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Momusayusa u yenv: OnpeneneHue BeMUIMH MUHUMAJIbHOTO 3HEPreTHIECKOro BHIX01a
peaKiyu, 10CTaTOYHOTO JIsl UCTIONb30BaHMS KJIETKON (OMOIOTHYeCKUi KBaHT SHEPTHN),
ABIISIETCS. OJNHOW W3 BaXHEHIIMX MpoOJeM coBpeMeHHOW Ouonoruu. OObEKTOM
WCCIICIOBAHUS BBICTYNAIOT MHKPOOPTaHM3MBI, JKHUBYIIHE 3a CUET OMOXMMHUYECKUX
peaxiuii, Jal0UMX MUHUMAIILHBIN BBIXO]] SHEPTUH, K KOTOPBIM OTHOCSITCS alleTOT €HHEIE
MPOKapuoThl, (popMuaroTpodHble THNEPTEPMOPHUIbHBIE apXed W CHUHTPO(HBIC
MHUKPOOPTaHU3MBbI, OCYIIECTBIISIOIINE OKHCIICHUE CIIMPTOB M )KUPHBIX KUCIOT. Pemenue
JaHHOM MpoOjeMbl MPUBEAET HE TOJIBKO K MOHUMAHHUIO TPAHUL] PACIPOCTPAHEHUS
KM3HH Ha 3eMJie, HO U OTKPBITHIO HOBBIX META00JIIMYECKUX MPOIECCOB, MO3BOJISIOIINX
KHUTh B yCIOBUSX, OJIM3KHUX K TEPMOJMHAMUYECKOMY Tipezeiy. Penenre noctapaeHHON
npobjaeMbl MMEeT M B@KHBIH  MPAKTUYECKUH  aclleKT BBUAY  BBICOKOIO
OMOTEXHOJIOTHUECKOTO MTOTEHIINANA alleTOT€HHBIX MPOKAPHUOT, KOTOPHI 00YCIOBICH X
YHUKAQJIBHOH CIOCOOHOCTHIO CHHTE3UpOBaTh 8 NOVO OpraHWYecKHe COSAMHCHHS U3
H2/CO2, CO wmnm xe cunre3-raza. Llempro paboThl SBISIETCS HM3y4YCHHE HOBBIX
METa0OJIMYECKUX IPOLECCOB, BIMSIOMMX Ha BEJIMYMHY OHOJOTMYECKOrO KBaHTA
SHEPTUU y aleTOTeHHbIX OakTepuil, a TaKkKe HCCIeOBaHNEe PACHpPOCTPaHEHHUs
BBISIBJICHHBIX METa00JMYECKUX MPOLIECCOB CPEU MMPOKAPHOT.

Memoowr u ancopummoi: BblaeneHne W XapaKTEpUCTHKAa HOBBIX MHKPOOPraHU3MOB
Obula BBIMONIHEHa Ha MoauduuupoBaHHOW cpene IldpeHHura ¢ mnpuUMeHeHHEM
CTaHJaPTHBIX MHUKPOOHOJIOTHYECKHX TIPOLIEAYP. Onpenenenne TIOJTHOM
M0CJIEI0BATEIbHOCTH T'€HOMOB OBIJIO BBIOJHEHO C MNPUMEHEHHEM TEXHOJOTHH
cexBenupoBanus [llumina u Oxford Nanopore ¢ nmocneayrolei ruOpuIHoN cOOPKO ¢
nomoripio SPAdes, Unicycler u Canu. [lepBuuHas aHHOTAIMS TeHOMa ObLTa BBIITOJIHEHA
¢ momotipio NCBI Prokaryotic Genome Annotation Pipeline B iporiecce mogauu reHoma
Ha mnoptan NCBI. J[lononHuTENbHEIE aHHOTAIMM, HANpPaBJICHHBIE HA YIYYIIEHUE
npencka3anuss GYHKIUN OeNKOB, ObUTHM BhIMONHEHHI ¢ nomomnipto IMG/MER u Be6-
cepBepa RAST, a taxke moucka KIIOUEBBIX META00JIMUECKUX IeHOB BpyuHyto. [louck
MOTEHIHANBHBIX AalEeTOreHOB, B TOM 4YHCJE O0JaJalolmyX HOBBIMH MEXaHHU3MaMu
3alracaHusi SHEpruu, ObUT IPOBEJICH B OOIIEOCTYHBIX 0a3aX JaHHBIX TPOKAPHOTHBIX
reHoMoB. Kpome Toro, 1J1s BBITOTHEHHUS TAHHOH paboThI ObLIa cO3/1aHa JIOKaIbHAs 0a3a
JaHHBIX Ha OCHOBe penpe3eHTaTHBHbIX TeHoMoB GTDB (47 894 reHomos,
MPEACTABISIIONINX BCE BHIBI IMPOKAPHOT), OBUT OpraHW30BaH HEOOXOMMMBINA IJIs
MOUCKOB (PYHKITUOHAII, ¥ OBIJIO UCCIIEIOBAHO PACTIPE/ICIICHUE KITFOUEBBIX JIETEPMUHAHT
W3BECTHBIX M THIIOTETUYECKUX BAPHAHTOB AlleTOTeHE3a.

Peszynomamur: VI3 ropsianx MCTOYHUKOB ToyocTpoBa KamuaTka OBUIM BBIIENEHBI U
OXapaKTepU30BaHbl IEpBble  OOJHMIaTHO XEMOIUTOABTOTPO(HBIC  AleTOrCHHBIC
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Oaktepuu, mrammbl 3443-3Ac u 3819-GS1, KOTOpBIE SBJISIOTCS OOJHMTATHBIMU
aHa’poOaMu, yMEPEHHBIMU TEPMO(HIAMHU, PACTyT NPH cIa0OKHUCIBIX U HEHTpaTbHBIX
3HaueHmssX pH u He TpeOyroT Hamuums BuTaMuHOB B cpede. Lltamm 3443-3Ac poc
UCKJTFOUUTEIBHO B XEMOJIUTOABTOTPOGHBIX ycIoBUsAX B mpucyTcTBUH H2/CO2, CO nnn
¢dopmuaTa, a KOHEUHBIM ITPOAYKTOM MeTabosn3Ma SBISUICS aueTart. B ciydae BHeceHUs
B Cpey DJIEMEHTHOH CephI U MONNCYTb(HIa TOMIMO aneTaTa HaurnHal 00pa30BBIBAJICS
cynehun. Ha ocHOBaHMHM TONYyYEHHBIX Pe3yJabTaTOB  (PU3MOJIOTHYECKHX U
(HUIOreHOMHBIX HCCIIeJOBaHUI peIIokeH HOBbIN pox U Bua Aceticella autotrophica.

AHanu3 reHoMa MO3BOJMJI BBISBUTH T'€HBI, KOJUPYIOLIME MOJHOTO Ha0oOp OenKoB
aBTOTPO(HOTO aIeToreHe3a, B KOTOPOM OKHCIUTENBHBIA MOIyNb OBLI MpeICcTaBleH
OudypKaIMOHHOW THAPOreHA30M, BOCCTAHOBUTEIbHBIH — myTéM Byna-JIbtoHrmans
(ITBJI), a suepreruueckuit — ECH ruaporenasoit u H+-3aBucumoit AT®-cunTa301.
[Ipennoxennsle cxembl Merabonmsma Ac. autotrophica 3443-3Ac™ npu pocrte Ha
H2/CO,, HCOOH u CO mnpeamonaraot paboTy OJIHOTO M TOTO e (epMEHTATHBHOIO
amnmapara, pasiuuds  3aKJIoYaloTcs B ydacTMH MOHO(QYHKIMOHanbHOH CO-
neruaporenassl npu pocte Ha CO M MPOTHBOIOJIOXKHOM HaIpaBiICHUU paboThl He-
zaBucumoii COz-penykrassl mpu pocte Ha popmuare. Js Ac. autotrophica 3443-3Ac’
OBLI MPE/JIOKEH HOBBIA MEXaHHU3M 3alacaHusl SHEPTUH — «OOJETYEHHBIN) alleTOreHes,
npu KoTopoM KaTabonmueckyto ¢yHkuuto [IBJI, cBsizaHHYyI0 € peoKHCICHHEM
BOCCTAHOBUTENFHBIX JKBHBAJICHTOB, dYacTWdHO Oeper Ha cebds HAJ(D)H-
nonucynb(Gua3aBUCUMas peyKTaza. YBelHueHHe KomuecTBa okucienHoro HAJI(D)*
no3BossieT OudypKanMoOHHOW TuAporeHaze Oonee HPQPEKTUBHO BBIPAOATHIBATH
HU3KOIMOTEHIIMANbHBIE (PeppeIOKCHHBI, HEOOXOIUMBIE IS TeHepallid MeMOpPaHHOTO
noreHuana ECH xommnexcom.

ramm 3819-GS1 poc HCKITIOUUTENHHO B XEMOJIUTOABTOTPOQHBIX YCIOBHUsIX ¢ H2 B
KadecTBe JIoHOpa 3JeKTpoHoB U CO2 B KayecTBE aKLENTOpa JIEKTPOHOB M HCTOYHHKA
yIIeposa, a eAMHCTBEHHBIM IPOAYKTOM MeTabonm3ma sBisieTcs anerar. HoBerii n3omst
He ObUI crmocoOEH K BOCCTAHOBJICHHIO BHEIIHMX aKIENTOPOB 3JeKTpoHOB. Ha
OCHOBaHHHU (DMIIOTEHOMHBIX HMCCIIEIOBAHHI MpeIIokeH HOBBIM pox u Bua Acetitalea
autotrophica. AHanu3 reHOMa BBISIBHJI CYIIIECTBEHHbBIE OTJIHYUS METabOJIM3Ma HOBOTO
M30JIATa OT MeTa0oNIM3Ma BCEX W3BECTHHIX Ha JAaHHBIMA MOMEHT aleTOTeHHBIX
MHUKPOOPTaHU3MOB. BBUIO MpennonaokeHo, 4TO OKUCIUTENbHBI MOJYNb MPEICTABICH
OM(ypKaIMOHHOW TUAPOTEHA30W, BOCCTAHOBUTENLHBII — BOCCTAHOBUTEIBHBIM
TIIMIIUHOBEIM IyTéM, a J3Hepretmueckwii — 1l-cyOpenuamunabiM  NUO-TOTOOHBIM
MeMOpaHHBIM KoMmIuiekcoM W H*-3aBucumoit AT®-cunrazoii. Takum obpa3zoM, Hamu
OBLI TIPE/ITIOKEH HOBBIH MEXaHU3M «TJTUIIMHOBOTO) alleTOreHe3a.

boutn  BBIpaOOTaHBI KPHUTEPHH OTHECEHHWS MHKPOOPTaHU3MOB K TOTCHIIUATBHBIM
areToreHaM («KJIACCHYECKUMY U TUITOTETUYECKIM) U KPUTEPHH, TIO3BOJISIOIINE CYTUTh
0 HAJIMYHMU WK OTCYTCTBUH Y HUX M3BECTHBIX JJISl alleTOTCHOB MEXaHU3MOB 3aIlacaHusl
sHeprun (Rnf-komruiekc 1 ECH-ruaporenasa). beiio BeisiBiieHo 280 MOTEHIIMATBHBIX
«KJIACCUYECKHUX» alleTOTeHOB B 18 ¢rrymax. BolbIIMHCTBO OTHOCHIIUCH K (PHIIyMaM
Bacillota A (178) u Bacillota B-G (ot 22 n0 4) u ObUIO pacCcesHO BHYTPU ITHUX
(UIYyMOB, YHCIIEHHO HE TpeoOjiajas HU B OJHOW M3 €€ JUHHA. OTH pPe3yibTaThl
COTJIACYIOTCSl C TPEACTABIEHHEM O BEPTHKAILHOM HACIEIOBAaHUU CIIOCOOHOCTH K
«KIIACCUYECKOMY)» alleTOT'eHEe3y U C HAIIIUM C BBIBOJIOM O BEPTHKAJILHOM HaCIieIOBAHUT
3TOH CIIOCOOHOCTH, CJICIAHHBIM Ha OCHOBAHUH (DUIIOTEHETUIECKUX JIEPEBHEB KITIOUEBBIX
JeTepMHUHAHT. b1 oOHapyxeH 61 reHOM HOTeHLUHUATbHBIX HEOOBIYHBIX aleTOreHOB
(ITBJI pu otcyrerBuu Rnf u ECH). Ognako B Tex ciydasx, KOrjaa 3To ObUIM F€HOMBI
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KyIbTHUBHPYEMBIX ~ MHMKPOOPraHM3MOB, OHM  4Yallle  BCEro  MPHUHAMISKATU
cyabdarpenykropam u3 nopsakos Desulfotomaculales u Desulfitobacteriales, u IIBJI y
HUX CKOPEE BCEro BBINOJIHSET MHYIO YeM aueToreHe3 (QpyHKuuwoo. beuio oOHapyxeHO
187 reHOMOB NMOTEHIMATBHBIX «TJHIHOBBIX)» aIlleTOTCHOB, U W3 HUX BCETO B IIECTH
orcyrctBoBann reHsl ECH wm Rnf. Takum o0pasom, mnarrepH [OeTepMHUHAHT,
HaOJIOaeMblil Y «rJIMIMHOBOTOY» anertoreHa At. autotrophica 3819-GS1, smisercs
BecbMa peakuM. MHTepecHo, 9To M3 3THX 187 MOTEHITMAIBHBIX alleTOreHOB 27 UMENH
JIETEPMUHAHTBI KaK TIIMIUHOBOIO IyTH, Tak u I1BJL.

Buigoovi: Takum o0pa3om, B Xone MpoAeIaHHOW pabOThl ObUIM BBIACTCHBI H
0XapakTepU30BaHbl I€pBble  OOJIMIAaTHO XEMOJMUTOABTOTPO(HBIE  AllCTOTCHHBIE
oaktepun, Aceticella autotrophica u Acetitalea autotrophica. [{ns Ac. autotrophica
3443-3ACT npemioKeH HOBBIA MEXaHW3M 3alacaHusi DHEPTHU — «OOJIEr4EHHBIN
arieToreHe3, MNpH KOTopoM Katabommueckyro ¢ynkmuio I1IBJI, cBsizaHHyO cC
PEOKHCIIEHMEM BOCCTAHOBUTEIBHBIX OSKBHUBAJIECHTOB, YacTHUYHO Oepér Ha cebs
HAJl(®)H-3aBucumas mnonucyabduapenykrasa. [ms At. autotrophica mpemioxen
HOBBI MEXaHW3M «TJIMIIMHOBOTO» aleToreHe3a. AHAJIM3 TCHOMHBIX 0a3 JaHHBIX
HaJIN4ME HOBBIX MEXaHU3MOB 3aIlacaHusl SHEPTUH TaKXKe Cpeau OaKTepuil.
Qunancuposanue: Viccnenopanue noiepxano rpanrom PH® Ne 24-14-00177.
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Motivation and Aim: Determining the minimum energy yield of a reaction sufficient for
use by a cell (biological quantum of energy) is one of the most important problems of
modern biology. The objects of the study are microorganisms living due to biochemical
reactions that provide minimal energy output. Such microorganisms include acetogenic
prokaryotes, formatotrophic hyperthermophilic archaea, and syntrophic microorganisms
that carry out the oxidation of alcohols and fatty acids. Solving this problem will lead
not only to understanding the boundaries of the distribution of life on Earth, but also to
the discovery of new metabolic processes that allow living in conditions close to the
thermodynamic limit. Solving this problem also has an important practical aspect due to
the high biotechnological potential of acetogenic prokaryotes, which is due to their
unique ability to synthesize de novo organic compounds from H2/CO2, CO or synthesis
gas. The aim of this work is to study new metabolic processes affecting the value of
biological quantum of energy in acetogenic bacteria and to investigate the distribution
of the identified metabolic processes among prokaryotes.

Methods and Algorithms: The isolation and characterization of new microorganisms was
performed on modified Pfennig's medium using standard microbiological procedures.
Genome sequencing was performed using lllumina and Oxford Nanopore sequencing
technologies followed by hybrid assembly using SPAdes, Unicycler and Canu. Primary
genome annotation was performed by Prokaryotic Genome Annotation Pipeline during
the process of genome submission to NCBI submission portal. Additional annotations
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aimed to improve predictions of protein function were performed using IMG/MER
System and Rapid Annotation using Subsystem Technology web server and manual
curation of key metabolic genes. In databases of prokaryotic genomes, searches were
conducted for potential acetogens, including those that have new energy conservation
mechanisms. Moreover, a local database was created based on representative GTDB
genomes (47,894 genomes representing all species of prokaryotes), the functionalities
necessary for the search were organized, and the distribution of key determinants of
known and hypothetical variants of acetogenesis was investigated.

Results: The first obligate chemolithoautotrophic acetogenic bacteria, strains 3443-3Ac
and 3819-GS1, were isolated from hot springs of Kamchatka peninsula and
characterized. These are obligate anaerobes and moderate thermophiles that grow at
slightly acidic and neutral pH values and do not require the presence of vitamins in the
medium. Strain 3443-3Ac grows exclusively under chemolithoautotrophic conditions in
the presence of H2/CO2, CO or formate. The end product of metabolism is acetate. It was
also shown to be able to reduce elemental sulfur, polysulfide and thiosulfate, forming
sulfide in parallel with acetate. Based on the results of physiological and phylogenomic
studies, a new genus and species Aceticella autotrophica is proposed. Genomic analysis
identified genes encoding all enzymes necessary for autotrophic acetogenesis. The
oxidative module was represented by bifurcation hydrogenase, the reductive module, by
the Wood-Ljungdahl pathway (WLP), and the energy module, by ECH hydrogenase and
H+-dependent ATP synthase. The proposed metabolic patterns of Ac. autotrophica
3443-3AcT during growth on H./CO,, HCOOH and CO suggest the operation of the same
enzymatic apparatus; the differences lie in the involvement of monofunctional CO
dehydrogenase during growth on CO and the opposite direction of HDCR operation
during growth on formate. For Ac. autotrophica 3443-3AcT, a new energy conservation
mechanism was proposed — “facilitated” acetogenesis, in which the catabolic function
of WLP, associated with the reoxidation of reducing equivalents, is in part taken over by
a NAD(P)H-dependent polysulfide reductase. The increase in the amount of oxidized
NAD(P)* allows bifurcation hydrogenase to more efficiently produce low-potential
ferredoxins necessary for the generation of membrane potential by the ECH complex.
Strain 3819-GS1 grew exclusively under chemolithoautotrophic conditions with H; as
the electron donor and CO: as the electron acceptor and carbon source, and the only
metabolic product was acetate. Thus, it was established that strain 3819-GS1 is also an
obligate autotrophic acetogenic bacterium. New isolate is not capable of reducing
external electron acceptors. Based on phylogenomic studies, a new genus and species,
Acetitalea autotrophica, was proposed. Genome analysis revealed significant
differences in the metabolism of the new isolate from the metabolism of all currently
known acetogenic microorganisms. It was suggested that the oxidative module is
represented by bifurcation hydrogenase, the reductive module, by the reductive glycine
pathway, and the energy module, by an 11-subunit Nuo-like membrane complex and
H+-dependent ATP synthase. Thus, we have proposed a new mechanism of “glycine”
acetogenesis.

Criteria have been developed for classifying microorganisms as potential acetogens
(“classical” and hypothetical), as well as criteria for assessing the presence or absence
of energy conservation mechanisms known for acetogens (Rnf-complex and ECH-
hydrogenase). 280 potential “classical” acetogens were identified in 18 phyla. The
majority belonged to the phyla Bacillota_A (178) and Bacillota_B-G (22 to 4) and were
scattered across the taxonomic (phylogenetic) diversity of this group, without being
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numerically predominant in any of its lineages. These results are consistent with the idea
of vertical inheritance of the capacity for “classical” acetogenesis and with our
conclusion about the vertical inheritance of this capacity, made on the basis of
phylogenetic trees of key determinants. 61 genomes of potential unusual acetogens
(WLP in the absence of Rnf and ECH) were discovered. However, in cases where these
were genomes of cultivated microorganisms, they most often belonged to sulfate
reducers from the orders Desulfotomaculales and Desulfitobacteriales, and their WLP
most likely performs a function other than acetogenesis. 187 genomes of potential
“glycine” acetogens were discovered, and only six of them lacked the ECH and Rnf
genes. Thus, the pattern of determinants observed in our “glycine” acetogen
At. autotrophica 3819-GS1 is quite rare. Interestingly, of these 187 potential acetogens,
27 had determinants of both glycine pathway and WLP.

Conclusion: Thus, the first obligate chemolithoautotrophic acetogenic bacteria,
Aceticella autotrophica and Acetitalea autotrophica, were isolated and characterized.
For Ac. autotrophica 3443-3AcT, a new energy conservation mechanism was proposed
— “facilitated” acetogenesis, in which the catabolic function of WLP, associated with the
reoxidation of reducing equivalents, is in part taken over by a NAD(P)H-dependent
poltsilfide reductase. For At. autotrophica 3819-GS1', a new mechanism of “glycine”
acetogenesis was proposed. Analysis of genomic databases revealed a widespread
distribution of novel energy conservation mechanisms among bacteria.

Funding: The study is supported by the grant from the Russian Science Foundation
No. 24-14-00177.
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