonosa B OCHOBHOM OCYLLECTBASIETCS 3@ CHET Npo-
LeccoB buogerpagaumm. MykpoopraHnambl UrpatoT KIKYEeBYHO porib B npoLeccax TpaHcopMaumm aTmx
KceHoOunoTukoB. bnarogaps cBonM (hU3MoNorMYecknm 1 reHeTUYECKMM 0COBEHHOCTAM, OHU ObICTPO pea-
TMPYIOT HA U3MEHEHMS YCITOBWI BHELUHEN cpeabl 1 CNoCO6HbI BbICTPO aganTnpoBaThes kK HOBbIM cybcTpa-
Tam. AganTtaums MUKpobroTbl K EeNCTBUIO MOSSIOTAaHTOB NPOUCXOOUT 3a CHET BKIIHOYEHNS MEXAHWM3MOB
peancteHTHOCTM (McAdams et al., 2004). M3BecTHO 06 ycTonumBocTn k TBO GakTepuii pogos Escherichia,

" International Convention on the Control of Harmful Anti-Fouling Systems on Ships, 2001. IMO (International Maritime
Organization). WHTepHeT-pecypc. URL: https://www.imo.org/en/About/Conventions/Pages/International-Convention-on-the-
Control-of-Harmful-Anti-fouling-Systems-on-Ships-(AFS).aspx (aata obpaluexus: 23.01.2023).
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Pseudomonas, Proteus, Serratia, Alcaligenes, Aeromonas, Klebsiella, Enterobacter, Staphylococcus,
Bacillus, Mycobacterium, Sphingobium, Stenotrophomonas, Rhizobium v op. (Cruz et al., 2007, 2014, 2015;
Hassan et al., 2018), HekoTopbIx Bogopocnein: Skelefonema costatum, Chlorella sulgaris, Scenedesmus
obliquus, Dunaliella salina, Leptocylindrus danicus, Amphidinium carterae (Reader and Pelletier, 1992; Tam
et al., 2003; Xie et al., 2011), rpuboe Cunninghamella elegans, Cochliobolus lunatus, Metarhizium robertsii
(Bernat et al., 2013; Stolarek et al., 2019). 3Haunmyto ponb B TpaHcopMaLumm pasnuyHbIX KCEHOOMOTUKOB,
B ToMm uucne TBO, urpatot aBToxTOHHbIE GakTepuun (Cruz et al., 2014; Kuzikova et al., 2022). baktepun sB-
NSTCS AOMUHMUPYIOLLEN rPpynnon MUKPOOPraHM3MOB B IOHHbBIX O0cafKkax U MoryT coctaBndatb Ao 90-95%
oT Bcen 6uomacckl ocagkos (Nealson, 1997). Mo gaHHbIM K. Cybulska et al. (2020), B 4OHHbIX ocagkax
B BanTuiickom Mope konny4ecTBO Me30UIBHBIX, NCUXPOUIBHBLIX U ranogunbHbIX 6akTepU MOXET CO-
cTaBnaATb Ao 2.85%x107, 4.11%107 n 5.60x107 KOE/r a.c.0. cootBeTcTtBeHHO (Cybulska et al., 2020). Uccne-
[OBaHNA MUKPOOHbIX COOBLLECTB LOHHbIX 0CaAKOB, KOHTAMMHUPOBAHHbLIX COEAVHEHUsIMU ByTUIOMNOBa, U
N3MeHEeHWI X BUOOBOro COCTaBa B npouecce TpaHcdopMauum NONNIOTAaHTOB KpanHe orpaHuyeHsl (Cruz
et al., 2014; Suehiro et al., 2006). NpoBeaeHne Takoro poga UccnegoBaHWA C UCMONb30BaHNEM METOAO0B
MOMEKYNSAPHOM B1ONOrMmM 3Ha4YUTENBLHO PaCLLMPSAET 3HAHUE O BUAOBOM pa3HOOOpa3n MUKPOOPraHM3MOB,
BOBIIEYEHHbIX B NMPOLIECChl TpaHCopMaLunn cCoeauHeHnin ByTUnonoBsa, YTo Ype3BblHanHO BaXKHO Afs CO3-
OaHnst ahEeKTUBHBIX BUOTEXHOMNOMMI peabunuTaummn 3arpsa3HeHHbIX 0OGLEKTOB OKpY»KatoLLEN cpeabl.

B cBsi3n ¢ 3TMM Lienb HaCTOsILLEro UccrneoBaHns 3aknodanach B N3y4eHun BUAOBOro pasHoobpa-
311 MUKPOOMOTBI JOHHBLIX OCafKOB HXKHOM Yactu duHckoro 3anmea BanTuiickoro mops (Konopckas
ryba) B npouecce TpaHcdopmMauun OOC 1 onpegeneHmn ponm aBTOXTOHHOM MUKPOOMOTEI B Habnwga-
€MOM CHWXEHUM KOHLEHTPaLMI COeQUHEHNI ByTUNOMNOBA B AOHHbIX OTIIOXEHMSAX, 3arpsi3HEHHBLIX Orlo-
BOOPraHN4eCKUMU COeAMHEHUAMU.

MaTepuanbl n MeToAabl

XapaKTepUCcTUKN pamoHa ncciegqoBaHum

Konopckas ryba — 3anue nnowagbto 255 km? B toxxHOM Yactu ®PuHckoro 3anmea banTtuickoro mopsi.
OHa noggep)keHa BbICOKOW aHTPOMOreHHOW Harpyske, CBSA3aHHOMW C MCMONb3oBaHMEM GoMbLUNX 06be-
MOB MOPCKOW BOAbl B OXNaauTenbHOM LuKNe AeCTBYoLWen JIeHMHrpaackon aToMHON 3reKTpoCcTaHumum
(JTASC). Copoc HarpeTbix Bog JIADC HanpaBsreH B BOCTOYHYHO YacTb Konopckol ry6bl nnowaabio oko-
no 50 km? n cpegHen rmybuHo 5 M. Kpome Toro, aHTponoreHHoe JaBreHve YCMnnBaeTcsi BbIHOCOM B
3anuB PEYHbIX BOA, 3arpsi3HEHHbIX KOMMOHEHTAMW XO3SIMCTBEHHO-OLITOBLIX CTOKOB, MOCTYNalWmX OT
npeanpuaTuii ropofackon MHdpacTpykTypsbl (. CocHoBbIN Bop), a Takke akcnnyaTaumMen O4YMCTHLIX COo-
opyxeHui (Kryshev et al., 2021).

Konopckas ry6a ®uHCKOro 3anmea OTHOCUTCS K TUMY MENKMX NOMy3aMKHYTbIX BOOOEMOB C MPOTS-
XXEHHOW rpaHuuen Bogopasgena ¢ OCHOBHoOW akBaTopuein. ConeHocTb BOAbI BapbupyeT B npegernax
2—-4%.. [IHO BOJOEMa B OCHOBHOM MNecyaHoe, MECTaMu BCTpeYatoTcs Uibl U KamHW. CpegHsast rmybuHa —
okono 12 m. MakcumanbeHble riybuHbl (4o 27 M) OTMeYeHbl Ha rpaHuLLEe C OCHOBHOW akBaTopuen. B Boc-
TOYHYIO YacTb Bogoema Bnagatot Tpu peku (Cucta, Koawum n BopoHka) ¢ o6Lwum cpeaHeMHOroneTHNM
pacxogom Bogbl okorio 10 m3/c.

OT60p OCAAKOB U NMOCTAHOBKA OMNbITA

Mpobbl AoHHLIX ocagkoB (0—5 cm rnmybuHol) Obinn oTobpaHbl B parioHe Konopckon rybbl B UOHe
2018r. Ha 59.9916° ceBepHON WNPOTLI 1 28.99839° BOCTOYHOW AONTOThI. Ha NoBEpXHOCTM OTOOPaHHbIX
JOHHbIX 0CafKOB Haxogurcs TeMHO-Oypbili aneBponenmuToBbIn Haunok (MowHoctbio 0.5 cm) 6e3 npu-
MecCUu necka; pacrnonarancs TeMHO-3ereHOBaTo-Cepbl MUHUCTBIN Necok (MowwHocTbio 0.5 cMm), ganee
(4-5 cm) — NNOTHbIV MUHUCTLIN Necok. pH rpyHTa coctaBun 7.57, Temnepatypa rpyHTa — 6.5 °C.

[oHHble ocagkn oTbnpanu npobooTbopHUKkoM MNeTepcoHa, MoOMeLLany B CTEKNSHHbIE CTEPUIIbHbIE
€MKOCTW 1 B OXJTaXOEHHOM BuAe (CyMKa-xonoguibHUK) TpaHcnopTuposanu B nabopartoputo. Mpobbl
OOHHbIX 0CadKOB XpaHunu B xonogunsHuke npu 4.0 °C. [Ins co3gaHns MUKPOKOCMOB LOHHbLIX 0CafKOB
ncnonb3oBanu ctepunbHble cocyabl emkocTbio 1000 mn, cogepxawue 200 r ocagka (no a.c.o.). Napan-
nenbHO roTOBUIM MUKPOKOCMbI CTEPUIbHBIX 0CaaKoB. [1na aToro ocagku astoknasuposanu npu 120 °C
(2 paza no 40 MvH). MUKPOKOCMBbI CTEPUINBHBIX U HECTEPUIbHBIX OCAAKOB rOTOBUMNN B TPEX MOBTOPHO-
ctax. Cocygbl C ocagkamMu 3akpbiBanu KpbiKaMyu M UHKYOMpoOBanu npu KOMHAaTHOW Temneparype B
CTaTMYECKMX TEMHOBLIX YCINOBUAX Ha npoTskeHumn 240 cytok. Yepes 0, 90, 180 n 240 cyTtok o6pasLbl
TWarensHO NepemMeLunBani 1 acenTuyYeckn oTompanu anst XMMMYeckoro U MOJSIEKYNAPHOro aHanusa.
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AHanus CoenMHeHMﬁ 6y'rm10nosa B ocagKkax

OnoBoopraHu4eckne coegmHeHus B JOHHbIX ocagkax aHanuauposanu no metoay 1ISO 23161:2018
0N KONMMYECTBEHHOro onpeaeneHnst neTyydnx onoBOOpraHNYeckux Npou3BOAHbIX B Ocajkax WU Mou-
Be?. KonnuectseHHoe onpeneneHne OOC npoBoaunM C MUCMofb30oBaHMEM ra3oBoro xpomarorpacda/
mMacc-cnektpometrpa GC-2010 (Shimadzu, AnoHns) B Lenesom pexume SIM (MOHUTOPUHT CENEKTUB-
HbIX MOHOB). Mpoueaypa NoAroToBKM NP6 AOHHLIX 0cagkoB U ycnosus MX/MC aHanusa nogpo6bHo onu-
caHbl paHee (Kuzikova et al., 2022).

Ona oueHkn acbdeKkTUBHOCTU yaaneHus coeauHeHun BO ncnonb3oBanu KMHETUYECKY Moaenb
nepBoro nopsiaka:

In(C,_/C,) = kt,

rae C, — koHueHTpauusa 6O B MOMeHT BpemeHu t, HI/r; C  — ncxoaHas koHueHTpauusa BO, Hr/r; t — ne-
pvog, gerpagaumm, cyTky; kK — KOHCTaHTa ckopocTu Aerpagauum, cyt’.

Mepvopn nonypacnaga (t,,,) BO Bbiuncnsany B cootBeTCTBUM C ypaBHeHueMm t,, = 0.693/k (Rajendran
et al., 2017).

MoneKynsapHbifi aHAIU3 U OLeHKA 6Mopa3Hoo6pasuns

TakCOHOMMYECKMIA COCTaB MUKPOOMOMa MUKPOKOCMOB [OHHLIX OCaZKOB M3y4anu C UCMONb30BaHU-
eM BblcoKonpouasoanTensHoro cekseHnposaHus (lllumina MiSeq, CLUA). Bolgenenve OHK n cekBeHm-
poBaHVe aMMNIIMKOHHbIX Bnbnuotek reHa 16S pPHK npoBoannu B COOTBETCTBUM C paHee ONMCaHHbIMU
npouenypamu (lvanova et al., 2020). OHK Bbigensnu us 0.5 r ocagkos ¢ nomoLubto Habopa Power Soil
(Mobio Laboratories, ConaHa-buy, KanudgopHus, CLUA) B cooTBETCTBUN C NPOTOKONOM MPOU3BOAUTE-
ng. OuunweHHbin npenapat OHK ncnone3oBanu B kadectse maTpuubl B peakuun MNUP ¢ yHuBepcanb-
HbIMW MpariMepamMm Kk BapmabenbHoMy yyacTky B4 reHa 16S pPHK F515 5-GTG CCA GCMGCC GCG
GTAA-3' n R806 5-'GGA CTA CBSGGG TAT CTAAT-3' ¢ nobaBneHnem OnUroHYKNeoTUAHbIX MOEHTU-
UKaTOpPOB 4118 KaXKO0M NpoObl U CnyxebHbIX NocrnefoBaTenbHOCTEN, HEOOXOANMBIX A1 NMPOCEKBE-
HupoBaHus (Bates et al. 2010).

Vcnonb3syemble npaiMepbl CKOHCTPYMPOBaHbLI HA OCHOBE aHanu3a HykneoTUaHbIX nocneaoBaTerib-
HOCTEN Kak DaKkTepuii, Tak U apxen 1 No3BONSAT aMmnnmduumMpoBaTb oparmeHT reHa 16S pPHK gnivHown
npumepHo 300 nH. MogrotoBky Npob M CEKBEHMPOBaHME MPOBOAMIM COrnacHo TexHonorum lllumina.
CekBeHupoBaHue d1MbnnoTek aMmnIMKOHOB npoBoauny Ha 6ase LIKI «FeHOMHble TexHomorumu, NnpoTeo-
MuKa u knetoyHasa 6uonorunay (PrbHY BHUUCXM, Poccus).

O6paboTky gaHHbIX npoBogunu B nporpamme QIIME 1.8.0 (Caporaso et al., 2010). Nocnenosa-
TenbHOCTU AnuHon MeHee 200 HyKNeoTMAOB MMM MMeloLLMe NapaMeTp KadecTBa npoyTeHus (quality
score) MmeHee 25 GbInNn UCKNIOYEHBI N3 aHanu3a. M3 BMbnmnoTek ncknovanm XxumepHsle nocregosarerb-
HOCTW. BUbnmoTekn HopmanmnaoBanu No YACNy NocnenoBaTeNnbHOCTEN HaMMEHBLLETO pa3mepa.

MocnepoBaTtenbHOCTU ¢ gonen cxoactea donee 97% o6beauHSANN B onepaumoHHble TaKCOHOMMUYe-
ckue eguHnubl (OTE) ¢ ncnonb3oBaHnem anroputma de novo (B ocHoBe — MeTop, “uclust”). ObLuee pas-
HoOOpa3ne NPOoKapMOTHBLIX COOOLLECTB (a-pa3Hoobpa3sne) JOHHLIX 0CALKOB OLEHMBAMM NO KONUYECTBY
obHapyXeHHbIx TakcoHoB (OTE), nHaoekcam LLeHHoHa, CMMncoHa 1 MHAEKCY, YYUTLIBAIOLWEMY pacyeT-
Hoe KonmyecTBo BugoB Chao1 (Mupak u gp., 2013). bera-pasHoobpasve paccumTbiBany ¢ NOMOLLbIO
uHaekca cxopnctea bpes—Képtuca n aHanusa rnaeHbix koopavHaTt (PCoA).

CTaTucTndyecKum aHaiuns3

CratucTtnyeckyro 06paboTky pesynsratoB NpoBOAMNK C ucnonb3oBaHneM Past 4.0 software. Cta-
TUCTUYECKYIO 3HA4YMMOCTb pasnuunin oueHmeanu ¢ nomollbio one-way ANOVA u post hoc Tecta Tukey
ANSA OaHHbIX C HOpMarbHbLIM pacnpeaeneHuemM, B NPOTUBHOM criyqae ¢ nomolubio U-kputepuss Man-
Ha—YWUTHW, pasnuunsa cumTanucb 3Hadyumbivmn npu p < 0.05. Bce aaHHble nNpeacTaBneHbl Kak cpegHee
3HayeHve £ cTaHOapTHOE OTKIMOHEHWE TPEX He3aBUCUMbIX NMOBTOPOB KaXKAOro BapuaHta ¢ Tpems na-
pannernbHbIMU MOBTOPHOCTAMU B KaXKO0M.

21S0 23161:2018. Soil quality. Determination of selected organotin compounds. Gas-chromatographic method.
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Pe3ynbTaTbl U 06Cy)XAeHMe

OﬂOBOOpI’GHM‘-IeCKMe coegunHeHUNs

MX-MC aHanus Konm4eCcTBEHHOIO COAEPKaHNsi coeauHeHnI ByTMnonoBa B AOHHbLIX ocagkax Konop-
ckol rybbl PMHCKOro 3anvBa BbISIBUN Hanu4umMe ABYX COeanHeHU — TpubyTtunonosa u gubyTnnonosa B
KoHueHTpauwum 35.7 Hr(Sn)/r a.c.0. 1 9.7 Hr(Sn)/r a.c.0. COOTBETCTBEHHO, COAepKaHNe MOHOOyTuUnonosa
6bIno Hke ypoBHS aetekumn (Puc. 1).

CornacHo Hopeexckon cucteMe knaccudukauum kadecTBa OKpyXarollen cpefbl Nno 3arpa3Hsio-
lWMMm BelllecTBaM B AOHHbIX ocagkax (Bakke et al., 2010), a Takke knaccudukauuun, npeanoxeHHom
P.H. Dowson et al. (1993), n pekomeHgaunam HELCOM (2010), akonornyeckoe coCTosiHue uccnenye-
MbIX OCaZKOB MOXHO OTHECTW K BbICOKOM cTeneHn koHTaMmunHauum OOC. CunbHoe 3arpsasHeHne OOC
paHee Takxke ObIno 3admkcMpoBaHo B Npobax AOHHbLIX ocaakoB maHbckoro 3anmea banTtunckoro mopsi:
Obina 3admkcmpoBaHa obLas KoHueHTpaumst coeanHeHnin BO Ha ypoBHe oT 5.7 go 3321 Hr(Sn)/r a.c.o

Puc. 1. CopnepxxaHue coeguHeHuii byTnnonosa B MMKpokocMax ocakoB: 1 —TBO (cTepunbHbIi MukpokocMm); 2 — B0 (cTepunbHbIf
MukpokocM); 3 — TBO (HecTepunbHbI MyukpokocMm); 4 — ABO (HecTepunbHbI MUKpokocM); 5 — MBO (HecTepunbHbIA MUKPOKOCM).
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npu 80% cunbHoro 3arpasHeHus Tpudytunonosom (Filipkowska and Kowalewska, 2019). Heckonbkumu
rogamu paHee MakcumanbHasa koHueHTpaums TBO B aTux ocagkax Obina Bbiwe u gocturana 15780
Hr(Sn)/r a.c.o. (Filipkowska et al., 2011, 2014).

[ns BbiABNEHUs xapaktepa npupodbl TpaHchopmauum OOC B JOHHLIX Ocagkax (abuoTuyeckomn
unn Guonornyeckoi) cogepxaHne OOC B npoLecce aKCNepuMeHTa ONpeaensnn Kak B CTEPUNbHbIX,
Tak U HecTepurbHbIX ocadkax. B cTepunbHbIX MUKPOKOCMax 0cagKoB Ha MPOTSHKEHUUM BCEro nepuoga
nHKy6uposaHus (240 cyTok) yobinm TBO n OBO He BbisiBneHo (Puc. 1).

B oTnuuve oT cTepurbHbIX MUKPOKOCMOB, B HECTEPUIbHBIX OCafKaxX OTMeYaeTcsl CTaTUCTUYEeCKU
3Haummas (p < 0.05) y6eine TBO n ABO (Puc. 1). Tak, Ha 90 cyTku cogepxaHune TBO cHwxaeTcs €
35.7 Hr(Sn)/r a.c.o. go 10.0 Hr(Sn)/r a.c.0., a ABO ¢ 9.7 Hr(Sn)/r a.c.0. go 1.3 Hr(Sn)/r a.c.0. Ha koHeL,
cpoka nHkyoupoBaHust (240 cyTok) Habnopgaetca ganbHenwas yobins TBO go 4.5 Hr(Sn)/r a.c.o., a
copepxarme B0 3Ha4umo (p < 0.05) ocTaeTcss HEM3MEHHbLIM MO cpaBHeHUO ¢ 90 CyTOYHOWM YObINbIO.
PacuyeTHble 3HaueHunsa koHcTaHT ckopocTtu yobinm (K) TBO 1 OBO coctaBunm 0.014 cyt'n 0.022 cyT’, a
nepvoapl nonypacnaga (T,;) — 49.5 n 31.5 cyToK COOTBETCTBEHHO. [1py 3TOM, eCnv CoaepXKaHne Haum-
MeHee TokcmyHoro OOC MBO B ncxoaHbIx Npobax He AeTEKTUPOBANOCh, TO Ha NPOTSHKEHUN UHKYOa-
LIMOHHOIO Nepuoga MMKPOKOCMOB OCaKOB ero KornmyecTBo Bo3pacTaeT n Ha 240 cyTtku gocturaet 1.6
Hr(Sn)/r a.c.o.

AHanns nutepaTypHbIX AaHHbIX MO M3y4veHuto yobinu OOC B AOHHbIX Ocajkax rnokasar, YTo cTe-
NeHb U XapakTep U3MEHEHNA B UX COAEPXKaHWUM 3aBUCUT OT MHOMMX (DaKTOPOB: B NEPBYIO ovepeb, OT
CTeneHn MX 3arpsi3HEHHOCTM, npouecca MHKYOMpoBaHus ocaakoB, oboralleHHOCTU 0CaJKoB OpraHu-
YeCKMM BeLLeCTBOM U aKTUBHOCTU MuKpobuoma. Tak, B ocagkax, oTobpaHHbIX B 3CTyapHOW cucTeMe
Pua-ge-Aseiipy (MopTyranus), 3arpssHeHHbix OOC Ha ypoBHe, CONOCTaBMMOM C 3arpss3HeHneM uccrie-
AoBaHHbIX Hamu ocagkos (TBO — 25 Hr(Sn)/r; ABO — 7.1 Hr(Sn)/r; MBO — 13 Hr(Sn)/r), yepes 150 cyTok
y6binb TBO, OBO 1 MBO npaktudeckn He npoucxoaut (Cruz et al., 2014). B To xe BpeMs nepuog
nonypacnaga TbO B fOHHbIX ocagkax pekun MekoHr (BeeTHam), 3arpsisHeHHbIMM TEO B KOHUEHTpauum
1.2—1.3 mkr/r a.c.o. (4To noyutn B 50 pa3 NpeBbIaET 3arps3HeHns acTyapHon cuctembl Pna-ge-Asen-
py), coctasun npumepHo 150 cytok (Suehiro et al., 2006).

TaKcoOHOMMYeCKAasi CTPYKTYpPd NMPOKAPUOTHbIX COO6LLUEeCTB

Hawe unccnenosaHne npogeMoHCTpUpoBano, 4to B npouecce TpaHcdopmaumm OOC B AOHHbIX
ocafgKkax NPOUCXOAAT U3MEHEeHWsi B TaKCOHOMWYECKOM COocTaBe MWKpOOHoro coobulectsa. Metare-
HOMHBI aHanu3 BbIBWN Cneayowmne JOMUHaHTHble GakTepuanbHble unymel (> 1%): Proteobacteria
(28.6%), Bacteroidetes (7.7%), Actinobacteria (5.9%), Berrucomicrobia (3.1%), Planctomycetes (1.8%),

Puc. 2. TakcoHoMMYeckasi CTPyKTypa (Ha ypoBHe OUIIYMOB) NMPOKapUOTHBIX COOBLLECTB MMKPOKOCMOB [AOHHbLIX OCafKoB B
npoLecce Ux MHKy6UpoBaHus.
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Chloroflexi (1.2%). K myuHopHbIM domnymam (< 1%) oTHocaTcs Acidobacteria (0.9%), Nitrospirae (0.9%),
Cyanobacteria (0.6%), Firmicutes (0.7%), Epsilonbacteraeota (0.5%) Kiritimatiellaeota (0.2%); oons
apxei Thaumarchaeota He npeBsbiwaet 0.2%. KonuyecTBo HeknaccudmumpoBaHHbIX 6akTepuii cocta-
Buno 3%. HykneotnaHble nocnenoBaTtenbHOCTU, HE aTpnbyTUpyeMble Ha YpOBHE JOMEHOB, COCTaBUNn
44.7%, 4to 0BYCNOBNEHO HEMOMHOTON UMetoLMXCa 6a3 JaHHbIX U XapaKTEPHO A1 METAreHOMHbIX UC-
cneposaHuin (Puc. 2).

Mo paHHbIM Tecta ANOVA B npouecce HKyOupoBaHus B TedeHne 240 cyToK B MUKPOKOCMax ocag-
KOB, KOHTaMUHUpoBaHHbIX OOC, Npou3oLWnn 3HaYUTENbHbIE U3MEHEHUSI B KONMYECTBEHHBIX COOTHO-
LIEHUSIX NPaKTU4ECKN Bcex unymMoB. 3HAaYMMOE CHDKEHWE OTHOCUTENbHOrO obunusa Gaktepuii B Mu-
Kpokocmax ocagkoB Ha 180 n 240 cyTOK MO CpaBHEHUIO C UCXOAHBIM UX coepXaHMeM OoTMeyaeTcs
NpakTUYEeCKN Ha YPOBHE BCEX AOMUHUPYIOWNX PUNYMOB, NpY 3TOM A0MNSA OTAEMNbHbIX MUHOPHbLIX hrny-
moB Firmicutes, Epsilonbacteraeota n Deferribacteres Bospacrtaet (Puc. 2). Tak, YacneHHoCTb bakTepuii
Ha ypoBHe npeobnagatowero pmunyma Proteobacteria B npouecce MHKyOUpoBaHMsS 0CafkoB CHUXKAETCH
3a cYeT yMeHbLUEeHUs konuvecTtsa bakTepun knaccos Alphaproteobacteria n Deltaproteobacteria. OgHa-
ko nons Gammaproteobacteria, HanpoTus, Bo3pactaeT B 1.3 pasa (Puc. 3). [pu 3TOM, ecnv B UCXO4HOM
MMKPOKOCMe ocaakoB npeobnaganun Gammaproteobacteria nopsigka Betaproteobacteriales, 1o yepes
180 1 240 cyTok HabntogaeTcs yBenuyeHme yncrneHHoctn baktepun nopsigkos Acidithiobacillales 1 Hal-
lotiobacillales, npeacTtasneHHbIx pogamu Acidithiobacillus v Halothiobacillus.

Yepes 240 cyToK MHKYOMPOBaHUS B MUKPOKOCMax OCafkoB OTMEYEHO pe3Koe JOMUHMPOBaHNE Oak-
Tepwii poga Acidithiobacillus, nons kotopbix Bo3pacTaeT ¢ 0.1% no 15.2%. Konuuectso 6akTepuin poga
Halothiobacillus yBenuuunoce Ha nopsagok: ¢ 0.1% o 1.2% (Tabn. 1).

O cnocobHocTu nNpeacTaBuTenen aTux poaosB GakTtepun TpaHcdopmupoBaTb OOC B HacTosiliee
BpeMs He n3BecTHo. OgHako HekoTopble BUAblI Halothiobacillus obnagatoT cnocoOHOCTLIO pasnarartb
TOKCWYHbIE a30KpacuUTenu B KOHTaMUHUPOBAHHLIX pevHbIX ocagkax (lto et al., 2016), a Takke yTnnu-
31MpoBaTb TUOLUMAHATbl — OTXOAbl KOKCOBbLIX 3aBOJOB W 3aBOAOB MO MPOU3BOACTBY AparoLeHHbIX Me-
TannoB (Sorokin et al., 2014). Kpome TOro, aumpgodunbHble Xenesookucnsiowme bakTepun popa
Halothiobacillus SBnATCA LOMUHUPYIOLLEN MPYNNOA B MUKPOBHBLIX COOBLLECTBAX KUCHbIX OPEHAKHbIX
BoA 3abpoLueHHbIX 0noBsiHHbIX waxT (Hallberg and Johnson, 2005). AungodunbHble XeMONMTOaBTO-
TpodHble BGakTepun poga Acidithiobacillus 0bbl4HO NpeobnaaatoT B TEXHONOMMYECKMX BOAax roOpHOAO-
ObliBatoLLEN MPOMBILLIIEHHOCTU, a Takke B OPeHaxHbIX kucrnbix Bogax waxT (Chen et al., 2022a). Bugbl
Acidithiobacillus ferrooxidans n A. thiooxidans ycneLiHO NPpUMEHSIIOTCS B Npoueccax 6uogobbium meTan-
noB (onoBea, Meau, HUKeNs, LUMHKa, ypaHa un gp.) n bruopemeamnaumm KOHTaMUHUPOBAHHbIX MeTannamm
o6bekToB oKkpyxatower cpeabl (Chen et al., 2022a; Willner et al., 2022; Zhang et al., 2018).

Habniogaemoe Bo3pacTaHue uucrneHHocTu GakTepuin knacca Gammaproteobacteria B npouec-
ce TpaHcopMauun TBEO MOXeT ObITb CBA3aHO C MX MOBLILEHHOW ycTon4MBOCTLIO K OOC. MHorue
Buabl Gammaproteobacteria (Aeromonas molluscorum, Klebsiella pneumonia, Moraxella osloensis,
Pseudomonas sp., Shewanella putrefaciens, Stenotrophomonas chelatiphaga) n3secTtHbl kak adek-
TMBHbIE OECTPYKTOPbI COEAMHEHMI DYTUNOMNOBA U OTNMYAKOTCS BbICOKOW TONEPaHTHOCTLIO K TOKCUMKaH-
TaMm (Cruz et al., 2014; Hassan, 2018; Khanolkar et al.,2015; Lee et al., 2012; Yanez et al., 2015).

YBenunyeHne oTHocuTensHoro oounusa dunyma Firmicutes B 5.3 n 7.4 pasa B MMKpOKOCMax OCaZikoB
B npouecce TpaHcdopmMaumn OOC vepes 180 n 240 cyTok NponucxoduT 3a c4eT npeobnagaHus bakrte-
pui knacca Bacilli, cemencts Clostridiaceae u Alicyclobacillaceae, npeactasneHHbix pogamu Clostridi-
um sensu stricto n Alicyclobacillus (Tabn. 1). PaHee Gbina BbisiBrieHa pe3UCTEHTHOCTL K ONTOBOOPraHu-
yecknm coeaunHeHusiM y BuaoB Staphylococcus xylosus, Kurthia zopfii, Listeria grayi, Bacillus cereus,
Bacillus thuringiensis, oTHocawmxecs K knaccy Bacilli (Cruz et al., 2007).

BospacTaHue uncneHHocTn cdounyma Epsilonbacteraeota B 1.4 pasa npoucxoaut 3a cyet baktepun
nopsinka Campylobacterales, cemencts Sulfurospirillaceae n Thiovulaceae, npeactaBneHHbIX pogamu
Sulfurospirillum v Sulfurimonas, n Habntogaetca Tonbko Ha 180 cyTok. Jonsa 6aktepwuii p. Denitrovibrio
(dbunym Deferribacteres) s3Haunmo yBenumumBaetca Takke k 180 cytkam (Tabn. 1). O ponu ykasaHHbIX
bakTepuii B buotpaHcdopmaumm OOC a0 HacTosILLErO BPEMEHN HE U3BECTHO.

CnenyeT oTMeTUTb, 4YTO B npouecce yobinu TBO, NOMUMO BbISIBNEHHBIX U3MEHEHWUA B TAKCOHOMU-
4YeCKOWN CTPYKTYpe naeHTMdnLMpoBaHHbIX bakTepuii, kK 180 cyTkam B MUKPOKOCMax ocakoB Habnwoga-
eTCcsl BO3pacTaHve YUCIEHHOCTU MeTaHoreHHbIX apxen poga Methanolobus (dounym Euryarchaeota) ¢
ncxogHeix 0.1% po 1.6% (Tabn. 1). MeTaHOreHHblEe apXen UrpaktT BaXKHYH POSib B OYUCTKE CTOYHbIX
BOZ, 4aCTO NPOSIBMST MyJIbTUPE3UCTEHTHOCTL K aHTUOMOTMKaM 1 MOryT ux gecTtpyktupoBatb (Chen et
al., 2022b; Ng et al., 2015).
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Puc. 3. OtHocutenbHoe obunue (%) HykneoTuaHbIx nocneposaTtensHocten reHa 16S pPHK: A — Ha ypoBHe knaccos
AomMuHupytowero punyma Proteobacteria, B — Ha ypoBHe nopsigkoB knacca Gammaproteobacteria. Pa3Hble OyKBeHHbIE MHAEKCbI
BHYTPW OHOM rpynnbl yKasblBalOT Ha 3HAYMMble pa3nuuus mexay obpasuamu myukpokocmos (p < 0.05).
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Ta6n. 1. OTHOCUTENbHOE KONMUYECTBO HYKNEOTUAHbIX nocrnegoBaTtenbHocTel reHa 16S pPHK Gaktepuin Ha ypoBHe pofdoB B
MUKPOKOCMaxX AOHHbIX 0CcaaKoB. Pa3Hble ByKBEHHbIE MHAEKCHI BHYTPY OQHOMO PoAa yKasblBalOT Ha 3HAYMMbIE Pa3NUuns MeXay
obpasuamn mukpokocmos (p < 0.05).

OTHocuTenbHoe obunue, %

Pog bakTepuii Cpok MHKyOMpoBaHusi
0 cyTok 180 cyTok 240 cyTokK
Clostridium sensu stricto 0.1 £0.02% 0.6 +£0.1° 0.6 +0.2°
Alicyclobacillus 0.1 +£0.01° 0.9+0.2° 24+0.2°
Sulfurospirillum 0.1 +£0.03? 1.0+£0.3° 0.1 £ 0.05°
Sulfurimonas 0.1 £0.022 0.7+0.1° 0.1 £0.022
Denitrovibrio 0.1 £0.022 1.3+£0.3° 0.2+0.12
Acidithiobacillus 0.1 £0.03? 5.2 +0.4° 152+ 1.2°
Halothiobacillus 0.1 £0.012 1.0+0.2° 1.2+0.2°
Methanolobus 0.1 £ 0.022 1.6+£0.3° 0.1 £ 0.022
Geothrix 0.1 £ 0.042 0.7+0.1° 0.1 £0.012
Dyella 0.1 £0.032 0.6 £0.1° 0.1 £0.032

Tabn. 2. NHpekcol 6oratcTBa M pa3Hoobpasns MUKPOKOCMOB AOHHbLIX OCAAKOB. BykBEeHHblE MHAEKCHI YKa3bIBAKOT HA 3HAYMMbIE
pa3nuuus Mexay obpasuamm MukpokocMoB (p < 0.05).

MokasaTtenb
Cpok nHKybmpoBaHusi OTE WHpekc WenHoHa  UHaekc CumncoHa Chao1
0 cyTok 737 + 692 5.808 + 0.1212 0.994 + 0.0032 739.4 +63.12
180 cyTok 554 + 41° 3.683 £ 0.105° 0.833 + 0.002° 557.6 + 40.3°
240 cyTokK 355 + 29° 3.057 £ 0.087¢ 0.848 + 0.002° 356.9 + 28.7¢

Mukpob6Hoe pasHoobpasmne B MUKPOKOCMAX OCA[KOB

Pa3HooOpa3ne MMKpOOMOTLI JOHHBLIX OCaAKOB SIBNSAETCH BaXkHbIM (hakToOpoM ux Guonormyeckomn
YCTONYMBOCTU, @ TaKKe MHTEHCUBHOCTY M HAaNpaBneHHOCTU MHOTMX BUOXMMMNYECKMX npoueccoB. PacyeT
WHOEKCOB pa3Hoobpa3sust NpoaeMOHCTPMPOBar, YTO BUAOBOE pasHoOOpasme NpoKapuoTHbLIX MUKPOBMO-
MOB 0cafKoB B npoLiecce TpaHcdopmaumm TBO cTtatncTtnyeckn s3Haunmo cHmxkaetca. Yepes 240 cyTok
KyNbsTUBMPOBAHWUSI OCAAKOB KONMMYECTBO OOHapy»KeHHbIX TakcoHoB (OTE) 1 peanbHoe pac4eTHOE Kornu-
yecTBO BUAoB (Chao1) cokpatunock 6onee 4yeM B 2 pasa. Obunue TakCOHOB, OLIEHUBAEMOE MHOEKCOM
LleHHoHa, cHM3mnock Ha 180 cyTok B 1.6 pa3a, a k 240 cytkam — B 1.3 pa3a. Mepa BblpaBHEHHOCTH,
Xapaktepusyemas MHaekcom CuMMMcoHa, Takke 3HauMmo cHukaeTcs (Tabn. 2). OueHka B-pa3Hoobpa-
318 Ha OocHOBe krnacTtepHoro aHanusa PCoA c¢ ucnonb3oBaHveM uHaekca bpes—KépTtuca nokasana,
YTO TAKCOHOMMYECKMI COCTaB MUKPOOMOMOB 0CcaaKoB B npolecce TpaHcdopMauun TBO yepes 180 u
240 cyTok obrnagaeT 4OCTaTOMHO HM3KOW CTENEHBLI0 CXOACTBA C MCXOA4HbIM ocagkom (Puc. 4). Habnto-
JaeTcs pasgeneHne MMKpOOMOMOB Ha HenepecekatLmecs knactepbl. Takum obpa3om, NonyyYeHHble
pesynbraThl CBUOETENLCTBYOT O CHMKEHUW BUAOBOMO pasHooOpasnsi MMKPOOGMOMOB LOHHBLIX OCAAKOB B
npovecce TpaHcopMaLmm coegnHeHn dyTunonosa.

3akKnyeHue

B ycnoBusax mofenbHOro akcnepumeHTa npoBefeHo uccnefoBaHue npoueccoB TpaHcopmaumm
CoeLI,VIHeHMIZ 6yT|/|nonosa B OOHHbIX OCadKax KOI‘IOpCKOI7| l'y6bl ®duHckoro 3alimBa, a TakXKe UxX Bnung-
HMe Ha TaKCOHOMMWYECKYK CTPYKTYpPY U BUOOBOE pasHoobpasne mMnkpobrnomMoB ocagkoB. B obpasuax,
CUINbHO 3arpA3HeHHbIX 6yTVIJ'10ﬂOBOM n Tpl/l6yTI/IJ'IOJ'IOBOM, Ha6n+op,aeTc;| y6b|ﬂb TOKCUKAHTOB 3a CYyeT
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Puc. 4. AHann3 masHbix koopanHat (PCoA) MMKPOKOCMOB AOHHBIX OCaAKOB Ha OocHoBe uHaekca bpes—Képtuca. 1 — ucxogHbie
ocagku Ha 0 cyTku; 2 — MUKPOKOCM ocaakoB Yepes 180 cyTok; 3 — MMKPOKOCM OCafKkoB Yepe3 240 cyTok.

nx BUoLECTPyKUMM aBTOXTOHHOM MUKPOGUOTON ocaakoB. HapacTaHue copepkaHusi MOHOByTunonosea
B OCajKax CBUAETENbCTBYET O npouecce GuotpaHcopmauum Tpu- n gubyTunonosa B MEHee TOKCUY-
Hoe coeguHeHue. Mo Mepe Buogerpagaumn coegnHeHU OyTunonoBa oOHapYXMBaKTCA CyLLECTBEH-
Hble M3MEHEHMS B TaKCOHOMWYECKOM COCTaBE W BUOOBOM pa3HOOOpasvnM MUKPOOMOMOB OCaKOB.
OTHocutensHoe obunune BakTepun goMuHMpylowmx dunymoB Proteobacteria, Bacteroidetes, Actino-
bacteria, Berrucomicrobia, Planctomycetes, Chloroflexi cHwxkaeTcsa, npu aToMm BO3pacTaeT 4OMS Mu-
HopHbIX punymos Firmicutes, Epsilonbacteraeota u Deferribacteres. baktepuun pogos Acidithiobacillus
n Halothiobacillus, oTHocsilwmeca k knaccy Gammaproteobacteria, npeacraBuTeny KOTOpbIX U3BECTHbI
KaK aKTUBHble OECTPYKTOPbI OfIOBOOPraHMYeCcKMX COeanHEHWU, npeobnaaarT Ha MpOTSKEHUM BCETO
uccriegyemoro nepuoga. Kpome toro, Habntogaetcs poct uncna 6aktepun pogos Alicyclobacillus, Sul-
furospirillum, Denitrovibrio n meTaHoreHHbIX apxen poaa Methanolobus. JoMHupoBaHWe BbllLeyKka3aH-
HbIX DaKkTepuit MOXET CBUAETENLCTBOBATL 06 MX y4acTumn B npoleccax TpaHcopmaunm coeanHeHni
Oytunonosa. CornacHo Konm4ecTBy 0OHapyXeHHbIX OnepauMOHHBIX TAKCOHOMUYECKMX eOMHUL, a Tak-
Xe 3HayeHusMm nHgekcos LleHHoHa, CumncoHa n Chao1, B xoge 6GuogecTpykumm coeguHeHUn onosa
BMAOBOE pa3Hoobpasve MMKPOOMOMOB CHWXaeTCHA. Takum 06pasoM, U3MEHEHMST UNOreHETUYECKOM
CTPYKTYpbl MMKpPOOMOMa AOHHLIX OCaAKOB MOTYT BbICTynaTb B Ka4ecTBe OuomHAmkatopa akororude-
CKOro COCTOSIHUSI MOPCKOW cpefbl. PedynbsraTbl HACTOSLLEro nccnefoBaHns MoryT NpUMEHATLCS Ans
BbISIBNEHNs1 GakTepuii, 06nagatoLmnx CBOMCTBOM AECTPYKTUPOBATb TOKCUYHbIE COeaUHEHMs ByTunorno-
Ba, C Lenbio pa3paboTkM KOHBEPreHTHbIX METOAOB BnopemeamnaLmmn OOHHbIX 0CaaKOB, 3arpsi3HEHHbIX
OrI0BOOPraHN4eCcKUMN CoOeaNHEHUSIMU.



Kysukoea, WU.J1. n gp., 2024. TpaHcghopmayusi skocucmem 7 (2), 126—143. 137

Cnucok nutepaTypbl

Uupak, E.J1., MepwwnHa, E.B., OonbHuk, A.C., KyTtoBas, O.B., Bacunenko, E.C. u pgp., 2013.
TakcoHoMMYecKkast CTpyKTypa MUKPOOHBLIX COOBLLECTB B MOYBaxX PasfUYHbIX TUMOB MO [AHHbLIM
BbICOKOMPOU3BOANTENBHOIO CEKBEHUPOBaHMSA Ombnunotek reHa 16S-pPHK. CernbckoxossiticmeeHHas
6uornoeus 3, 100-109.

Bakke, T., Kallgvist, T., Ruus, A., Breedveld, G.D., Hylland, K., 2010. Development of sediment quality
criteria in Norway. Journal of Soils and Sediments 10, 172—178.

Bates, S.T., Berg-Lyons, J.G., Caporaso, W.A., Walters, W.A., Knight, R., Fierer., N., 2010. Examining
the global distribution of dominant archaeal populations in soil. ISME Journal 5, 908-917.

Bernat, P., Szewczyk, R., Krupinski, M., Dlugonski, J., 2013. Butyltins degradation by Cunninghamella
elegans and Cochliobolus lunatus co-culture. Journal of Hazardous Materials 246—247, 277—-282.

Caporaso, J.G., Kuczynski, J., Stombaugh, J. et al., 2010. QIIME allows analysis of high-throughput
community sequencing data. Nature Methods 5 (7), 335-336. https://doi.org/10.1038/nmeth.f.303

Chen, J., Liu, Y., Diep, P, Mahadevan, R., 2022a. Genetic engineering of extremely acidophilic
Acidithiobacillus species for biomining: Progress and perspectives. Journal of Hazardous Materials
438, 129456. https://doi.org/10.1016/j.jhazmat.2022.129

Chen, Y., Wang, J., Zhao, Y., Magbool, F., et al., 2022b. Sulfamethoxazole removal from mariculture
wastewater in moving bed biofilm reactor and insight into the changes of antibiotic and resistance
genes. Chemosphere 298, 134327. https://doi.org/10.1016/j.chemosphere.2022.134327

Cruz, A., Caetano, T., Suzuki, S., Mendo, S., 2007. Aeromonas veronii, a tributyltin (TBT)-degrading
bacterium isolated from an estuarine environment, Ria de Aveiro in Portugal. Marine Environmental
Research 64 (5), 639-650. http://dx.doi.org/10.1016/j.marenvres.2007.06.006

Cruz, A., Henriques, |., Sousa, A.C.A., Baptista, ., Almeida, A. et al., 2014. A microcosm approach to
evaluate the degradation of tributyltin (TBT) by Aeromonas molluscorum Av27in estuarine sediments.
Environmental Research 132, 430—437. http://dx.doi.org/10.1016/j.envres.2014.04.031

Cruz, A., Anselmo, A.M., Suzuki, S., Mendo, S., 2015. Tributyltin (TBT): A review on microbial resistance
and degradation. Critical reviews in environmental science and technology 45(9), 970-1006. https://
doi.org/10.1080/10643389.2014.924181

Cybulska, K., tonska, E., Fabisiak, J., 2020. Bacterial benthic community composition in the Baltic Sea
in selected chemical and conventional weapons dump sites affected by munition corrosion. Science
of the Total Environment 709, 136112. https://doi.org/10.1016/j.scitotenv.2019.136112

Dowson, P.H., Bubb, J.M., Williams, T.P., Lester, J.N., 1993. Degradation of tributyltin in freshwater and
estuarine marina sediments. Water Science and Technology 28 (8-9), 133-137.

Du, J., Chadalavada, S., Chen, Z., Naidu, R., 2014. Environmental remediation techniques of tributyltin
contamination in soil and water: a review. Chemical Engineering Journal 235, 141-150. https://doi.
org/10.1016/j.cej.2013.09.044

Filipkowska, A., Kowalewska, G., 2019. Butyltins in sediments from the Southern Baltic coastal zone:
Is it still a matter of concern, 10 years after implementation of the total ban? Marine Pollution Bulletin
146, 343-348. https://doi.org/10.1016/j.marpolbul.2019.06.050

Filipkowska, A., Kowalewska, G., Pavoni, B., teczyhski, L., 2011. Organotin compounds in surface
sediments from seaports on the Gulf of Gdansk (southern Baltic coast). Environmental Monitoring
and Assessment 182, 455—-466.



138 Kysukoea, WU.J1. n gp., 2024. TpaHcghopmayusi skocucmem 7 (2), 126—143.

Filipkowska, A., Kowalewska, G., Pavoni, B., 2014. Organotin compounds in surface sediments of the
Southern Baltic coastal zone: a study on the main factors for their accumulation and degradation.
Environmental Science and Pollution Research 21, 2077-2087.

Finnegan, C., Ryan, D., Enright, A., Garcia-Cabellos, G., 2018. A review of strategies for the detection
and remediation of organotin pollution. Critical Reviews in Environmental Science and Technology 48
(1), 1-42. https://doi.org/10.1080/10643389.2018.1443669

Gupta, M., Dwivedi, U.N., Khandelwal, S., 2011. C-Phycocyanin: an effective protective agent
against thymic atrophy by tributyltin. Toxicology Letters 204 (1), 2—11. https://doi.org/10.1016/].
toxlet.2011.03.029

Hallberg, K.B., Johnson, B.D., 2005. Microbiology of a wetland ecosystem constructed to remediate
mine drainage from a heavy metal mine. Science of the Total Environment 338, 53-66. https://dx.doi.
org/10.1016/j.scitotenv.2004.09.005

Hassan, H., 2018. Sug E belongs to the small multidrug resistance (SMR) protein familyinvolved in
tributyltin (TBT) biodegradation and bioremediation byalkaliphilic Stenotrophomonas chelatiphaga
HS2. International Journal of Biological Macromolecules 108, 1219-1226. https://doi.org/10.1016/j.
ijbiomac.2017.11.025

HELCOM, 2010. Hazardous substances in the Baltic Sea. An integrated thematic assessment of
hazardous substances in the Baltic Sea. Baltic Sea Environment Proceedings 120B, 1-116.

Ito, T., Adachi, Y., Yamanashi, Y., Shimada Y, 2016. Long-term natural remediation process in textile
dye-polluted river sediment driven by bacterial community changes. Water Research 100, 458—465.
https://dx.doi.org/10.1016/j.watres.2016.05.050

Ivanova, E.A., Pershina, E.V., Shapkin, V.M., Kichko, A.A. et al., 2020. Shifting prokaryotic communities
along a soil formation chronosequence and across soil horizons in a South Taiga ecosystem.
Pedobiologia — Journal of Soil Ecology 81-82, 150650. https://doi.org/10.1016/j.pedobi.2020.150650

Khanolkar, D., Dubey, S., Naik, M., 2015. Biotransformation of tributyltin chloride to less toxic
dibutyltin dichloride and monobutyltin trichloride by Klebsiella pneumoniae strain SD9. International
Biodeterioration and Biodegradation 104, 212—218. https://doi.org/10.1016/j.ibiod.2015.04.030

Kryshev, L.I., Sazykina, T.G., Pavlova, N.N., Kosykh, L.V., Buryakova, A.A., Kryshev, A.l., 2021.
Assessment of radiation state of marine environment in the Leningrad NPP area according to long-
term monitoring data (1973-2019). Marine Biological Journal 6 (1), 41-57. https://doi.org/10.21072/
Mbj.2021.06.1.04

Kuzikova, |., Zaytseva, T., Metelkova, L., Zhakovskaya, Z., Medvedeva, N., Andronov, E. A., 2022.
Microcosm approach for evaluating the microbial nonylphenol and butyltin biodegradation and
bacterial community shifts in co-contaminated bottom sediments from the Gulf of Finland, the Baltic
sea. Environmental Science and Pollution Research 29 (46), 69849—69860. https://doi.org/10.1007/
$11356-022-20751-8

Lagadic, L., Katsiadaki, I., Biever, R., Guiney, P.D., Karouna-Renier, N., Schwarz, T., Meador, J.P.,
2018. Tributyltin: Advancing the science on assessing endocrine disruption with an unconventional
endocrine-disrupting compound. Reviews of Environmental Contamination and Toxicology 245, 65—
127 .https://doi.org/10.1007/398_2017_8

Lee, S., Chung, J., Won, H., Lee, D., Lee, Y., 2012. Removal of methylmercury and tributyltin (TBT)
using marine microorganisms. Bulletin of Environmental Contamination and Toxicology 88, 239-244.
https://doi.org/10.1007/s00128-011-0501-y



Kysukoea, WU.J1. n gp., 2024. TpaHcghopmayusi skocucmem 7 (2), 126—143. 139

McAdams, H., Srinivasan, B., Arkin, A., 2004. The evolution of genetic regulatory systems in bacteria.
Nature Reviews Genetics 5, 169—-178. https://doi.org/10.1038/nrg1292

Medvedeva, N., Polyak, Y., Kankaanpaa, H., Zaytseva, T., 2009. Microbial responses to mustard gas
dumped in the Baltic Sea. Marine Environmental Research 68, 71-81. https://doi.org/10.1016/j.
marenvres.2009.04.007

Nealson, K.H., 1997. Sediment bacteria: who’s there, what are they doing, and what’s new? Annual
review of earth and planetary sciences 25, 403—-434.

Ng, K., Shi, X., Ng, H., 2015. Evaluation of system performance and microbial communities of
a bioaugmented anaerobic membrane bioreactor treating pharmaceutical wastewater. Water
Research 81, 311-324. https://doi.org/10.1016/j.watres.2015.05.033

Rajendran, R.K., Lin, C.C., Huang, S.L., Kirschner, R., 2017. Enrichment, isolation, and biodegradation
potential of long-branched chain alkylphenol degrading non-ligninolytic fungi from wastewater. Marine
pollution bulletin 125 (1-2), 416—425. http://dx.doi.org/10.1016/j.marpolbul.2017.09.04

Reader, S., Pelletier, E., 1992. Biosorption and degradation of butyltin compounds by the marine
diatom Skeletonema costatum and the associated bacterial community at low temperature. Bulletin
of Environmental Contamination and Toxicology 48, 599-607.

Rodriguez-Grimon, R., Campos, N.H., Castro, i.B., 2020. Imposex incidence in gastropod species from
Santa Marta coastal zone, Colombian Caribbean Sea. Bulletin of Environmental Contamination and
Toxicology 105, 728-735. https://doi.org/10.1007/s00128-020-03020-7

Silva, P.V,, Silva, A.R.R., Mendo, S., and Loureiro, S., 2014. Toxicity of tributyltin (TBT) to terrestrial
organisms and its species sensitivity distribution. Science of the Total Environment 466, 1037—1046.
https://doi.org/10.1016/j.scitotenv.2013.08.002

Sorokin, D.Y., Abbas, B., Zessen, E., Muyzer, G., 2014. Isolation and characterization of an
obligatelychemolithoautotrophic Halothiobacillus strain capable of growth on thiocyanate as an
energy source. FEMS Microbiology Letters 354, 69—74. https://dx.doi.org/10.1111/1574-6968.12432

Stolarek, P., Rézalska, S., Bernat, P., 2019. Lipidomic adaptations of the Metarhizium robertsii strain
in response to the presence of butyltin compounds. Biochimica et Biophysica Acta — Biomembranes
1861 (1), 316-326. https://doi.org/10.1016/j.bbamem.2018.06.007

Suehiro, F., Kobayashi, T., Nonaka, L. et al., 2006. Degradation of tributyltin in microcosm using Mekong
river sediment. Microbial Ecology 52, 19-25. https://doi.org/10.1007/s00248-006-9079-z

Tam, N.F.Y., Chong, A., Wong, Y.S., 2003. Removal of tributyltin (TBT) from wastewater by microalgae.
Progress in Water Resources 9, 261-271.

Uc-Peraza, R.G., Delgado-Blas, V.H., Rendén-von Osten, J., Castro, i.B., Proietti, M.C., Fillmann, G.,
2022. Mexican paradise under threat: The impact of antifouling biocides along the Yucatan Peninsula.
Journal of Hazardous Materials 427, 128162.

Viglino, L., Pelletier, E., St-Louis, R., 2004. Highly persistent butyltins in northern marine sediments: a
long-term threat for the Saguenay Fjord (Canada). Environmental Toxicology and Chemistry 23 (11),
2673-2681. https://doi.org/10.1897/03-674

Wang, Z., Yang, Y., He, T., Xie, S., 2015. Change of microbial community structure and functional
gene abundance in nonylphenol-degrading sediment. Applied Microbiology and Biotechnology 99,
3259-3268. https://doi.org/10.1007/s00253-014-6222-5



140 Kysukoea, WU.J1. n gp., 2024. TpaHcghopmayusi skocucmem 7 (2), 126—143.

Willner, J., Fornalczyk, A., Saternus, M., Sedlakova-Kadukova, J., Gajda, B., 2022. LCD panels
bioleaching with pure and mixed culture of Acidithiobacillus. Physicochemical Problems of Mineral
Processing 58 (1), 15-23. https://doi.org/10.37190/ppmp/143580

Xie, Y., Su, R., Zhang, L., Wang, X., 2011. A study on biosorption and biodegradation of tributyltin by two
red tide microalgae. International Conference on Remote Sensing, Environment and Transportation
Engineering (RSETE). Nanjing, China, 7331-7334.

Yanez, J., Riffo, P., Santander, P., Mansilla, H., Mondaca, M.A., Campos, V., Amarasiriwardena, D.,
2015. Biodegradation of tributyltin (TBT) by extremofile bacteria from Atacama Desert and speciation
of tin by-products. Bulletin of Environmental Contamination and Toxicology 95, 126—130. https://doi.
org/10.1007/s00128-015-1561-1

Zhang, S., Yan, L., Xing, W., Chen, P., Zhang, Y., Wang, W., 2018. Acidithiobacillus ferrooxidans and its
potential application. Extremophiles 22, 563-579.

References

Bakke, T., Kallgvist, T., Ruus, A., Breedveld, G.D., Hylland, K., 2010. Development of sediment quality
criteria in Norway. Journal of Soils and Sediments 10, 172-178.

Bates, S.T., Berg-Lyons, J.G., Caporaso, W.A., Walters, W.A., Knight, R., Fierer., N., 2010. Examining
the global distribution of dominant archaeal populations in soil. ISME Journal 5, 908-917.

Bernat, P., Szewczyk, R., Krupinski, M., Dlugonski, J., 2013. Butyltins degradation by Cunninghamella
elegans and Cochliobolus lunatus co-culture. Journal of Hazardous Materials 246—247, 277—-282.

Caporaso, J.G., Kuczynski, J., Stombaugh, J. et al., 2010. QIIME allows analysis of high-throughput
community sequencing data. Nature Methods 5 (7), 335-336. https://doi.org/10.1038/nmeth.f.303

Chen, J., Liu, Y., Diep, P, Mahadevan, R., 2022a. Genetic engineering of extremely acidophilic
Acidithiobacillus species for biomining: Progress and perspectives. Journal of Hazardous Materials
438, 129456. https://doi.org/10.1016/j.jhazmat.2022.129

Chen, Y., Wang, J., Zhao, Y., Magbool, F., et al., 2022b. Sulfamethoxazole removal from mariculture
wastewater in moving bed biofilm reactor and insight into the changes of antibiotic and resistance
genes. Chemosphere 298, 134327. https://doi.org/10.1016/j.chemosphere.2022.134327

Chirak, E.L., Pershina, E.V., Dolnik, A.S., Kutovaya, O.V., Vasilenko, E.S. et al.,, 2013.
Taksonomicheskaya struktura mikrobnykh soobshchestv v pochvakh razlichnykh tipov po dannym
vysokoproizvoditelnogo sekvenirovaniya bibliotek gena 16S rRNK [Taxonomic structure of microbial
communities in soils of various types according to high-throughput sequencing of 16S-rRNA gene
libraries]. Selskohozyajstvennaya biologiya [Agricultural Biology] 3, 100—-109. (In Russian).

Cruz, A., Caetano, T., Suzuki, S., Mendo, S., 2007. Aeromonas veronii, a tributyltin (TBT)-degrading
bacterium isolated from an estuarine environment, Ria de Aveiro in Portugal. Marine Environmental
Research 64 (5), 639—650. http://dx.doi.org/10.1016/j.marenvres.2007.06.006

Cruz, A., Henriques, |., Sousa, A.C.A., Baptista, |., Almeida, A. et al., 2014. A microcosm approach to
evaluate the degradation of tributyltin (TBT) by Aeromonas molluscorum Av27in estuarine sediments.
Environmental Research 132, 430-437. http://dx.doi.org/10.1016/j.envres.2014.04.031

Cruz, A., Anselmo, A.M., Suzuki, S., Mendo, S., 2015. Tributyltin (TBT): A review on microbial resistance
and degradation. Critical reviews in environmental science and technology 45(9), 970-1006. https://
doi.org/10.1080/10643389.2014.924181



Kysukoea, WU.J1. n gp., 2024. TpaHcghopmayusi skocucmem 7 (2), 126—143. 141

Cybulska, K., tonska, E., Fabisiak, J., 2020. Bacterial benthic community composition in the Baltic Sea
in selected chemical and conventional weapons dump sites affected by munition corrosion. Science
of the Total Environment 709, 136112. https://doi.org/10.1016/j.scitotenv.2019.136112

Dowson, P.H., Bubb, J.M., Williams, T.P., Lester, J.N., 1993. Degradation of tributyltin in freshwater and
estuarine marina sediments. Water Science and Technology 28 (8-9), 133—-137.

Du, J., Chadalavada, S., Chen, Z., Naidu, R., 2014. Environmental remediation techniques of tributyltin
contamination in soil and water: a review. Chemical Engineering Journal 235, 141-150. https://doi.
org/10.1016/j.cej.2013.09.044

Filipkowska, A., Kowalewska, G., 2019. Butyltins in sediments from the Southern Baltic coastal zone:
Is it still a matter of concern, 10 years after implementation of the total ban? Marine Pollution Bulletin
146, 343-348. https://doi.org/10.1016/j.marpolbul.2019.06.050

Filipkowska, A., Kowalewska, G., Pavoni, B., teczynski, L., 2011. Organotin compounds in surface
sediments from seaports on the Gulf of Gdansk (southern Baltic coast). Environmental Monitoring
and Assessment 182, 455—-466.

Filipkowska, A., Kowalewska, G., Pavoni, B., 2014. Organotin compounds in surface sediments of the
Southern Baltic coastal zone: a study on the main factors for their accumulation and degradation.
Environmental Science and Pollution Research 21, 2077-2087.

Finnegan, C., Ryan, D., Enright, A., Garcia-Cabellos, G., 2018. A review of strategies for the detection
and remediation of organotin pollution. Critical Reviews in Environmental Science and Technology 48
(1), 1-42. https://doi.org/10.1080/10643389.2018.1443669

Gupta, M., Dwivedi, U.N., Khandelwal, S., 2011. C-Phycocyanin: an effective protective agent
against thymic atrophy by tributyltin. Toxicology Letters 204 (1), 2—11. https://doi.org/10.1016/].
toxlet.2011.03.029

Hallberg, K.B., Johnson, B.D., 2005. Microbiology of a wetland ecosystem constructed to remediate
mine drainage from a heavy metal mine. Science of the Total Environment 338, 53-66. https://dx.doi.
org/10.1016/j.scitotenv.2004.09.005

Hassan, H., 2018. Sug E belongs to the small multidrug resistance (SMR) protein familyinvolved in
tributyltin (TBT) biodegradation and bioremediation byalkaliphilic Stenotrophomonas chelatiphaga
HS2. International Journal of Biological Macromolecules 108, 1219-1226. https://doi.org/10.1016/j.
ijpiomac.2017.11.025

HELCOM, 2010. Hazardous substances in the Baltic Sea. An integrated thematic assessment of
hazardous substances in the Baltic Sea. Baltic Sea Environment Proceedings 120B, 1-116.

Ito, T., Adachi, Y., Yamanashi, Y., Shimada Y, 2016. Long-term natural remediation process in textile
dye-polluted river sediment driven by bacterial community changes. Water Research 100, 458—465.
https://dx.doi.org/10.1016/j.watres.2016.05.050

Ivanova, E.A., Pershina, E.V., Shapkin, V.M., Kichko, A.A. et al., 2020. Shifting prokaryotic communities
along a soil formation chronosequence and across soil horizons in a South Taiga ecosystem.
Pedobiologia — Journal of Soil Ecology 81-82, 150650. https://doi.org/10.1016/j.pedobi.2020.150650

Khanolkar, D., Dubey, S., Naik, M., 2015. Biotransformation of tributyltin chloride to less toxic
dibutyltin dichloride and monobutyltin trichloride by Klebsiella pneumoniae strain SD9. International
Biodeterioration and Biodegradation 104, 212—218. https://doi.org/10.1016/j.ibiod.2015.04.030



142 Kysukoea, WU.J1. n gp., 2024. TpaHcghopmayusi skocucmem 7 (2), 126—143.

Kryshev, L.I., Sazykina, T.G., Pavlova, N.N., Kosykh, L.V., Buryakova, A.A., Kryshev, A.l., 2021.
Assessment of radiation state of marine environment in the Leningrad NPP area according to long-
term monitoring data (1973-2019). Marine Biological Journal 6 (1), 41-57. https://doi.org/10.21072/
Mbj.2021.06.1.04

Kuzikova, I., Zaytseva, T., Metelkova, L., Zhakovskaya, Z., Medvedeva, N., Andronov, E. A., 2022.
Microcosm approach for evaluating the microbial nonylphenol and butyltin biodegradation and
bacterial community shifts in co-contaminated bottom sediments from the Gulf of Finland, the Baltic
sea. Environmental Science and Pollution Research 29 (46), 69849—69860. https://doi.org/10.1007/
s$11356-022-20751-8

Lagadic, L., Katsiadaki, I., Biever, R., Guiney, P.D., Karouna-Renier, N., Schwarz, T., Meador, J.P.,
2018. Tributyltin: Advancing the science on assessing endocrine disruption with an unconventional
endocrine-disrupting compound. Reviews of Environmental Contamination and Toxicology 245, 65—
127 .https://doi.org/10.1007/398_2017_8

Lee, S., Chung, J., Won, H., Lee, D., Lee, Y., 2012. Removal of methylmercury and tributyltin (TBT)
using marine microorganisms. Bulletin of Environmental Contamination and Toxicology 88, 239-244.
https://doi.org/10.1007/s00128-011-0501-y

McAdams, H., Srinivasan, B., Arkin, A., 2004. The evolution of genetic regulatory systems in bacteria.
Nature Reviews Genetics 5, 169-178. https://doi.org/10.1038/nrg1292

Medvedeva, N., Polyak, Y., Kankaanpaa, H., Zaytseva, T., 2009. Microbial responses to mustard gas
dumped in the Baltic Sea. Marine Environmental Research 68, 71-81. https://doi.org/10.1016/j.
marenvres.2009.04.007

Nealson, K.H., 1997. Sediment bacteria: who’s there, what are they doing, and what’s new? Annual
review of earth and planetary sciences 25, 403—434.

Ng, K., Shi, X., Ng, H., 2015. Evaluation of system performance and microbial communities of
a bioaugmented anaerobic membrane bioreactor treating pharmaceutical wastewater. Water
Research 81, 311-324. https://doi.org/10.1016/j.watres.2015.05.033

Rajendran, R.K., Lin, C.C., Huang, S.L., Kirschner, R., 2017. Enrichment, isolation, and biodegradation
potential of long-branched chain alkylphenol degrading non-ligninolytic fungi from wastewater. Marine
pollution bulletin 125 (1-2), 416—425. http://dx.doi.org/10.1016/j.marpolbul.2017.09.04

Reader, S., Pelletier, E., 1992. Biosorption and degradation of butyltin compounds by the marine
diatom Skeletonema costatum and the associated bacterial community at low temperature. Bulletin
of Environmental Contamination and Toxicology 48, 599-607.

Rodriguez-Grimon, R., Campos, N.H., Castro, i.B., 2020. Imposex incidence in gastropod species from
Santa Marta coastal zone, Colombian Caribbean Sea. Bulletin of Environmental Contamination and
Toxicology 105, 728-735. https://doi.org/10.1007/s00128-020-03020-7

Silva, P.V,, Silva, A.R.R., Mendo, S., and Loureiro, S., 2014. Toxicity of tributyltin (TBT) to terrestrial
organisms and its species sensitivity distribution. Science of the Total Environment 466, 1037—1046.
https://doi.org/10.1016/j.scitotenv.2013.08.002

Sorokin, D.Y., Abbas, B., Zessen, E., Muyzer, G., 2014. Isolation and characterization of an
obligatelychemolithoautotrophic Halothiobacillus strain capable of growth on thiocyanate as an
energy source. FEMS Microbiology Letters 354, 69-74. https://dx.doi.org/10.1111/1574-6968.12432



Kysukoea, WU.J1. n gp., 2024. TpaHcghopmayusi skocucmem 7 (2), 126—143. 143

Stolarek, P., Rézalska, S., Bernat, P., 2019. Lipidomic adaptations of the Metarhizium robertsii strain
in response to the presence of butyltin compounds. Biochimica et Biophysica Acta — Biomembranes
1861 (1), 316-326. https://doi.org/10.1016/j.bbamem.2018.06.007

Suehiro, F., Kobayashi, T., Nonaka, L. et al., 2006. Degradation of tributyltin in microcosm using Mekong
river sediment. Microbial Ecology 52, 19-25. https://doi.org/10.1007/s00248-006-9079-z

Tam, N.F.Y., Chong, A., Wong, Y.S., 2003. Removal of tributyltin (TBT) from wastewater by microalgae.
Progress in Water Resources 9, 261-271.

Uc-Peraza, R.G., Delgado-Blas, V.H., Rendén-von Osten, J., Castro, i.B., Proietti, M.C., Filmann, G.,
2022. Mexican paradise under threat: The impact of antifouling biocides along the Yucatan Peninsula.
Journal of Hazardous Materials 427, 128162.

Viglino, L., Pelletier, E., St-Louis, R., 2004. Highly persistent butyltins in northern marine sediments: a
long-term threat for the Saguenay Fjord (Canada). Environmental Toxicology and Chemistry 23 (11),
2673-2681. https://doi.org/10.1897/03-674

Wang, Z., Yang, Y., He, T., Xie, S., 2015. Change of microbial community structure and functional
gene abundance in nonylphenol-degrading sediment. Applied Microbiology and Biotechnology 99,
3259-3268. https://doi.org/10.1007/s00253-014-6222-5

Willner, J., Fornalczyk, A., Saternus, M., Sedlakova-Kadukova, J., Gajda, B., 2022. LCD panels
bioleaching with pure and mixed culture of Acidithiobacillus. Physicochemical Problems of Mineral
Processing 58 (1), 15-23. https://doi.org/10.37190/ppmp/143580

Xie, Y., Su, R., Zhang, L., Wang, X., 2011. A study on biosorption and biodegradation of tributyltin by two
red tide microalgae. International Conference on Remote Sensing, Environment and Transportation
Engineering (RSETE). Nanjing, China, 7331-7334.

Yanez, J., Riffo, P., Santander, P., Mansilla, H., Mondaca, M.A., Campos, V., Amarasiriwardena, D.,
2015. Biodegradation of tributyltin (TBT) by extremofile bacteria from Atacama Desert and speciation
of tin by-products. Bulletin of Environmental Contamination and Toxicology 95, 126—130. https://doi.
org/10.1007/s00128-015-1561-1

Zhang, S., Yan, L., Xing, W., Chen, P., Zhang, Y., Wang, W., 2018. Acidithiobacillus ferrooxidans and its
potential application. Extremophiles 22, 563-579.



	Биотрансформация соединений бутилолова и видовое разнообразие микробиомов в донных осадках Финского 
	Введение
	Материалы и методы
	Характеристики района исследований
	Отбор осадков и постановка опыта
	Анализ соединений бутилолова в осадках
	Молекулярный анализ и биоинформатика
	Статистический анализ

	Результаты и обсуждение
	Анализ микробного разнообразия в микрокосмах осадков

	Заключение
	Список литературы
	References


