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AnHoTanusi. BiepBsie 1115 npeacTaBuTenel HUTYAThIX OeCBETHBIX cepobakTepuil poaa Thiothrix, TAaKUX Kak
T. litoralis AST, T. unzii A1 u T. nivea JP2T, Gbina oGHapyxeHa CIOCOOHOCTL K aHA3POOHOMY ABIXaHUIO €
UCIIOJIb30BaHUEM THOCYJIb(aTa B KaUeCTBE TEPMHHAIBLHOT'O aKIIENITOPa IIEKTPOHOB. Panee ajist 9THX OakTepuit
ObLTa IOKa3aHa CIIOCOOHOCTH K IUTOTPOPHOMY POCTY B IPUCYTCTBHH THOCYJIb(aTa B Ka4eCTBE TOHOPA IICK-
TPOHOB JIJIsl SHEPTETHIECKOTO MeTaboIM3Ma.

Jnist ycTaHOBICHUST MEXaHW3Ma BOCCTAHOBJICHUSI THOCYIb(ara mpu aHadpoOHOM POCTE, YIaCTHE THOCYJIb-
(arpeayKTasbl WK AUCTIPONOPLUOHHUPOBAHKE THOCYIIb(ATa, ObLI IPOBE/ICH aHAIN3 KOHEYHBIX IPOYKTOB €T0
TpeBpaIieHus. Y BCeX MCCICIOBAHHBIX MPenCcTaBUTeNel pona Thiothrix OBIIM BBISIBICHBI IPOIYKTHI, 00pa3y-
IOIIMeCs IPH MPEBpaLieHUH THOCYIb(arta, CyaIbQUT U Cyabpu, XapakTepHble IIpU (YHKIIMOHUPOBAHUH THO-
CyIb(aTpeyKTasbl, TOTAa KaK OPOJYKThI, XapaKTEPHBIC JIJIS MPOIECcca AUCIPOTIOPIIUOHUPOBAHIS THOCY b~
¢ara (cynbdat u cynbdu), He ObLIH BBISBICHBI.

B xo71¢e uccnenoBanus ObLTH UACHTUDUIIMPOBAHBI TeHBI phsA, phsB v phsC, koaupyomue TuocyibhaTpeayk-
ta3y (xuHoH, KO 1.8.5.5), moka3aHa 3KCIpeccus 3TUX 'EHOB B aHA3POOHBIX YCIOBUAX. Y CTAHOBJICHO, YTO IIPH
aHa’pOOHOM POCTE Ha THOCYIb(ATe M0 CPABHEHUIO C a9POOHBIM KYJIbTUBHPOBAHUEM SKCIIPECCHUSI TEHOB phsA,
phsB, phsCy T. litoralis AST, T. unzii A1"u T. nivea JP2" B nepsoM nmaccae yBenmaupaeTcs B 6-15 pas, Torna
KaK BO BTopoM maccaxe y T. unzii A1T HaGmonaeTcss MHOTOKPATHOE yBEINYEHHE SKCIIPECCHH TEHOB B CPEIHEM
B 180 pa3. {ms sxctpakiun cymmapaoit PHK ucnons3oBanmces copOupyromue konoHKH. OOpa3iisl TOMOT€HH-
3UPOBATKCH U JM3UPOBAIKCH B MPUCYTCTBUU XAOTPOIHON COJIM, a 3aTeM HAHOCHJIMCh Ha CIIUH-KOJOHKY, OT-
MBIBAJIMCH OT 3arps3HeHuil. Y nanenue npumeceit JIHK u momyuenne uncroit PHK npoBogmmu, mogseprast 06-
pasen oopadoTke IHKazoii HenmocpencrseHHo Ha ciinH-KostoHKe. KauectBo PHK onenuBanu anexkrpodopezom
He MeHee 2% arapo3HoM reie ¢ nobasienueM 2.2. M pactBopa opmaibaeruia.

B cepoBomopoaHbIX OHOTOMAX, IJie CIIOPaJUYECcKH CO3JIAI0TCSl aHadpOOHBIE YCIOBUS, MPEICTABUTENN POJa
Thiothrix, Bexy1ye NPUKPEIICHHBIH 00pa3 >KU3HH, 111 BEDKUBAHUS B PE3KO MEHSFOIMXCSI YCIIOBHSX BBIHY K-
JICHBI TIEPEXOUTH ¢ a3POOHOTO JbIXaHus Ha anaspobnoe. Hesricokuii ypoxaii knetok 7. litoralis AST, T. unzii
A1" u T. nivea JP2" (15 mr/nm®) npu anaspo6GHOM pocTe Ha THOCYJIb(AaTe yKa3bIBAET, UTO MPOLIECC AHAIPOO-
HOTO JIBIXaHUsI HA THOCYJb(aTe HOCHUT XapaKkTep NOAIePKUBAIOIIET0 METab0IU3MA.

[Tomy4yeHHbIE TaHHBIE MO3BOJISIOT MPHOIM3UTHCSA K pasrajike, KakuM 00pa3oM JUTOTpo(dHEIE cepodakTepun
pona Thiothrix, BenyIe MPUKPEIUIEHHBIN 00pa3 XKu3HH, 3PPEKTHBHO HCIIONB3YIOT THOCYIb(AT B CBOEH Me-
TabOIMYECKO CTPATETHH, TPUCTIOCAOINBASACH K H3MEHSFOLIUMCS YCIOBHSIM CPE/Ibl, U OOBSCHSIOT UX TOMUHHU-
pyrolLiee MOJ0KEHHE B MPOTOYHBIX CEPOBOJOPOIHBIX OHOTOMAX.

KuaroueBsie cnoBa: Thiothrix litoralis, Thiothrix unzii, Thiothrix nivea, ana>poOHOe qpIXaHNE, THOCYIb(daTpe-
nykrasa, phsABC
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Annotation. For the first time, the ability to anaerobic respiration using thiosulfate as a terminal electron ac-
ceptor was discovered for representatives of filamentous colorless sulfur bacteria of the genus Thiothrix, such
as T. litoralis AST, T. unzii A17 and T. nivea JP2". Previously, the ability to lithotrophic growth in the presence
of thiosulfate as an electron donor for energy metabolism was shown for these bacteria.

To establish the mechanism of thiosulfate reduction during anaerobic growth, the participation of thiosulfate
reductase or the disproportionation of thiosulfate, an analysis of the end products of its transformation was
carried out. In all studied representatives of the genus Thiothrix, products formed during the conversion of
thiosulfate, sulfite and sulfide, characteristic of the functioning of thiosulfate reductase, were identified,
whereas products characteristic of the process of thiosulfate disproportionation (sulfate and sulfide) were not
identified.

During the study, the genes phsA, phsB and phsC encoding thiosulfate reductase (quinone, EC 1.8.5.5) were
identified, and the expression of these genes under anaerobic conditions was shown. It was found that during
anaerobic growth on thiosulfate, compared with aerobic cultivation, the expression of the phsA, phsB, phsC
genes in T. litoralis AST, T. unzii A17 and T. nivea JP2T in the first passage increases by 6-15 times, whereas
in the second passage in T. unzii A1T there is a multiple increase in gene expression on average by 180 time.
Sorbing columns were used to extract the total RNA. The samples were homogenized and lysed in the presence
of a chaotropic salt, and then applied to a spin column, washed from contamination. DNA impurities were
removed and pure RNA was obtained by subjecting the sample to DNAse treatment directly on the spin col-
umn. The RNA quality was assessed by electrophoresis of at least 2% agarose gel with the addition of 2.2 M
formaldehyde solution.

In hydrogen sulfide biotopes, where anaerobic conditions are sporadically created, representatives of the genus
Thiothrix, leading an attached lifestyle, need to switch from aerobic to anaerobic respiration to survive in dra-
matically changing conditions. The low yield of T. litoralis AST, T. unzii A1T and T. nivea JP2T cells
(15 mg/dm®) during anaerobic growth on thiosulfate indicates that the process of anaerobic respiration on thi-
osulfate has the character of a supportive metabolism.

The data obtained allow us to approach the solution of how lithotrophic sulfur bacteria of the genus Thiothrix,
leading an attached lifestyle, effectively use thiosulfate in their metabolic strategy, adapting to changing envi-
ronmental conditions, and explain their dominant position in flowing hydrogen sulfide biotopes.

Keywords: Thiothrix litoralis, Thiothrix unzii, Thiothrix nivea, anaerobic respiration, thiosulfate reductase, phsABC
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TakuMu COEIMHEHHUSIMH SIBISIOTCS CEPOBO-
JOpOJI, dJIEMEHTHAas cepa, CylIbpUT, TeTpa-

MHorue nmpoKapHOTBEl XapakTepH3YIOTCS  ThoHaT, THOoCYab(ar u ap. [1]. Tuocynbdar
HQJIMYUEM Pa3sHOOOPasHbIX CHUCTEM NMCCH-  gBASETCS BAKHBIM IPOMEKYTOYHBIM 3Be-

MUJIIIHOHHOTO B3aMMOMNPEBPAICHUS CEP-  HOM B KPYrOBOPOTE CEPHBIX COCIMHEHHUU U
HBIX COCIMHEHHI U MOTYT UCIIOJIb30BaTh UX

B KQUCCTBC HCTOYHHUKOB SHCPTHUU IJIA pOCTaA.

BBenenue
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OaKTeprH MOTYT HCIOJIB30BATh €T0 KakK JI0-
HOP WJIM aKIENTOP 3JIEKTPOHOB B SHEPIeTH-
geckoMm MeTaboiusme [2].

Pon Thiothrix mpencraBiieH Kiaccude-
CKHMH JIMTOTpO(amMHu, CIOCOOHBIMH OKHC-
JSITH LEJBIHA PsIl BOCCTAHOBICHHBIX COEH-
HeHuil cepbl. OHU BeIyT NPUKPEIIEHHBIN
o0pa3 XHU3HU U POPMHUPYIOT OOMIIBHBIE 00-
pacTtaHusi Kak B IPUPOIHBIX CEPOBOIOPO/I-
HBIX OMOTOIAX, TaK ¥ B AHTPOIIOTCHHBIX CH-
CTeMaxX OYHCTHBIX COOPYKEHHI Ui Ouope-
aKTopax 1o yaanenuto gocdopa [3].

Oxwucnenue THOCYJIb(ara y MpencTaBy-
tenelt pona Thiothrix ocyIeCTBIsAETCS MPH
Y4aCTUHU Pa3BETBICHHOU SOX-CUCTEMBI U CO-
IPOBOXKAaeTCcsl 00pa3oBaHUEM cCyibdara U
3aracaHueM BHYTPHKJICTOYHBIX BKIIIOYCHHUN
3JIEMEHTHOM cephl. Takum oOpa3om y OakTe-
puii poaa peanusyeTcsi mporece JIUTOTpod-
HOT'O pOCTa, KOTJ1a THOCYJIb(aT BHICTYIIaeT B
Ka4yecTBE JIOHOPA DJIEKTPOHOB ISl SHEpre-
THYECKOro Meradonu3ma [4]. OmHako o BO3-
MOYKHOCTH HCIOJIb30BaHUS THOCYJIb(aTa B
Ka4yecTBE aKILENTopa 3JEKTPOHOB paHee He
ObuT0 3asBiIeHO 11 pona Thiothrix. Xots
JUISL CEPOBOJIOPOJIHBIX HMCTOYHHKOB Xapak-
TEpHA MOCTOSIHHAs CMEHAa KOHILIEHTPAIUH
KHCJIOPO/ia, YTO TIPEAIOJIaraeT CO3JaHHe
aHa’poOHBIX ycinoBuil. B mpouecce auccu-
MIUIAUOHHOW THOCYIb(aTPEAyKIUH, THO-
Cynb(}aT MOXKET BBINONHITH POJb AKIICI-
TOpa AJIEKTPOHOB TIPU aHA’POOHOM JIbIXa-
HUH, B KOTOPOM IIOJIBEPraeTcsi BOCCTaHOB-
JIEHUIO 110 cyibduta u cynbbhuaa [1].

OCHOBHBIM HaIpaBJICHUEM JaHHOW pa-
OOTHI SIBIIACTCS M3YyYCHHE aHA3POOHOTO po-
cTa mpenctaBurenei poma 7Thiothrix ¢ uc-
MIOJIb30BAaHUEM THOCYJb(aTa B KadecTBE
TEPMUHAJIBHOTO aKLENTOPA AJIEKTPOHOB.

3KC]’[epI/IMeHTaJIbHaH 4acThb

KynptuBupoBanue. OOBEKTOM HUCCIIEI0-
BaHUS Cyxuu mrammsl 7. litoralis AST, T.
unzii A17, T. nivea JP2". llltamMMbl KyJIbTH-
BUpOBAIM B cperne AmOpycrepa ciemyro-
mero cocrtapa (rr'): (NH4)SO4 — 0.5;
CaCl; — 0.03; KH2PO4 — 0.01; KoHPO4 —
0.022; NaHPO4-7H20 — 0.035;
MgSO4-7H20 — 0.05 [5]. [lepen moceBoM B

1 am® cpetbl B BUJIE CTEPUITLHBIX PACTBOPOB
106aBsHM 110 1 cM® MHKPO2/IEMEHTOB U BH-
TaMUHOB [6].

Jyis aHa’pOOHOTO KyIHTHBUPOBAHUS HC-
MoJTb30Bau (hj1akoHbI eMKOCThIO 0.1 M ¢
MPOKJIAJIKAMHU U3 MOJUOYTUIIOBON PE3UHBI U
3aBUHYMBAIOIIUMU MeTAITMYeCKUMHU
KpBIIIKaMH, KOTOpPbIE MOJHOCTBIO 3aroJ-
HSUIM  CBEKEMPUTOTOBIECHHOW CTEPHIIBHOMN
IIPOKUIITYEHHON CPENON BBIIICONUCAHHOTO
cocraBa ¢ jgobaBimenumem 1.5 /oM’
Na2S;03-5H,0 B KauecTBe TEPMUHAIBLHOTO
akienropa 3JaeKTpoHoB u 0.5 r/mM° maKTarta
Hatpus, u 0.5 r/nv° anerar HaTpUs B Kade-
CTBE JIOHOPOB 3JIEKTpOHOB. pH cpenst 7.5.
Kynbrypsl unkyouposamu npu 27°C. Ilpo-
BOAWJIOCH 3 TOCJEIOBaTENbHBIX Iaccaxka
KYJbTYD.

Co3nmanne aHa’pOOHBIX YCIOBUU JOCTH-
rajioch BHITECHEHHUEM BO3/1yXa U3 CpeJibl M-
Thi0 oObemamu aprona [7]. 'azoBas ¢aza
CTepUIIN30BAJIACh C UCTIOIh30BAHUEM OaKTe-
puanbHbIX GrsTpoB (Millipore, 0.2 Mxm) [8].

B xadecTBe KOHTpOIIS OAaKTEPUH KYJIbTH-
BHUPOBAJIM a3pOOHO B Cpefie BBILICONHCAH-
HOTO COCTaBa; IMepeJl MOCEBOM B Cpeny J0-
MOJHUTEIbHO BHOcHJIM  NaxS>03-5H>0,
1 r/am*; naxrar HaTtpus, 0.25 r/nM° U arerar
narpus, 0.25 r/am’. pH cpenst 7.5. Kynb-
Typsl uHKyOupoBasu nipu 27°C. TlpoBoau-
JIOCh 3 TOCJHENI0BATENbHBIX MACCaXkKa KyJIb-
Typ.

AHaJu3 SKCTIpeccuu TeHoB. {7 skcTpak-
nuu cymmapuoi PHK ncnonbs3oBascs Habop
PureLink® RNAMiniKit (Invitrogen, CIIIA)
c copOupyromuMu MUKpoKoioHKamu. [1po-
1elypa OCyIIECTBIISUIACH C UCTIOIb30BAHUEM
CHHUH-KOJIOHOK: 00pa3ipl ObUIM TOMOTEHH-
3UpPOBaHbl U JU3UPOBAHBI B TMPHUCYTCTBUU
XaOTPOIHOM COJIM, 3aTeM HaHEeceHbl Ha
CIUH-KOJIOHKY, OTMBITHI OT 3arpsi3HEHUN U
gyuctass PHK Oplna smonpoBana B cOOTBET-
CTBUHU C MPOTOKOJOM IpousBoauTens. Jis
ynanenus npumece JIHK u nonydyenus uu-
croii PHK, o6paszen mnoasepraics oOpa-
6otke JIHKa30i1 HemocpeicTBEHHO Ha CITUH-
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Ta0mura 1. IIpaiiMepsl 11 onpeAeeHUs SKCIPECCUN TeHOB phsA, phsB, phsC, KOTUPYIOMIUX

THOCYTb(aTpeIyKTazy

Table 1. Primers for determining the expression of phsA, phsB, and phsC genes encoding thiosul-

fate reductase

I'en IIpaiimep Hyxkneotuanas nocyienoBaTebHOCTh
ASI16S F 5'-ATCTTCGGATTCAGTGGCGG-3'
AS16S R 5'-CGTAGGGCGTATGCGGTATT-3'
168 pPHK JP2 16S F 5-TGCACCAGAAGCAGGTAGTC-3'

JP2 16S R 5'-GACTTCACCCCAGTCATCGG-3'
Al16S F 5'-AATACCGCATACGCCCTACG-3'
Al116S R 5'-AGATCGTCGCCTTGGTAAGC-3'
AS phsA F 5'-AGTCAGTCTTCCCGACTCCA-3'
AS phsA R 5'-CTCCCACTCAATCGCGTCTT-3'

DphsA JP2 phsA F 5'-GACGCGATTGAGTGGGAAGA-3'
JP2 phsA R 5'-TGGGTGTGGAAACCGATACG-3'
Al phsA F 5'-CTGGCGGCAATGGTTTTACC-3'
Al phsA R 5'-TCATTGGGACTCACGTCTGC-3'
AS phsB F 5'-TTACTACACCGCTGGCAAGG-3'
AS phsB R 5'-ATCGTACCGAGCGGATTCAC-3’

phsB JP2 phsB F 5'-CCAGCCACGTATCGACCAAG-3'
JP2 phsB R 5'-TTGGCGTCACCGAAGATCAG-3'
Al phsB F 5'-GTCAATATCGGCCCCAACCA-3’
Al phsB R 5'-CGGACAAATGCCGCTCATTC-3'
AS phsC F 5'-ACAATGAAGTCGGGTGAGGC-3'
AS phsC R 5'-GCAACTCCGCATACCACAAC-3'

phsC JP2 phsC F 5'-CTGGCGTTTTCAGCGACAAG-3'
JP2 phsC R 5'-AGTAGATATGCGCCACCAGC-3'
Al phsC F 5'-CGCTGGAAACCATGAAGTCG-3'
Al phsC R 5'-AACTCCGCATACCACAAGGG-3’

kosiouke. Kauectso PHK onenuBanu snek-
Tpodope3om Ha 2% arapo3HOM reie ¢ Jo-
O6aBinenuem 2.2 M dopmansaernma. Kon-
nentpauuto PHK m3mepsnu ¢ ucnonb3osa-
HueM HaOopa s anammsza PHK HS Qubit
(Thermo Fisher Scientific, Yonrem, Macca-
gycerc, CIIIA) na dayopomerpe Qubit 2.0
(Thermo Fisher Scientific, Yonrem, Macca-
gycerc, CIIIA). 3arem 1000 ar PHK mon-
Beprajay OOpaTHOW TPAHCKPUIIIMH C HC-
nonp3oBanueM  M-MulV  (Cub3H3uM,
Mocksa, Poccust) cornmacHo mpoTOKOIy IIpo-
m3Bogutensa. KommuectBennyro OT-IILIP
npoBOIUIM C wucnoib3oBaHueM SYBR
Green | Ha cucTeMe peabHOTO BPEMEHHU
Bio-Rad CFX96TM (Bio-Rad, Hercules,
CA, USA) [9].

Jlis HaXOKIIEHUS ONTUMAIIBHBIX YCJO-
BUN aMIUTU(UKALUKA HCTIONb30BAIA TEMIIE-
paTypHbIid TpaaueHT. OKOHYATeNnbHAs MPO-
rpamma Bkitrouana 95°C, 5' + [(95°, 15" +
59°C, 20" + 72°C, 15") x 39]. ®parmMeHThI
reHOB phsA, phsB u phsC, Koaupyroomux

cyObenuHuIbl THOCYIb(arpenykrassl y 7.
litoralis AS, T. nivea JP2 u T. unzii Al, am-
UTUGUIMPOBAIN C UCIIOJIB30BAHUEM Ipaidi-
MEpoB, TMpPHUBEACHHBIX B Tabmuie 1; Bce
npaiMepsl ObLTH pa3paboTaHbl ¢ TTOMOIIBIO
PrimerBLAST (http://www.ncbi.nlm.
nih.gov/tools/primer-blast) (tabm. 1).

Ananutuueckue Meroabl. OmnpezeneHue
S»05%, SOs%, HS™ npu uX 0JHOBPEMEHHOM
MPUCYTCTBUU B Cpelie POBOJAUIN METOJAOM
pa3aeNbHOr0 MOJOMETPHUECKOr0 TUTPOBA-
Hus [10]; H2S mpenBapurensHo ¢ukcupo-
Banu 10% amerarom nmuka [11]. Konnue-
CTBO OeJKa OnpeIeNsiid ¢ TOMOIIBIO METOIa
Jloypu [12].

buoundopmarndeckuii anamuz. [lomck
TeHOB phsA, phsB n phsC 1 uX aHHOTAIUIO
npoBoauiu ¢ nomoiusio RAST-cepBepa 2 ¢
MOCTEAYIOME PYYHOU KOPPEKIMEH aHHO-
TallMd TyTeM CpPaBHEHHsS MPEACKa3aHHBIX
IIOCJIEIOBATEIHLHOCTEN O€EIKOB ¢ 0Oa3zaMu
naHHBIX HallnoHamsHOTO IEHTpa OMOTEXHO-
nornueckor nadopmaruu (NCBI) [13].
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Tabnuna 2. benku THocynbparpeyKTasbl, 3aK0IMPOBAHHBIC B TeHOMAaX MpeJICTaBUTENEH poja

Thiothrix

Table 2. Thiosulfate reductase proteins encoded in the genomes of members of the genus Thio-

thrix

Bung

GeneBank ID 6enka

PhsA

GeneBank ID 6enka

PhsB

GeneBank ID 6enka
PhsC

T. litoralis AST

WP_210223455.1

WP_210223479.1

WP_200444099.1

T. nivea JP27T

WP _002709898.1

WP _002709899.1

WP _200444099.1

T. unzii A17

WP 210217653.1

WP 210223479.1

WP _200444099.1

Thiothrix sp. 207

MBU0654562.1

MBU0654561.1

MBU0654560.1

T. caldifontis G1T

WP_093069284.1

WP_093069286

WP_093069287.1

Candidatus Thiothrix
anitrata A52

WP_210226365.1

WP_210226366.1

WP_210226367.1

T. lacustris BLT

WP_038140930.1

WP_028488830.1

WP _028488831.1

T. subterranea Ku5T

WP_202716885.1

WP_202716886.1

WP_202716887.1

T. fructosivorans QT

WP_242632690

WP_207249534.1

WP_207249535.1

N-KOHIIEBbIE  CHTHAJIbHBIC  TENTHIBI
ObUTH TIpeqcKa3aHbl ¢ momorisio Signal P
v.5.0 (https://services.healthtech.dtu.dk/
service.php?SignalP-5.0 (mo cocTostHuio Ha
10 aBrycra 2023 r.)), a HaIM4YKUE TPAHCMEM-
OpaHHBIX CIUpajieii OBLIO TPEACKA3aHO C
nomompio  TMHMM  v.2.0 (http://www.
cbs.dtu.dk/servicess TMHMM/ (o cocros-
HUto Ha 15 centsaops 2023 r.)).

dunoreHeTHYECKHE ACPEBBS TTOCTPOCHEI
METOJIOM MHHHMAJILHOM 3BOIIOIUU U METO-
JIOM TIPUCOEAMHEHUSI COCEe C MOMOIIBIO
nporpammHoro odecrieuennss MEGAL [14].

OO0cy:xaeHne pe3y1bTaTOB

Tuocynbdarpenykraza QepMeHT U3
KJ1acca MOJIMOIONTEPUHOBBIX OKCUAOPETYK-
Ta3, COCTOAIIUU U3 TpeX CyOBEIUHHUIL
(PhsABC), xommpyemMbIXx Tpemsi TeHaMu
[15]. Katanmutuyeckas cyObenunauna PhsA
coaep>kUT N-KOHILIEBOW CHUTHAJIBHBIN IMeMn-
tug Tat, 4TO yKa3pIBaeT Ha €0 PACIIONIONKE-
HUE Ha BHEITHEH cTOpOHE MeMOpaHbl. Takue
KOMIUIEKChl MOTYT OBITh OTBETCTBEHHBI 3a
BOCCTAHOBJICHHE PAa3JIMYHBIX aKLENTOpPOB
9JIEKTPOHOB, B TOM YHCIIE THOCYIb(aTa, TeT-
paTHOHaTa, HUTpaTa U apceHara [16].

Jnst moaTBepKIeHUsT CIIOCOOHOCTH Oak-
tepuii poaa Thiothrix kK aHa pOOHOMY pOCTY
B MPUCYTCTBUH THOCYJIb()aTa B KauecTBe aK-
[ENTOpa SJIEKTPOHOB ObLT MPOBEACH OMOWH-
dbopMaTHUECKHil aHATU3 T'e€HOMa C IIEJIbIO

MOWCKA TMOCIIEI0BATEILHOCTEH, KOTUPYIO-
IIUX THOCYNb(aTpeayKTasy.

AHHOTaIMsI TO3BOJIUJIA BBISIBUTH MOTEH-
[MUAIGHBIC TEHBI, KOAMUPYIOUINE THOCYIIh-
daTpenykTa3y, BO BCEX MPOaHATH3UPOBAH-
HBIX TeHOMax Thiothrix spp., 4TO KOCBEHHO
YKa3bIBaeT Ha UX CIIOCOOHOCTH K TUCCHUMH-
JSUOHHOM THOCYIb(aTpenyKinu (Tadm. 2).
Ha pucynke 1 mpuBemeHa cxema omepoHa
phsABC y BunoB T. litoralis, T. unzii u T.
nivea, MPEICTABISIIONINX Pa3HbIC KIIACTEPHI
Ha (uroreHeTH4YecKOM jaepeBe poaa Thio-
thrix.

[Tockonbky THOCYNIB(DATpEayKTa3a OTHO-
CHUTCSI K KJIACCY MOJMOJONITEPUHOBBIX OKCH-
JIOpEIyKTa3, 3TO 3HAYUTEILHO YCIIOKHSET
uneHTudukanuo naHHoro Oenka [18, 19].
Jlnst BeIICHEHUST (YHKIIMA MOJUOIO0NITEPH-
HOBBIX OKCUIOPEIYKTa3 ObUI MPOBEICH (QH-
JIOTCHETUYECKUN aHallM3 Ha OCHOBE paHee
(YHKIIMOHATTLHO XapaKTEPU30BAHHBIX IIO-
cleAoBaTEIbHOCTEN oKcuaopenykra3. du-
JIOTEHETHUYECKUI aHallu3 TOKa3al YETKYIO
KJIaCTEPH3AIMI0 BBIBEJCHHBIX ITOCIIEIOBA-
TEIHHOCTEH W3 MCCIEAOBAHHBIX HAMH TIPO-
KapuoT C paHee OXapaKTepH30BaHHBIMHU
tHocynbdarpenykrazamu. OmHAKO MOCIe-
J0BaTEeIbHOCTH, OOHAPYKCHHBIE B T€HOMAaX
Thiothrix winogradskyi CT3T wu Ca.
Thiothrix moscovensis RT ¢unorenreruue-
CKH yJaJICHBI OT 0XapaKTePH30BaHHBIX THO-
cynbdarpenykras (puc. 2).
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phsA phsC
T. litoralis AS"
phsB
phsd phsC
T unzii AT
phsB
phsA phsB

T. nivea P27

)

1000 bp phsC

Puc. 1. Opranuzanus reHoB THOCYIb(aTpeayK-
Ta3bl, KOAUPYIOIINX
KaTaINTHYECKyI0 cyOpenunnny (phsA), 4Fe-4S
CBSI3BIBAIONIN OenoK (phsB), sKopHYIO cyOBenu-
HuUty (phsC), Hecynryro (pyHKIHIO 3aKpeIICHUL
(dhepmenTta B MemOpane [17]

Fig. 1. Organization of thiosulfate reductase
genes encoding catalytic subunit (phsA), 4Fe-4S
binding protein (phsB), anchoring subunit (phsC),
which has the function of anchoring the enzyme
in the membrane [17]

AHanu3 BBIABHIJI, YTO ITIOTCHIMAJIbHAS
THOCYJIb(aTpeIyKTa3a MPUCYTCTBYET Y BCEX
npencrasuteneit  poma  Thiothrix:  T.
fructosivorans QY, T. caldifontis G17, T.
lacustris BLY, T. litoralis AS™, T. nivea JP2",
T. unzii A1", Thiothrix sp. 207, Ca. Thio-
thrix anitrata AS52, T. subterranea Ku-5',
Ca. Thiothrix sulfatifontis KT. Bsicokoe
CXOJCTBO TMOJIYYEHHBIX aMHUHOKHCIOTHBIX
nocnenoBarenbHocTell PhsA (>80%) Bcex

Psr/PhsA

UnkA

Puc. 2. ®unorenernueckoe 1epeBo, MOKa3bIBa-
I0llIee KIIACTEPU3ALINIO BHIBEICHHBIX aMHHOKHC-
JIOTHBIX MOCJIEI0BATEIbHOCTEH, IPEIOIONKH-
TENBHO THOCYIb(aTpeayKkTas, u3 Thiothrix spp.
OpanxeBol paMKOW 3aKJIFOUEHBI ITOCIICIOBATEIhb-
HOCTH 0XapaKTepU30BaHHBIX THOCYJIb(aTpeyK-
Ta3. BeiBenenHsIe ocienoBarensHoCT U3 Thio-
thrix spp. 0003HAYCHBI 3€JICHBIM [IBETOM.

Fig. 2. Phylogenetic tree showing clustering of
deduced amino acid sequences, presumably thio-
sulfate reductases from Thiothrix spp.. Evolution-

ary analyses were conducted in MEGA11 [14].
Sequences of characterized thiosulfate reductases
are enclosed in an orange box. The deduced se-
quences from Thiothrix spp. are indicated in
green.

Bu0B, kpome Ca. Thiothrix moscovensis u
T. winogradskyi, ckopee BCETrO yKa3bIBaeT
Ha notepio reHoB phsABC.

Jlnist BepuQUKAIA TeHOMHBIX TaHHBIX H
HKCHEPUMEHTAIBHOTO TIOATBEPXKICHUS CIIO-
coOHocTu OakTepuit pona Thiothrix x aHad-
pPOOHOMY POCTY B MPUCYTCTBHH THOCYJIb-
¢aTa B Ka4yecTBE TEPMHUHAIBHOTO aKIENTOPa
3JIEKTPOHOB OBUIO MPOBEACHO H3MEpEHHE
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Puc. 3. [Ipupoct 6emnka B MpUCYTCTBUU THOCYNIb(}aTa B KAUECTBE aKLENTOPa 3JICKTPOHOB NPU
aHa’pOOHOM POCTE B MOMEHT JKCIOHEHIMaNbHOH (a3bl pocta B I, Il u Il maccaxe y T. litoralis
AST(1), T. unzii A17 (2), T. nivea JP2" (3)

Fig. 3. Protein gain in the presence of thiosulfate as an electron acceptor during anaerobic
growth during the exponential growth phase in T. litoralis AST (1), T. unzii A17 (2), and T. nivea
JP27(3) in the I, IT and IIT passages

1,2

1 II
1

2-
S/S,04%, t/n

o o o o
o NV A o

2 3
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Puc. 4. Konnenrpanus trocynbhara npu anaspoOHOM pocTte B HylieBoi Touke (0 yacoB)
¥ KOHEYHO#t Touke mocine 96 yacos pocta T. litoralis AS™ (1), T. unzii A17 (2) u T. nivea JP2" (3)
Fig. 4. Thiosulfate concentration during anaerobic growth at zero point (0 hours) and end

point after 96 hours of growth of T litoralis AST (1), T. unzii A17 (2), and T. nivea JP2T (3)

0011ero KoIrm4ecTBa 0eika B MOMEHT JKCIIO-
HeHnuansHOU ¢assl pocta B I, 11 u 11l mac-
caxe. [{na T. litoralis ASY, T. unzii A1, T.
nivea JP2' mokaszaH CTaGMIBHBIA MPHPOCT
6enka B cpeanem 15 mr/am® (puc. 3). s
Thiothrix winogradskyi He moka3aHO aHad-
poGHOro pocTa Ha THOCYJIb(]aTe B KauecTBe
KOHEYHOT'O aKIENTopa dJIEKTPOHOB.

B mporecce paboTel Obla HccaenoBaHa
JIMHAMUKA BOCCTAHOBJICHUS THOCYJIb(ara u
o0Opa3oBaHUs MPOAYKTOB €0 BOCCTaHOBIIE-
HUS TIPH aHA3POOHOM POCTE METOJIOM HOJIO0-
METPUYECKOTO TUTPOBAHHS, B XOJE€ KOTO-
poro MBI TIOKa3aM YOBUIb THOCYJbGara
cnycts 96 4acoB pocTa 1Mo CpaBHEHHUIO C UC-
XOHOW KoHUeHTpanuen: y T. litoralis AST
KOHIIEHTpAIMs yMeHbIunack Ha 0.05 r/am’,
T. unzii A1" —ua 0.13 v/am>, T. nivea JP2T —

ua 0.08 r/am> (puc. 4). DTOT TpoIECC KaTa-
JTU3UPYET THOCYIb(paTpeayKTa3a, KoTopas
BOCCTaHABJIMBAECT THOCYJb(pAT ¢ 0OpazoBa-
HUEM KOHEYHBIX TNPOIYKTOB cyibdura u
cyibduna. BaxkHO OTMETHTb, YTO TakKas pe-
aKIUs OTIIMYACTCS OT PEAKIUH AUCIIPOTIOP-
IIUOHUPOBAHUS THOCYJIb(ara, Mpu KOTOPOM
MPOAYKTAMH SIBIISTIOTCSL CYTb(paT U CepOBO-
nopon [19]. B xone paboTsl OBLIO TOKa3aHO
YBEIIMYCHUE  KOHICHTPAMU  Cylb(huTa
(S/SOs*) u cynsduna (S/HS): y T. litoralis
AST —1a 0.017 u 0.057 v/um>, T. unzii A1T
—Ha 0.025 1 0.012 t/am>, T nivea JP2T — na
0.013 u 0.057 r/n, cooTBETCTBEHHO (pHUC. 5).

HononuaurensHo y 7. litoralis, T. unzii, T.
nivea WCCIIEIOBaH YPOBEHb IKCIIPECCUU Te-
HOB phsA, phsB, phsC B aHa3pOOHBIX yCIIO-
BUSIX M @3POOHBIX YCIOBUSIX B KAYECTBE KOH-
Tposisi. B pesynbrare ObLIO NOKa3aHO, YTO
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Puc. 5. KoHneHTpamys npoyKToB npespammenus Tnocyibdara S/SOs* (A) u S/HS™ (B) npu anas-
po6HOM pocTe B HyseBoi Touke (0 9acoB) M KOHEYHOH Touke mocie 96 gacos pocra T. litoralis AST (1), T.
unzii A17 (2), T. nivea JP2T (3)
Fig. 5. Concentration of thiosulfate conversion products S/SOs> (A) and S/HS" (B) during anaero-
bic growth at zero point (0 h) and end point after 96 h of growth of T. litoralis AST (1), T. unzii A1T (2),
and T. nivea JP2T (3)
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Puc. 6. Dxcnpeccus reHoB phsA, phsB u phsC, xkoqupyroumx Tuocynbdarpeaykrasy, us T. lito-
ralis AST(A), T. nivea JP2" (B) u T. unzii A1" (B) 1pu a3po6HOM pOCTe ¥ aHa3POOHOM POCTE B IPHCYT-
CTBHH THOCYJIb(]aTa B KauecTBE TEPMUHAIBLHOTO aKLENTOpa MIEKTPOHOB. ['0iryObIM 11BETOM 0003HaYEeH
a’pOOHBIN POCT, OpaHKEBBIM IIBETOM — aHA’POOHBIN pocT | maccax, 3eJIeHbIM [[BETOM — aHa3POOHBIN
pocr II maccax
Fig. 6. Expression of phsA, phsB, and phsC genes encoding thiosulfate reductase from T. litoralis
AST (A), T. nivea JP2T (B), and T. unzii A1T (B) during aerobic growth and anaerobic growth in the pres-
ence of thiosulfate as a terminal electron acceptor. Blue color indicates aerobic growth, orange color indi-
cates anaerobic growth of passage I, and green color indicates anaerobic growth of passage 11

Opyd aHadpoOOHOM pOCTE Ha THOCYJbdare
skcnpeccust TeHOB phsA, phsB, phsC y T.
litoralis AS" yBenuuuBaercs npUOIM3M-
TEIHHO B 15 pa3 mo cpaBHEHUIO ¢ a3POOHBIM
KyJlbTUBHpOBaHUEM (puc. 6A). ¥V T. nivea
JP2"T ypoBeHb IKCIpeccuy TEHOB TPUOCYTb-
(aTpenyKTa3bl yBEIUUMBACTCS B CPEIHEM B

6 pa3 (puc. 6B). Y T. unzii A1" sxcnpeccus
IeHOB B MEPBOM IIacca)ke€ BO3pAcTaeT Mpu-
MepHO B 12 pa3 mo cpaBHEHHIO C adPOOHBIM
KyJIbTUBUPOBAaHUEM, BO BTOPOM Iaccaxe
HaOII0AaeTCsl MHOTOKPAaTHOE YBEIMYCHHE
SKCIpeccuu TeHOB B cpeaHem B 180 pas
(puc. 6B).
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Takum oOpa3oMm, CTaOMIIBHBIA MPUPOCT
oenka y Thiothrix spp. B TeUueHUE TpeX IO-
CJICZIOBATEIILHBIX MMAaCCaXEH B MPUCYTCTBHU
THOCYNb()aTa B KaueCTBE TEPMUHAIBHOTO
aKIEenTopa 3JCKTPOHOB MNpPHU aHA’POOHOM
pocte ¢ 00Opa3oBaHUEM MPOMOPIHOHAb-
HOTO YBEITMYCHUS KOHIICHTPAIUH CyJIbduaa
U cynb(duTa, KAK KOHEUHBIX MPOAYKTOB pe-
aKIMU BOCCTAHOBJICHUS THOCYJb(dara, a
TAKIKC 3HAYUTCIIbHOC YBCIMYCHUC YPOBHA
9KCIPECCHH TC€HOB, KOJUPYIOIIUX THOCYJIb-
darpenykra3zy, mpu aHa3poOHOM POCTE B CO-
BOKYITHOCTH YKa3bIBacT Ha HAJIMYHE aKTHB-
HOCTH THOCYJIb(aTpeyKTas3sl y MpeICTaBH-
teneit pona Thiothrix.

3akJjaroueHue

C OMOIIbIO MOJICKYJIIPHBIX U OMOXUMH-
YECKUX METOJIOB ObLTa OOHApYKEeHA CII0C00-
HOCTh TipencTaButeneit poxa Thiothrix, T.
litoralis AS™, T. unzii A1", T. nivea JP2", k
aHA’pOOHOMY pOCTY B MPHUCYTCTBHUU THO-
cyib(ara B KaueCTBE TCPMHHAIHHOIO aK-
IenTopa 3JIeKTPOHOB. M3ydeHue mporecca
THOCYb(ATPEAYKIMU [TacT BO3MOXHOCTb
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