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ABSTRACT. The morphology and phylogenetic analysis of three genera of colourless sulphur bacteria
found in different regions of Lake Baikal were studied. Based on 16S rRNA gene analysis, Baikalian
Thioploca sp. belongs to the cluster of freshwater representatives of this genus from different lakes and
is identical to the species T. ingrica. A new species of Ca. Thiothrix namsaraevi was discovered in the
Zmeiny hot spring using whole genome analysis. Single filaments with sulphur inclusions from the
Hakusy hot spring were identified as Beggiatoa sp. with 99% homology to uncultivated representatives

of the genus.
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1. Introduction

Colourless sulphur bacteria (CSB) are of great
scientific interest because they form a significant bio-
mass due to their size and can be seen with the naked
eye. Typically, oxygen shortage, high levels of various
sulphur compounds, organic matter and nitrates are
registered in areas inhabited by CSB. CBS develop en
masse in coastal areas of seas and oceans, hydrothermal
vents and springs, water treatment reactors (Robertson
and Kuenen, 2006).

In 1991, in the northern basin of Lake Baikal
bacterial mats formed by CSB of Thioploca sp. were
described for the first time (Crane et al., 1991). High
rates of sulfate reduction and methanogenesis were
recorded in sediments of this site, and chemosynthe-
sis-based communities developed here. Based on 16S
rRNA gene fragment analysis, Baikalian bacterium was
the most similar to the Thioploca ingrica (Zemskaya
et al., 2009). Later, the presence of Thioploca sp. fila-
ments was found in sediments of other sites, including
near-surface gas hydrates and oil seepage, where high
concentrations of some ions, methane, and organic mat-
ter were recorded. The highest abundance of Thioploca
sp. was recorded in the estuaries of the Selenga and
Barguzin rivers (Zemskaya et al., 2009).

The development of CSB of the genus Thiothrix
was noted in the areas of thermal sulfide springs, in the
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zone of mixing of thermal and lake water (Kompantseva
and Gorlenko, 1988; Barkhutova, 2000). Later, in the
Goloustnoye methane seep, bacteria like Thiothrix sp.
were found on the shell valves of the endemic ostracod
Candona sp. as a part of epibiotic communities. 16S
rRNA gene metabarcoding confirmed affiliation to the
genus Thiothrix (Khalzov et al., 2021).

In 2009 CSB of the genus Beggiatoa were found in
the Hakusy hot springs during the observation of alive
shellfish samples of gastropods.

The aim of the work was to study morphology
and phylogenetic determination of CSB found in dif-
ferent years in sediments of Lake Baikal and microbial
fouling in thermal springs located near the water’s edge
of the lake Baikal.

2. Materials and methods

The CSB were sampled during scientific expedi-
tions between 2009 and 2021. The samples taken for
the study are Thiothrix sp. from the Zmeiny hot spring,
Thioploca sp. — from delta of Selenga River, Beggiatoa
sp. - from Khakusy hot spring. Phase-contrast and light
microscopy were performed on an Axiovert 200 epiflu-
orescence microscope (Zeiss, Germany). DNA isolation,
PCR, cloning, sequencing, and sequence processing
were performed as described previously (Chernitsyna
et al., 2021; Chernitsyna et al., 2024). 16S rRNA gene
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sequences were deposited in GenBank under the num-
bers PP946765, PQ143231 and PQ143237.

3. Results and discussion

The morphology of Baikalian CSB is according to
the descriptions given in Bergey’s Manual of Systematic
Bacteriology (Garrity et al., 2005). Bacteria of the
genus Thioploca had a common sheath in which 3 to
22 filaments were observed. They were able to move in
and out of the sheath independently of each other (Fig.
1a). Sulphur globules, vacuoles containing nitrate and
other inclusions were noted inside the cells. The com-
plete sequence of the 16S rRNA gene of Thioploca sp.
from the Selenga had 99.8% homology with T. ingrica.
According to this gene, Baikalian Thioploca sp. belongs
to the freshwater clade (Fig. 2).

Multicellular filaments of Thiothrix sp. are
non-motile, covered with a sheath, and form rosettes.
Sulphur inclusions were observed in phase contrast
(Fig. 1b). The 16S rRNA gene sequence (1485 bp) of
Baikalian Thiothrix sp. showed 99-99.7 % homology
with several species of Thiothrix. Whole genome anal-
ysis of Thiothrix sp. from the thermal spring Zmeiny
situated on the coast of northern Baikal showed the
presence of a new species Ca. Thiothrix namsaraevi
(Chernitsyna et al., 2024).

Single filaments of Beggiatoa sp. with a diameter
of about 3 pum had rounded ends and a large number
of inclusions (Fig. 1c). Microscopy of alive Beggiatoa
sp. showed active movement of filaments, with speeds
up to 300 pm/min. Sequencing of the 16S rRNA gene
(893 bp) showed 99% homology with Beggiatoa sp. LPN
(EU015402) from the sediment of a stream receiving
primary treated sewage water (Denmark). Other near-
est homologues (98.8%) were found in the Frasassi
karst cave system (Italy). The homology with cultured
B. leptomitoformis and B. alba was only 92 and 91.6%,
respectively.

4. Conclusions

In Lake Baikal, three genera of CSB: Thioploca,
Thiothrix and Beggiatoa - were found in different eco-
topes, in the zones of redox potential gradient, sul-
phate ion concentrations. They differ morphologically

(presence/absence of a sheath, cell shape and ability
to move) and have different metabolic potential. The
difficulty of culturing, the wide variability of morpho-
logical features and high homology of 16S rRNA gene
within the genus make it impossible to identify them
to species without genome analysis. It is the analysis
of the complete genome that allowed to discover a
new species of Ca. Thiothrix namsaraevi. The complete
genomes of Baikal Thioploca sp. and Beggiatoa sp. are
yet to be assembled.
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Fig.1. Morphology of CSB at 1600-magnification: a - Thioploca sp. from the cold seep Posolskaya Bank (a view of filaments in
a common sheath at 160-magnification is in the inset); b - Ca. Thiothrix namsaraevi from thermal spring Zmeiny (phase contrast);

¢ - Beggiatoa sp. from thermal spring Hakusy.
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Fig.2. Phylogenetic tree of Baikalian CSB reconstructed by the neighbour-joining method. The percentage of replicate trees
in which the associated taxa clustered together in the bootstrap test (1000 replicates) are shown next to the branches (values
above 70% are shown).
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AHHOTALIUA. HcciaegoBaHna MopdoJorus 1 npoBefieH GrjioreHeTUYeCKUl aHajliu3 TpeX pofoB Oec-
I[BeTHBIX CepHBIX OakTepuii, 0OOHapy>XeHHBIX B pa3JIMYHBIX palioHax o3epa batikan. Ha ocHoBaHuu aHa-
Ju3a reHa 16S pPHK 6atikaibckasn Thioploca sp. BXOOUT B KJlacTep MPECHOBOAHBIX MpeACTaBUTEJIEN
3TOr0 PoJia U3 pa3yIMYHbIX 03ep U uaeHTH4YHa BuAy I. ingrica. B palioHe ropsuero NCTOYHUKA 3MEUHBIN
C IIOMOIIBI0 aHAJIN3A MOJIHOTO TeHoMa o6HapyxeH HOBBIN By Ca. Thiothrix namsaraevi. OguHOYHEBIE
HUTH C BKJIIOUEHUAMHU CepHl U3 palioHa ropsyero MCTOYHKKA XaKyChl OTHeCeHH! K poAy Beggiatoa ¢ 99%
rOMOJIOTHU K HEeKyJIbTUBUPYEMEIM IIpeCTaBUTESIAM poja.

Kimioueawie citosa: Thioploca sp., Thiothrix sp., Beggiatoa sp., 03. Baiikan

Jiisa mutupoBanusa: Yepuuipina C.M., BykuH C.B., Enosckas U.C., CutHukosa T.., 3emckas T.U. BeciiBeTHbIe cepHble 0aKTEPUU B
aKocucTeme o3epa Baiikas // Limnology and Freshwater Biology. 2024. - No 4. - C. 864-869.DOI: 10.31951/2658-3518-2024-A-4-864

1. BBeapenue

BecrBetrHble cepHble GakTepun (BCB) BHI3BIBAIOT
OOJIBIION HAY4YHBIMI WHTEpec, IOCKOJIbKYy 00pasyroT
3HaAuUMUTeJIbHyl0 Onomaccy OJjiarofapsA CBOMM pasMe-
paM U MOTYT OBITh BHIHBI HEBOOPYXEHHBIM TJIa30M.
Kak nmpaBuJio, B palioHax, rje oOUTamT cepHble OakTe-
pUM, perucTpupyercs HeJOCTAaTOK KHCJIOPOJia, BBHICO-
KOe coJiep’kaHue BOCCTAHOBJIEHHBIX COeJHEHUN Cephl,
opraHuieckoro BemlectBa u HuTparoB. BCB pa3BuBa-
I0TCA B Macce B MPUOPEXHBIX palioHaX MOpel U OKea-
HOB, THAPOTepMaJIbHbIX BEHTAX U NCTOYHUKAX, PeaKTO-
pax ourictku BoJ (Robertson and Kuenen, 2006).

B 1991 roagy B ceBepHOM KOTJIOBUHE O3epa
BatikaJ BriepBble OBLTIY OIKMCAHBI GaKTepHabHBIE MaThL,
OCHOBY KOTOphIX coctaBsiiu BCB poma Thioploca
(Crane et al., 1991). B qoHHBIX OcajJKaX 3TOT'O paiioHa
¢dukcupoBaIch BEICOKKE CKOPOCTH CyJibhaTpe yKIUn
U MeTaHOoreHe3a, M Pa3BUBaJIMCh OCHOBAHHbIE HAa XeEMO-
cuHTe3e coobmiecTBa. Ha ocHoBe aHanu3a ¢parmeHTa
reHa 16S pPHK Oarikanbckasa OakTepusa Hauboiee
cxonHa Buny Thioploca ingrica (3emckas u ap., 2009).
IMozanee mpucytcTBue HUTel Thioploca sp. oTMeYaa0ch
B 0CaJIOYHBIX TOJIM[AaX APYIMX palioHOB, BKJIIOYas paii-
OHBI IIPUIIOBEPXHOCTHOI'O 3ajieraHusA ra3orujipaToB U
HedTeNnposBJIeHN!, Ile PerucTpUpOBaIMICh BBICOKHE
KOHIIeHTpaI[l1 HEKOTOPHIX NOHOB, MeTaHa 1 OpraHuye-
ckux BelecTB. HanGosbias urcsieHHocTh Thioploca sp.
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oTMeueHa B ycTbaAX pek CesieHra u baprysuH (3emckas
u ap., 2009).

Pazsutue BCB popma Thiothrix oTrmeuasoch B
palioHax cyJbGUIHBIX TUAPOTEPM, B 30He cMelle-
HUA TepMaJlbHONM U o3epHoil Boja (KommanneBa u
l'opsienko, 1988; BapxyTtoBa, 2000). [To3gHee B palioHe
MeTaHOBOTO cuma I'osioycTHoe, momo6Hble Thiothrix sp
OaxkTepun ObLIM OOHApy>XE€HBI HAa CTBOPKAxX PaKOBHH
SHIIEMHUYHBIX OcTpako]] Candona sp. B cocTaBe 3MHUOHO-
TUYeCKUX cooOmecTB. MetabapkoaupoBaHue IO TeHy
16S pPHK noaTBepAWJIO MX NPHUHAJIEXHOCTb POAY
Thiothrix (Khalzov et al., 2021).

BCB popa Beggiatoa ObUiii OOHapyXeHBl B paui-
OHe MCTOYHHKA Xakychl B 2009 r. mpu uccjiegoBaHUU
KMBBIX IPOO MOJLIIOCKOB.

[lenp0 paboOTH ABJIAJIOCH M3ydyeHHE MopdOJIo-
TAYU U omnpefiesieHre TaKkCOHOMuueckoro craryca BCb,
oOHapy>XeHHBIX B pa3JjiMyHble roAbl B JOHHBIX ocaj-
kax oszepa batikan 1 MUKpOOHBIX oOpacTaHUAX B pail-
OHe TepMaJIbHBIX MCTOYHUKOB 03epa, PaclOJIOXKeHHBIX
BOJIM3U ype3a BOZBI.

2. MaTtepuanbl 1 MeTOAbI

[TpoGs! Oeci{BeTHBIX CEPHBIX OaKTepuil 0TOOPaHEbL
B XOJle Hay4YHBIX 3Kcnequnuil B nepuojn ¢ 2009 r. mo
2021 r. [Qna uccnenoBaHus B3ATH obpassl Thiothrix
Sp. U3 ropsdero ncroyHruka 3MmeumHsi, Thioploca sp. —
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nenbTa peku CesieHra, Beggiatoa sp. — TOpAYNI NCTOYHUK
Xakychl. ®a30BO-KOHTPACTHYIO U CBETOBYI0 MUKPOCKO-
MIHIO BBHINOJIHAIN Ha 2NUQIIyopeclieHTHOM MUKPOCKOIIe
Axiovert 200 (Zeiss, I'epmanus). Beigenenue JJHK,
[ILIP, kj1oHUpOBaHUE, CeKBeHHpOBaHUEe U 00paboTKy
nocjieJoBaTeJIbHOCTeH IPOBOJAMJIM KaK ONKCAHO paHee
(Chernitsyna et al., 2021; Chernitsyna et al., 2024).
[TocnemoBaTtesnbHOCTU reHOB 16S pPHK fnenoHupoBaHbl
B GenBank mog Homepamu No PP946765, PQ143231,
PQ143237.

3. Pe3ynabTaTtbl M 06Ccy)xpeHue

Mopdosorusa 6atikanbckux BCB cooTBeTcTBO-
BaJjla oNMcaHuAM, IpHUBe[eHHbIM B ollpefesinTesie Oak-
Tepuii Bepxu (Garrity et al., 2005). Baktepuu poza
Thioploca menu o0IUiI 4exX0J1, B KOTOPOM (pUKCcHpo-
BaJsiochb OT 3 A0 22 ¢unaMmeHTOB. OHU MOTJIU epeBU-
ratbcs BHYTPU YexJla Y BEIXOAUTH U3 Hero He3aBUCHUMO
Apyr ot apyra (Puc. 1a). BHyTpu KjleTOK OTMedaJiliCh
rJ100yJIbl cephl, BaKyoJIu cofepXaliyie HUTPATH U ApY-
rue BktoueHus. [losHas mocseqoBaTesIbHOCTh IeHa
16S pPHK muta Thioploca sp. u3 nmenpTsl p. CeyieHra
nMmesa 99.8% romosnoruu ¢ BugoM T. ingrica. ITo atomy
reHy, Oafikasibckue mpexacrasutenu Thioploca mona-
Janu B IpecHOBOAHYI0 kiany (Puc. 2).

MHorokJieTouHsle HUTH Thiothrix sp. Hemoj-
BUXHBI, IOKPHITH 4YeXJIOM, 00pa3yloT po3eTku. B ¢dazo-
BOM KOHTpacTe HabJoJajuch BKII0UeHUA cephl (Puc.
16). [TocnenosaTenpHOCTh TeHa 16S pPHK (1485 m.H.)
6atikasibekoro Thiothrix mokazana 99-99.7 % romoJio-
TUI0 C HeCKOoJIbKUMH BumaMu Thiothrix. AHalIu3 I0JI-
Horo reHoMma Thiothrix sp. U3 TepMaJIbBHOTO UCTOYHUKA
3MeuHbIli Ha mobepexbe ceBepHoro balikana moka-
3an mpucyTtcTBue 3Aech HoBoro Buma Ca. Thiothrix
namsaraevi (Chernitsyna et al., 2024).

OauHouHble HUTU Beggiatoa sp. OuaMeTpoM
OKO0JIO 3 MKM MMeJId 3aKpyTJIeHHble KOHIIB! 1 00JIbIlIoe
kosnuecTBo BkJtoueHuil (Puc. 1B). Ilpu Mukpockonu-
pOBaHMU XKMBHIX 00pasloB Beggiatoa Sp. OTMedasioch
aKTHBHOe ABWXeHHe HUTelH, CKOPOCTb KOTOPBIX AOCTU-
rama 300 MKM/MUH. AHajJMU3 I0CJe0BaTEeIbHOCTU
reHa 16S pPHK (893 n.H.) nokasan 99% romoJioruui ¢

Beggiatoa sp. LPN (EU015402) 113 ocaKoB py4bs C OUU-
IMIeHHBIMU CTOYHBIMU BoAamu ([anus). pyrue 6su-
xarimne romosioru (98.8%) obHapyxkeHB B cHUCTeMe
KapcToBeIX Iemmep ®pasaccu (Urtanus). C KyJIbTUBUPY-
eMbIMU B. leptomitoformis v B. alba mpo1ieHT TOMOJIOTUH
cocTtabiseT Bcero 92 u 91.6% coOTBETCTBEHHO.

4. BoiBOADI

B osepe batikan obHapyxeHsl BCB Tpex ponios
Thioploca, Thiothrix u Beggiatoa, obuTawie B pas-
JINYHBIX 3KOTONAaX, B 30HAX IpagueHTa OKUCJIUTesIb-
HO-BOCCTaHOBUTEJIBHOI'O IOTeHNKasla, KOHLeHTpalui
cysbdar noHa. OHU pasinyanTcad MOP(OJIOrhuYecKu
(Hanuune/oTCyTCTBUE YexJia, popmMa KJIETOK U crocoo-
HOCTb K ABMXEHHUIO) M UMEIOT pa3/iMyHble MeTaloJIu-
yecKre BO3MOXHOCTHU. CJIOXKHOCTb IOJIy4eHUs U IOA-
JlepXaHus YHUCTHIX KyJIbTyp, IHpOKas BaprabebHOCThb
Mop@doJiornyecKrx prU3HaKoB BHYTpU poja, HenH)Oop-
MaTHBHOCTH Kjiaccuyeckoro reda 16S pPHK He no3sBso-
JIAI0T UAeHTUGULIMPOBAaTh UX A0 BuAa 6e3 aHanusa
reHomMa. VIMeHHO aHa/M3 MOJIHOI'O reHOMa II03BOJIMJI
obHapyxuTh HOBBIU BuA Ca. Thiothrix namsaraevi.
IMosHEle reHOMBEI Gatikabckux Thioploca sp. v Beggiatoa
Sp. ellle TOJIbKO IIPeACTOUT IOJIyYUTh.
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noaaepxke rpaHnta PH® No 22-14-00084. 'enomHoe
ceKBeHUpoOBaHUe npoBoAwian Ha miardopme Illumina
MiSeq (®I'BHY BHUHCXM, Cankr-Ilerepbypr).
BuoundopmaTtryeckre pacueTsl IPOBOAWIIN Ha BBIUNC-
JIUTEeJIbBHOM KJlacTepe «Axkagemuk B.M. Matpocos»
(UpxyTckuii cynepkomibioTepHsiii iieHTp CO PAH).

KoHpAUKT UHTEpecoB

ABTOpHBI 3aABJIAIOT 06 OTCYTCTBUM KOH(IIMKTa
VHTEPECOB.

Puc.1. MopdoJiorus GecriiBeTHBIX cepHbIX 6akTepuii npu 1600-kpaTHOM yBesmueHuu: a - Thioploca sp. U3 paiioHa X0JI0JHOTO
curma IMocosbckas 6aHka (Bo Bpe3ke BUJ HUTEH B 0o0IieM uexiie npu 160-kpatHoM yBesuveHun); 6 - Ca. Thiothrix namsaraevi B
¢a3oBoM KOHTpacTe, TepMaJIbHbII NCTOYHUK 3MeVHEIH; B - Beggiatoa Sp., TepMaJIbHbII NCTOYHUK XaKyCHI.
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100 PQ143237 Beggiatoa sp. Lake Baikal (hot spring Hakusi)

- DQ338566 Thioploca sp. ‘Lake Baikal® (Frolikha)
PQ143231 Thioploca sp. Lake Baikal (Selenga)
L40998 Thioploca ingrica

IAY115530 Thioploca sp. ‘Lake Constance’
AF452892 Thioploca sp. ‘Lake Biwa'

AY115530 Thioploca sp. ‘Lake Constance’
AF452892 Thioploca sp. 'Lake Biwa'

AB699683 Thioploca sp. 'Lake Tonle Sap’
AB263619 Thioploca sp. 'Lake Ogawara’
AY580013 Beggiatoa sp. ‘Carmel Canyon’

{

KF892060 Beggiatoa sp. 'Guadeloupe FWI'
L40999 Thioploca chileae
AF035956 Beggiatoa sp. ‘Bay of Concepcion’

AF064543 Beggiatoa sp. 'Monterey Canyon"

74 L41043 Thioploca araucae
PP736122 Beggiatoa sp. 'Guaymas Basin'
EU015402 Beggiatoa sp. LPN

CP018889 Beggiatoa leptomitoformis D-401

80 L L40994 Beggiatoa alba
96 | CP072800 Ca. Thiothrix anitrata isolate A52

NR_118100 Thiothrix unzii strain A1
CP059265 Ca. Thiothrix singaporensis isolate

NR_118687 Thiothrix nivea DSM 5205 strain JP2

P072748 Thiothrix fructosivorans strain ATCC 49748
P094685 Ca. Thiothrix sulfatifontis

AF148516.1 Thiothrix sp. CT3

P946765 Ca. Thiothrix namsaraevii

P124756 MAG: Ca. Thiothrix putei isolate GKL-02
R_116398 Thiothrix caldifontis strain G1
R_181951 Thiothrix subterranea strain Ku-5
Z_JHYQ01000054 Thiothrix lacustris DSM 21227

CP072801 Thiothrix litoralis strain AS

U329401 Thiothrix ramosa

H
0.1

NR_044870 Leucothrix mucor DSM 2157

Puc.2. ®dusnorenernyeckoe gpeBo 6atikajabckux BCB, mocTpoeHHoe 1o MeTony o6beanHeHUs Oypkaimux cocefeil. Yuca
[IOKa3bIBAIOT JJOCTOBEPHOCTh BeTBJIeHNUA 110 pe3ysbTaTam 1000 noBTOpHOCTEH “bootstrap”-aHain3a (puBefieHbl 3HaUeHN BhIIIe

70 %).
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