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Momuseayus u yenv. becuBeTHsle cepoOaKTepuu — 3TO OJHA M3 3araJ0uHBIX TPYIII
JUTOTPOMHBIX MPOKApUOT. MHOTHE U3 HUX XapaKTEPHU3YIOTCA TUTAHTCKHUMU pa3MepamMu
(20-750 MxM), cpeam HUX TpeoOJaqAIOT  HEKYJIbTUBHpPYeMble (OPMBI, OHH
OTKJIA/IBIBAIOT JJIEMEHTHYIO cepy BHyTpH Kietok (mo 80 % or cyxoro Beca), B
MPUPOAHBIX OMOTOMAX, KaK MPaBWJIO, AOMHHUDPYIOT, 00pa3ysi MOIIHbIC BHIMMBIC
HEBOOPYKCHHBIM TJ1a30M MaThl U oOpacTanwus [1].

I[MpencTaBuTeIbHAS KOJUICKIINSA H30JSTOB poaa Thiothrix, momydenHas Harei rpymmoiu,
MO3BOJIMJIA BBISIBUTH NMPOOJIEMY B MIACHTH(OUKAIMK H30JIATOB: OOJBIIMHCTBO KYJIBTYp
MMEJIH BBICOKHI ypOBeHb romosioruu 1mo 16S rRNA, koropas BapbHpyeT B mpeaeiax
98-99 %, 4TO MO3BOJISACT MPEANOIOKNUTh, YTO OHHU SABJSIFOTCS IITAMMaMK OJHOTO BUA.
Ota npobiieMa YCIOKHSIIACh TEM, YTO MpeicTaBuTenci poma Thiothrix o6beaumser
CXOXKUH (peHOoTHH — HUTYaTble OECUBETHBIE CEPOOAKTEpPHH, OOPa3ylOT PO3ETKU H
BHYTPUKJIICTOUHBIC BKJIIOYEHHUS DJIEMEHTHOW Cepbl TpPU pPOCTe B MPUCYTCTBUH
cepoBOJOpOa M THOCYNb(daTa, W, KaK MPaBHJIO, BCE MPEACTABUTEIH pPOJa MUMEIOT
YHUQUIMPOBAHHYIO CXEMY OCHOBHBIX MeTabonmmdeckux mytei [2]. [Ipobmema vactuaHO
pemmiach ¢ MosiBICHHEM BO3MOXKHOCTH cOopku reHoMoB (MAG) U3 mMeTareHOMOB.
OnHako WHOT/IA HAOIIOJAaeMoe MNPUCYTCTBHE B 00pasile HECKONbKHX OJNM3KHX, HO
TeHETUYECKH OTJIMYAIOIIMXCS INTAMMOB, IMPEISTCTBYET KaK COOpKE MEeTareéHOMHBIX
KOHTUTOB, TaK U WX KOppeKTHOMY OWHHUHTY 1uis cOopku MAG. Takum o0pazom,
OTCYTCTBHE JIOCTOBEPHBIX (PHIOTCHETHYECKHX MAapKEpPOB M HEOONBIIOE KOJIUYECTBO
U30JIATOB MPEMATCTBYIOT YCTAaHOBJICHHIO TOYHOTO (PHIIOT€HETHYECKOT0 POJICTBA B POJIE
Thiothrix [3, 4].

3a moceiHee iecaTUIIeTHE ceMelicTBo Beggiatoaceae Obu1o 3HAYUTEIBHO PACHIUPEHO
BO MHOrOM Onarojapsi JaHHBIM METareéHOMHOro aHanu3a. OJHaKo ONMCaHHe HOBBIX
TaKCOHOB B CEMEHCTBE NPEHMYIIECTBEHHO OCHOBAaHO Ha MOP(}OJIOrHH, a TEHOMHBIE
JAaHHbIE HE colepXar 3Ty HuHPOpManuioo. IJTO, B CBOIO oOuepedb, MPHBEIO K
BO3HUKHOBEHHUIO OOJIBIIOTO KOJMYECTBA HOBBIX KaHANWAATHBIX POJOB, @ MHOTHE U3 yiKe
OIMMCAaHHBIX OTCYTCTBYIOT B COBPEMEHHOW I'€HOMHOW TaKCOHOMHH 3TOTO CeMeHCTBa
(Genome Taxonomny Database, GTDB).

Memoov: u ancopummoei: MeTareHOMHOE CEKBEHHPOBaHHE M COOpPKa TI'CHOMOB,
TeHOMHBIH aHaIN3 ¥ aHHOTalus, (PUIIOTCHETHYECKUI aHaAIIN3.

Pesynomamul: Mpbl TIpOaHATU3UPOBATN BO3MOXKHOCTh HCIIOJB30BAHUS PA3IUIHBIX
KOHCEpBATUBHBIX I'eHOB (okoio 100) B kadecTBe (PHIOrEHETHYECKHX MapKEepOB s
poma Thiothrix, otmumunbix ot 16S rRNA. VYcTaHOBIEHO, YTO YpPOBHHM CXOJCTBA
HyK1eoTuHbIX TocnenoBarenbHocTeld reHoB TPHK(Ile)-musuanncnnrasen (tilS) u -
cyobenuanisl  PHK-momumepaser  (rpoB)  xopomio cornmacyrorcst co  cpelHHMHA
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3HAUCHUSMH HYKICOTHAHOW wuaeHTHYHOCTH (ANI) Mexay reHoMamu pas3iMYHbIX
npesacTaButenedd  poma  Thiothrix. Tomomorum QunoreHeTHYeCKUX  JICPEBHEB,
MOCTPOCHHBIX Ha OCHOBE TocienoBaTenbHocTei tilS u rpoB, cxomHsl ¢ TomoONIOTHEH
IlepeBa, IOCTPOCHHOTO Ha OCHOBE IociiemoBaTenbHOCTEH 120 KOHCEpBAaTHBHBIX
MapKepHBIX TeHOB. BBICOKONPON3BOIUTEIFHOE CEKBEHUPOBaHe hparMeHToB reHa tilS
OBLTIO HCIIONB30BAHO JUIS TPOQMINPOBAHUS MHKpoOHOro wmara ¢ Thiothrix wus
Cyb()UIHOTO UCTOYHUKA, YTO MTO3BOJIUIIO BEISIBUTH H3BECTHBIC BUIBI ThiOthriX 1 HOBBIX
¢unoTumsl BunoBoro ypoHs. Takum obpa3om, ucronb3oBanue tilS u rpoB B kauectse
(HUIOreHETUUECKUX MaPKEPOB TTO3BOJIUT MTPOBOAUTH IKCIIPECC-aHAIN3 YUCTBIX KYJIbTYP
U TPUPOAHBIX COOOMIIECTB ¢ MEJbI0  (QHIOTCHETHUECKOW  HIACHTH(MUKAIINH
npezcTaBuTesei poaa Thiothrix.

Co3nmana momHOTeHOMHasi (uioreHus pozxa Thiothrix, ocHOBaHHas Ha IIMPOKOW
BBIOOpKE CEKBEHHPOBAaHHBIX T'¢HOMOB. K Hadamy Halmiux HWCCIeTOBaHWUHN (HIIOTeHUS
poma Thiothrix Obra B 3a4yaTOYHOM BHIE, TaK KaK BHIOBOE pasHOoOpasme OBLIO
NPE/ICTaBICHO 5 BUIAMHU, a TEHOMbI OBUTM MPOCEKBEHUPOBAHBI JIUIIG Ui 3 BUIOB. C
NPUMEHCHHEM (DMIIOTCHETHYECKOTO aHaln3a, OCHOBAHHOTO Ha MOJHOTCHOMHBIX
MOCJIEeIOBATEILHOCTSIX, HAM YAaJI0Ch PACHIUPHUTEL POA 10 15 BUAOB, A 9 U3 KOTOPBIX
HaMH OIpe/IeIeHbl TCHOMHBIC TTOCIeI0BATEIbHOCTH. TakKe HaMK ObLI ONUCAH HOBBII
pon B coctaBe cemericta Thiothrichaceae ‘Candidatus Thiocaldithrix” gen. nov.
ITpoBeseH maHreHOMHBINH aHaiau3 poaa Thiothrix. KopoBblii reHOM BKIIFOYAeT T'€HBI
JUCCUMUIIAIIHOHHOTO METabOoMM3Ma Cepbl U LEHTPAIBHBIX META0ONMISCKUX MYTeH;
BCIIOMOTATEJIbHBI TEHOM — TEHBbl JUCCUMHJISIIMOHHOW HHUTpaT- M THOCYIb(AT-
penykimy, QUKCAlUK a30Ta; YHUKAIbHbIE TEHBl — THIIOTETHUCCKUE OCIKH,
TPAHCHOPTEPhI, PETYIATOPHl TPAHCKPUIIINHK, METHATpaHc(hepasbl, TPaHCIO3a3bl U
CHCTEMbl TOKCHH-aHTHTOKCHUH. BrepBble MOKa3aHa CIIOCOOHOCTh OOJIBIIMHCTBA
npezcTaBuTese poaa Thiothrix k aHa3poOHOMY JBIXaHUIO B IPUCYTCTBHUH HUTPATOB U
THOCY/Ib(aTa, a TaKKe HaIMYAE y HEKOTOPBIX MpeacTaBuTenei poma Thiothrix
«HATpUeBO» OuosHepreTuky, Bkrouas Na'-ATPa3zy. MoxkHO mpenmoiarath, 4TO
JIYaJIUCTUYHOCTh JHEPreTHKU TO3BOJISCT ITUM OaKTepusiM B MHKPOa’dPOOHBIX U
aHAPOOHBIX YCIOBHAX MEpeiTH Ha 0oJiee SKOHOMHUYHBIN SHEPrOPEKUM 3a CUET TOTO,
4T0 OWOMEMOpaHbI WMEIOT MEHBIIYI0 YTEUKy IO HATPUIO, YeM [0 MPOTOHY, H,
CJIC/IOBATENIbHO, NIOJIBIIE COXPAHSIOT ANIEKTPOXMMHUUYECKUI TpaaueHT noHoB Na“ Ha
MeMOpaHe B MUKPOa3pOOHBIX ¥ aHAIPOOHBIX YCIOBHSX.

CewmeiictBo Beggiatoaceae B Hacrosiiee Bpems mpejcTasieHo 25 pogamu 8 GTDB, u3
KOTOPBIX TOJIBKO WIECTh HMEIOT OIPENEICHHBIM TaKCOHOMMYECKMH craryc. B
pe3ylibTaTe METareHOMHOTO aHain3a OaKTepUabHBIX MAaTOB, CKAIJIMBAIOIIUXCS B
namuHapueBoii «Ilomoiike» Ha riryoune 15—18 M B berom Mope, y1anocs moiryquTh 1Ba
MAGS. Ha ocHoBe mpoBeneHHOTO (hHUIOTeHeTHYeCKoro aHanm3a oauH u3 Hux, MAG
WS_Bin3, Obu1 oncan Kak HOBBIN poJl B ceMeiicTBe Beggiatoaceae ¢ mpeaiokeHHbIM
massanneM ‘Candidatus Albibeggiatoa psychrophila’ gen., nov., sp. nov WS_Bin3.
Takum 00pazoM, uneHTHHUITMPOBAH KaHUIATHBIH pox «BB20», B cocTaBe KoToporo
naxoautcs WS_Bin3 ¢ 1Bymst J0NOIHUTETEHBIME BUIAMH.

Bropoit MAG, WS _Binl, oka3zaincs I1mTaMMOM paHee OINKMCAaHHOTO BHA
‘Ca. Parabeggiatoa communis’ B cocraBe panee ornmcanHoro poaa ‘Ca. Parabeggiatoa’
[5]. YuureiBas npunaiesxkHocts MAG WS_Binl k poay ‘Ca. Parabeggiatoa’ Ha ocHoBe
romosiorun rena 16S pPHK, kanmunatseiii pox «UBA10656» Obul ompeneneH Kak
‘Ca. Parabeggiatoa’ ¢ Tpems HoBbiMHU Buaamu iomumo ‘Ca. Parabeggiatoa communis’.
CpaBHHUTENIBHBIH aHAJM3 TEHOMOB ITO3BOJIMII BBISIBUTH OCHOBHBIE CXOJICTBA U PA3JINYUs
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B MeTabonmu3Mme y mpezcraBureneil pogos ‘Candidatus Parabeggiatoa’ u ‘Candidatus
Albiseggiatoa’.

Bu1600b1: O000IIEHBI MHOTOJIETHHE MCCIIEOBAHNUS IO U3YyUSHHIO TEHETHIECKIX OCHOB
MIPUPOTHOTO Pa3HOOOpa3us, GU3NOIOTHU U TAKCOHOMHUH OHOM M3 TPYMI OECIBETHBIX
cepobakrepuii pona Thiothrix. [Ins co3manus noctoBepHOW (uIOreHHH poja ObUIU
ornpezeseHsl reHoMbl 9 Bua0B poaa Thiothrix. C y4eTom H3BECTHBIX M HOBBIX T€HOMHBIX
OCJIeI0BAaTENBHOCTEN OblIa TpeIoKeHa oOHOBIeHHas (uiaoreHust poxa Thiothrix.
dunoreHuns, OCHOBaHHasi HA UCIIOJIb30BAaHUU MMOJHOTCHOMHBIX MOCIIEI0BATEIBHOCTEH,
M03BOJIMJIA BHECTH SICHOCTh B TAKCOHOMHUIO poza Thiothrix. Ha ocHoBe momHOreHoMHOTO
aHaIM3a co3laHa oOHOBJIeHHast (pHIOreHMs It ceMeiicTBa Beggiatoaceae, B yactHOCTH
s ponos ‘Candidatus Parabeggiatoa’ u ‘Candidatus Albibeggiatoa’, a taxke BHeceHa
SICHOCTh B MOHMMaHHE MeTabOJMYECKOro MOTECHIMANa OECIBETHBIX CEPOOAKTEpHUA U3
3THX POJIOB.

[Mony4yeHue YUCTHIX KYJIBTYp U WX T€HOMHBIX CHKBEHCOB IOMOTJIHM Obl COBEPIIHUTH
MPOPHIB B TAKCOHOMHHU OECIBETHBIX CEPOOAKTEPHUil, HO TOAABISIONIEE OONBIIHHCTBO
OakTepuil 3TOW TPYNIBI OTHOCSITCS K TPYIIE CIIOKHO KYJIbTUBUPYEMBIX, a MHOTHE W3
HUX SIBIISIIOTCSl HEKYJIbTUBUPYeMbIMH (Gopmamu. [1o3TOMy Ha JaHHOM 3Tare JIWIIb
MeTareHOMHBIN nmoaxon Hapsaay C IOJICBBIMU Ha6J]IO,I[CHI/I$1MI/I U MHUKPOCKOIIMYCCKUM
aHaMM30M MOPQOJIOruu OakTepuit OymyT COCOOCTBOBATh PA3PEHICHUIO TaKCOHOMHH
OecCIBETHBIX CepOOaKTEPHIA.

Qunancuposanue. VccnenoBanne mnoanepxkaHo PoccwiickuM Hay4dHBIM — (OHIOM
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Motivation and Aim: Colorless sulfur bacteria are one of the most interesting groups of
lithotrophic prokaryotes. Many of them are characterized by giant sizes (20—750 pum),
uncultured forms prevail among them, it deposit elemental sulfur intracellularly (up to
80 % of their dry weight), and in natural biotopes, as a rule, dominate, forming thick
mats and fouling visible to the naked eye [1].

A representative collection of isolates of the genus Thiothrix obtained by our group
revealed a problem in the identification of isolates: most bacterial cultures had a high
level of 16S rRNA homology, which varies between 98-99 %, suggesting that they are
strains of the same species. This problem is complicated by the fact that representatives
of the genus Thiothrix share a similar phenotype: filamentous colorless sulfur bacteria
forming rosettes and intracellular inclusions of elemental sulfur under growth in the
presence of hydrogen sulfide and thiosulfate, and as a rule, all representatives of the
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genus have a unified scheme of basic metabolic pathways [2]. This problem was partially
solved with the advent of the ability to assemble MAGs from metagenomic sequences.
However, the frequently observed presence of several similar but genetically different
strains in an environmental sample prevents both the assembly of metagenomic contigs
and their correct binning into MAGs. Thus, the lack of reliable phylogenetic markers
made it difficult to determine the exact phylogenetic relationship of the already described
species, as well as that of new isolates [3, 4].

The family Beggiatoaceae has greatly expanded over the last decade, mainly due to
metagenomic analysis. However, the description of new taxa in the family is
predominantly based on morphology, while genomic data, in contrast, are devoid of this
information. This, in turn, has led to a large number of new unidentified candidate
genera, while many of the already described genera are absent from the current
taxonomy of the family according to the Genomic Taxonomy Database (GTDB).
Methods and Algorithms: Metagenome sequencing and assembly of MAGSs, genome
analysis and annotation, phylogenetic analysis.

Results: We analyzed the possibility of using various conserved genes (about 100) as
phylogenetic markers for the genus Thiothrix different from 16S rRNA. We found that
the nucleotide sequence similarity levels of tRNA(Ile)-lysidine synthase (tilS) and -
subunit RNA polymerase (rpoB) genes align well with the average nucleotide identity
(ANI) values between the genomes of different representatives of the genus Thiothrix.
The topologies of phylogenetic trees based on tilS and rpoB sequences are similar to
those of a tree based on the sequences of 120 conserved marker genes. High-throughput
sequencing of tilS gene fragments was used to profile microbial mat with Thiothrix from
a sulfide source, which made it possible to identify known Thiothrix species and new
species-level phylotypes. Thus, the use of tilS and rpoB as phylogenetic markers will
allow express analysis of pure cultures and natural communities for phylogenetic
identification of representatives of the genus Thiothrix.

We have constructed a full-genome phylogeny of the genus Thiothrix based on a wide
sample of sequenced genomes. At the beginning of our studies, the phylogeny of the
genus Thiothrix was in its infancy, as species diversity was represented by 5 species, and
the genomes have been sequenced for only 3 species. Using phylogenetic analysis based
on full-genome sequences, we were able to expand the genus to 15 species, for 9 of
which we have identified genomic sequences. species. We also described a new genus
in the family Thiothrichaceae 'Candidatus Thiocaldithrix' gen. nov. that is
phylogenetically close to the genus Thiothrix.

We obtained a pangenome of the genus Thiothrix. The core genome includes genes of
dissimilatory sulfur metabolism and central metabolic pathways; the auxiliary genome
includes genes of dissimilatory nitrate and thiosulfate reduction, nitrogen fixation;
unique genes include hypothetical proteins, transporters, transcription regulators,
methyltransferases, transposases, and toxin-antitoxin systems.

We have shown for the first time the ability of most representatives of the genus
Thiothrix to anaerobic respiration in the presence of nitrate and thiosulfate, as well as
the presence of “sodium” bioenergetics, including Na+- ATPase, in some representatives
of the genus Thiothrix. It can be assumed that the duality of energy allows these bacteria,
under microaerobic and anaerobic conditions, to transition to a more economical energy
regime to a more economical energy regime due to the fact that biomembranes have less
leakage by sodium than by proton and consequently keep the electrochemical gradient
of Na* ions on the membrane longer.
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The family Beggiatoaceae is currently represented by 25 genera in the GTDB, of which
only six have a definite taxonomic status. Two MAGs were assembled as a result of
metagenome analysis of bacterial sulfur mats formed on decaying laminaria remnants in
the sea bay “Laminaria dump” at a depth of 15-18 m in the White Sea. Based on
phylogenetic analysis, one of them, MAG WS_Bin3, was assigned to a new genus and
species in the family Beggiatoaceae and named ‘Candidatus Albibeggiatoa
psychrophila’ gen., nov., sp. nov. Accordingly, the candidate genus 'BB20' was
identified, which includes three species.

The other MAG, namely WS_Bin1, turned out to be a strain of the previously described
species ‘Candidatus Parabeggiatoa communis’ within the earlier described genus
‘Candidatus Parabeggiatoa’ [5]. Considering that MAG WS _Binl belongs to the genus
‘Ca. Parabeggiatoa’ on the basis of 16S rRNA gene homology, the candidate genus
'UBA10656' was assigned to the genus ‘Ca. Parabeggiatoa’, comprising three new
species in addition to the species ‘Ca. Parabeggiatoa communis’.

Comparative analysis of genomes revealed the main similarities and differences in the
metabolism of the genera ‘Ca. Parabeggiatoa’ and ‘Ca. Albibeggiatoa’.

Conclusion: Long-term studies on the genetic basis of natural diversity, physiology and
taxonomy of one of the groups of colorless sulfur bacteria of the genus Thiothrix are
summarized. To create a reliable phylogeny of the genus, the genomes of 9 species of
the genus Thiothrix were determined. Based on the known and new genomic sequences,
an updated phylogeny of the genus Thiothrix was proposed. A phylogeny based on the
use of full-genome sequences has provided clarity to the taxonomy of the genus
Thiothrix. An updated phylogeny for the family Beggiatoaceae was established based
on a full-genome analysis, in particular, for the genera ‘Ca. Parabeggiatoa’ and
‘Ca. Albibeggiatoa’, was developed. In addition, the insight into the metabolic potential
of the colorless sulfur bacteria of these genera was clarified.

Obtaining pure cultures and their genome sequences could help to make a breakthrough
in the taxonomy of colorless sulfur bacteria. However, an obstacle to this task is the
difficulty of culturing or even the impossibility of culturing the vast majority of bacteria
of this group. Therefore, at present, only a metagenomic approach along with field
observations and microscopy analysis of bacterial morphology will help to solve the
problem of taxonomy of colorless sulfur bacteria.

Funding: The study is supported by the Russian Science Foundation (No. 20-14-00137,
https://rscf.ru/en/project/20-14-00137/).
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