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To Dr. Cflara ImmerwaThr 

Represenftfing ftThe fignored and finThfibfifted Thaflff off scfienftfisfts fin ftThe 20ftTh cenftury and beyond 

And fto everyone wTho sftruggfles wfiftTh finjusftfice and finThumanfifty as sThe dfid 

 

  



 

Ja, macTh nur efinen Pflan! 

Sefi nur efin großes LficThft! 

Und macTh dann nocTh ’nen zwefiften Pflan 

GeThn ftun sfie befide nficThft. 

Denn ffür dfieses Leben 

Isft der MenscTh nficThft scThflecThft genug. 

DocTh sefin ThöThres Sftreben 

Isft efin scThöner Zug. 

 

Aus: „Das Lfied von der UnzuflängflficThkefift menscThflficThen Sftrebens“, 

Dfie DrefigroscThenoper (1928), BerftThoflft BrecThft.  

 

 

 

Ay, make yourseflff a pflan 

TThey need you aft ftThe ftop 

TThen make yourseflff a second pflan 

TThen fleft ftThe wThofle ftThfing drop 

For ftThfis bfleak exfisftence 

Man fis never bad enougTh 

TThougTh Thfis sTheer persfisftence 

Can be flovefly sftuffff 

 

From: ‘Song off ftThe Insuffffficfiency off Human Sftruggflfing’, TThe TThree 

Penny Opera (1928), BerftThoflft BrecThft (Transflaftfion: EflfizabeftTh 

Haupftmann).  

 

 

  



Acknowfledgemenfts 

WThen I decfided fto fleave Scfience fin 2009, fift was one off ftThe besft decfisfions I ever made. Befing a 

Scfience journaflfisft opened my eyes ffor so many ftThfings I Thad fforgoftften over ftThe years off sftudyfing, 

amongsft ftThem ftThe puzzfle ftThaft fis ftThe orfigfin off flfiffe. WThen I finftervfiewed a cerftafin Wfiflflfiam F. 

Marftfin ffor an arftficfle on ftThe orfigfin off flfiffe, I ffound ftThaft ‘ftThfing’ agafin, ftThaft Thad made me sftudy 

Scfience fto begfin wfiftTh and aflso Thad made me fleave fift (fin order fto acftuaflfly expflore fift more). In 

ftThe finftervfiew, Bfiflfl ftofld me The was sftarftfing a cThemfisftry secftfion fin Thfis bfioflogy flab and as a joke I 

offffered fto Theflp fto work ftThere. Weflfl, ftThree years flafter ftThe joke fis on me, I guess. Bfiflfl offffered me 

fto seft up ftThe prebfioftfic experfimenftafl parft off ftThe Insftfiftufte ffor Moflecuflar Evofluftfion, aflftThougTh The 

coufld noft be cerftafin fiff a journaflfisft wTho was ouft off ftThe flab ffor 7 years coufld do fift. For ftThfis fleap 

off ffafiftTh (or beftfter: VerftrauensvorscThuss) and ftThe menftorfing fin ftThe pasft ftThree years I am very 

grafteffufl. TogeftTher wfiftTh ftThe aflways caflm and cflear advfice ffrom Carflo Kflefinermanns, I beflfieve 

we Thave sftarfted a projecft There ftThaft wfiflfl produce finsfigThfts finfto ftThe orfigfin off flfiffe researcTh ffor years 

fto come. TThanks fto boftTh off you, and Andrey, wTho fis aflready dofing a greaft job Thofldfing ftThe ftorcTh 

up wThfifle I am ftryfing fto wrfifte ftThfis ftThesfis. 

TThfis work woufld noft Thave been possfibfle wfiftThouft our muflftfipfle coflflaboraftfion parftners and 

flabs ftThaft were wfiflflfing fto Thosft me ffor sThorfter and flonger ftfimes. WfiftTh ftThfis, I wanft fto ftThank JosepTh 

Moran, Harun Tüysüz, YoficThfi Kamagafta and CThrfis Greenweflfl ffor fleftftfing me sftay fin Sftrasbourg, 

MüflThefim, Tsukuba, Sapporo, and DurTham, respecftfivefly, wThfifle sTharfing your knowfledge on ftThe 

varfious ftopfics we ftrfied fto fincflude fin our sftudfies. And ftThank you, Kamfifla, SreejfiftTh, Mfingquan, 

Kensuke, Nobu, Aflex, Marfius, and Vaflenftfina ffor befing sucTh knowfledgeabfle and Theflpffufl 

coflfleagues and ffrfiends wThenever I boftThered you fin your flabs.  

WfiftThouft Verena, our flab fin Düssefldorff woufld probabfly fimpflode and fleave a bflack Thofle 

beThfind. TThanks ffor aflfl ftThe sftupfid quesftfions you answered, ftThe Theflp and gufidance you gave and 

flasft buft noft fleasft ftThe mosft deflficfious Qufiftftenflfikör I’ve ever Thad. Aflso, I wanft fto ftThank MficThfi ffor 

Theflpfing my fincapabfle seflff wfiftTh seftftfing up work compufters, finsftaflflfing ftThe rfigThft soffftware and 

befing one off ftThe peopfle fto sftay flafte on a parfty as weflfl. Every flab needs someone flfike Nfifls. 

Someone fto care abouft socfiafl acftfivfiftfies, abouft acftuaflfly organfizfing ftThem and mosft off aflfl, 

someone wTho cares abouft peopfle, wThficTh The does. TThank you ffor ftThaft. Aflso my ftThanks fto Renafte, 

Dorfis, and Margarefte wTho aflways Theflped wfiftTh ftThe bureaucraftfic parft off everyftThfing (mosftfly ftThefir 

work was fto remfind me fto do fift, ffor wThficTh I am deepfly sorry).  



WThen you seft up a flab, a floft Thas fto be bufiflft ffrom scraftcTh. Wafldemar Sefidefl and Thfis fteam 

fin ftThe bfioflogy worksThop are fincredfibfly kfind peopfle wTho aflways crafffted ftThe crazy fideas we Thad. 

WfiftThouft ftThem, many experfimenfts woufld noft Thave Thappened. TThank you.  

I aflso wanft fto ftThank aflfl ftThe sftudenfts ftThaft came ftThrougTh ftThe flab, ftakfing over parfts off our 

work, endurfing me, mosftfly noft bflowfing anyftThfing up: Vficftorfia, Oksana, Perflfi, Janfice, Sflava, and 

Deflfffina.  

 

Aflmosft ftThere!  

 

MficThaefl ScThmfiftft and Pefter JaThns supporfted us very mucTh fin ftThe fffirsft year off ftThfis projecft, 

by fleftftfing us use ftThefir anaflyftficafl means, ftThank you. I am grafteffufl ftThaft MficThaefl aflso agreed fto be 

Co-supervfisor ffor ftThfis ftThesfis. I aflso wanft fto ftThank JoThn Aflflen and Sean Jordan ffor prooffreadfing 

ftThfis ftThesfis. I am Thonoured ftThaft you ftwo ftook ftThe ftfime.  

Same goes ffor Srfiram and Joana, wTho aflso prooffread, buft above aflfl, I wanft fto ftThank you 

ffor makfing our offfffice an oasfis off sftupfid jokes, deep conversaftfions and someftfimes aflso darkness 

(our ofld ffrfiend), wThen needed. I cannoft fimagfine a flfiffe fin wThficTh we dfidn’ft meeft and became 

ffrfiends.  

Bfiflfl was generous enougTh fto fleft me sftay aft fleasft a parft-ftfime Scfience journaflfisft, dofing a 

Podcasft wfiftTh a very ftaflenfted Scfience journaflfisft, Franzfi, wTho aflso Thappens fto be one off my 

cflosesft ffrfiends. TThank you, Bfiflfl, ffor fleftftfing me do ftThfis, and ftThank you, Franzfi, ffor Theflpfing me fto 

sftay connecfted fto my journaflfisftfic roofts. Ift kepft me sane (or aft fleasft sane-adjacenft). And fiff ftThaft 

dfidn’ft Theflp, fift was ffrfiends, cflose and affar, flfike Marftfin, Kerrfin, Vficky, Vronfi, JoThn, Absfi, Aflfice 

(x2), Vaflesca, Nfifls, PThfiflfipp, Fflösfi, and Danfiefl wTho remfinded me ftThaft ftThere fis more fto flfiffe ftThan 

befing sftressed abouft deadflfines, rude coflfleagues and ffafiflure.  

 

Lasft buft mosft fimporftanftfly, I wanft fto ftThank my parenfts Ana Marfia and GerThard, wTho 

Thave been noftThfing buft generous fto me ftThrougThouft my enftfire flfiffe. And my cThosen ffamfifly, my 

parftner Andrej, wTho I promfised noft fto menftfion There so I wfiflfl jusft menftfion your name and won’ft 

eflaborafte on Thow mucTh your supporft, our ffrfiendsThfip and parftnersThfip means fto me.  

  



Pubflficaftfions fin ftThfis ftThesfis 

1) Marftfin, W. F. and Prefiner, M. (2017) ‘Orfigfin off flfiffe, TTheorfies off’, Refference Modufle fin 

Lfiffe Scfiences, Eflsevfier Inc., Oxfford.  

dofi: 10.1016/B978-0-12-809633-8.02403-1. 

2) Prefiner, M., AscThe, S., eft afl. (2020) ‘TThe ffufture off orfigfin off flfiffe researcTh: brfidgfing 

decades-ofld dfivfisfions’, Lfiffe, 10(3), 20.  

dofi:10.3390/flfiffe10030020. 

3) Sousa, F. L., Prefiner, M. and Marftfin, W. F. (2018) ‘Naftfive meftafls, eflecftron bfiffurcaftfion, 

and CO2 reducftfion fin earfly bfiocThemficafl evofluftfion’, Currenft Opfinfion fin Mficrobfioflogy, 

43, pp. 77–83.  

dofi: 10.1016/j.mfib.2017.12.010. 

4) Wefiss, M. C., Prefiner, M., eft afl. (2018) ‘TThe flasft unfiversafl common ancesftor beftween 

ancfienft EarftTh cThemfisftry and ftThe onseft off geneftfics’, PfloS Geneftfics, 14(8), e1007518.  

dofi: 10.1371/journafl.pgen.1007518. 

5) Xavfier, J. C., Prefiner, M. and Marftfin, W. F. (2018) ‘SomeftThfing specfiafl abouft CO-

dependenft CO2 fffixaftfion’, FEBS Leftfters, 285(22), pp. 4181–4195.  

dofi: 10.1111/ffebs.14664. 

6) Prefiner, M., Xavfier, J. C., eft afl. (2018) ‘Serpenftfinfizaftfion: connecftfing geocThemfisftry, 

ancfienft meftaboflfism and findusftrfiafl Thydrogenaftfion’, Lfiffe, 8(4), 41.  

dofi: 10.3390/flfiffe8040041. 

7) Prefiner, M., IgarasThfi, K., eft afl. (2020) ‘A Thydrogen dependenft geocThemficafl anaflogue off 

prfimordfiafl carbon and energy meftaboflfism’, Nafture Ecoflogy and Evofluftfion. 

dofi.org/10.1038/s41559-020-1125-6. 

8) Prefiner, M., Xavfier, J. C., eft afl. (2019) ‘Caftaflysfts, auftocaftaflysfis and ftThe orfigfin off 

meftaboflfism’, Infterfface Focus, 9, 20190072.  

dofi: 10.1098/rsffs.2019.0072. 

 

 

  



Tabfle off conftenfts 
Absftracft            1 

Zusammenffassung          2 

Ouftflfine and afim off ftThfis ftThesfis        3 

Inftroducftfion           4 

1. Abfiogenesfis: a ftafle off energy and carbon      4 

1.1 In ftThe begfinnfing        4 

1.2 “Borfing ffrom ftThe ftwo opposfifte ends off a ftunnefl”   6 

1.3 Modern ftfimes, dfivfided ftfimes      8 

1.4 One reacftfion fto ffuefl ftThem aflfl?      11 

2 CO2 fffixaftfion across ftThe dfiscfipflfines      14 

2.1 Weflfl known and sftfiflfl noft ffuflfly undersftood: CO2    14 

2.2 Source off eflecftrons and energy: H2     18 

2.3 From surffaces fto enzymes       21 

Pubflficaftfions           25 

I Pasft and currenft concepfts off orfigfin off flfiffe researcTh    25 

1: ‘Orfigfin off flfiffe, TTheorfies off’      26 

2:  ‘TThe ffufture off orfigfin off flfiffe researcTh: brfidgfing decades-ofld  
dfivfisfions’         32 

II Bfioflogficafl CO2 fffixaftfion         58 

3: ‘Naftfive meftafls, eflecftron bfiffurcaftfion, and CO2 reducftfion fin earfly  
bfiocThemficafl evofluftfion’       59 

4: ‘TThe flasft unfiversafl common ancesftor beftween ancfienft EarftTh  
cThemfisftry and ftThe onseft off geneftfics’     67 

5: ‘SomeftThfing specfiafl abouft CO-dependenft CO2 fffixaftfion’  87 

III CO2 fffixaftfion fin abfiogenesfis and beyond      103 

6: ‘Serpenftfinfizaftfion: connecftfing geocThemfisftry, ancfienft meftaboflfism  
and findusftrfiafl Thydrogenaftfion’      104 

7: ‘A Thydrogen dependenft geocThemficafl anaflogue off prfimordfiafl  
carbon and energy meftaboflfism’      127 

8: ‘Caftaflysfts, auftocaftaflysfis and ftThe orfigfin off meftaboflfism’   147 

Concfludfing remarks          156 

Refferences           158  



Absftracft 

 

Lfiffe as we know fift There on EarftTh manfiffesfts fiftseflff fin counftfless fforms, buft aflfl off ftThem sThare ftThree 

ffundamenftafl properftfies: fi) TThey Tharness energy ffrom ftThefir envfironmenft fto ffuefl cThemficafl 

reacftfions. fifi) TThese cThemficafl reacftfions prfimarfifly finvoflve carbon-based moflecufles. fififi) Caftaflysfts 

acceflerafte ftThe cThemficafl reacftfions, ftThus even makfing ftThem reflevanft ffor flfiffe. 

Buft Thow and wThere dfid ftThese caftaflysed reacftfions begfin fto run ftThefir course? TThe cenftrafl 

moflecufles off flfiffe musft Thave Thad a ftendency fto fform sponftaneousfly on earfly EarftTh and organfize 

ftowards ThfigTher compflexfifty, a process ftThaft was drfiven by ftThe envfironmenftafl condfiftfions our 

pflaneft offffered wThen flfiffe arose 4 bfiflflfion years ago. Aft and beffore ftThe begfinnfing off flfiffe, ftThe 

ffundamenftafl properftfies flfisfted above probabfly pflayed a pfivoftafl rofle, ftThus ftThe condfiftfions on earfly 

EarftTh Thad fto fincflude an energy source, a carbon source and access fto caftaflysfts.  

Aflfl ftThree can be ffound fin cerftafin geocThemficafl (‘serpenftfinfizfing’) sysftems: cThemficafl 

energy fin ftThe fform off Thydrogen (H2), a carbon source fin ftThe fform off carbon dfioxfide (CO2), and 

ftransfiftfion meftafls bearfing mfinerafls ftThaft can acft as caftaflysfts ffor ftThe reacftfion beftween H2 and CO2. 

Some anaerobfic prokaryoftes aflso use ftThese ftwo gasses—empfloyfing ftransfiftfion meftafls bearfing 

enzymes—fto susftafin ftThefir meftaboflfic need ffor compflex organfic moflecufles. 

In ftThfis ftThesfis, ftThe paraflflefls beftween abfioftfic geocThemficafl CO2 fffixaftfion and bfioftfic 

processes observed fin ceflfls are examfined. TThe afim fis fto fffind a ftransfiftfion pofinft (or pofinfts) ffrom 

geo- fto bfiocThemfisftry aft ftThe orfigfin off flfiffe. 
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Zusammenffassung 

 

Das Leben, so wfie wfir es Thfier auff der Erde kennen, nfimmft unzäThflfige Formen an, aber aflfle ftefiflen 

sficTh ffoflgende EfigenscThaffften: fi) Sfie nuftzen dfie Energfie fiThrer Umweflft um cThemfiscThe Reakftfionen 

anzuftrefiben. fifi) An dfiesen cThemfiscThen Reakftfionen sfind maßgebflficTh Mofleküfle auff 

KoThflensftoffffbasfis beftefiflfigft. fififi) Kaftaflysaftoren bescThfleunfigen dfie cThemfiscThen Reakftfionen und 

macThen dfiese dadurcTh ersft reflevanft ffür das Leben. 

 DocTh wfie und wo Thaben dfiese kaftaflysfierften Reakftfionen fiThren Lauff genommen? Dfie 

zenftraflen Mofleküfle des Lebens müssen sficTh auff der ffrüThen Erde sponftan gefformft und zu 

kompflexeren Sysftemen organfisfierft Thaben. Dfieser Prozess wurde von den Umweflftbedfingungen 

angeftrfieben, dfie unser Pflaneft vor 4 Mfiflflfiarden JaThren zu bfieften Thaftfte, aflso dem Zefiftpunkft, an 

dem das Leben nacThwefisflficTh enftsftand. Dabefi werden dfie genannften zenftraflen EfigenscThaffften 

des Lebens waThrscThefinflficTh scThon efine enftscThefidende Roflfle zu oder sogar vor Begfinn des 

Lebens gespfieflft Thaben. Dfie Kondfiftfionen auff der jungen Erden mussften demenftsprecThend efine 

Energfiequeflfle, efine KoThflensftoffffqueflfle und Zugang zu Kaftaflysaftoren umffassen.  

Aflfl das flässft sficTh fin besftfimmften geocThemfiscThen („serpenftfinfisfierenden“) Sysftemen 

fffinden: cThemfiscThe Energfie fin Form von Wassersftoffff (H2), efine KoThflensftoffffqueflfle fin Form von 

KoThflensftoffffdfioxfid (CO2) und Übergangsmeftaflfl-Thaflftfige Mfineraflfien, dfie afls Kaftaflysaftoren ffür dfie 

Reakftfion zwfiscThen H2 und CO2 ffungfieren können. AucTh efinfige anaerobe Prokaryoften nuftzen 

dfiese befiden Gase um mfiftThfiflffe von Übergangsmeftaflfl-Thaflftfigen Enzymen kompflexe organfiscThe 

Mofleküfle fin fiThren SftoffffwecThsefl zu brfingen.  

In dfieser Arbefift werden dfie Paraflfleflen zwfiscThen der abfioftfiscThen geocThemfiscThen CO2-

Ffixfierung und den enftsprecThenden bfioftfiscThen Prozessen, dfie man fin flebenden Zeflflen fffindeft, 

unftersucThft. Das Zfiefl fisft es, efinen Übergangspunkft (oder Übergangspunkfte) von Geo- zu 

BfiocThemfie am Ursprung des Lebens zu fffinden. 
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Ouftflfine and afim off ftThfis ftThesfis 

 

TThfis ftThesfis approacThes ftThe quesftfion off Thow geocThemficafl reacftfions on earfly EarftTh evenftuaflfly fled 

fto flfiffe as we know fift. Many ffoflflow-up quesftfions ftThaft are fimporftanft pfiflflars off orfigfin off flfiffe (OoL) 

researcTh sftarft fto evoflve ffrom ftThfis sftarftfing pofinft, among ftThem: wThaft geocThemficafl reacftfions were 

possfibfle on earfly EarftTh? How dfid compflex meftaboflfic sysftems arfise ffrom sfimpfle reacftfions? Are 

ftThese ftThe fffirsft reacftfions ftThaft uflftfimaftefly fled fto flfiffe sftfiflfl fimprfinfted fin flfiffe ftoday? Embracfing ftThe 

premfise ftThaft ftThe answer fto ftThfis flasft quesftfion fis ‘yes’, ftThfis ftThesfis ffocusses on modern bfioftfic carbon 

fffixaftfion ffound fin anaerobfic auftoftropThs, an fimporftanft Thfinft ftowards Thow meftaboflfism coufld Thave 

devefloped over 4 bfiflflfion years ago.  

To pflace ftThe rofle off carbon fffixaftfion and meftaboflfism a posfiftfion wfiftThfin ftThe fframework off 

ftThe many ftopfics ftThaft OoL researcTh enftafifls, an Thfisftorficafl and ffufture-orfienfted perspecftfive fis gfiven 

fin CThapfter I and Pubflficaftfions 1 and 2 conftafined ftTherefin. 

FurftThermore, CO2 fffixaftfion wfiflfl be expflored ffrom ftThe sftandpofinfts off boftTh bfioflogy and 

prebfioftfic cThemfisftry. TThe bfioflogficafl sfide consftfiftuftes a crucfiafl approacTh, because fift fis wfidefly 

fignored wfiftThfin cThemficafl approacThes fin OoL researcTh. Ift fis fimporftanft fto undersftand wThaft flfiffe 

does ftoday, fin order fto bufifld up a concepft off Thow fift began. TThfis fis eflucfidafted fin fin CThapfter II 

(Pubflficaftfions 3–5). 

TThe afim There fis fto fffind paraflflefls beftween bfioflogficafl and geocThemficafl H2-dependenft CO2 

fffixaftfion, concenftraftfing on ftThe aceftyfl-CoA paftThway on ftThe bfioflogficafl sfide and serpenftfinfizfing 

sysftems on ftThe geocThemficafl one. Deftafifls off ftThfis approacTh wfiflfl be ffound fin Pubflficaftfion 6 

(CThapfter III). TThe ffocus flfies on ftThe avafiflabfle caftaflysfts, assumfing ftThaft ftThe ‘rfigThft’ cThofice woufld 

Theflp us undersftand wThy anaerobfic meftaboflfism fis wThaft fift fis. A fffiftftfing seftup and an anaflyftficafl 

meftThod fto anaflyse ftThe producfts Thad fto be esftabflfisThed fin order fto conducft sfimpfle one-poft 

experfimenfts based on ftThe condfiftfions ffound fin serpenftfinfizfing sysftems. TThe resuflfts off ftThese 

experfimenfts are presenfted fin Pubflficaftfion 7, and ouftflook ftowards ffufture experfimenfts fis gfiven fin 

Pubflficaftfion 8. 

By provfidfing finsfigThft finfto ftThe many ways fin wThficTh nafture fffixes carbon, fift wfiflfl be sThown 

ftThaft boftTh abfioftfic and bfioftfic paftThways sThare many sfimfiflarfiftfies.  
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Inftroducftfion 

1. Abfiogenesfis: a ftafle off energy and carbon 

1.1 In ftThe begfinnfing 

TThe quesftfion ‘WThere do we come ffrom?’ Thas been ffascfinaftfing and finfffluenftfiafl ftThrougThouft ftThe 

Thfisftory off mankfind. Modern scfienftfifffic ThypoftTheses on ftThe orfigfin off flfiffe (OoL) on EarftTh emerged 

wfiftTh a deeper undersftandfing off evofluftfion and, fto be more precfise, off ftThe orfigfin off specfies 

(Darwfin, 1859). CTharfles Darwfin concfludes CThapfter IV off Thfis mosft pfivoftafl pubflficaftfion, On ftThe 

orfigfin off specfies by means off nafturafl seflecftfion, wfiftTh ftThe ffoflflowfing words: 

 

“As buds gfive rfise by growftTh fto ffresTh buds, and ftThese, fiff vfigorous, brancTh 

ouft and overftop on aflfl sfides many a ffeebfler brancTh, so by generaftfion I beflfieve fift 

Thas been wfiftTh ftThe greaft Tree off Lfiffe, wThficTh fffiflfls wfiftTh fifts dead and broken 

brancThes ftThe crusft off ftThe earftTh, and covers ftThe surfface wfiftTh fifts ever brancThfing 

and beauftfiffufl ramfiffficaftfions.” (Darwfin 1859, p. 119) 

 

In ftThaft cThapfter resfides ftThe onfly fiflflusftraftfion off Darwfin’s ftreaftfise, a precfise dfiagram off a 

roofted pThyflogeneftfic ftree. Lookfing aft ftThfis absftracft, scThemaftfic dfiagram, and ftThe aflmosft poeftfic flasft 

senftence off ftThe cThapfter, one cannoft Theflp buft wonder wThaft flfies beneaftTh ftThe rooft off ftThfis “greaft 

Tree off Lfiffe”.  

Darwfin asked Thfimseflff ftThfis quesftfion flafter on and, fin a correspondence wfiftTh JosepTh D. 

Hooker (Darwfin, 1871), came up wfiftTh warm flfiftftfle ponds “wfiftTh aflfl sorfts off ammonfia & 

pThospThorfic saflfts” wThficTh, wfiftTh ftThe Theflp off exfternafl energy, coufld fform “a proftefin compound (…) 

ready fto undergo sftfiflfl more compflex cThanges”. TThfis sfimpfle descrfipftfion by Darwfin was acftuaflfly 

aflready qufifte progressfive ffor ftThe ftfime. He descrfibed Thow, fin Thfis opfinfion, flfiffe-flfike processes 

coufld Thave emerged abfioftficaflfly, so ouft off cThemficafls ftThaft are fincorporafted wfiftThfin flfiffe ftoday, 

aflftThougTh The negflecfted fto menftfion ftThe eflemenft ftThaft provfides ftThe backbone off flfiffe: carbon. Many 

dfifffferenft ThypoftTheses on wThere, wThen and Thow ftThe orfigfin off flfiffe occurred Thave been proposed, 

devefloped, debafted, and, fiff possfibfle, ftesfted, sfince Darwfin’s fleftfter fto Thfis ffrfiend was wrfiftften. 
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Ffigure 1: One parft off ftThe ffofld-ouft dfiagram fin Darwfin’s On ftThe orfigfin off specfies 

by means off nafturafl seflecftfion. Darwfin fincfluded ftThe onfly fiflflusftraftfion fin Thfis book 

fto ffacfiflfiftafte ftThe undersftandfing off “ftThe perpflexfing subjecft” off Thow ftThe “prfincfipfle 

off greaft benefffift befing derfived ffrom dfivergence off cTharacfter, combfined wfiftTh ftThe 

prfincfipfles off nafturafl seflecftfion and exftfincftfion, wfiflfl ftend fto acft.” (Darwfin, 1859, 

p. 108) 

 

Sfince ftThe 1860s, popuflar OoL ftTheorfies amongsft bfioflogfisfts were ftThose dfirecftfly connecfted wfiftTh 

ftThe Darwfinfian vfiew; ftThaft off a sflow ftransfiftfion ffrom non-flfivfing fto flfivfing maftfter, a fform off 

‘cThemficafl evofluftfion’ (Moore, 1913). TThfis was fin conftrasft wfiftTh a sponftaneous generaftfion off flfiffe 

wThficTh was ftThe predomfinanft ftTheory propagafted ftThrougThouft ftThe 18ftTh fto 20ftTh cenftury (Farfley, 1978; 

Kammfinga, 1988). Ift was—and ffor some sftfiflfl fis—ftThe convficftfion ftThaft, wfiftTh enougTh ftfime, sfimpfle 

fforms off flfiffe coufld deveflop ffrom carbon-based compounds graduaflfly fincreasfing fin compflexfifty, 

wThficTh meanft ftThaft ftThere were no fimpassabfle barrfiers fin nafture (Kammfinga, 1988).  

Buft ftThere was a paraflflefl, raftTher resftrficftfive fideoflogficafl deveflopmenft fin ftThe 19ftTh cenftury as 

weflfl: ftThe proftopflasmfic ftTheory off flfiffe (Huxfley, 1869; WeflcTh, 1995). Resftrficftfive, because 
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proftopflasm was defffined by TThomas H. Huxfley as “ftThe pThysficafl basfis and maftfter off flfiffe” 

(Huxfley, 1869, p. 3). In oftTher words, proftopflasm or ftThe ‘ceflfl subsftance’ was regarded as a sfingfle 

unfift and ftThe OoL meanft ftThe orfigfin off proftopflasm. However, wfiftTh ftfime and ftThe advenft off modern 

anaflyftficafl meftThods came ftThe finsfigThft ftThaft ftThe ceflfl subsftance was cThemficaflfly ffar ftoo compflex fto 

be consfidered one sfingfle enftfifty. Ift fis flfikefly ftThaft flfiffe coufld noft Thave sftarfted wfiftTh sucTh a demandfing 

Thefterogeneous mfixfture off findfivfiduafl enzymes, proftefins and oftTher organfic moflecufles ftThaft aflready 

was perffecftfly ffuncftfionfing.  

NeverftThefless, ftThfis ‘one enftfifty fto soflve fift aflfl’ approacTh fis someftThfing ftThaft ftThe OoL fffiefld 

cfircfled back fto ftowards ftThe end off ftThe 20ftTh cenftury, wThen ftThe RNA worfld ThypoftThesfis was 

posftuflafted. TThfis wfiflfl be brfiefffly dfiscussed ffurftTher beflow (CThapfter 1.3). In ftThe begfinnfing off ftThe 

20ftTh cenftury, Thowever, fift became cflear ftThaft wThaft Thad fto be soflved was Thow one off ftThese compflex 

sysftems coufld Thave emerged. A floft off bfiocThemfisfts cThose fto sfteer cflear off openfing ftThfis Pandora’s 

box, perThaps because ftThe probflem coufld noft be soflved by one scfienftfifffic dfiscfipflfine aflone 

(Kammfinga, 1988). 

 

1.2 “Borfing ffrom ftThe ftwo opposfifte ends off a ftunnefl” 

For ftThe fffirsft ffew decades off ftThe 20ftTh cenftury, OoL researcTh sftagnafted as scfienftfisfts sfimpfly 

avofided ftThfis seemfingfly unsoflvabfle puzzfle. Buft ftThen, ftThe fffirsft aftftempft ffor an finfterdfiscfipflfinary 

scfienftfifffic overvfiew specfiffficaflfly on ftThe OoL was puft fto paper, wrfiftften by ftThe Sovfieft bfioflogfisft 

and bfiocThemfisft Aflexander IvanovficTh Oparfin. Hfis book, TThe Orfigfin off Lfiffe, was pubflfisThed fin 

1936, wfiftTh ftThe EngflfisTh ftransflaftfion ffoflflowfing fin 1938 (Oparfin, 1938). TThese and ftThe ffoflflowfing 

exftended edfiftfions off ftThe book revfived ftThe OoL fffiefld by presenftfing new fideas and approacThes fin 

organfic and finorganfic cThemfisftry, comparaftfive bfioflogy, bfiocThemfisftry, geocThemfisftry, and 

asftropThysfics. Oparfin flooked deepfly finfto ftThe bfiocThemficafl properftfies off flfiffe and, ffurftThermore, 

sftafted fimporftanft consfideraftfions abouft ftThe ftThermodynamfics and kfineftfics necessarfifly finvoflved fin 

ftThe ftransfiftfion beftween abfioftfic and bfioftfic processes (Oparfin, 1957).  

Oparfin based Thfis assumpftfions abouft ftThe condfiftfions off earfly EarftTh on geocThemficafl sftudfies 

off ftThe modern EarftTh’s crusft, specftroscopfic finvesftfigaftfions off sftars and pflanefts, and ftThe cThemficafl 

composfiftfion off mefteorfiftes. An fimporftanft finsfigThft off ftThese comparaftfive sftudfies was ftThaft ftThe 

EarftTh’s aftmospThere was oxygen-depflefted and off a reducfing nafture. TThfis Thad been findependenftfly 

proposed by J.B.S. Hafldane a ffew years earflfier fin a sThorft pubflficaftfion (Hafldane, 1929). An 

anaerobfic, reducfing aftmospThere opened ftThe possfibfiflfifty off bufifldfing up carbon compounds ffrom 

more oxfidfized fforms flfike carbon monoxfide (CO) or carbon dfioxfide (CO2), finsftead off Thavfing 

ftThe equfiflfibrfium posfiftfion off ftThese reacftfions flfie on ftThe sfide off CO2 (as fift woufld fin an a
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aftmospThere). Knowfledge off organfic cThemfisftry aft ftThaft ftfime was aflready advanced enougTh fto 

predficft possfibfle synftTheftfic paftThways, ffrom fformafldeThyde fto fformafte fto amfino acfids and even 

organfic poflymers. 

HypoftTheftficafl access fto more compflex organfic moflecufles aflflowed Oparfin fto consfider ftThe 

rofle off coacervaftes afffter deflvfing finfto ftThe sftafte off ftThe arft flfifterafture on coflflofids, ftThaft fis, 

suspensfions off ftwo subsftances ftThaft do noft sThare ftThe same pThase (Osftwafld and KöThfler, 1927; 

Bungenberg de Jong, 1932). In a prebfioftfic conftexft, Oparfin consfidered coacervaftes as 

mficrodropflefts fformed ffrom ThydropThobfic compounds (organfic or finorganfic) fin aqueous sofluftfion, 

flfike smaflfl comparftmenfts, wThficTh, by mosft defffinfiftfions, are a crucfiafl prerequfisfifte ffor flfiffe (Rufiz-

Mfirazo, Brfiones and De La Escosura, 2014; Marftfin and Prefiner, 2017). TThe abfiflfifty off sucTh 

dropflefts fto absorb and fincorporafte organfic maftfter ffrom ftThe sofluftfion around ftThem and uftfiflfisfing 

fift fto grow and deveflop remfinded Oparfin off meftaboflfic sftrucftures, ffor Thfim ftThey consftfiftufted a 

possfibfle flfink beftween prebfioftfic and sfimpfle bfioftfic ceflfluflar sysftems (Kammfinga, 1988). To ftThfis 

day, ftThe fformaftfion off organfic (bfioflogficaflfly finspfired or noft) mficrodropflefts under varfious 

condfiftfions consftfiftuftes a flarge parft off OoL researcTh (Deamer, 1997; Jfia eft afl., 2019; Jordan eft 

afl., 2019). 

Oparfin vfiewed meftaboflfism as a cThafin off coupfled oxfidaftfions and reducftfions fincfludfing 

finftermoflecuflar Thydrogen ftransffer based on ftThe bfiocThemfisftry off Thfis ftfime (Kammfinga, 1988). TThe 

fidea off meftaboflfism befing one unfift and, moreover, ftThe eflemenftary properfty off flfiffe, was cenftrafl 

fto Thfis ftTheory. He compared ftThe exfisftfing dafta off ftThe dfifffferenft meftaboflfic sysftems ffrom exfisftenft 

organfisms and mapped a possfibfle order ffor ftThe evofluftfion off ftThe earflfiesft organfisms. WfiftTh ftThfis, 

The finftroduced comparaftfive bfiocThemfisftry, cenftrafl ftoofl fin modern OoL and moflecuflar evofluftfion 

researcTh (Kammfinga, 1988). In flafter edfiftfions off Thfis oeuvre, The aflso eflaborafted on ftThe rofle off 

CO2 fffixaftfion wfiftTh H2 as an fimporftanft parft off bufifldfing up ftThe necessary carbon compounds, 

comparfing ftThe processes off wThaft The knew ffrom auftoftropThfic carbon fffixaftfion, caflflfing fift ftThe 

“abfiogenfic (…) evofluftfion off carbon compounds” (Oparfin, 1957, p. 139).  

TThe overaflfl unprecedenfted finfterdfiscfipflfinary approacTh off Oparfin resuflfted fin wThaft fis 

known ftoday as ftThe ‘HefteroftropThfic orfigfin off flfiffe ftTheory’ or ftThe ‘Oparfin–Hafldane ThypoftThesfis’, 

as fift fis credfifted fto Oparfin and Hafldane. TThe flaftfter was aflso was ftThe fffirsft fto menftfion ftThe word 

‘soup’ fin conftexft off ftThe OoL (Hafldane, 1929), wThficTh fis wThy ftThe expressfion ‘prfimordfiafl soup’ 

fis common parflance ftoday.  

Oparfin sftafted Thfis opfinfion on Thow fto approacTh researcTh on ftThe orfigfin off flfiffe fin a bookfleft 

ftThaft preceded ftThe fffirsft edfiftfion off Thfis book by 12 years. TThe bookfleft dfid noft fincflude ftThe cThemficafl 

and bfiocThemficafl deftafifl wThficTh made Thfis flafter works so vafluabfle, nor 
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Russfian finfto EngflfisTh beffore 1967. TThus, ftThfis earfly work was noft recognfized wfidefly, aflftThougTh 

Oparfin’s fideaflfisftfic roadmap ftowards a sofluftfion ffor ftThe OoL puzzfle fis sftfiflfl reflevanft ftoday: 

 

“A wThofle army off bfioflogfisfts fis sftudyfing ftThe sftrucfture and organfizaftfion off 

flfivfing maftfter, wThfifle a no fless number off pThysficfisfts and cThemfisfts are dafifly 

reveaflfing fto us new properftfies off dead ftThfings. Lfike ftwo parftfies off workers borfing 

ffrom ftThe ftwo opposfifte ends off a ftunnefl, ftThey are workfing ftowards ftThe same goafl. 

TThe work Thas aflready gone a flong way and very, very soon ftThe flasft barrfiers 

beftween ftThe flfivfing and ftThe dead wfiflfl crumbfle under ftThe aftftack off paftfienft work 

and powerffufl scfienftfifffic ftThougThft.” (Oparfin, 1967, p. 234) 

 

Oparfin was perThaps over-opftfimfisftfic abouft ftThe upcomfing scfienftfifffic breakftThrougThs fin 

OoL researcTh, buft Thfis message was cflear: aflfl dfiscfipflfines Thave fto pfiftcTh fin fin order fto see ftThe flfigThft 

aft ftThe end off ftThe fffiguraftfive ftunnefl. Hfis ftTheory reffflecfted ftThfis convficftfion. Formuflafted openfly and 

fincfludfing ftThe vfiew off many dfiscfipflfines, fift was predesftfined fto be ffflexfibfle enougTh ffor scfienftfifffic 

progress (Farfley, 1978). Oparfin Thfimseflff exftended and cThanged Thfis ftTheory unftfifl Thfis deaftTh fin 1980 

(Oparfin, 1957; Kammfinga, 1988). Even fiff researcThers dfid noft agree wfiftTh parfts off Oparfin’s 

ftTheory, ftThey were abfle fto bufifld on oftTher aspecfts off fift. Mosft fimporftanft off aflfl, parfts off Oparfin’s 

ThypoftTheses coufld acftuaflfly be ftesfted, someftThfing ftThaft resuflfted fin probabfly ftThe besft known OoL 

seft-up—ftThe Mfiflfler-Urey experfimenft. 

 

1.3 Modern ftfimes, dfivfided ftfimes 

WThen Sftanfley Mfiflfler, under ftThe supervfisfion off Harofld Urey, sftarfted seftftfing up an experfimenft fto 

ftesft Oparfin and Hafldane’s ThypoftThesfis off ftThe prfimordfiafl soup durfing Thfis PThD ftThesfis, Thfis were noft 

ftThe fffirsft cThemficafl experfimenfts cenftrafl fto ftThe fffiefld off prebfioftfic cThemfisftry (Mfiflfler, 1953). 

Reacftfions flfike ftThe Sftrecker-synftThesfis off amfino acfids ffrom afldeThydes, ammonfia, and Thydrogen 

cyanfide (Sftrecker, 1850) or ftThe fformose reacftfion, wThficTh fis sftfiflfl wfidefly consfidered ftThe mosft 

fimporftanft prebfioftfic paftThway ffrom afldeThydes fto sugars (Buftflerow, 1861) Thad aflready been 

descrfibed a cenftury earflfier. NeverftThefless, Mfiflfler’s experfimenft became a flandmark because fift 

was ftafiflored ffor OoL, fift was based on an exfisftfing ThypoftThesfis, and was perfformed under 

condfiftfions ftThaft were consfidered fto represenft ftThose on earfly EarftTh (Bada and Lazcano, 2003). 

Mfiflfler cfircuflafted 200 mL wafter (H2O) and ca. 20 mbar (Mfiflfler used ftThe unfift ‘20 cm H2O’) off 

meftThane (CH4), 20 mbar off ammonfia (NH3), and 10 mbar off Thydrogen (H2) ftThrougTh a gflass U
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ftube, usfing eflecftrficafl dfiscTharge fto creafte ffree radficafls. Hfis observaftfions over ftThe one-week flong 

run are descrfibed fin ftThe Scfience pubflficaftfion off 1954:  

 

 “Durfing ftThe run ftThe wafter fin ftThe ffflask became noftficeabfly pfink afffter ftThe 

fffirsft day, and by ftThe end off ftThe week ftThe sofluftfion was deep red and fturbfid. Mosft 

off ftThe fturbfidfifty was due fto coflflofidafl sfiflfica ffrom ftThe gflass. TThe red coflor fis due fto 

organfic compounds adsorbed on ftThe sfiflfica. Aflso presenft are yeflflow organfic 

compounds, off wThficTh onfly a smaflfl ffracftfion can be exftracfted wfiftTh 

eftTher…”(Mfiflfler, 1953, p. 528) 

 

Mfiflfler ftThen ftesfted ftThe resuflftfing mfixfture ffor amfino acfids by paper cThromaftograpThy and 

was abfle fto fidenftfiffy gflycfine, α-aflanfine and β-aflanfine. Two years flafter, wfiftTh fimproved anaflyftfic 

means The coufld aflso deftecft ftThe amfino acfids sarcosfine, d,fl-α-amfinobuftyrfic acfid, and α-

meftThyflaflanfine. TThe major parft off ftThe acfid ffracftfion consfisfted off carboxyflfic acfids flfike gflycoflfic, 

flacftfic, fformfic, aceftfic and propfionfic acfid (Mfiflfler, 1955). In ftThe gas pThase, aparft ffrom ftThe educft 

gasses, Mfiflfler deftecfted nfiftrogen (N2), carbon monoxfide (CO), and carbon dfioxfide (CO2), ftThe 

flaftfter ftwo probabfly aflso reacftanfts en roufte fto ftThe amfino- and carboxyflfic acfids The ffound.  

TThese fffirsft de ffacfto OoL experfimenfts kficked offff ffurftTher experfimenftafl finvesftfigaftfions off 

prebfioftfic cThemficafl reacftfions. TThfis researcTh provfided consftrafinfts on ftThe oftTherwfise endfless 

possfibfiflfiftfies off organfic compounds avafiflabfle fin varfious versfions off earfly EarftTh envfironmenfts. 

Over ftThe years many dfifffferenft OoL flocaftfions Thave been consfidered fin fterms off abfioftfic organfic 

synftThesfis (McCoflflom, 2013b). For exampfle, aft ftThe ftfime off ftThe Mfiflfler–Urey experfimenfts ftThe 

mosft ffavourabfle envfironmenft ffor ftThe OoL was seen as Oparfin and Hafldane’s prfimordfiafl soup. 

In ftThe mfid-1970s ftThe dfiscovery off deep-sea ThydroftThermafl venfts (Corflfiss eft afl., 1979; Baross and 

Hoffffman, 1985; Keflfley eft afl., 2001) fled fto ThypoftTheses based on ftThese flocaftfions and ftThefir 

condfiftfions. TThe same fis ftrue ffor more recenft proposafls ftThaft bufiflft ftTheorfies around fterresftrfiafl Thoft 

sprfings (MfiflsThfteyn eft afl., 2018). TThese are merefly a ffew off many proposed OoL envfironmenfts. 

A varfiefty off ThypoftTheses ffoflflowed noft onfly ffrom ftThe pThysfico-cThemficafl consftrafinfts off 

dfifffferenft possfibfle sfiftes ffor ftThe emergence off flfiffe, buft ftThey aflso fled fto ftThe abandonmenft off 

Oparfin’s concepft off flookfing aft meftaboflfism as a unfifty. WThen ftThe caftaflyftfic properftfies off RNA 

were dfiscovered fin ftThe earfly 1980s fin ftThe fform off rfibozymes (Kruger eft afl., 1982), ftThe concepft 

off ftThe ‘RNA worfld’ by Waflfter Gfiflberft qufickfly esftabflfisThed a ThfierarcThy off bfiomoflecufles (Gfiflberft, 

1986). For many OoL researcThers, ftThe synftThesfis off RNA under ‘pflausfibfle’ prebfioftfic condfiftfions 

(Powner, Gerfland and SuftTherfland, 2009) equaflfled ftThe sofluftfion fto OoL fiftseflff, sfince 
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moflecufles unfifffied boftTh finfformaftfionafl (geneftfic) and enzymaftfic (meftaboflfic) properftfies (Orgefl, 

2004), boftTh mafin aftftrfibuftes off flfiffe as we know fift. Once ftThere was RNA, flfiffe coufld become 

esftabflfisThed, and ftThe rofle off oftTher moflecufles and paftThways wfiftThfin ftThe meftaboflfic sysftem became 

very finsfignfiffficanft, noft unflfike ftThe (by ftThen 100 years ofld) proftopflasm fidea, wThere one subsftance 

was aflso ftThougThft fto be ftThe sofluftfion fto aflfl. Unflfike ftThe compflex, mafinfly unknown composfiftfion off 

proftopflasm, ftThe RNA moflecufle’s sftrucfture and cThemficafl beThavfiour fis weflfl finvesftfigafted and 

currenftfly seems fto be someftThfing wfiftThfin reacTh fin fterms off flaboraftory synftThesfis. Buft ffundamenftafl 

dfiffffficuflftfies wfiftTh ftThe concepft were fformuflafted over ftThe decades ftThaft ffoflflowed. TThese fincflude ftThe 

flack off ftempflaftes ffor RNA poflymerfizaftfion (SThapfiro, 2000) and ftThe fimprobabfiflfifty off sucTh a 

compflex moflecufle as RNA fformfing prebfioftficaflfly wfiftThouft an esftabflfisThed meftaboflfic sysftem gfiven 

ftThaft fift fis suscepftfibfle fto desftrucftfion vfia Thydroflysfis (Ofivanen, Kuusefla and Lönnberg, 1998; 

Prefiner, AscThe, eft afl., 2019). Aflso, geocThemfisfts pofinft ouft ftThaft mosft off ftThe ‘pflausfibfle’ condfiftfions 

ftThaft are depfloyed by ftypficafl RNA worfld experfimenfts are noft compaftfibfle wfiftTh ftThe reconsftrucfted 

envfironmenfts off earfly EarftTh (McCoflflom, 2013b), someftThfing wThficTh fis addressed fin more deftafifl 

fin ftThfis ftThesfis’ CThapfter I (Pubflficaftfion 1).  

Offften depficfted fin dfirecft opposfiftfion fto RNA worfld are ‘meftaboflfism fffirsft’ ftTheorfies (Orgefl, 

2008), wThficTh sftarft ffrom sfimpfler moflecufles bufifldfing up paftThways and neftworks ftThaft can Tharness 

energy more or fless dfirecftfly ffrom geocThemficafl sources beffore reacThfing geneftfic compflexfifty 

(WäcThftersThäuser, 1997; Dyson, 1999; de Duve, 2003; SmfiftTh and Morowfiftz, 2004). TThe concepft 

‘ffrom sfimpfle fto compflex’ fis reffflecfted fin aflfl ftTheorfies ffor OoL, fincfludfing ftThe aflkaflfine 

ThydroftThermafl venft approacTh descrfibed fin CThapfter 1.4 and, by exftensfion, ftThe pubflficaftfions 

presenfted fin CThapfter II and III off ftThfis ftThesfis.   

Many dfivfisfions wfiftThfin ftThe OoL researcTh communfifty bofifl down fto Thow carbon enfters ftThe 

sysftem. Iff carbon enfters finorganficaflfly (mafinfly CO2, someftfimes CO), flfiffe fis consfidered fto Thave 

Thad an auftoftropThfic orfigfin. In ThefteroftropThfic orfigfin ftTheorfies, ftThe source off carbon fis a reduced, 

organfic fform, (ScThönThefift, Buckefl and Marftfin, 2016). HefteroftropThfic orfigfin ftTheorfies sftarfted wfiftTh 

Oparfin’s comparaftfive bfiocThemfisftry sftudfies and are ftradfiftfionaflfly ffavoured by prebfioftfic cThemfisfts 

(Oparfin, 1957; Orgefl, 2008), pficfturfing ftThe fffirsft ceflfls flfivfing ffrom compflex organfic moflecufles 

synftThesfized abfioftficaflfly, ouftsfide off ftThe ceflfl. AuftoftropThfic ftTheorfies are normaflfly supporfted by a 

bfioflogficafl perspecftfive, wThere ftThe fffirsft ceflfls are usuaflfly consfidered fto be auftoftropThs (Wefiss eft 

afl., 2016), bufifldfing up organfic carbon moflecufles ffrom ftThe aflready menftfioned finorganfic C1 

sources. Evfidence ffor ftThese ftTheorfies fis aflso dfiscussed fin CThapfter I (Pubflficaftfion 1) off ftThfis ftThesfis. 

Some Thave consfidered ftThe dfivfisfion off auftoftropThfic and ThefteroftropThfic OoL ftTheorfies fto be 

mfisfleadfing, as ecoflogficafl ftropThfic flevefls do 
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(SmfiftTh and Morowfiftz fin “WorksThop OQOL’09: Open Quesftfions on ftThe Orfigfins off Lfiffe 2009”). 

A cThemficafl dfisftfincftfion beftween auftoftropThfic and ThefteroftropThfic orfigfin modefls mfigThft be wTheftTher 

ftThe mecThanfisms off a meftaboflfic paftThway were conserved or repflaced, and “wTheftTher ftThe orfigfinafl 

moflecuflar finvenftory was sfimfiflar fto ftThe unfiversafl core ftoday” (SmfiftTh and Morowfiftz fin 

“WorksThop OQOL’09: Open Quesftfions on ftThe Orfigfins off Lfiffe 2009”, p. 398).  

TThfis safid, flfiffe can be consfidered as a process Tharvesftfing ftThe energy ffrom consftanftfly 

occurrfing reacftfions—and ftThe compflex moflecufles and neftworks off flfiffe as sfide producfts off ftThaft 

mafin exergonfic reacftfion, fto be more precfise, a redox reacftfion, an eflecftron ftransffer. Or, as ftThe 

bfioflogfisft Bfiflfl Marftfin pufts fift: “Lfiffe fis a cThemficafl reacftfion” (Marftfin, 2011, p. 1).  

 

1.4 One reacftfion fto ffuefl ftThem aflfl? 

TThere are a many ffacefts fto ftThe orfigfin off flfiffe, buft ftThrougThouft fifts researcTh Thfisftory, ffrom Darwfin 

fto Oparfin and Mfiflfler, RNA worfld fto meftaboflfism fffirsft, prfimordfiafl soups and flfigThftnfing fto 

ThydroftThermafl venfts, ftThe fffixaftfion (and ftThus Thydrogenaftfion) off carbon fis cenftrafl fto ftThem aflfl. Some 

woufld even say, ftThaft “ftThe Thydrogenaftfion off CO2 [fis] flfiffe’s job”, an expressfion ftThaft was cofined 

by geocThemfisft Mfike Russeflfl (Russeflfl, 2019, p. 6). TThe ThypoftThesfis beThfind ftThfis expressfion fis ftThaft 

flfiffe was a way fto Tharness ftThe ffree energy sftored fin CO2 fin EarftTh’s aftmospThere and ocean over 4 

bfiflflfion years ago. TThe cThemficafl poftenftfiafl off CO2 can be accessed vfia ThydroftThermaflfly produced 

H2  (Marftfin and Russeflfl, 2007). In ftThe reacftfion off H2 wfiftTh CO2, ftThe equfiflfibrfium flfies on ftThe sfide 

off reduced carbon compounds (SThock, 1990), so one coufld expecft ftThem fto reacft sponftaneousfly 

fto produce meftThane, wafter and Theaft (SThock, 1990). Buft due fto kfineftfic barrfiers (Maden, 2000), 

ftThey do noft do ftThaft, buft flfiffe makes ftThem reacft, or fto be more precfise, flfiffe fforms flfike meftThanogens 

make ftThem reacft (Sousa and Marftfin, 2014; Wefiss eft afl., 2016). WfiftTh enzymes, coffacftors, and a 

wThofle pfleftThora off coupfled reacftfions, flfiffe draws energy excflusfivefly ffrom ftThe ftransffer off eflecftrons 

ffrom donor fto accepftor moflecufles (Morowfiftz and SmfiftTh, 2006). Aft flfiffe’s orfigfin, ftThe kfineftfic 

barrfiers fto ftThe reacftfion off H2 wfiftTh CO2 were overcome by abfioftfic caftaflysfts. Dependfing on ftThe 

caftaflysft composfiftfion and on ftThe envfironmenftafl condfiftfions (ftemperafture, pH, pressure), a 

compflex serfies off reacftfions emerged, uflftfimaftefly fleadfing fto ftThe cThemficafl reacftfion ftThaft fis flfiffe 

(Marftfin, 2011).  

Buft Thow dfid ftThfis serfies off reacftfions sftarft exacftfly? TThaft fis wThere ftThe approacTh aflready 

appflfied by Oparfin—unfiftfing comparaftfive bfiocThemfisftry and geocThemfisftry—comes finfto pflay. 

WThen deep-sea ThydroftThermafl venfts wThere dfiscovered fin ftThe 1970s, ftThey were qufickfly 

esftabflfisThed as possfibfle sfiftes ffor ftThe orfigfin off flfiffe (Corflfiss eft afl., 1979; Corflfiss, Baross and 

Hoffffman, 1981; Baross and Hoffffman, 1985)

11

. TThe venft ThypoftTheses were adapfted wfiftTh ftfime and 



expanded by finsfigThfts ffrom bfioflogy (Decker, Jungermann and TThauer, 1970; TThauer, 

Jungermann and Decker, 1977) and cThemfisftry (WäcThftersThäuser 1988, 1990, 1992), fleadfing fto 

a ftTheory bufiflft around aflkaflfine, flow-ftemperafture ThydroftThermafl venfts, rficTh fin firon suflfffides 

(Russeflfl, Haflfl and Turner, 1989; Russeflfl eft afl., 1993; Russeflfl and Haflfl, 1997). 

TThe evofluftfion off ftThe fffirsft meftaboflfic cycfles wfiftTh ftThe Theflp off firon suflfffides (‘firon–suflffur 

worfld’) was ThypoftThesfized by GünftTher WäcThftersThäuser (WäcThftersThäuser, 1992), based on work 

off Roflff TThauer and Thfis coflfleagues (TThauer, Jungermann and Decker, 1977). In conftrasft fto ftThe 

firon–suflffur worfld, wThficTh reflfied on firon suflfffides as reacftanfts/eflecftron donors and caftaflysfts fto fffix 

CO2, ftThe ftTheory around aflkaflfine ThydroftThermafl venft ffocused on ftThe dfisequfiflfibrfium off ftwo ffflufids, 

usfing firon suflfffides as a kfind off membrane fto separafte ftThe aflkaflfine ThydroftThermafl venft ffflufid ffrom 

ftThe mfifldfly acfidfic ocean fto drfive a pH gradfienft fto eflecftrocThemficaflfly reduce CO2 (Huber and 

WäcThftersThäuser, 1997; Russeflfl, 2019). Aft ftThe ftfime ftThfis ftTheory was proposed, fift was based on 

experfimenfts wfiftTh cThemficafl gardens fin ftThe flaboraftory, ftThe exfisftence off ThydroftThermafl sysftems 

wfiftTh aflkaflfine efffffluenfts was noft confffirmed.  

TThe dfiscovery off ftThe venfts ftThemseflves occurred over 10 years flafter, wThen DeboraTh 

Keflfley and Ther fteam dfiscovered ftThe Losft Cfifty aflkaflfine ThydroftThermafl fffiefld 15 km Wesft off ftThe 

Mfid Aftflanftfic Rfidge (Keflfley eft afl., 2001; Keflfley, Baross and Deflaney, 2002). TThe aflkaflfine pH 

fis a consequence off a process caflfled serpenftfinfizaftfion, a wafter–rock finfteracftfion ftThrougTh wThficTh 

vasft amounfts off wafter are reduced fto H2, ftThus deflfiverfing ftThe eflecftron donor ffor ftThe CO2 fffixaftfion 

fin ftThe efffffluenft. Lafter on, sftudfies suggesfted ftThaft ftThe Thydrogen dependenft reducftfion off CO2 coufld 

be Thappenfing fin serpenftfinfizfing sysftems abfioftficaflfly, ftThus openfing ftThe possfibfiflfifty off prebfioftfic 

CO2 fffixaftfion (Kflefin, BacTh and McCoflflom, 2013; ScThrenk, Brazeflfton and Lang, 2013; FrüTh-

Green eft afl., 2017). TThfis process fis expflafined fin deftafifl fin CThapfter III (Pubflficaftfion 6).  

WfiftTh fincreasfing finfformaftfion on possfibfle geoflogficafl condfiftfions and progress fin 

mficrobfioflogy and bfiofinfformaftfics, auftoftropThfic carbon fffixaftfion paftThways flfike ftThe reverse Krebs 

cycfle (rTCA) or ftThe reducftfive aceftyfl-CoA paftThway became assocfiafted wfiftTh cThemficafl and 

geocThemficafl reacftfions (DayThoffff and Eck, 1966; TThauer, Jungermann and Decker, 1977; 

WäcThftersThäuser, 1988; Huber and WäcThftersThäuser, 1997). TThfis fled fto ftThe fidea ftThaft ftThese 

bfioflogficafl paftThways coufld be noft onfly ‘bfiocThemficafl ffossfifls’ off ftThe meftaboflfic paftThways fin 

aflready exfisftfing ceflfls, buft aflso ‘geocThemficafl ffossfifls’ ffrom prebfioftfic ftfimes, beffore enzymes and 

coffacftors arose (Crabftree, 1997). TThe fidea began fto mafture wThen geocThemfisft Mfike Russeflfl and 

bfioflogfisft Bfiflfl Marftfin sftarfted fto coflflaborafte. Marftfin’s vfiews on ftThe pfivoftafl rofle off Thydrogen fin 

carbon meftaboflfism fffift fin ftThe geocThemficafl seftftfing aflkaflfine ThydroftThermafl venfts provfided (Marftfin 

and Müflfler, 1998; Marftfin and Russeflfl, 2003; Russeflfl, 2019). TThe geocThemficafl boftftom-
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approacTh off ftThe Thydrogenaftfion off CO2 and ftThe bfioflogficafl ftop-down approacTh, flookfing aft 

moflecuflar evofluftfion fin ceflfls, fled fto ftThe same concflusfion: ftThaft CO2 fffixaftfion wfiftTh H2 fis exftremefly 

ancfienft (Marftfin and Russeflfl, 2003; Russeflfl and Marftfin, 2004; Marftfin and Russeflfl, 2007; Russeflfl, 

Haflfl and Marftfin, 2010). TThe ffar-ffrom-equfiflfibrfium sysftem fin aflkaflfine ThydroftThermafl venfts noft 

onfly offffered access fto bfioflogy-flfike CO2 reducftfion, fift aflso offffered smaflfl, aflmosft ceflfl-flfike 

comparftmenfts, fin wThficTh ftThe deveflopmenft off caftaflyftfic neftworks separafted ffrom ftThe envfironmenft 

was fimagfinabfle, fleadfing fto compflex sftrucftures flfike RNA and proftefins (Marftfin and Russeflfl, 

2007). Ift sThoufld be nofted ftThaft ftoday, varfious sub-ThypoftTheses Thave devefloped based on aflkaflfine 

ThydroftThermafl venfts, a coTherenft aflkaflfine ThydroftThermafl venft ftTheory does noft exfisft. WThfifle some 

are proposfing meftThane as a carbon source finsftead off CO2, (Russeflfl, NfiftscThke and Branscomb, 

2013; Russeflfl, 2019), oftThers aftftacTh fless fimporftance fto pH gradfienfts or firon suflfffides, as wfiflfl be 

eflaborafted on fin CThapfter III off ftThfis dfisserftaftfion. 

Modern bfiofinfformaftfics makes fift possfibfle fto reconsftrucft ftThe bfiocThemficafl paftThways off ftThe 

fffirsft flfivfing ceflfl, ftThe flasft unfiversafl common ancesftor (LUCA). LUCA flfinks ftThe abfioftfic pThase off 

EarftTh wfiftTh ftThe fffirsft evfidence off mficrobfiafl flfiffe, wThficTh fis aflmosft 4 bfiflflfion years off age (Wefiss eft 

afl., 2016, 2018; TasThfiro eft afl., 2017). WThfifle ftThe meftThods are refffinfing consftanftfly, fift seems ftThaft 

LUCA findeed flfived ffrom CO2 fffixaftfion wfiftTh H2 vfia ftThe aceftyfl-CoA paftThway. TThfis ftopfic fis 

covered fin deftafifl fin CThapfter II (Pubflficaftfion 4). WThaft makes ftThe reacftfion off ftThese ftwo compounds 

so appeaflfing? To approacTh ftThfis quesftfion, one Thas fto do so ffrom dfifffferenft dfirecftfions. Because fin 

ftThe begfinnfing, ftThfis Thad fto be an abfioftfic reacftfion, noft a bfioftfic one. Abfioftfic CO2/H2 reacftfions are 

ffound boftTh fin geoflogy and findusftry. In order fto undersftand Thow and wThy nafture coufld Thave 

cThosen ftThfis reacftfion as a sftarftfing pofinft ffor flfiffe, no caftaflyftfic sftone can be fleffft unfturned.  
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2 CO2 fffixaftfion across ftThe dfiscfipflfines 

2.1 Weflfl known and sftfiflfl noft ffuflfly undersftood: CO2 

Rarefly are ftThere sfingfle moflecufles, fleft aflone ftThefir empfirficafl fformuflae, ftThaft make fift finfto common 

parflance. Buft ftThe mosft oxfidfized fform off carbon, carbon dfioxfide, Thas become so crucfiafl ffor our 

undersftandfing off EarftTh’s cflfimafte ftThaft fifts cThemficafl fformufla fis known fto ftThe broad pubflfic. 

CO2 fis one off ftThe EarftTh’s mosft fimporftanft nafturaflfly occurrfing greenThouse gasses, and as 

sucTh fis dfirecftfly responsfibfle ffor makfing ftThe pflaneft warm enougTh ffor flfiffe as we know fift fto deveflop 

(KfieThfl and TrenberftTh, 1997). Sfiftuafted fin ftThe aftmospThere, greenThouse gasses absorb finffrared 

radfiaftfion comfing ffrom ftThe EarftTh’s surfface and reffflecft parfts off fift back fto ftThe surfface, ftThereby 

fincreasfing ftThe ftemperafture fto a pfleasanft 14 °C (Karfl and TrenberftTh, 2003). 

CO2 fis aflso ftThe end producft off ftThe prfimary energy generaftfion process off ftThe 20ftTh and 21sft 

cenftury, ftThe combusftfion off organfic mafterfiafl ftThaft was, mfiflflfions off years ago, fffixed by pflanfts and 

mficroorganfisms vfia pThoftosynftThesfis. By burnfing ffossfifl ffuefls, flarge amounfts off reduced carbon 

are oxfidfized fto CO2 fin sThorft perfiods off ftfime. TThe reverse process Thowever, CO2 fffixaftfion, fis ffar 

more compflex, needs more resources and consequenftfly ftakes more ftfime ftThan burnfing ftThe carbon 

equfivaflenft off coafl, ofifl or gas. TThfis Thas fled fto a rapfid fincrease off aftmospTherfic CO2 flevefls, ffrom 

a pre-findusftrfiafl vaflue off abouft 280 ppm fto 379 ppm fin 2005 (Soflomon eft afl., 2007). 

Geoflogficaflfly, ftThfis fis a very sThorft perfiod off ftfime. Accordfing fto measuremenfts off ftThe EarftTh 

Sysftem ResearcTh Laboraftory aft Mauna Loa on Hawafifi, ftThe currenft aftmospTherfic gflobafl mean 

concenftraftfion off CO2 fis 407.75 ppm (Augusft 2019) and rfisfing (Trends fin aftmospTherfic carbon 

dfioxfide, 2019). TThfis sThorft-fterm rfise off CO2 concenftraftfion enftafifls a concurrenft fincrease off gflobafl 

ftemperafture wThficTh, fiff noft consftrafined, fis predficfted evenftuaflfly fto Thave unconftroflflabfle fimpacfts 

on ftThe Worfld’s cflfimafte (PacThaurfi and Meyer, 2014).  

Besfides drasftficaflfly reducfing ftThe findusftrfiafl processes ftThaft reflease mosft CO2 finfto ftThe 

aftmospThere, capfturfing and sftorfing CO2 fin order fto keep fift ouft off ftThe aftmospThere (Carbon capfture 

and sftorage, CCS) and ftransfformfing CO2 back finfto more reduced carbon compounds (Carbon-

fto-CThem, C2C) are approacThes ftThaft are befing consfidered fto decrease aftmospTherfic CO2 flevefls 

(D’Aflessandro, Smfift and Long, 2010; Lfi eft afl., 2016).  

Takfing a cfloser flook aft ftThfis moflecufle ftThaft fis so essenftfiafl and sfimuflftaneousfly ftThreaftenfing 

fto flfiffe on EarftTh as we know fift, ftThe cThances and caveafts off reducfing fift fto organfic compounds 

become cflearer. Carbon dfioxfide fis a flfinear, nonpoflar moflecufle ftThaft Thoflds sftrong poflar bonds 

beftween carbon and oxygen, resuflftfing fin a sThorft dfisftance beftween ftThe aftoms (1.16 Å). TThe ftrfipfle 

pofinft off CO2, wThere ftThe ftThree pThases coexfisft fin ftThermodynamfic equfiflfibrfium, flfies aft 5.1 bar and 

–56.6 °C, wThficTh means 
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ThfigTher ftemperaftures and ThfigTher pressures, ftThe gas flfiquefffies. Above ftemperaftures off 31.1.°C fin 

combfinaftfion wfiftTh pressures above 73.8 bar, CO2 fturns supercrfiftficafl (sCO2), a sftafte fin wThficTh fift 

exThfibfifts properftfies beftween a gas and a flfiqufid, a sftafte ftThaft fis wfidefly used fin findusftry ffor 

exftracftfions and oftTher appflficaftfions (Cvjeftko Bubaflo eft afl., 2015). TThe eflecftronfic sftrucfture, 

O−δ−C+2δ−O−δ, reveafls ftThaft carbon fis suscepftfibfle fto a nucfleopThfiflfic aftftack, meanfing eflecftron rficTh 

specfies can fform a bond wfiftTh fift (Appefl eft afl., 2013). Oxygen, on ftThe oftTher Thand, fis open fto an 

eflecftropThfiflfic aftftack ffrom an eflecftron poor moflecufle, aftom or fion. CO2 aflso Thas a flarge 

quadrupofle momenft ftThaft can be descrfibed as ftwo eflecftrficafl dfipofles sfiftftfing back-fto-back and 

pofinftfing fin opposfifte dfirecftfions. TThfis makes CO2 finfteracft weflfl wfiftTh poflar envfironmenfts—fin 

sofluftfion, gas pThase or wfiftThfin soflfid fframeworks (BuckfingTham and DfiscTh, 1963; CThofi and SuTh, 

2009; D’Aflessandro, Smfift and Long, 2010). Compared fto oftTher aftmospTherfic gases (H2, N2, O2), 

CO2 fis ftThereffore very soflubfle fin wafter: aft 25 °C under 1 bar off CO2 gas, 0.033 mofl/L CO2 are 

dfissoflved fin wafter (Appefl eft afl., 2013). Dependfing on ftThe pH, efiftTher carbonfic acfid (H2CO3), 

bficarbonafte (HCO3–) or carbonafte (CO32– ) fis ftThe predomfinanft specfies, aflftThougTh equfiflfibrfium ffor 

ftThe Thydraftfion off CO2 fto H2CO3 fis onfly acThfieved sflowfly wfiftThouft caftaflysfts. Carbon dfioxfide acfts 

as a Lewfis acfid (eflecftron accepftor), wThfifle barefly reacftfing wfiftTh Brønsfted (profton donor) or Lewfis 

(eflecftron accepftor) acfids.  

In order fto be abfle fto accepft eflecftrons, CO2 Thas fto be acftfivafted, meanfing ftThe C–O bonds 

Thave fto be weakened. TThfis weakenfing fis mosftfly acThfieved vfia ftThe bendfing off ftThe usuaflfly flfinear 

moflecufle, makfing fift easfier ffor nucfleopThfifles and eflecftropThfifles fto finfteracft wfiftTh ftThe correspondfing 

orbfiftafls (Ffig. 2). TThe flowesft unoccupfied moflecuflar orbfiftafl (LUMO) off CO2—ftThe moflecuflar 

orbfiftafl (MO) suscepftfibfle fto eflecftrons and ftThus nucfleopThfiflfic aftftacks—fis an anftfi-bfindfing π* MO. 

Ifts wave ffuncftfion probabfiflfiftfies are sftrongfly flocaflfized aft ftThe carbon aftom, wThficTh enabfles ftThe 

ftransffer off eflecftron densfifty ffrom a nucfleopThfifle finfto ftThe LUMO. Bendfing enfforces ftThfis reacftfion 

by exposfing ftThe LUMO fto ftThe nucfleopThfifle. TThe ThfigThesft occupfied moflecuflar orbfiftafl (HOMO) off 

CO2 fis a non-bfindfing π MO (Ffig. 2). Here, ftThe eflecftron densfifty and wave ffuncftfion probabfiflfifty 

are flocaflfized as flone eflecftron pafirs off oxygen and ftThus open ffor reacftfions wfiftTh eflecftropThfifles 

(Appefl eft afl., 2013).  

TThe energy needed ffor acftfivaftfing ftThe sftrucfturafl cThange ftThaft fis ftThe bendfing off ftThe CO2 

moflecufle fis reffflecfted fin ftThe very negaftfive eflecftrocThemficafl poftenftfiafls ffor one-eflecftron reducftfion 

off CO2 fto CO2−• (E°’= –1.9 V aft pH 7) (Frese, 1993), wThficTh means ftThaft ftThfis reacftfion fis ThfigThfly 

endergonfic. In comparfison, ftThe coupfled ftwo-eflecftron reducftfion ffrom CO2 fto CO (E°’= –0.52 V 

aft pH 7) and CO2 fto aqueous fformafte (HCOO–; E°’= –0.53 V aft pH 7) can Thappen under mfifld 

condfiftfions.  
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Ffigure 2: Moflecuflar orbfiftafl (MO) energy flevefl dfiagram ffor ftThe flfinear CO2 

moflecufle. TThe depficfted MOs are ftThe bfindfing πb MO, ftThe non-bfindfing π MO (ftThe 

ThfigThesft occupfied MO, HOMO) and ftThe anftfi-bfindfing π* MO (ftThe flowesft 

unoccupfied MO, LUMO. Redrawn and adapfted ffrom Keene, 1993. 

 

CO2 can be reduced efiftTher wfiftTh sftrong nucfleopThfifles or wThen fift fis acftfivafted/benft weflfl enougTh. In 

bfioflogy, fin order fto avofid ftThe necessfifty off sftrong nucfleo- or eflecftropThfifles, nucfleopThfiflfic and 

eflecftropThfiflfic reacftfions are offften combfined wfiftThfin ftThe acftfive cenftres off ftThe finvoflved enzymes fto 

fffix CO2 (Appefl eft afl., 2013).  

Bfioflogficafl paftThways ffor CO2 fffixaftfion use a varfiefty off mecThanfisms and enzymes. From 

makfing C−H and C−C bonds fto cfleavfing C−O bonds, nafture Thas Thad bfiflflfions off years fto deveflop 

sfix (known) ways fto process CO2 (FucThs, 2011). TThe fffirsft dfiscovered and besft known off ftThese 

sfix fis ftThe reducftfive penftose pThospThafte (Caflvfin-Benson) cycfle, ffound fin varfious auftoftropThfic 

prokaryoftes and pflanfts. Ift converfts CO2, NADPH and pThospThafte (Pfi) ffrom ATP finfto sugar 
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pThospThaftes (BassTham, 1979). TThe oftTher fffive auftoftropThfic paftThways ftThaft can fturn finorganfic finfto 

organfic mafterfiafl ffound fin prokaryoftes are: ftThe reducftfive cfiftrfic acfid cycfle (rTCA), ftThe 

dficarboxyflafte/4-Thydroxybuftyrafte cycfle, ftThe 3-Thydroxypropfionafte/4-Thydroxybuftyrafte cycfle, ftThe 

3-Thydroxypropfionafte bfi-cycfle, and ftThe reducftfive aceftyfl-CoA (or Wood-LjungdaThfl) paftThway 

(Berg eft afl., 2007; FucThs, 2011). Iff ftThese fffive fffixaftfion paftThways are compared, fift becomes 

evfidenft ftThaft ftThe reducftfive aceftyfl-CoA paftThway requfires mfinfimafl energy and flfinks anaboflfism 

and caftaboflfism vfia fifts producft, aceftyfl-CoA. TThe flaftfter can be Thydroflysed fto aceftafte, a sftep ftThaft 

refleases ATP (Berg eft afl., 2010; FucThs, 2011). TThfis means, ftThe aceftyfl-CoA paftThway can be 

flfinked dfirecftfly fto an energy provfidfing process, wThficTh fis crucfiafl ffor a meftaboflfic cycfle. TThe 

possfibfle rofle off ftThe paftThway fin bufifldfing up a proftomeftaboflfism fis dfiscussed fin deftafifl fin ftThe 

pubflficaftfions fincfluded fin CThapfters II and III. TThe finftermedfiafte sfteps off ftThe aceftyfl-CoA paftThway 

can be fidenftfifffied, and, as fin findusftrfiafl processes, ftransfiftfion meftafls pflay a key rofle, befing 

embedded fin ftThe acftfive cenftres off ftThe enzymes finvoflved (Voflbeda eft afl., 1995; CThabrfière eft afl., 

1999; Dobbek eft afl., 2001; Jeoung and Dobbek, 2007; Marftfin, 2019).  

WThfifle findusftrfiafl CO2 fffixaftfion processes are ffar fless refffined ftThan ftThose fin prokaryoftfic 

ceflfls, researcTh on Thomogeneous (caftaflysft fin ftThe same pThase as reacftanfts) and Thefterogeneous 

(caftaflysft and reacftanft pThases dfiffffer) caftaflysfts ffor CO2 reducftfion can Theflp fto deepen ftThe 

undersftandfing off Thow C−C and C−H bonds fform or C−O bonds are cfleaved fin bfioflogy. Aft ftThe 

same ftfime, mucTh knowfledge can be reftrfieved ffrom bfioflogy ffor findusftrfiafl conversfion off CO2. 

Sufiftabfle caftaflysfts woufld consftfiftufte a fturnfing pofinft fin energy producftfion (Beflfl, Gaftes and Ray, 

2007). A good sftarftfing pofinft ffor ftThe searcTh off sucTh caftaflysfts coufld be ftThe meftafl-bearfing acftfive 

cenftres off ftThe enzymes ftThaft Thave been caftaflysfing meftaboflfic reacftfions off carbon ffor bfiflflfions off 

years. TThe acftfivaftfion off ftThe CO2 moflecufle seems fto be ftThe crucfiafl pofinft ffor fifts reducftfion. And 

fift can be promofted by caftaflysfts. Recenft caflcuflaftfions Thave sThown ftThaft ftThe CO2 moflecufle finfteracfts 

sftrongfly wfiftTh magneftfifte (Fe3O4) and oftTher surffaces, causfing ftThe flfinear moflecufle fto bend and 

ftThus acftfivaftfing fift (Áflvarez eft afl., 2017; Sanftos-Carbaflflafl eft afl., 2018). However, fin order ffor 

reducftfion fto Thappen, noft onfly does CO2 need fto be fin ftThe rfigThft sftafte, buft so do ftThe eflecftrons. 

TThese eflecftrons fto a flarge exftenft—boftTh fin bfioflogy and cThemficafl findusftry—come ffrom a second 

gas: Thydrogen (H2). 

 

17

 



2.2 Source off eflecftrons and energy: H2 

TThe mafin source off eflecftrons ffor cThemoauftoftropThfic, findusftrfiafl and geocThemficafl CO2 fffixaftfion fis 

dfiThydrogen (Sfleep eft afl., 2004; FucThs, 2011; Porosoffff, Yan and CThen, 2016). TThere are ftwo 

mafin sources off nafturaflfly occurrfing H2: abfioftfic geocThemficafl producftfion (serpenftfinfizaftfion) or 

bfioftfic bfiocThemficafl producftfion (Thydrogenases, ffermenftaftfion). Today, anaerobfic auftoftropThs sucTh 

as meftThanogens grow mafinfly on H2 off bfioftfic orfigfin, approxfimaftefly 150 mfiflflfion ftons per year 

are produced by mficroorganfisms and consumed by meftThanogens (TThauer eft afl., 2008, 2010). 

Onfly a smaflfl ffracftfion susftafins fiftseflff ffrom geocThemficaflfly generafted H2, ffor finsftance fin 

ThydroftThermafl venfts (TThauer eft afl., 2010). WThen ftThe fffirsft mficrobfiafl flfineages evoflved, Thowever, 

ftThe abfioftfic H2 Thad fto pflay a bfigger rofle fto suppfly ftThe energy and eflecftrons off ancfienft meftaboflfism 

(TThauer eft afl., 2010). 

Hydrogen fis a crucfiafl eflecftron source fin cThemficafl findusftry. Ift fis cenftrafl ffor aflfl 

Thydrogenaftfion processes, and ffor any kfind off cThemficafl reacftfion fin wThficTh Thydrogen fis added fto 

anoftTher compound ftThereby reducfing fift. Caftaflyftfic Thydrogenaftfions are consfidered fto produce ftThe 

flargesft producft voflume off aflfl man-made cThemficafl reacftfions (Kubas, 2007). For finsftance, aflfl 

crude ofifl fis ftreafted wfiftTh Thydrogen fto remove non-carbon conftamfinaftfions flfike suflffur or nfiftrogen. 

Nfiftrogen fis Thydrogenafted fin flarge voflumes as weflfl. 141 mfiflflfion ftonnes off nfiftrogen (N2) were 

reduced fto ammonfia ffor producftfion off fferftfiflfizers, pflasftfics, fffibres and expflosfives fin 2015 (Keflfly 

and Maftos, 2015). In generafl, H2 on fifts own does noft reacft very weflfl, ftThe ftwo eflecftron H−H 

bond fis very sftrong. Hydrogen can onfly become cThemficaflfly useffufl wThen ftThfis bond fis broken 

and ftThe ftwo H-aftoms are separafted (Kubas, 2007). TThe Thomoflyftfic cfleavage off gaseous H2, fin 

wThficTh ftThe H−H bond fis broken fin ftThe mfiddfle (Ffig. 3a), fis very endergonfic by +436 kJ mofl–1. 

TThe Thefteroflyftfic cfleavage—meanfing one H geftftfing boftTh eflecftrons off ftThe bond, becomfing a 

Thydrfide (H–), and fleavfing a profton (H+) beThfind (Ffig. 3b)—fis fless endergonfic, buft sftfiflfl requfires 

+200 kJ mofl–1. TThe mecThanfisms off H−H bonds spflfiftftfing fto fform a meftafl dfiThydrfide compflex 

Thave been sftudfied ffor a flong ftfime (Kubas, 2007).  

TThe acftfivaftfion off H2 fis cThaflflengfing and ftThe mecThanfisftfic deftafifls are off greaft finfteresft ffor 

ftThe deveflopmenft off sufiftabfle caftaflysfts. H2 was flong assumed fto be finerft fto ffurftTher cThemficafl 

finfteracftfion, excepft fin ftThe case off weaker versfions sucTh as pThysfisorpftfion, wThere mafinfly van der 

Waafls fforce fis acftfing beftween ftThe adsorbed moflecufle and ftThe surfface (Kubas, 2007). Onfly fin 

ftThe 1980s was an finftacft H2 moflecufle sThown fto be coordfinaftfing ‘sfide-on’ fto a meftafl compflex by 

donaftfing fifts ftwo ϭ-bond eflecftrons fto a vacanft d-orbfiftafl off ftThe meftafl (Kubas eft afl., 1984), fleadfing 

fto a sftabfle, fisoflabfle ϭ-compflex. Based on ftThfis dfiscovery, ffurftTher finvesftfigaftfions made fift possfibfle 

fto skeftcTh a mecThanfism ffrom meftafl bound H2 moflecufles fto meftafl dfiThydrfides (Ffig. 3a).

18

 



 

Ffigure 3: (a) Bfindfing and spflfiftftfing off H2 on a ftransfiftfion meftafl compflex 

(Thomoflyftfic cfleavage); (b) Hefteroflyftfic cfleavage off H2 on a ftransfiftfion meftafl 

compflex. L = Lfigand; M = Meftafl. Redrawn and adapfted ffrom Kubas 2007. 

 

Meftafl dfiThydrfides as a resuflft off oxfidaftfive addfiftfion off H2 fto a meftafl cenftre Thave flong been known 

fto be parft off caftaflyftfic cycfles off Thydrogenaftfion (CThaflk and Haflpern, 1959; Haflpern, 1980). 

Invesftfigaftfion off H2-compflexes sThows ftThaft ftThe H2 moflecufle fis noft pThysfisorbed buft cThemfisorbed 

(finvoflvfing ftThe fformaftfion off cThemficafl bonds beftween adsorbed aftoms or moflecufles and ftThe 

meftafl), ffacfiflfiftaftfing ftThe spflfiftftfing off ftThe H−H bond. TThe fformaftfion off sfide-on H2-compflexes are 

ftThe fffirsft sftep off ftThe H−H bond cfleavage (Kubas eft afl., 1984; Kubas, 2007).  

Bfioflogy, off course, fffigured ouft Thow fto acftfivafte and cfleave H2 abouft 4 bfiflflfion years ago. 

AuftoftropThfic prokaryoftes use Thydrogenases, redox enzymes ftThaft were aflready presenft fin LUCA 

(Wefiss eft afl., 2016). H2 was ftThe source off eflecftrons ffor prfimary producftfion beffore 

pThoftosynftThesfis emerged (Marftfin, Bryanft and Beaftfty, 2018). Hydrogenases can efiftTher use H2 as 

an energy source or dfispose off fleffftover eflecftrons as H2. TThere are ftThree dfifffferenft kfinds off 

Thydrogenases, aflfl off ftThem Thofldfing ftransfiftfion meftafls coordfinafted by varyfing flfigands fin ftThefir 

acftfive cenftres: [NfiFe] (ftracfing back fto LUCA), [FeFe], and [Fe] (Fonftecfiflfla-Camps and 

Ragsdafle, 1999; TThauer eft afl., 2008; TThauer, 2011; Lubfiftz eft afl., 2014). Here, sfimfiflar sfide-on 

coordfinaftfion and bond cfleavage fis expecfted as observed fin finorganfic Thomogeneous caftaflyftfic 

processes (Kubas, 2007).  

Mosft off ftThe finftermedfiafte consfteflflaftfions off ftThe acftfive cenftres off ftThe ftThree Thydrogenase-

ftypes Thave been deftermfined vfia crysftaflflograpThfic sftudfies, Fourfier-ftransfform finffrared (FTIR), 

and eflecftron paramagneftfic resonance (EPR) specftroscopy (a meftThod usfing magneftfic fffieflds fto 

sftudy mafterfiafls wfiftTh unpafired eflecftrons), radfionucflfide flabeflflfing, and densfifty ffuncftfionafl ftTheory 

(DFT) caflcuflaftfions (Lubfiftz eft afl., 2014). Aflfl ftThree Thydrogenases perfform a Thefteroflyftfic cfleavage 

off H2, buft do so fin mecThanfisftficaflfly dfifffferenft ways; ftThe same appflfies fto ftThe reverse reacftfion, ftThe 

fformaftfion off H2. TThe fffirsft sftep fin Thefteroflyftfic cfleavage fis fto poflarfize ftThe bond aft an open meftafl 

sfide, so wThfifle ftThe profton (H+) fis accepfted by a nearby base flfigand, ftThe Thydrfide (H–) remafins 
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bound fto ftThe meftafl. In ftThe case off [FeFe] Thydrogenases, H– fis bound end-on fto one off ftThe ftwo 

Fe aftoms (Kubas, 2007; SfiegbaThn, Tye and Haflfl, 2007; Lubfiftz eft afl., 2014). In [NfiFe] 

Thydrogenases, H– bfinds fto boftTh Nfi and Fe (wfiftTh Theflp off an exftra eflecftron comfing ffrom Nfi), 

makfing ftThe Thydrfide more sftabfle ftThan ftThe one fin [FeFe] Thydrogenases (Kubas, 2007; SfiegbaThn, 

Tye and Haflfl, 2007; Lubfiftz eft afl., 2014). TThe mecThanfism off [Fe] Thydrogenases fis fless weflfl 

resoflved (Lubfiftz eft afl., 2014). In aflfl Thydrogenases, as fin finorganfic meftafl compflexes, flfigands 

sucTh as cyanfide (CN–) or carbon monoxfide (CO) Thave greaft fimpacft on ftThe caftaflyftfic acftfivfifty, as 

ftThey can draw eflecftrons fin and ouft off ftThe compflex, sftabfiflfizfing or desftabfiflfizfing cerftafin spfin sftaftes 

off ftThe ftransfiftfion meftafls (Kubas, 2007; Lubfiftz eft afl., 2014). 

Carbon–meftafl bonds, jusft flfike ftThe ones fformed beftween flfigands and meftafls, are finvoflved 

fin cenftrafl enzymes and coffacftors ffound fin LUCA, Thfinftfing ftowards ftThefir possfibfle rofle fin ancfienft 

cThemficafl evofluftfion (Marftfin, 2019). Eflecftrons ffrom H2 are ftransfferred fto eflecftron accepftors flfike 

NAD+, F420 or oxfidfized fferredoxfins (proftefins conftafinfing firon–suflffur cflusfters) ffor enftry finfto 

meftaboflfism. WThfifle NADH and F420 can be consfidered H–-donors (ftwo eflecftrons), fferredoxfin 

donaftes sfingfle eflecftrons. TThere fis no known exampfle off dfirecft Thydrogen ftransffer fin bfioflogy 

sfimfiflar fto synftTheftfic Thydrogenaftfion. TThe paftTh ffrom acftfivafted H2 fto an uflftfimafte eflecftron accepftor 

sucTh as CO2 ftraverses finftermedfiafte eflecftron carrfiers. Invesftfigaftfing ftThe mecThanfisms off 

Thydrogenases fis off greaft finfteresft ffor bfioftecThnoflogficafl Thydrogen producftfion (FrfiedrficTh, FrfiftscTh 

and Lenz, 2011) or bfioffuefl ceflfls ffor Thydrogen oxfidaftfion (Vfincenft eft afl., 2005), and fto provfide 

a bflueprfinft ffor desfignfing new caftaflyftfic sysftems (Kubas, 2007; Lubfiftz eft afl., 2014).  

In currenft findusftrfiafl pracftfice, Thydrogenaftfion fis ftThe mafin flarge-scafle Thydrogen reacftfion. 

WThfifle Thomogeneous caftaflysfis fis a new deveflopmenft ffor Thydrogenaftfion, Thefterogeneous caftaflysfts 

Thave been around sfince ftThe flafte 19ftTh and earfly 20ftTh cenftury. TThe Sabaftfier process, ffor finsftance, 

ftThe synftThesfis off CH4 ffrom CO and H2 over nfickefl caftaflysfts, was fffirsft descrfibed fin 1897. In ftThe 

subsequenft decade, a flarge-scafle process ffor ftThe Thydrogenaftfion off nfiftrogen over firon caftaflysfts 

was devefloped (aflso known as ftThe Haber–BoscTh process). TThe mecThanfisms Thave been 

finvesftfigafted ever sfince (Erftfl, 1983; LefigTh, 2004; Kandemfir eft afl., 2013), fincfludfing off course, 

Thow Thydrogen reacfts on and finfteracfts wfiftTh caftaflyftfic surffaces. As fin Thomogeneous caftaflysfis, 

Thydrogen can be adsorbed boftTh as a moflecufle by pThysfisorpftfion and as H-aftoms by dfissocfiaftfive 

cThemfisorpftfion. PThysfisorpftfion off H2 on surffaces onfly ftakes pflace under flow ftemperafture. For 

cThemfisorpftfion, Thydrogen Thas fto overcome ftThe acftfivaftfion barrfier and ftThus ThfigTher ftemperaftures 

are requfired. Iff ftThe kfineftfic energy off ftThe moflecufle fis ThfigTh enougTh, H2 can be dfissocfiafted dfirecftfly 

on ftThe surfface off ftThe caftaflysft. Buft aflso findfirecft cThemfisorpftfion sftarftfing ffrom ftThe ftransfien
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pThysfisorbed sftafte fis possfibfle; pThysfisorbed H2 moflecufles dfiffffuse qufickfly on ftThe surfface and ftThen 

dfissocfiafte wThen ftThe rfigThft caftaflyftfic sfifte fis meft (Pfisarev, 2012). 

In summary, H2 Thas fto be acftfivafted fto donafte fifts eflecftrons, CO2 needs fto be acftfivafted fto 

accepft ftThem. BoftTh acftfivaftfions Thave fto occur on ftThe same caftaflyftfic surfface fin order fto enabfle 

CO2 reducftfion. TThfis appflfies fto findusftrfiafl Thydrogenaftfion, fto bfioflogficafl CO2 fffixaftfion, and 

probabfly aflso appflfied fto ftThe orfigfin off flfiffe.  

 

2.3. From surffaces fto enzymes 

As ouftflfined fin ftThe fforegofing secftfion, CO2 and H2 can Thardfly reacft wfiftThouft befing acftfivafted, ftThefir 

finftermoflecuflar bonds are ftoo sftrong and ftThe acftfivaftfion energfies are ftoo ThfigTh, unfless ftThey meeft 

on a compaftfibfle caftaflysft. Once ftThe kfineftfic barrfier fis surmounfted, ftThe subsequenft reacftfions can 

run ftThefir course, dependfing on ftThe condfiftfions and ftThe caftaflysfts. TThe Thefterogeneousfly caftaflysed 

reacftfion beftween CO2 by H2 Thas been sftudfied exftensfivefly (Rfiedefl eft afl., 2001, 2003; Porosoffff 

eft afl., 2015; Rodrfiguez eft afl., 2015; Porosoffff, Yan and CThen, 2016; Wang, Feng and Bao, 2018). 

TThe deveflopmenft off caftaflysfts sufiftabfle ffor flarge-scafle processes fis sftfiflfl a cThaflflenge, mafinfly 

because so flfiftftfle fis known abouft wThy some caftaflysfts work beftfter ftThan oftThers. 

TThree ftypes off reacftfions are esftabflfisThed fin findusftrfiafl Thefterogeneous Thydrogenaftfion off 

CO2: fi) ftThe reverse wafter gas sThfiffft (RWGS) reacftfion fto fform CO; fifi) seflecftfive Thydrogenaftfion 

vfia fformafte, adsorbed fto ftThe surfface (*HCOO), wThficTh ftThrougTh severafl subsequenft carbon and 

oxygen Thydrogenaftfions and C−O cfleavage fleads fto ftThe fformaftfion off meftThanofl (CH3OH) and 

wafter (Appefl eft afl., 2013); fififi) combfinaftfion off CO2 reducftfion wfiftTh FfiscTher–TropscTh (FT) 

reacftfions, ftThe flaftfter befing a Thydrogenaftfion reacftfion sftarftfing ffrom CO. TThere, ftThe finfiftfiafl 

Thydrogenaftfion off CO2 fforms adsorbed carboxyflafte (*HOCO) specfies ftThaft dfissocfiafte fto fform 

CO and OH. TThe finftermedfiafte CO ftThen efiftTher desorbs ffrom ftThe caftaflysft or undergoes ffurftTher 

Thydrogenaftfion reacftfions fto fform CH3OH, CH4 or oftTher Thydrocarbons ((–CH2–)x). 

In aflfl ftThese paftThways, CO2 reducftfion fis finfiftfiafted by a Thydrogen ftransffer wThen boftTh 

compounds are bound fto ftThe surfface (Porosoffff, Yan and CThen, 2016; Böflfler, Durner and 

Wfinftfterflfin, 2019). TThe finfteracftfions beftween finftermedfiafte specfies and caftaflyftfic surffaces 

finfffluence ftThe producft dfisftrfibuftfion. For exampfle, caftaflysfts ftThaft bfind carbonyfls (*CO) sftrongfly 

ffavour meftThanofl and Thydrocarbon fformaftfion wThfifle weaker bfindfing fleads fto ffree CO fin ftThe gas 

pThase (Porosoffff, Yan and CThen, 2016). Addfiftfionaflfly, ftThe ftype off caftaflysft surfface, and even jusft 

smaflfl amounfts off fimpurfiftfies, make a dfifffference fin producft dfisftrfibuftfion. TThe flfifterafture on wThficTh 

meftafls, addfiftfives, and surfface composfiftfions sufift a cerftafin caftaflyftfic process fis vasft, and fiflflusftraftes 

ftThaft caftaflysft deveflopmenft sftfiflfl reflfies on ftrfiafl-and-error approacThes because 
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caftaflysft fis Thard fto anftficfipafte beffore fift fis ftesfted (Zambeflflfi eft afl., 1996; Wfinftfterflfin eft afl., 1997; 

Porosoffff eft afl., 2015; Rodrfiguez eft afl., 2015; Böflfler, Durner and Wfinftfterflfin, 2019). 

Magneftfifte (Fe3O4) fis one exampfle among many findusftrfiafl caftaflysfts. Ift fis aflso one off ftThe 

mafin componenfts off findusftrfiafl Thefterogeneous caftaflysfts because fift fis sftabfle, avafiflabfle and cTheap. 

In ftTheory, ftThe mfixed vaflence sftafte off ftThe Fe-fions (Fe2+/Fe3+) enabfles ftThe firon oxfide fto caftaflyse 

boftTh oxfidaftfion and reducftfion reacftfions (Corneflfl and ScThwerftmann, 2003; Sanftos-Carbaflflafl eft 

afl., 2018). Fe3O4 can accepft and donafte eflecftrons, ftTheoreftficaflfly makfing fift fideafl ffor reacftfions 

wfiftTh boftTh eflecftron accepftors and donors sucTh as CO2 and H2 (or N2 and H2). In pracftfice, ftThe 

sfiftuaftfion fis more compflficafted. In ftThe FfiscTher–TropscTh process, ffor finsftance, Fe3O4 fis used, buft 

fift fis noft ftThe workfing caftaflysft. TThe flaftfter fis a mfixfture off α-Fe (firon wfiftTh a body-cenftred cubfic 

crysftafl sftrucfture) and ftThe firon carbfide Fe5C2, boftTh producfts off ftThe reacftfion beftween ftThe FT-

reacftanfts CO and H2 (syngas) and Fe3O4 (Saftfterfffiefld eft afl., 1986; Hou eft afl., 2012; Sprefiftzer 

and ScThenk, 2019).  

Aparft ffrom ftThe caftaflysft, ftThere are oftTher paramefters ftThaft can finfffluence ftThe ouftcome off ftThe 

H2/CO2 reacftfions. TThese fincflude ftThe composfiftfion off ftThe gas mfixfture, ftThe reacftfion ftemperaftures, 

pressures, and, fiff aqueous, ftThe pH. EacTh off ftThese ffacftors sfignfiffficanftfly affffecfts ftThe reacftfion 

finftermedfiaftes and producfts. TThaft means ftThaft ftThe same sefts off reacftfions perfformed under fless 

weflfl-defffined condfiftfions, as ffound fin geoflogficafl seftftfings, flead fto a broader producft specftrum 

ftThan a sftreamflfined findusftrfiafl synftThesfis.  

TThese ‘messfier’ or ‘fless yfiefld orfienfted’ geocThemficafl condfiftfions ffor CO2 fffixaftfion Thave 

been expflored fin many dfirecftfions. H2 was noft necessarfifly ftThe prfimary eflecftron source fin sucTh 

experfimenfts, buft naftfive meftafls, eflecftrodes coafted fin meftafl suflfffides, and meftafl suflfffides (and 

oxfides) Thave been used fin aqueous sofluftfion (CThen and BaThnemann, 2000; Guan eft afl., 2003; 

He eft afl., 2010; McCoflflom, 2013a, 2016; Rofldan eft afl., 2015; Mfiflfler eft afl., 2017; Varma eft afl., 

2018). In many cases fin wThficTh H2 was noft added, fifts presence as an finftermedfiafte, Thowever, 

cannoft be excfluded. SucTh sftudfies consftfiftufte an fimporftanft brfidge beftween caftaflyftfic cThemfisftry 

and geocThemfisftry and aflso ffocus on ftThe fimporftanft rofle off mfinerafls as prospecftfive caftaflysfts ffor 

CO2 fffixaftfion (Camprubfi eft afl., 2017). GeocThemfisfts Thave finvesftfigafted ftThe cThemficafl reacftfions 

ftThaft occur nafturaflfly fin serpenftfinfizfing sysftems, deftecftfing flow moflecuflar wefigThft carbon 

compounds sucTh as fformafte and meftThane (Keflfley and FrüTh-Green, 1999; Hoflm and CTharflou, 

2001; Lang eft afl., 2010; ScThrenk, Brazeflfton and Lang, 2013; Eftfiope and ScThoeflfl, 2014; Eftfiope 

and Ionescu, 2015; Konn eft afl., 2015). Recenftfly, even compflex carbon compounds, fincfludfing 

ftThe aromaftfic amfino acfid ftrypftopThan, Thave been ffound preserved fin rock sampfles ffrom 

serpenftfinfizfing sysftems (Ménez eft afl., 2018). WThfifle fift fis 
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compounds ffrom abfioftfic and bfioftfic orfigfin vfia carbon and Thydrogen fisoftope sfignaftures, ftThe 

mecThanfisms off ftThe carbon compound synftThesfis finsfide sucTh geocThemficafl sysftems are sftfiflfl 

uncflear. NeverftThefless, Thydrogenaftfion-flfike reacftfions beftween CO2 (dfissoflved or bound as 

carbonafte) and ftThe consftanftfly synftThesfized H2 are a very probabfly source, especfiaflfly flookfing aft 

flaboraftory sfimuflaftfions under comparabfle condfiftfions (Horfifta and Berndft, 1999; Mfiflfler eft afl., 

2017; Varma eft afl., 2018). TThfis ftThesfis wfiflfl pfick up ftThese approacThes and eflaborafte on ftThem fin 

CThapfter III. 

TThe quesftfion fis, Thow does a geocThemficafl process ftransfform finfto someftThfing as eflaborafte 

as ftThe reducftfive aceftyfl-CoA paftThway? TThe answer, wThaftever fift fis, aflmosft cerftafinfly Thas fto do 

wfiftTh caftaflysfts. Iff ftThe answer finvoflves ftransfiftfion meftafl-conftafinfing surffaces, ftransfiftfion meftafl 

compflexes or ftransfiftfion meftafl-fincorporaftfing enzymes, ftThen ftThere woufld be conftfinufifty fin 

evofluftfion ffrom rocks as caftaflysfts fto proftefins ftThaft fincorporafted ftThe caftaflyftfic properftfies. TThfis 

basfic fidea Thas been common currency among bfioflogfisfts aft fleasft sfince ftThe dfiscovery off FeS 

cenftres fin fferredoxfin (DayThoffff and Eck, 1966; TThauer, Jungermann and Decker, 1977; 

WäcThftersThäuser, 1988). Iff we flook aft ftThe fformafte roufte off CO2 Thydrogenaftfion fto meftThanofl, fift 

Thas defffinfifte paraflflefls wfiftTh ftThe meftThyfl brancTh off ftThe aceftyfl-CoA paftThway (Ffig. 4).  

 

 

Ffigure 4: TThe fformafte roufte fin findusftrfiafl Thydrogenaftfion processes ffor meftThanofl 

synftThesfis (fleffft) and ftThe meftThyfl brancTh off ftThe aceftyfl-CoA paftThway (rfigThft) sThare 

mecThanfisftfic paraflflefls. TThe flasft sftep off ftThe aceftyfl-CoA paftThway, ftThe carbonyfl 

finserftfion beftween ftThe meftThyfl group and ftThe meftafl cenftre off ftThe accordfing 
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caftaflysft, aflso Thas an equfivaflenft fin findusftrfiafl processes. Drawn based on 

finfformaftfion fin FucThs (2011) and Porosoffff, Yan and CThen (2016). 

 

In ftThe findusftrfiafl Thydrogenaftfion process, anoftTher H-aftom adds fto ftThe adsorbed fformafte 

(*HCOO), fformfing adsorbed dfioxomeftThyflene (*H2COO), and ffrom ftThere, one H aftom aft a ftfime, 

meftThanofl (*CH3OH) fis fformed on ftThe surfface (BeThrens eft afl., 2012; Appefl eft afl., 2013; 

Porosoffff, Yan and CThen, 2016). In ftThe meftThyfl brancTh off ftThe aceftyfl-CoA paftThway, sfimfiflar sfteps 

can be observed, ftThe finftermedfiafte groups befing bound fto fteftraThydroffoflafte and 

fteftraThydromeftThanopfterfin, respecftfivefly (FucThs, 2011; Prefiner, IgarasThfi, eft afl., 2019). Aflso ftThe 

CO brancTh, wThficTh fin ftThe aceftyfl-CoA paftThway fis unfifted wfiftTh ftThe meftThyfl brancTh by ftThe aceftyfl-

CoA synftThase (ACS) fto fform aceftyfl-CoA, Thas a paraflflefl fin ftThe abfioftfic approacTh: ftThe RWGS 

reacftfion (Ragsdafle and Kumar, 1996).  

TThe reacftfion beftween CO and ftThe meftThyfl group, bfioftficaflfly caftaflysed by ftThe aceftyfl-CoA 

synftThase (ACS), aflso Thas an findusftrfiafl equfivaflenft: ftThe carbonyflaftfion off meftThanofl. TThe findusftrfiafl 

approacTh fto synftThesfize aceftfic acfid, now commonfly known as ftThe Monsanfto process, was 

descrfibed fin ftThe 1960s by BASF and Monsanfto, boftTh usfing Thomogeneous caftaflysfts, namefly 

fiodfide-promofted meftafl compflexes. TThe caftaflysft presenfted by BASF was based on cobaflft, ftThe 

Monsanfto caftaflysft on rThodfium (FucThs, 1986). Lafter, an firfidfium based versfion, ftThe Caftfiva 

process, was devefloped (Sunfley and Waftson, 2000). Aflfl ftThree meftafl compflexes caftaflyse ftThe 

finserftfion off CO finfto ftThe carbon meftafl bond ftThaft fis fformed beftween ftThe meftThyfl group off meftThanofl 

and ftThe cThosen ftransfiftfion meftafl (Forsfter, 1979). A very sfimfiflar mecThanfism fis proposed ffor ftThe 

nfickefl bearfing acftfive sfifte off ACS (Can eft afl., 2017). 

TThe backbone off CO2 fffixaftfion wfiftTh H2 fis possfibfly a ThfigThfly conserved reacftfion fin 

bfioflogy, as suggesfted by boftTh bfioflogficafl and cThemficafl dafta (Wefiss eft afl., 2016; Varma eft afl., 

2018). TThfis observaftfion fis finfteresftfing fin an OoL conftexft because noft onfly fis ftThe bfioflogficafl 

paftThway ancfienft, fift fis compaftfibfle wfiftTh geocThemficafl observaftfions fin serpenftfinfizfing sysftems sucTh 

as aflkaflfine ThydroftThermafl venfts, consftanftfly producfing a source off cThemficafl energy (H2) and ftThe 

prospecftfive caftaflysfts fto uftfiflfize ftThaft energy. Iron oxfides, firon suflpThfides, and zero vaflenft 

finftermeftaflflfic compounds can be ffound finsfide ftThese sysftems, befing renewed sfteadfifly by ftThe ffar-

ffrom-equfiflfibrfium sysftem off wThficTh ftThey fform parft (Kflefin and BacTh, 2009). TThere fis sftfiflfl flfiftftfle 

known abouft ftThe processes gofing on finsfide off ftThese geocThemficafl seftftfings, Thence ftThey offffer 

opporftunfifty ffor finvesftfigaftfion and consftfiftufte a good sftarftfing pofinft ffor ftThe experfimenftafl parft off 

ftThfis ftThesfis, ftThe resuflfts off wThficTh are presenfted fin CThapfter III (Pubflficaftfion 7). 
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I Pasft and currenft concepfts off orfigfin off flfiffe researcTh 

 

 

 

As ouftflfined fin CThapfter 1, cThemficafl researcTh on ftThe OoL Thas abouft a cenftury off Thfisftory. Ift Thas 

fled fto a dfiversfifty off fideas and Thas produced flfifterafture ftThaft became exponenftfiaflfly vasft wfiftTh ftfime. 

Buft one musft sftarft somewThere. TThfis aftftempft fis ftThe subjecft off ftThe ftwo pubflficaftfions presenfted fin 

ftThfis cThapfter. Pubflficaftfion 1, an encycflopaedfia arftficfle, presenfts a researcTh sftarftfing pofinft, a 

sfteppfing sftone finfto OoL researcTh. Pubflficaftfion 2 sThows dfiscussfions, reveflaftfions, debaftes and 

progress concernfing ftThe OoL researcTh and afims fto fforge connecftfivfifty beftween dfiscfipflfines and 

dfifffferenft premfises.  

.  
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AuftThors:   Wfiflflfiam F. Marftfin and Marftfina Prefiner 

PubflfisThed fin:  Refference Modufle fin Lfiffe Scfiences, Eflsevfier Inc., Oxfford. 
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Conftrfibuftfion:  Second auftThor.  

Medfium: provfided exftensfive flfifterafture researcTh and conftrfibufted ftowards 

wrfiftfing parfts off ftThe ftexft.  

Summary:  TThfis encycflopaedfia cThapfter provfides an overvfiew off ftThe mosft pfivoftafl 

fissues off orfigfin off flfiffe (OoL) researcTh, wThfifle gfivfing a Thfisftorficafl conftexft 

fto ftThe dfifffferenft approacThes.  
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TThere are many ffacefts fto ftThe probflem off undersftandfing flfiffe’s orfigfin and equaflfly many ways fto address fift. TThe orfigfin off flfiffe can be

vfiewed ffrom a varfiefty off dfifffferenft sftandpofinfts: finfformaftfion ftTheory (Yockey, 2005), RNA repflficaftfion (Efigen and ScThusfter, 1977),

mefteorfifte fimpacfts (Brack, 2009), pThysfics (SmfiftTh and Morowfiftz, 2016), specfific cThemficafl synftThesfis (Pownereft afl., 2009), geo-

cThemfisftry (Marftfin and Russeflfl, 2003), or enftropy (Russeflfleft afl., 2013), fto name a ffew. Common fto aflfl currenft ftTheorfies ffor ftThe

orfigfin off flfiffe fis ftThe vfiew ftThaft some kfinds off moflecufles, probabfly sfimfiflar fto nucflefic acfids, were abfle fto repflficafte and undergo

seflecftfion ffor ftThe abfiflfifty fto repflficafte prfior fto ftThe advenft off ffuflflyfledged ffree flfivfing ceflfls.

WThen fift comes fto addressfing ftThe orfigfin off flfiffe as we know fift, as opposed fto consfiderfing fforms off flfiffe ftThaft are fimagfinabfle, fift fis

Theflpffufl fto connecft fideas on ftThe orfigfin off flfiffe wfiftTh ftThe bfioflogy off modern mficrobes. TThfis consftrafins ftThe ftThougThfts on ftThe ftopfic ffrom

becomfing ftoo ftTheoreftficafl or oftTherwfise decoupfled ffrom flfiffe (ftThaft wThficTh fis fto be expflafined). TThe properftfies off flfiffe and ftThe nafture off

flfivfing ftThfings ffocus ftThougThfts abouft Thow or wThere flfiffe mfigThft Thave been arfisen. Undersftandfing wThficTh fforms off flfiffe among ftThe many

ftThaft we know are flfikefly fto be ftThe mosft prfimfiftfive fis aflso fimporftanft fin undersftandfing flfiffe’s orfigfin, because fift Theflps fto narrow down

ftThe many possfibfiflfiftfies wThen fift comes fto ftryfing fto narrow ftThe gap beftween sponftaneous cThemficafl processes on ftThe earfly EarftTh and

bfioflogficafl processes fin mficrobes wfiftTh prfimfiftfive meftaboflfism. In ftThe flfifterafture on ftThe orfigfin off flfiffe, ffour aftftrfibuftes off flfiffe recurrenftfly

come up as cenftrafl fto ftThe fissue: comparftmenftaftfion, finfformaftfion, repflficaftfion, and energy.
Comparftmenftaftfion

Because aflfl flfiffe ftThaft we know fis organfized as ceflfls, ftThere fis every reason fto assume ftThaft ftThefirsft fforms off flfiffe were aflso ceflfluflar. Ift aflso

means ftThaft fin ftThe ftfime beffore ftThere were ffuflflyfledged ffree-flfivfing ceflfls, ftThere were sfimpfler enftfiftfies ftThaft were noft capabfle off findependenft

repflficaftfion fin ftThe wfifld (Ganftí, 1975). Comparftmenftaftfion fis fimporftanft ffor ftwo reasons. Ffirsft, wThaftever cThemficafl synftThesfis one Thas fin

mfind ffor ftThe synftThesfis off flfiffe’s bufifldfing bflocks, some kfind off concenftraftfing mecThanfism or barrfier Thas fto exfisft sucTh ftThaft ftThe producfts off

synftThesfis do noft dfiffffuse offff finfto ftThe oceans (KuThn, 1972). Second, ffor any fform off evofluftfion fto ftake pflace among repflficaftfing

moflecufles, ftThe popuflaftfion off moflecufles Thas fto be sftrucftured fin some manner fin order fto permfift seflecftfion fto acft. TThaft fis, seflecftfion ffor

new popuflaftfions off moflecufles wfiftTh new and dfifffferenft properftfies, ffor exampfle, a caftaflyftfic acftfivfifty or effficfiency off repflficaftfion, cannoft

occur unfless ftThe moflecuflar popuflaftfions are dfisftfincft. In an unsftrucftured popuflaftfion off moflecufles, ftThe ffasftesft repflficaftors, aflso caflfled

parasfiftes, wfiflfl prevafifl (Brancfiamoreeft afl., 2009). TThere are varfious ftThougThfts abouft Thow earfly moflecuflar sysftems mfigThft Thave been

comparftmenftaflfized ffrom ftThe envfironmenft fto permfift concenftraftfion and seflecftfion, ftThese fincflude evaporaftfion on fland, ffreezfing fin fice

(euftecftfic mfixftures), or nafturaflfly fformfing finorganfic comparftmenfts aft ThydroftThermafl venfts (Marftfin and Russeflfl, 2003).
Infformaftfion

Aflfl fforms off flfiffe Thave ftThe unfiversafl geneftfic code. Ift fis ftThereffore reasonabfle fto assume ftThaft a fform off finfformaftfion processfing ftThaft

finvoflves ftThe modern geneftfic code was aflso presenft fin ftThe veryfirsft fforms off flfiffe as weflfl. TThaft fis consfisftenft wfiftTh ftThe observaftfion ftThaft

ftThe geneftfic code fis one off ftThe ofldesft and fleasft modfified ftrafifts off flfiffe as we know fift (Wong, 1975). TThe geneftfic code fis qufifte

compflex. Ift requfires ftThe accurafte floadfing off codfing amfino acfids onfto ftRNA, ftRNA–mRNA finfteracftfions medfiafted by ftThe rfibosome

(and rfibosomafl RNA). Ift fis flfikefly ftThaft earflfier fforms off ftThe code were sfimpfler ftThan ftThe modern code, usfing a ftwo fleftfter code, ffor

exampfle, raftTher ftThan ftThree fleftfter ftrfipflefts. TThe fissue off Thow ftThe code arose fis an unresoflved probflem (Koonfin and NovozThfiflov,

2009), aflftThougTh ftTheorfies sftrfive fto flfink ftThe orfigfin off ftThe code fto meftaboflfism by suggesftfing ftThaft ftThe amfino and oxygen mofieftfies fin

ftThe bases off ftThe ftRNA anftficodon provfided caftaflyftfic acftfivfifty ftThaft synftThesfized ftThe cognafte amfino acfid on ftThe ftRNA accepftor sftem, as

opposed fto flfinkfing prefformed amfino acfids wfiftTh ftRNA (Copfleyeft afl., 2007).
Repflficaftfion

Repflficaftfion Thas flong been vfiewed as one off ftThe mosft fimporftanft aspecfts aft flfiffe’s orfigfin. For anyftThfing fto evoflve fin a Darwfinfian sense,

fift musft generafte copfies off fiftseflff ftThaft dfiffffer fto some degree ffrom ftThe orfigfinafl (nafturafl varfiaftfion) and exThfibfift properftfies ftThaft woufld

permfift ftThefir dfifffferenftfiafl success fin a proflfifferaftfion sense (nafturafl seflecftfion). Sfince ftThe pfioneerfing work off Sofl Spfiegeflman and

Manffred Efigen wfiftTh a vfirafl enzyme caflfled Qbrepflficase, repflficaftfion off RNA Thas sftood fin ftThe fforeground off ftThfinkfing on ftThe fissue

(Spfiegeflman, 1965;Efigen, 1971). RNA can be repflficafted (flfike DNA) and can exThfibfift caftaflyftfic acftfivfifty (proftefins) makfing fift

aftftracftfive as a precursor fto boftTh fin evofluftfion. Efigen’s work fin parftficuflar demonsftrafted ftThe dfifffferenftfiafl success off dfifffferenft RNA

ftempflaftes fto repflficafte fin vfiftro. TThaft esftabflfisThed ftThe concepft off nafturafl varfiaftfion and nafturafl seflecftfion among moflecufles prfior fto ftThe

orfigfin off varfiaftfion and seflecftfion among ceflfls. TThfis aspecft, fin addfiftfion fto repflficaftfion pflus caftaflysfis, gave rfise fto ftThe concepft off
Refference Modufle fin Lfiffe Scfiences dofi:10.1016/B978-0-12-809633-8.02403-1
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evofluftfion fin an RNA worfld ftThaft preceded ftThe evofluftfion off ceflfls (Gfiflberft, 1986). RNA evofluftfion experfimenfts are wfidefly conducfted

under flaboraftory condfiftfions (Lfincofln and Joyce, 2009). However, on ftThe earfly earftTh, ftThe cThemficafl envfironmenft was TharsTh. TThere

were onfly rocks and wafter, ftThere was ftThe consftanft ftThreaft off dfiffffusfion finfto ftThe ocean, UV flfigThft was abundanft, as was consftanft

mefterorfifte fimpacft and wfidespread voflcanfic acftfivfifty. SucTh condfiftfions Thave flfiftftfle fiff any sfimfiflarfifty wfiftTh modern flaboraftory condfi-

ftfions, a cfircumsftance ftThaft acfts as a kfind off waftersThed fin orfigfin off flfiffe ftTheorfies as concerns ftThe rofle off RNA. Proponenfts off ftThe RNA

worfld pofinft fto ftThe experfimenftafl accessfibfiflfifty off RNA repflficaftfion as a modefl ffor earfly evofluftfion, wThfifle geocThemfisfts pofinft fto ftThe flack

off known envfironmenftafl condfiftfions ftThaft woufld aflflow an RNA worfld fto arfise or evoflve.

Parft off ftThe repflficaftfion aspecft off orfigfins concerns speed. TThe ffasftesft repflficaftors wfiflfl fincorporafte aflfl envfironmenftaflfly avafiflabfle

monomers finfto poflymerfic flfikenesses off ftThemseflves, ftThereby greedfifly consumfing aflfl avafiflabfle resources. Hence ftThey wfiflfl survfive

mucTh beftfter and domfinafte under moflecuflar seflecftfion scThemes ftThan oftTher sequence varfianfts (sftabfiflfifty fto Thydroflysfis befing equafl

among dfifffferenft sequences). Buft a ffasft repflficaftfing sequence varfianft mfigThft muftafte so as fto generafte even ffasfter varfianfts, fin wThficTh

case ftThey woufld ouftcompefte ftThe sflower ancesftor and ffoflflow an evofluftfionary ftrajecftory ftoward ftThe ffasftesft repflficaftfing sequence.

Once ftThaft flocaflfly opftfimafl, ffasftesft repflficaftfing sequence Thas evoflved, muftaftfionafl varfianfts drfiffft away ffrom ftThe opftfimum and generafte

sflower repflficaftfing progeny wThfifle cfluftfterfing ftThe sequence space (ftThe sum off aflfl possfibfle sequence varfianfts around ftThe ffasftesft

repflficaftor). TThaft concepft off a flocaflfly opftfimafl repflficaftor and fifts fless opftfimafl varfianfts was devefloped by Efigen fin ftThe conftexft off

repflficaftfion; sucTh a repflficaftor ftogeftTher wfiftTh fifts varfianfts fis caflfled a quasfispecfies (Efigen and ScThusfter, 1977).
Energy

PerThaps mosft essenftfiaflfly, aflfl fforms off flfiffe Tharness one or more sources off energy ftThaft are avafiflabfle fin ftThe envfironmenft. No fform off

repflficaftfion or seflecftfion or evofluftfion among efiftTher moflecufles or ceflfls can ftake pflace wfiftThouft energy reflease Thence energy suppfly, as

sftfipuflafted by ftThe second flaw off ftThermodynamfics. As a consequence off ftThaft consftrafinft, we can be raftTher cerftafin ftThaft prfior fto ftThe advenft

off bfioflogficafl ceflfls, prebfioftfic cThemficafl reacftfions Thad fto occur sponftaneousfly. Aflfl sponftaneous cThemficafl reacftfions enftafifl, fin fturn, an

overaflfl exergonfic reacftfion ftThaft suppflfies ftThe ffree energy cThange needed ffor ftThe reacftfion fto ftake pflace (TThauereft afl., 1977). TThfis does noft

mean ftThaft every sfingfle reacftfion fin prebfioftfic evofluftfion Thad fto be exergonfic. Many reacftfions fin modern meftaboflfism are endergonfic. Buft

endergonfic reacftfions are necessarfifly coupfled fto a mafin energy refleasfing reacftfion ftThaft ftThe ceflfl Tharnesses fin order fto drfive meftaboflfism

and ftThe flfiffe process fforward. In modern meftaboflfism, ftThe mosft wfidespread fform off coupflfing fis ftThrougTh adenosfine ftrfipThospThafte (ATP).

ATP Thydroflysfis refleases energy, sucTh ftThaft endergonfic reacftfions can be coupfled (enzymaftficaflfly) fto ATP Thydroflysfis sucTh ftThaft ftThe overaflfl

reacftfion fis energeftficaflfly downThfiflfl and wfiflfl ftThus go fforward (Sousa and Marftfin, 2014). TThere are oftTher fforms off energy currencfies fin

meftaboflfism besfides ATP, ftThese fincflude ftThfioesfters (Gofldffordeft afl., 2017), acyfl pThospThaftes (ScThönThefifteft afl., 2016), and reduced

fferredoxfin, a smaflfl soflubfle firon–suflffur cflusfter conftafinfing proftefin ftThaft ftransffers flow poftenftfiafl eflecftrons fin meftaboflfism (Eck and

DayThoffff, 1966). TThese currencfies are synftThesfized fin wThaft bfioflogfisfts caflfl energy meftaboflfism (ftThe mafin bfioenergeftfic reacftfion off ftThe ceflfl),

and are used fto drfive oftTher reacftfions fforward. Aft ftThe orfigfin off flfiffe, ftThere musft Thave been some sorft off energy suppfly ftThaft drove ftThe

synftThesfis off organfic compounds fforward fto a flevefl wThere compflex poflymers (pepftfides and nucflefic acfids) were fformed. Among ftThe

possfibfle sources off envfironmenftafl energy mosft offften dfiscussed are uflftravfiofleft flfigThft, flfigThftnfing, Theaft, and cThemficafl energy (Kauffmann,

2009). Iff we flook around among anaerobfic cThemoauftoftropThfic mficrobes, onfly cThemficafl energy fis Tharnessed ffor energeftfic coupflfing.

As seen ffrom ftThe sftandpofinft off bfioflogy, flfiffe fis a sfide producft or a byproducft off ftThe mafin energy refleasfing (exergonfic) reacftfion

ftThaft serves fto drfive aflfl oftTher reacftfions fin ftThe ceflfl fforward. Puft more succfincftfly, flfiffe fis an exergonfic cThemficafl reacftfion. TThe synftThesfis

off ftThe veryfirsft cThemficafl componenfts off wThficTh ceflfls are composed, offften caflfled ftThe bufifldfing bflocks off flfiffe, musft aflso Thave been ftThe

producfts off exergonfic reacftfions, because ftThe second flaw off ftThermodynamfics sftfipuflaftes ftThaft cThemficafl reacftfions can onfly go fforward

fiff ftThe overaflfl reacftfion refleases energy.
Moflecuflar Neftworks

Lfivfing ceflfls are sfide producfts off a mafin energy refleasfing reacftfion. Sftafted anoftTher way, meftaboflfism generaftes flfiffe, noft vfice versa; ftThe

mafinflux off carbon, energy, and nuftrfienfts ftThrougTh ftThe ceflfls generaftes ftThe subsftance and organfizaftfion off ceflfl mass. For exampfle,

aceftogens cThannefl 24 moflecufles off CO2ftThrougTh ftThe ceflfl as wasfte producft (aceftafte) ffor every moflecufle off CO2ftThaft ftThey fincorporafte

finfto ceflfl carbon (Danfiefleft afl., 1990). One off ftThe flongsftandfing puzzfles fin ftThe orfigfin off meftaboflfism fis ftThe emergence off bfiocThemficafl

neftworks. Recenft progress on ftThaft ftopfic Thas come ffrom ftThe finvesftfigaftfion off auftocaftaflyftfic neftworks (Hordfijk and Sfteefl, 2004;

Hordfijkeft afl., 2012), wThficTh Thave sThown ftThaft ftThe eflemenfts off a cThemficafl neftwork need noft provfide mucTh caftaflysfis ffor oftTher sfteps fin

ftThe neftwork fin order fforflux ftThrougTh ftThe sysftem, Thence neft synftThesfis off ftThe sysftem fiftseflff, fto fincrease. In ftThe flaboraftory, cThemficafl

neftworks wfiftTh oscfiflflaftory properftfies Thave been consftrucfted, usfing ftThfioesfters as ftThe cThemficafl energy source (Semenoveft afl., 2016).
Two Mafin TTheorfies ffor Carbon

As recenftfly summarfized eflsewThere (ScThönThefifteft afl., 2016), a convenfienft sftrucfture fto ftThe probflem fis obftafined fiff we sorft ftTheorfies on

ftThe orfigfin off flfiffe finfto ftwo caftegorfies based upon ftThe assumpftfions ftThey enftafifl regardfing ftThe nafture off carbon meftaboflfism fin ftThe
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earflfiesft ceflfls. By ftThaft crfifterfion, ftTheorfies abouft ftThe earflfiesft pThases off evofluftfion ffaflfl finfto ftwo mafin caftegorfies: auftoftropThfic orfigfins

versus ThefteroftropThfic orfigfins. TTheorfies ffor auftoftropThfic orfigfins posfift ftThaft ftThefirsft ceflfls ffuflfiflfled ftThefir carbon needs ffrom CO2.Heftero-

ftropThfic orfigfin ftTheorfies are based on ftThe fidea ftThaft ftThefirsft ceflfls flfived ffrom ftThe ffermenftaftfions off reduced organfic compounds presenft fin

some kfind off rficTh organfic soup. TThe mafin conftours off ftThe ftwo ftTheorfies as ftThey finfterfface wfiftTh bfioflogy can be summarfized brfiefly.
HefteroftropThfic Orfigfins

HefteroftropThfic orfigfin ftTheorfies are ftradfiftfionaflfly ffavored by cThemfisfts (Bada and Lazcano, 2008;Mfiflfler and Orgefl, 1974;Orgefl,

2008). Seen ffrom a bfioflogficafl perspecftfive, ThefteroftropThfic orfigfin ftTheorfies Thave ftwo mafin drawbacks. Ffirsft, ftThey do noft connecft wfiftTh

ftThe cThemfisftry off modern ceflfls. TThey sftarft wfiftTh cyanfide (Levyeft afl., 1999), fformamfide (Safladfinoeft afl., 2012), or UV flfigThft-dependenft

(Rfiftson and SuftTherfland, 2013) condensaftfions. TThe condfiftfions underflyfing ThefteroftropThfic orfigfin ftTheorfies are someftfimes vfiewed by

geocThemfisfts as unflfikefly fto ever Thave exfisfted on earfly EarftTh (McCoflflom, 2013). Organfic compounds deflfivered ffrom space are seen

as a source off carbon ffor ftThefirsft ceflfls fin some ThefteroftropThfic orfigfin ftTheorfies, Thowever, carbon ffrom space fis an

unffermenftabfle subsftrafte and fis ffurftThermore cThemficaflfly ftoo Thefterogeneous fto Thave served as a carbon source ffor ftThefirsft ceflfls

(ScThönThefifteft afl., 2016).
AuftoftropThfic Orfigfins

AuftoftropThfic orfigfin ftTheorfies, by conftrasft, generaflfly operafte wfiftTh cThemficafls ftThaft undoubftedfly dfid exfisft on ftThe anaerobfic earfly EarftTh:

H2,CO2,N2and H2S. Transfiftfion meftafls and ftransfiftfion meftafl suflfide (FeS and FeNfiS) cenfters pflay a crucfiafl rofle fin auftoftropThfic

orfigfin ftTheorfies ffor severafl reasons. Ffirsft, FeS and FeNfiS cenfters serve as essenftfiafl caftaflysfts fin ftThe modern day core carbon and energy

meftaboflfism off anaerobfic auftoftropThs, as sucTh ftThey provfide dfirecft flfinks beftween ftThe orfigfin off flfiffe and modern ceflfls (Eck and

DayThoffff, 1966). Second, FeS and FeNfiS mfinerafls abound fin anaerobfic geoflogficafl seftftfings boftTh ftoday and on ftThe earfly EarftTh

(WäcThftersThäuser, 1992). TThfird FeS and FeNfiS cenfters are nafturaflfly caftaflyftfic by vfirftue off ftThefir unfiflfled d and ff eflecftron orbfiftafls,

wThficTh can readfifly Thybrfidfize fto generafte meftasftabfle bonds wfiftTh carbon and nfiftrogen. Under ftThe ftTheory off auftoftropThfic orfigfins ftThe

firsft ceflfls saftfisfied ftThefir carbon needs ffrom CO2(ScThönThefifteft afl., 2016).
Serpenftfinfizaftfion

In recenft years, geocThemficafl processes fin modern ThydroftThermafl venfts Thave been cTharacfterfized ftThaft resembfle bfioflogficafl processes

germane fto auftoftropThfic orfigfin ftTheorfies. TThfis deveflopmenft can perThaps be besft summarfized wfiftTh ftThe mafin keyword“serpenftfi-

nfizaftfion”(Russeflfleft afl., 2010). Durfing serpenftfinfizaftfion, wafter fis drawn by ftThe fforce off gravfifty finfto cracks fin ftThe EarftTh’s crusft. Aft

depftThs off one fto severafl kfiflomefters and ftemperaftures around 2001C, wafter reacfts wfiftTh Fe2þfin ftThe firon–magnesfium sfiflficaftes ftThaft

comprfise ftThe crusft. Wafter fis ftThereby reduced fto generafte moflecuflar H2. TThe efffluenft off ThydroftThermafl sysftems can conftafin up fto 10

vofl% or more H2(Eftfiopeeft afl., 2011). H2fis a useffufl currency off cThemficafl energy ffor many modern mficrobes, fin parftficuflar ffor

anaerobfic auftoftropThs.

GeocThemfisfts Thave aflso dfiscovered a modesft varfiefty off cThemficafl reacftfions ftThaft are occurrfing nafturaflfly aft ThydroftThermafl venfts

ftoday ftThaft enftafifl ftThe synftThesfis off meftThane (CH4) and oftTher smaflfl moflecuflar wefigThft carbon compounds sucTh as fformafte and sThorft

cThafin Thydrocarbons wfiftThfin ThydroftThermafl sysftems (ScThrenkeft afl., 2013;McDermoftfteft afl., 2015;McCoflflom, 2016). MeftThane can

be presenft fin ftThe efffluenft off ThydroftThermafl venfts aft up fto 2 mmofl kg1(ScThrenkeft afl., 2013) and can consftfiftufte up fto 87 vofl% off

ftThe venft gas emfissfion (Eftfiopeeft afl., 2011), Thydrocarbons fin mucTh flower amounfts, fformafte Thas onfly been reporfted ffor some

sysftems (ScThrenkeft afl., 2013). TThe mecThanfism off meftThane synftThesfis fin ThydroftThermafl sysftems fis sftfiflfl uncerftafin (McCoflflom, 2016).

Ift mfigThft enftafifl reducftfion off dfissoflved CO2or off rock-bound carbonafte. WTheftTher H2or reduced ftransfiftfion meftafl specfies fin ftThe crusft

are ftThe source off eflecftrons ffor CO2reducftfion fis noft known.

Some modern mficrobes caflfled meftThanogens beflongfing fto ftThe domafin arcThaea synftThesfize meftThane ffrom H2and CO2or C1
compounds (TThauereft afl., 2008;Mayumfieft afl., 2013). To deftermfine wTheftTher ftThe meftThane produced fin ThydroftThermafl venfts fis off

bfioflogficafl (meftThanogenesfis) or off geocThemficafl (serpenftfinfizaftfion) orfigfin, geocThemfisfts use sftabfle fisoftope raftfios ftThaft finvoflve

measurfing ftThe13C/12C and2H/1H raftfios off ftThe respecftfive compounds. SucTh measuremenfts cannoft be ffuflfly expflafined There; fleft fift

sufffice fto say ftThaft ftThe13C/12C and2H/1H fisoftope sfignaftures off meftThane produced by bfioflogficafl and geoflogficafl processes can be

dfisftfingufisThed, geocThemficaflfly produced meftThane befing ftypficaflfly enrficThed fin ftThe Theavfier carbon fisoftope and depflefted fin ftThe Theavfier

Thydrogen fisoftope reflaftfive fto bfiogenficaflfly produced meftThane (Eftfiopeeft afl., 2011;Pedreraeft afl., 2016). In flaboraftory scafle

serpenftfinfizaftfion reacftfions, aceftafte and fformafte synftThesfis Thas been reporfted (Mfiflflereft afl., 2017).
Ancfienft Mficrobfiafl Lfineages

Varfious flfines off evfidence suggesft ftThaft anaerobfic auftoftropThs are ftThe mosft ancfienft flfineages among mficrobes known ftoday. Modern

anaerobfic auftoftropThs ftThrfive upon H2, wThficTh fis conftfinuousfly generafted fin serpenftfinfizfing geoflogficafl seftftfings aft acftfivfiftfies off ftThe
29
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order off 10 mmofl kg1or more vfia dfisequfiflfibrfia drfiven by rock–wafter finfteracftfions fin ThydroftThermafl sysftems. Aft sucTh ThfigTh H2
acftfivfiftfies, and under sftrficftfly anaerobfic condfiftfions, ftThe synftThesfis off ceflfl mass ffrom CO2fis ftThermodynamficaflfly ffavorabfle. TThe core

paftThway off carbon and energy meftaboflfism fin anaerobfic auftoftropThs ftThaft finThabfift sucTh ThydroftThermafl and deep crusft envfironmenfts

fis ftThe aceftyfl-coenzyme A (CoA) paftThway, ftThe mosft ancfienft off ftThe sfix paftThways off CO2fixaftfion known (FucThs, 2011) and ftThe onfly

one presenft fin arcThaea and bacfterfia.

TThe observaftfion ftThaft sponftaneous exergonfic organfic synftTheses ffrom H2and CO2occur ftoday aft ThydroftThermafl venfts suggesfts

ftThaft ftThese processes are sfimfiflar, fiff noft Thomoflogous (Marftfin, 2012), fto core energy-refleasfing reacftfions off carbon and energy

meftaboflfism fin meftThanogens (TThauereft afl., 2008) and aceftogens (ScThucThmann and Müflfler, 2014), wThficTh flfive ffrom ftThe reducftfion

off CO2by H2. CThemfisfts are fless ftaken by ftThe sfimfiflarfifty off ftThe overaflfl exergonfic processes and ftend fto doubft fin raftTher generafl fterms

ftThaft ftThere are any ftraces off ancesftrafl meftaboflfic processes reftafined fin any modern meftaboflfic paftThways (Orgefl, 2008). However, ftThe

evfidence fis ffafirfly soflfid ftThaft mficrobfiafl communfiftfies Thave been ftThrfivfing fin ThydroftThermafl venfts ffor over 3.3 bfiflflfion years (Wesftaflfl

eft afl., 2012). From ftThe bfioflogficafl sftandpofinft, ftThere fis no sftrong a prfiorfi reason fto assume ftThaft ftThe energy refleasfing reacftfions ffrom

wThficTh ftThose ancfienft mficrobes Tharnessed energy were ffundamenftaflfly dfifffferenft ffrom ftThose ftThaft modern anaerobes flfivfing fin ftThe same

envfironmenft use (Marftfin and Sousa, 2016). From ftThe geocThemficafl sftandpofinft, ftThere fis no cflear findficaftfion ftThaft earfly bfioflogficafl

processes were ffundamenftaflfly dfifffferenft ffrom ftThose sftfiflfl exfisftfing ftoday fin anaerobfic envfironmenfts (Arndft and Nfisbeft, 2012).

Invesftfigaftfions off mficrobfiafl genomes supporft ftThe vfiew ftThaft ftThefirsft ceflfls flfived ffrom H2and CO2and ftThaft aceftogens (bacfterfia) and

meftThanogens (arcThaea) are among ftThe mosft prfimfiftfive prokaryoftfic flfineages currenftfly known (Wefisseft afl., 2016).
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Absftracft: ResearcTh on ftThe orfigfin off flfiffe fis ThfigThfly Thefterogeneous. Afffter a pecuflfiar Thfisftorficafl 

deveflopmenft, fift sftfiflfl fincfludes sftrongfly opposed vfiews wThficTh poftenftfiaflfly Thfinder progress. In ftThe 1sft 

Infterdfiscfipflfinary Orfigfin off Lfiffe Meeftfing, earfly-career researcThers gaftThered fto expflore ftThe 

commonaflfiftfies beftween ftTheorfies and approacThes, crfiftficafl dfivergence pofinfts, and expecftaftfions ffor 

ftThe ffufture. We fffind ftThaft even ftThougTh cflassficafl approacThes and ftTheorfies—e.g. boftftom-up and ftop-

down, RNA worfld vs. meftaboflfism-fffirsft—Thave been prevaflenft fin orfigfin off flfiffe researcTh, ftThey are 

ceasfing fto be muftuaflfly excflusfive and ftThey can and sThoufld ffeed finftegraftfing approacThes. Here we 

ffocus on pressfing quesftfions and recenft deveflopmenfts ftThaft brfidge ftThe cflassficafl dfiscfipflfines and 

approacThes, and ThfigThflfigThft expecftaftfions ffor ffufture endeavours fin orfigfin off flfiffe researcTh. 

Keywords: orfigfins off flfiffe; prebfioftfic cThemfisftry; earfly flfiffe; LUCA; abfiogenesfis; ftop-down; boftftom-up; 

emergence 

 

1. Inftroducftfion 

Undersftandfing ftThe orfigfin off flfiffe (OoL) fis one off ftThe major unsoflved scfienftfifffic probflems off ftThe 

cenftury. Ift sftarfts wfiftTh ftThe flack off a commonfly accepfted defffinfiftfion off ftThe pThenomenon off flfiffe fiftseflff [1], 

buft dfiffffficuflftfies go ffar beyond merefly ftThaft obsftacfle. OoL researcTh finvoflves a flarge number off dfiffffuse 

concepfts cornerfing severafl nafturafl scfiences and pThfiflosopThy, sucTh as enftropy, finfformaftfion and 

compflexfifty. Despfifte evfidence ftThaft unftangflfing ftThfis knoft wfiflfl requfire a concerfted and coflflaboraftfive 

efffforft beftween dfifffferenft dfiscfipflfines, ftecThnoflogfies, findfivfiduafls and groups [2], dfivfisfion fin OoL 

researcTh fis sftfiflfl marked, concernfing boftTh ftTheorfies (e.g. RNA worfld vs. meftaboflfism-fffirsft) and 

approacThes (e.g. boftftom-up vs. ftop-down). WThaft causes ftThese on-gofing dfivfisfions, and Thow can 

Theafted debaftes be moderafted?  

TThere fis some consensus on a ffew pofinfts. Ffirsft, ftThe earflfiesft undfispufted ffossfifl evfidence pflaces flfiffe 

on EarftTh prfior fto 3.35 Ga [3] and moflecuflar cflocks suggesft an orfigfin prfior fto ftThe flafte Theavy 

bombardmenft >3.9 Ga [4]. Second, ftThe orfigfin off flfiffe musft Thave resuflfted ffrom a flong process or a serfies 

off processes, noft a sudden evenft, ffor ftThe compflexfifty off a ceflfl coufld noft Thave appeared 

finsftanftaneousfly. TThe OoL musft Thave sftarfted ffrom sfimpfle abfioftfic processes, finvoflvfing one or more 

sources off energy and maftfter (parftficuflarfly CHNOPS: carbon, Thydrogen, nfiftrogen, oxygen, 

pThospThorus and suflffur, ftThe sfix mosft prevaflenft eflemenfts fin flfiffe on EarftTh) fformfing proftomeftaboflfism, 

comparftmenftaflfizaftfion and finTherfiftance. Buft sftrfikfingfly, ftThe flfisft off agreemenfts does noft expand mucTh 

ffurftTher ftThan ftThfis. Severafl researcThers Thave specuflafted on flfiffe fforms dfifffferenft ftThan ftThe ones we know 

and see on EarftTh—noft based on ceflfls [5] or even on CHNOPS [6,7]. Even fiff evfidence ffor ftThose 

aflfternaftfive flfiffe fforms Thas yeft fto be ffound, There we do noft excflude ftThefir possfibfiflfifty. TThrougThouft ftThfis 

ftexft we wfiflfl ffocus on flfiffe as we know fift, wThficTh finsoffar as Thas been demonsftrafted fis aflfl based on 

findfivfiduafl ceflfls wfiftTh meftaboflfism, geneftfic finTherfiftance and comparftmenftaflfizaftfion.  

TThe flfisft off findfivfiduafl ftTheorfies, dfifffferenft flfines off experfimenftafl and ftTheoreftficafl researcTh and 

dfiverse vfiews on ftThe OoL fis exftensfive and ecflecftfic. Ift fis noft ftThe purpose off ftThfis arftficfle fto be a 

compreThensfive revfiew off aflfl off ftThose. RaftTher, based on dfiscussfions ftThaft ftook parft fin ftThe 1sft 

Infterdfiscfipflfinary Orfigfin off Lfiffe meeftfing ffor earfly-career researcThers (IOoL), we presenft a fforward-

flookfing perspecftfive on Thow dfisconftfinued dfiscourses on ftThe OoL can be (re)unfifted fin a new mosafic 

wfiftTh resofluftfion and meanfing. We reffflecft purposefly on findfivfiduafl ftopfics causfing ftThe mosft dfisftressfing 

dfivfisfions fin OoL researcTh, mosft off wThficTh resuflft ffrom cflassficafl separaftfions beftween dfiscfipflfines and 

ftTheorfies ftThaft dafte fto decades ago. We ftThen porftray exampfles off brfidges befing bufiflft beftween cflassficaflfly 

opposed vfiews and fffinfisTh by provfidfing a roadmap ffor ffufture dfiaflogue and evfidence-based researcTh 

fin OoL. 
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2. Cflassficafl Dfivfisfions fin Orfigfin off Lfiffe (OoL) ResearcTh 

2.1. Top-Down versus Boftftom-Up: WThere To? 

Cflassficafl OoL researcTh Thas gafined ffrom synftTheftfic or boftftom-up approacThes, afimfing aft 

synftThesfizfing de novo ftThe bufifldfing bflocks off flfiffe (and assembflfies off ftThem), and ftop-down or anaflyftfic 

approacThes, wThficTh sftarft ffrom flfivfing sysftems, deconsftrucft ftThem finfto ftThefir parfts and survey ftThefir 

properftfies. Buft wThfifle mosft orfigfins quesftfions (e.g. ftThaft off ftThe unfiverse, aftoms, conftfinenfts or socfiafl 

sftrucftures) are usuaflfly fled by ‘ftThefir’ dfiscfipflfines wfiftTh smaflfl conftrfibuftfions ffrom oftThers, ftThe OoL Thas 

been pecuflfiar fin caflflfing muflftfipfle subjecfts fto pflay major rofles. 

CThemfisftry ffocused on ftThe Theavy flfiffftfing aft ftThe boftftom-up, synftTheftfic sfide off OoL researcTh. 

CThemficafl reacftfions poftenftfiaflfly reflevanft fto flfiffe’s begfinnfings dafte back as ffar as 1828 wfiftTh WöThfler’s 

urea synftThesfis [8], a flandmark ffor ftThe bfirftTh off organfic cThemfisftry. TThe year off 1861 brougThft Buftflerow’s 

fformose reacftfion [9], wThficTh generaftes a mfixfture off carboThydraftes ffrom fformafldeThyde ftThrougTh an 

auftocaftaflyftfic mecThanfism ftThaft came fto be apprecfiafted by ftThe OoL communfifty nearfly a cenftury flafter 

[10]. TThe flauncTh off ftThe cThemficafl orfigfins fffiefld occurred wfiftTh Mfiflfler’s experfimenft fin 1953, based on 

Oparfin and Hafldane’s ftTheoreftficafl work (see “Secftfion 3. Bufifldfing Brfidges”), synftThesfizfing a mfixfture off 

organfic compounds (fincfludfing essenftfiafl amfino acfids) ffrom wafter, meftThane, ammonfia and Thydrogen 

usfing eflecftrfic dfiscTharges [11,12]. Lafter, sfignfiffficanft advances were made wfiftTh ftThe synftThesfis off 

pThospThoflfipfid membranes under prebfioftfic condfiftfions [13]. TThe synftTheftfic quesft conftfinued wfiftTh efffforfts 

ffocusfing on ftThe synftThesfis off amfino acfids (usuaflfly finvoflvfing ftThe Sftrecker or ftThe Bü
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synftThesfis), sugars and nucfleobases (usuaflfly based on ftThe fformose reacftfion and ftThe cThemfisftry off 

nfiftrfifles and ftThefir derfivaftfives); ffor ftThorougTh recenft revfiews see [14,15] and refferences ftTherefin. Progress 

fis scarcer fin undersftandfing ftThe poflymerfizaftfion off profto-bfioflogficafl monomers finfto oflfigomers. Recenft 

acThfievemenfts fincflude RNA synftThesfis assfisfted by rfibozymes [16,17] and flfipfids [18]; poflymerfizaftfion off 

carboThydrafte monomers [19] and pepftfide-bond fformaftfion aft ftThe wafter-afir finfterfface [20], under 

deThydraftfion-Thydraftfion condfiftfions [21] and fin mfinerafl finfterflayers [22]. SynftTheftfic bfioflogy worked on 

ftThe assembfly off more compflex ffeaftures, as ftThe synftThesfis off a wThofle bacfterfiafl genome [23] and off a 

vfirafl cDNA genome ftThaft was ftranscrfibed, ftransflafted and repflficafted wfiftThouft ceflfls [24].  

Gfiven ftThaft vfirftuaflfly aflfl off ftThe orfigfins ThypoftTheses are non-ffaflsfifffiabfle, ftThe dfiversfifty off ftThe boftftom-

up approacThes menftfioned There Thas fled fto an fimporftanft quesftfion: fto wThaft exftenft do ftThe experfimenftafl 

synftTheftfic advances resembfle wThaft acftuaflfly Thappened aft ftThe OoL? WfiftTh ftThe compflefte seft off finorganfics 

and ready-synftThesfized organfics aft fifts dfisposafl (pflus a wfide range off experfimenftafl condfiftfions), ftThe 

boftftom-up approacTh paraflflefls an arftfisftfic endeavour ftThaft can pafinft boftTh absftracft and reaflfisftfic pficftures 

off ftThe fffirsft bfiomoflecufles and ftThefir assembflfies. For ftThfis reason, fto consftrafin ftThe experfimenftafl space, 

cflearer pficftures off fi) ftThe ffundamenftafl ffeaftures off flfiffe, fifi) ancesftrafl flfiffe fforms and fififi) ftThe envfironmenftafl 

condfiftfions aft ftThefir orfigfin are urgenftfly requfired. 

Surprfisfingfly, bfioflogy Thas pflayed a modesft parft fin ftThe searcTh ffor ftThe OoL [14,25]. A cfloser flook 

reveafls possfibfle reasons ffor ftThfis (quanftfiftaftfivefly) sparse finvoflvemenft. Bfioflogy fis compflex and fifts 

numbers are vasft: ftThe queue off flfivfing specfies fis flong, and onfly recenftfly dfid ftecThnoflogy fto sftarft 

expflorfing ftThefir workfings wfiftThfin new dfiscfipflfines (e.g. bfiocThemfisftry, moflecuflar bfioflogy and geneftfics) 

become avafiflabfle. Lookfing aft mficrobes onfly, recenft esftfimaftes pofinft fto 1 ftrfiflflfion dfifffferenft specfies on 

EarftTh [26] and orders off magnfiftude more bacfterfiafl ceflfls on ftThe pflaneft ftThan ftThe number off sftars fin ftThe 

known unfiverse. A sfingfle one off ftThose ceflfls can Thave aft any gfiven momenft 2–4 mfiflflfion expressed 

proftefins [27]. By flookfing aft wThofle flfivfing sysftems, bfioflogy Thas mucTh fin fifts Thands, and a gap sftfiflfl 

remafins beftween fi) experfimenftafl bfioflogy flookfing aft specfifffic mecThanfisftfic aspecfts fin a ceflfl or organfism 

(e.g. meftaboflfism, parftficuflar enzymes or paftThways) and fifi) ftThe flarger (yeft mficroscopfic) pficfture off Thow 

flfiffe as a wThofle sftarfted, wThficTh ffaflfls ouft off ftThe ftradfiftfionafl finfterpreftaftfion off ftThe ftTheory off evofluftfion [28]. 

Were ftThere mecThanfisms ftThaft drove varfiaftfion and seflecftfion beffore genomes? 

One coufld say ftThaft ftThe ftop-down approacTh kfick-sftarfted wThen a smaflfl number off bfioflogficafl 

specfies were compared, ftThe mecThanfism off specfiaftfion was uncovered and ftThe ftTheory off evofluftfion 

fformuflafted, fin paraflflefl wfiftTh ftThe dfiscardfing off sponftaneous generaftfion [29]. Yeft, ftThe bona fffide dawn 

off ftop-down approacThes fin ftThe OoL quesftfion woufld noft come fto be unftfifl ftThe genomfics era. Modeflflfing 
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earfly evofluftfion and ftThe OoL requfired a precfise and Thoflfisftfic way fto ftrace specfies back fin ftfime, and 

ftThaft came fffirsft fin ftThe fform off genome sequences. Prokaryoftes, ftThe sfimpflesft fforms off ceflfluflar flfiffe, are 

fincreasfingfly supporfted by evofluftfionary sftudfies as ftThe ofldesft flfiffefforms, and ftThus off uftmosft 

fimporftance ffor OoL researcTh [30]. TThe fffirsft comparfison off prokaryoftfic genomes reveafled a conserved 

seft off 240 genes [31]. Lafter, ftThe exponenftfiafl growftTh off ftThe number off sequenced genomes came wfiftTh 

a daunftfing reaflfizaftfion: ftThe prokaryofte worfld fis ThfigThfly dfiverse, ffuflfl off redundancy wfiftTh non-

orftThoflogous gene dfispflacemenfts (unreflafted sequences encodfing ftThe same bfiocThemficafl ffuncftfion) and 

flafterafl gene ftransffer [32], and ftThe finftersecftfion off genomes sThrank fto a mere Thandffufl off rfibosomafl 

genes [33]. TThe searcTh ffor ftThe geneftfic conftenft off LUCA—ftThe Lasft Unfiversafl Common Ancesftor—

usfing ftThe cflassficafl comparaftfive ftop-down approacTh Thad ftThus sftagnafted. Some argue ftThaft ftThe gap 

beftween ftThe OoL and ftThe bfiocThemficafl wfirfing off LUCA fis so vasft ftThaft wThaftever consftfiftufted ftThe 

cThemfisftry fleadfing fto ftThe earflfiesft flfiffe coufld Thave been rewrfiftften muflftfipfle ftfimes, and cThanged beyond 

recognfiftfion fto ftThen become LUCA [34]. OftThers argue ftThaft even fiff a good reconsftrucftfion off LUCA 

cannoft deftermfine ftThe cThemfisftry aft ftThe OoL, unfiversafl bfiocThemficafl ffeaftures can meeft wfiftTh OoL 

cThemfisftry by advancfing experfimenftafl and anaflyftficafl meftThods [35]. Paraflflefl buft reflevanft fto ftThfis flfine 

off ftThougThft, a new bfioflogficafl concepft Thas been devfised—ftThe IDA (finfiftfiafl Darwfinfian ancesftor) [36] aflso 

caflfled FUCA (fffirsft unfiversafl common ancesftor) [37], ftThe fffirsft enftfifty ftThaft coufld be consfidered capabfle 

off evofluftfion. 

TThe brfidgfing off aflfl ftThe crfiftficafl advances made by cThemfisftry’s boftftom-up and bfioflogy’s ftop-down 

approacThes seems fto be an findeflfibfle requfiremenft ffor ftThe advancemenft off ftThe OoL fffiefld [38–40]. Ift fis 

noft fimpossfibfle fto envfisfion ftThese seemfingfly non-overflappfing approacThes fto be reconcfifled by 

fincorporaftfing experftfise ffrom oftTher fffieflds. Indeed, dfiscfipflfines beyond cflassficafl bfioflogy and cThemfisftry 

Thave mucTh fto conftrfibufte. Beffore expflorfing ftThose conftrfibuftfions, we eflaborafte ffurftTher on dfispuftes fin 

OoL researcTh by brfiefffly ffocusfing on anoftTher parftficuflar fformaft off OoL ftTheorfies: ftThe prebfioftfic ‘worflds’. 

2.2. One Orfigfin, Abundanft Worflds 

36

TThe reflaftfive abundance and dfisftrfibuftfion off bufifldfing bflocks off ftThe mafin cflasses off bfiomoflecufles 

~4 Ga ago on EarftTh fis sftfiflfl eflusfive and a maftfter off sftrong debafte [15]. Based on earflfier suggesftfions 

[41], RNA emerged among aflfl bfiomoflecufles fin a prfivfifleged meftapThor ftThaft woufld cemenft and 

permeafte OoL researcTh ffor decades fto come—ftThe ‘RNA worfld’ [42]. Rfibozymes consftfiftufted a 

sThockfing and promfisfing dfiscovery: ftThere was now geneftfic mafterfiafl ftThaft was caftaflyftfic as weflfl [43,44]. 

Many ffound ftThe meftapThor appeaflfing: a worfld wfiftTh a jack-off-aflfl-ftrades RNA moflecufle, caftaflyzfing ftThe 

fformaftfion off findfispensabfle ceflfluflar scaffffoflds, ffrom wThficTh someThow ftThen ceflfls emerged [45,46]. OftThers 

were qufick fto noftfice severafl dfiffffficuflftfies wfiftTh ftThaft scenarfio. TThese fincfluded ftThe flack off ftempflaftes 

enabflfing ftThe poflymerfizaftfion off RNA fin ftThe prebfioftfic compflex mfixfture [47] and RNA’s exftreme 

flabfiflfifty aft moderafte fto ThfigTh ftemperaftures and suscepftfibfiflfifty fto base-caftaflyzed Thydroflysfis [48]. TThe 

‘meftaboflfism-fffirsft’ ftTheory emerged findependenftfly [49–52], sftandfing fin ffavour off sfimpfler moflecuflar 

neftworks Tharnessfing energy ffrom geoflogficafl dfisequfiflfibrfium fleadfing fto ftThe emergence off geneftfic 

compflexfifty. TThe RNA worfld and ftThe meftaboflfism-fffirsft ftTheorfies Thave offften been porftrayed fin sftark 

opposfiftfion fto eacTh oftTher [53,54], fleadfing ftThe OoL fffiefld fto an unprecedenfted dfivfisfion. Ever sfince, oftTher 

prebfioftfic worflds came fto flfigThft wfiftTh ftThefir own prefferred cflass off bfiomoflecufles and sfignfiffficanft finsfigThfts, 

e.g. ftThe proftefin (or pepftfide) [39,55,56], flfipfid [57,58], coenzyme [59], and even vfirus [60] worflds are 

some off ftThe mosft popuflar ftTheorfies ffor ftThe order and/or reflevance off appearance off bfiomoflecufles on 

EarftTh. 

EacTh prebfioftfic worfld generafted finvafluabfle finsfigThft on fifts own cflass off bfiomoflecufles, buft aflso 

proposes a prfivfifleged, precursory ffuncftfion ffor ftThem. TThfis prfivfifleged posfiftfion fimposes a sequenftfiafl, 

sftepwfise ThfierarcThy on ftThe OoL ftfimeflfine: subsequenft ftakeovers by ftThe nexft worfld(s) unftfifl a flfivfing ceflfl 

orfigfinaftes. Sftfiflfl, ftThe quesftfion off wThficTh cflass off bfiomoflecufles finfiftfiafted ftThe OoL fis a floaded quesftfion 

[61]. Aflfl known flfivfing ceflfls conftafin DNA, RNA, proftefins, flfipfids, coenzymes, and oftTher meftaboflfiftes—

and ftThe earflfiesft ceflfls as ftThose known on EarftTh woufld Thave Thad fto ffuflfffifl ftThese mfinfimafl ceflfl 

requfiremenfts [62]. TThere fis a sftrong argumenft fto be made ffor ftThe emergence off essenftfiafl bfiomoflecufles 

fto Thave been (aft fleasft fto some exftenft) conftemporaneous and finfterdependenft. More fimporftanftfly, ftThe 
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orfigfin off bfiomoflecufles needs fto be dfisftfingufisThed ffrom ftThe orfigfin off ceflfls, and flfiffe. Ceflfls are noft mere 

coflflecftfions off ftThefir cThemficafl componenfts, buft ThfigThfly dynamfic, compflex sysftems wfiftTh muflftfipfle 

finfterflocked processes finvoflvfing ftThose componenfts. For ftThfis reason, ftThe emergence off flfiffe cannoft be 

dfisftfiflfled down fto bfiomoflecuflar reftrosynftThesfis onfly. TThfis appeafl fis noft new, Kammfinga asked 

bfiocThemfisfts fto ffocus on processes raftTher ftThan on pure reftrosynftThesfis more ftThan 30 years ago [54]. Iff 

common requfiremenfts beftween ftThe orfigfin off eacTh bfiomoflecufle are ffound, ftThey may provfide 

necessary consftrafinfts ffor ftThe OoL probflem. Uflftfimaftefly, ffor ftThe emergence off bfiomoflecufles fto be 

reflevanft ffor ftThe OoL, fift sThoufld be ftfigThftfly flfinked wfiftTh ftThefir parftficfipaftfion fin dynamfic processes 

cTharacfterfisftfic off flfiffe (e.g. repflficaftfion, energy coupflfing and comparftmenftaflfizaftfion). TThese are some off 

ftThe reasons wThy brfidgfing dfifffferenft prebfioftfic worflds, wfiftTh aflfl ftThefir concepftuafl advances, fis an urgenft 

endeavour. 

3. Bufifldfing Brfidges 

3.1. Pressfing Quesftfions fin OoL are Infterdfiscfipflfinary 

InsfigThfts ffrom cflassficafl approacThes, ThypoftTheses and ‘worflds’ Thave fled fto many advances, buft 

ftThey Thave aflso resuflfted fin an fideoflogficafl fisoflaftfion ftThaft fis possfibfly Thfinderfing progress fin ftThe OoL fffiefld 

[35,53,63–67]. A need fto flfink dfifffferenft dfiscfipflfines and approacThes becomes evfidenft flookfing aft, fin our 

vfiew, ftThe mosft cenftrafl quesftfions ftThaft sThoufld be addressed (Ffigure 1). TThese and oftTher quesftfions were 

fidenftfifffied beffore [68]. Onfly cooperaftfion can pusTh ftThefir answers fforward—fin boftTh boftftom-up and ftop-

down dfirecftfions. TThfis fis ftrufly noft an finnovaftfive flfine off ftThougThft. Afleksandr Oparfin fformuflafted fift fin 

1924 fin a compreThensfive way: 

“A wThofle army off bfioflogfisfts fis sftudyfing ftThe sftrucfture and organfizaftfion off flfivfing maftfter, wThfifle a no fless 

number off pThysficfisfts and cThemfisfts are dafifly reveaflfing fto us new properftfies off dead ftThfings. Lfike ftwo parftfies off 

workers borfing ffrom ftThe ftwo opposfifte ends off a ftunnefl, ftThey are workfing ftowards ftThe same goafl. TThe work Thas 

aflready gone a flong way and very, very soon ftThe flasft barrfiers beftween ftThe flfivfing and ftThe dead wfiflfl crumbfle 

under ftThe aftftack off paftfienft and powerffufl scfienftfifffic ftThougThft.” [69] 

 

Ffigure 1. Currenft cenftrafl quesftfions fin orfigfin off flfiffe (OoL) researcTh. In order fto fffind answers, eacTh off 

ftThe nafturafl scfiences fiflflusftrafted Thas fto pflay a rofle by converftfing ftThese quesftfions finfto ThypoftTheses and 

ftTheorfies, wThfifle consftanftfly ftesftfing ftThem experfimenftaflfly. TThe ffundamenftafl rofles off pThfiflosopThy, 

maftThemaftfics and finfformaftfics are porftrayed fin ftThe background. 

37
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BoftTh Oparfin and Hafldane proposed findependenftfly finftegraftfive ftTheorfies ffor ftThe OoL fin ftThe 1920s 

[70]. TThefir ‘HefteroftropThfic orfigfin off flfiffe ftTheory’ was one off ftThe fffirsft approacThes fto descrfibe a sflow 

ftransfiftfion beftween a non-flfivfing prfimordfiafl ‘soup’ (Hafldane) and flfivfing ceflfls. Oparfin was ftThe fffirsft fto 

finftegrafte dafta ffrom geocThemfisftry, cThemfisftry, pflaneftary scfiences and bfiocThemfisftry fin Thfis semfinafl work 

proposfing dfifffferenft prebfioftfic and bfioflogficafl sftages [54,69]. Hfis words, quofted above, now aflmosft 100 

years ofld, were opftfimfisftfic. TThe “very, very soon” Thas noft Thappened fto ftThfis day—ftThere fis sftfiflfl a pressfing 

need fto brfidge (or, fin Oparfin’s words “ftunnefl”) ftop-down and boftftom-up approacThes. Every aftftempft 

fto reacTh over fto “ftThe opposfifte end off ftThe ftunnefl” opens ways fto new dafta and/or new dafta 

finfterpreftaftfions. Cross-dfiscfipflfinary coflflaboraftfions can flead fto finnovaftfive dfiscoverfies wThen new 

finfformaftfion ffrom dfiscfipflfine A cThaflflenges ftThe sftaftus quo fin dfiscfipflfine B [71]. TThfis fforces researcThers fto 

fformuflafte new approacThes and fleads fto progress. ‘Ouftsfider finfformaftfion' flfike ftThaft may Theflp fto fffind a 

mfiddfle ground ffor firreconcfiflabfle ThypoftTheses or ftTheorfies (see aflso “Secftfion 4. Towards ftThe Fufture”) [72]. 

TThe OoL quesftfion benefffifts greaftfly ffrom crossovers off scfienftfifffic dfiscfipflfines, eacTh off wThficTh brfings 

fifts specfifffic skfiflfls fto ftThe ftabfle. CThemfisftry suppflfies ftThe knowfledge off ftThe consftrucftfion kfift, and pThysfics, 

ffor finsftance, ftThe energeftfic boundarfies ffor ftThe assembfly off flfiffe [73,74]. Bfioflogy fis conffronfted wfiftTh 

bfigger pficftures, provfidfing ftThe roadmap ffrom exftanft flfiffe fto fifts orfigfins vfia dafta coflflecftfion and anaflysfis 

(ffrom muflftfipfle ‘omfics’ ftecThnoflogfies [75] fto ftThe sftudy off eflaborafte mficrobfiafl communfiftfies [76]). 

Geoflogy and oftTher geoscfiences Theflp unffofld ftThe possfibfle ftfimeflfine and seft ftThe envfironmenftafl 

consftrafinfts ffor ftThe OoL (fterresftrfiafl and/or exftrafterresftrfiafl) [77,78]. Aflfl off ftThe above dfiscfipflfines refly 

Theavfifly on engfineerfing, maftThemaftfics and finfformaftfics. Ffinaflfly, pThfiflosopThy provfides a sftrucfture ftThaft 

aflflows scfienftfisfts fto ask ftThe rfigThft quesftfions ffoflflowfing ftThe rufles off reasonfing and argumenftaftfion, 

avofidfing ftThe ftraps off non-sequfifturs and oftTher flogficafl ffaflflacfies [2,49].  

An fimporftanft fffirsft sftep fin connecftfing dfiscfipflfines fis makfing ftThe borders beftween ftThem ffuflfly 

permeabfle. In ftThe pasft 50 years, severafl finfterdfiscfipflfinary fffieflds devefloped and paved ftThe way ffor new 

researcTh. For OoL fin parftficuflar, asftrocThemfisftry, asftrobfioflogy and ftThefir searcTh ffor bfiosfignaftures fin ftThe 

unfiverse Thad a sfignfiffficanft fimpacft. TThese dfiscfipflfines ffocused on pThysficafl and cThemficafl processes ftThaft 

coufld flead fto bfioftfic or prebfioftfic sysftems on oftTher pflanefts [79] (Ffigure 1). One exampfle fis ftThe dfiscovery 

off subsurfface oceans on ficy moons, wThficTh exftended ftThe concepft off Thabfiftabfle zone ffrom ftThe finner fto 

ftThe darker, coflder pflaces off ftThe oufter soflar sysftem [80]. BoftTh compflex, flarge finsoflubfle organfic mafterfiafl 

and flow mass, reacftfive and soflubfle moflecufles, Thave been ffound fin ftThe subsurfface ocean off Encefladus 

38

[81,82]. Large moflecufles Thave aflso been ffound fin ftThe aftmospThere off Tfiftan [83]. 

How does ftThe need ffor dfiscfipflfine crossovers and permeabfiflfifty ftransflafte finfto pracftfice? To 

fiflflusftrafte ftThfis, we wfiflfl use ftThree cenftrafl quesftfions—aflfl concernfing essenftfiafl ceflfluflar processes—as 

exampfles: (fi) Thow dfid energy coupflfing arfise, (fifi) wThaft mecThanfisms fled fto meftaboflfism, and (fififi) Thow 

dfid ftThe geneftfic code emerge?  

Lfiffe on EarftTh coupfles energy-refleasfing (sponftaneous) reacftfions fto energy-demandfing (non-

sponftaneous) ones, capfturfing energy ffrom fifts envfironmenft and evenftuaflfly dfissfipaftfing fift as Theaft. TThfis 

enabfles ceflfluflar processes sucTh as growftTh and dfivfisfion. Buft Thow dfid ftThfis sopThfisftficafted sysftem 

deveflop? Today, energy-coupflfing fis medfiafted by enzymes wThficTh, acftfing as engfines, ffunnefl energy 

refleased ffrom ftThe ceflfl’s dfieft finfto cThemficafl energy. TThfis energy fis sftored fin a ftThfioesfter flfinkage (as fin 

aceftyfl-CoA), a pThospThafte-esfter bond fto carbon flfike fin aceftyfl pThospThafte or a pThospThafte bond fin ftThe 

adenosfine ftrfipThospThafte (ATP) moflecufle [84]. TThese moflecufles are commonfly known as energeftfic 

currencfies fin ceflfls and medfiafte energy coupflfing by ftransfferrfing energy beftween non-reflafted 

bfiocThemficafl processes. Are energeftfic currencfies findfispensabfle or excThangeabfle wfiftThfin exfisftfing 

meftaboflfisms? To answer ftThfis bfioflogficafl finsfigThft on dfifffferenft specfies and paftThways fis crucfiafl [85]. In 

order fto fffind ouft fiff energy coupflfing was necessary ffor flfiffe’s fffirsft sfteps (sftfiflfl a subjecft off debafte) severafl 

aflfternaftfive energy currencfies Thave been proposed and ftesfted, ffor finsftance ThfigTh-energy pThospThaftes 

[86] or ftThfioesfters [87]—as fift fis known ftThaft ceflfls use boftTh, offften sequenftfiaflfly (e.g. ftThe producftfion off 

ATP fis someftfimes medfiafted by ftThfioesfters). From ftThere, ffurftTher quesftfions emerge: Thow dfid ftThese 

energy-sftorfing moflecufles become coupfled and fimpflemenfted finfto flfiffe as we know fift (or: wThaft was ftThe 

order off enftry off sucTh Thefteroaftoms as nfiftrogen, suflffur and pThospThorus finfto profto-flfiffe’s cThemfisftry)? 

Here, fift woufld be Theflpffufl fto flook aft dfifffferenft geocThemficafl condfiftfions fto expflore under wThficTh 
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condfiftfions ftThese coupflfings coufld be possfibfle. AflftThougTh ftThe answers are sftfiflfl uncflear [88], dfiscoverfing 

ftThem wfiflfl be pfivoftafl fto undersftandfing ftThe ftransfiftfion beftween non-flfivfing and flfivfing sysftems [84,89].  

TThe quesftfion off energy coupflfing fis dfirecftfly flfinked fto ftThe quesftfion off wThaft geocThemficafl 

mecThanfisms fled fto compflex ceflfluflar meftaboflfism. A sysftemaftfic searcTh ffor meftaboflfism’s begfinnfings 

(fi.e. proftomeftaboflfism) requfires a cflear and agreed-upon defffinfiftfion off meftaboflfism, yeft fto be 

devefloped. TThfis defffinfiftfion sThoufld sftarft ffrom ftThe moflecuflar flevefl and ftThe ffundamenftafl pThysficafl 

drfivfing fforces (kfineftfics vs. ftThermodynamfics) [90], fleadfing fto combfinaftfions off cThemficafl reacftfions, 

uflftfimaftefly gfivfing rfise fto a compflex neftwork [91,92], governed by a seft off rufles and boundarfies [93,94]. 

Sftarftfing ffrom known bfiocThemficafl paftThways one can deduce a conserved neftwork ftThaft coufld susftafin 

fiftseflff wfiftThouft enzymes [95–97]. TThe ffeasfibfiflfifty off sucTh ftop-down anaflysfis reducfing ftThe compflexfifty off 

bfioflogficafl meftaboflfic neftworks Thas fto be ftesfted fin a boftftom-up flaboraftory seftftfing [98–100]. Condfiftfions 

ffor ftThese flaboraftory experfimenfts can efiftTher be finspfired by known geoflogficafl envfironmenfts, or a seft 

off ffavourabfle condfiftfions can be searcThed among exfisftfing geoflogficafl seftftfings and/or modefls. SucTh 

comparfisons and convergences beftween bfiocThemficafl and geocThemficafl condfiftfions, reacftfions and 

producfts can Theflp fto unvefifl envfironmenfts wThere meftaboflfic paftThways and neftworks coufld emerge 

[101–103]. TThfis appflfies noft onfly fto ftThe earfly EarftTh buft aflso oftTher flocaftfions eflsewThere fin ftThe unfiverse 

flfike Encefladus [81,104]. Cerftafinfly, ftThe same meftThodoflogficafl rufles wfiflfl appfly fto oftTher angfles ffrom 

wThficTh ftThe OoL quesftfion fis ftackfled: researcThfing comparftmenftaflfisaftfion, reconsftrucftfing ftThe 

cTharacfterfisftfics off LUCA, sftudyfing moflecuflar repflficaftors and precursors fto geneftfics —Thardfly can we 

envfisfion any off ftThese succeedfing fin fisoflaftfion. 

Aflong wfiftTh meftaboflfism, flfiffe fis based on anoftTher equaflfly-fimporftanft ffundamenftafl prfincfipfle-

finTherfiftance, aflso descrfibed as “finfformaftfion ftThaft copfies fiftseflff“ [105]. As dfiscussed (see “Secftfion 2.2. 

One Orfigfin, Abundanft Worflds”), a beftfter quesftfion ftThan “wThficTh came fffirsft, finfformaftfion or 

meftaboflfism?” woufld be: does ftThe emergence off one Thave common properftfies wfiftTh ftThe oftTher? In oftTher 

words, perThaps we wfiflfl know ftThaft aceftafte orfigfinafted beffore ATP, buft ftThe emergence off meftaboflfism 

and finTherfifted finfformaftfion as compflex sysftems was mosft flfikefly finfterdependenft and sfimuflftaneous. 

TThfis dfirecftfly fleads fto ftThe ffundamenftafl quesftfion off Thow and wThen meftaboflfism and finfformaftfion 

sftorage became flfinked. Nafture’s efleganft sofluftfion fis ftThe geneftfic code, ftThe orfigfin off wThficTh remafins a 

ftrue enfigma.  

Dfifffferenft ThypoftTheses exfisft ffor ftThe orfigfin off ftThe geneftfic code, offften dependfing on assumpftfions off 

ftThe dfifffferenft Thoftfly debafted prebfioftfic condfiftfions. Rfibozymes sThow ftThaft RNA can Tharbour boftTh 

caftaflysfis and geneftfics, and ftThere fis supporft ffor ftThe capabfiflfifty off RNAs fto amfinoacyflafte [106]. 

However, ftThe code ftoday fis seflff-refferenftfiafl, ftThaft fis, ftThe mappfing beftween amfino acfids and codons 

Theavfifly reflfies on encoded proftefins. WThen, wThy and Thow dfid non-coded pepftfides become finvoflved? 

For ftThe orfigfin off ftThe finvoflvemenft off pepftfides fin ftThe geneftfic code, ftThe conjecfture ftThaft ftThey are a 

superfior caftaflysft fis noft enougTh, especfiaflfly because ftThey onfly Thave a supporftfing buft noft caftaflyftfic rofle 

fin ftThe rfibosome [107]. TThereffore, we musft jusftfiffy flfikefly proxfimafl seflecftfive advanftages off usfing amfino 

acfids and sfimpfle pepftfides fin ftThe conftexft off RNAs. TThese so-caflfled ‘exapftaftfions’ may brfidge ftThe RNA 

and pepftfide worflds, offfferfing ftThe basfis on wThficTh flafter eflemenfts off ftThe ftransflaftfionafl apparaftus were 

bufiflft. Possfibfle advanftages off pepftfides fincflude provfidfing caftaflyftfic afid and expandfing ftThe caftaflyftfic 

reperftofire off RNAs [107], membrane ftransporft [108], scaffffofldfing [109] and energy sftorage [110]. Ift Thas 

findeed been sThown experfimenftaflfly ftThaft non-coded pepftfides can poftenftfiafte ftThe ffuncftfions off RNA, 

wThficTh supporfts ftThe coevofluftfion off RNA and pepftfides [111]. BoftTh ftThe RNA and proftefin worflds ask 

wTheftTher a bfiparftfifte poflymer seftup (wfiftTh nucflefic acfids and proftefins) and ftThe currenft geneftfic code fis 

an finTherenft requfiremenft off flfiffe, or fiff fift fis possfibfle fto envfisfion one domfinanft poflymer carryfing 

finfformaftfion fin prebfioftfic sftages. NefiftTher worfld aflone can provfide a cflear expflanaftfion ffor ftThe 

finfterflacfing off ftThe ftwo, ftThougTh, and ftThere are reflaftfivefly ffew endeavours fto ftry ouft ‘messy emergence’, 

wThere some finfiftfiafl cooperaftfion beftween non-coded proftefins and RNAs was vfiftafl. However, 

regardfless off ftThe poflymers aft ftThe orfigfin off ftThe code, anoftTher quesftfion urges: Thow dfid ftThe code ffreeze 

fto ftThe currenft codon ftabfle? TThfis quesftfion seemed ffor some ftfime fto be a mere sftaftfisftficafl or even 

crypftograpThfic probflem [112], and a varfiefty off expflanaftfions emerged fto soflve fift, mosft popuflarfly: 

sftereocThemficafl basfis ffor ftThe assfignmenft beftween nucflefic acfids and amfino acfids [113], ftThe 
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deveflopmenft off ftThe code gufided by ftThe bfiosynftTheftfic paftThways off amfino acfids [114], and opftfimfizaftfion 

fin order fto reduce ftThe severfifty off muftaftfions [115]. TThese are noft muftuaflfly excflusfive ThypoftTheses, and 

ftThe orfigfin off ftThe code mfigThft Thave sfimuflftaneousfly finvoflved severafl off ftThem [116]. Mosft flfikefly, ftThe 

deveflopmenft off ftThe geneftfic code ftook pflace fin a conftfinuous expansfion [117], a ThypoftThesfis supporfted 

by ffuncftfionafl proftefins wfiftTh reduced amfino acfid reperftofires [118]. TThe flafter expansfion off ftThe 

reperftofire was possfibfly governed by a pThysficocThemficafl opftfimfizaftfion ftThaft fffifts weflfl wfiftTh wafter-based 

bfiocThemfisftry [119].  

Answers on ftThe orfigfin off ftThe code sftfiflfl seem very dfisftanft [115,116,120–122]. In order fto fffinaflfly 

soflve ftThfis puzzfle fift wfiflfl be necessary fto finvesftfigafte noft onfly ftThe emergence off bfioflogficafl finfformaftfion 

[120], buft aflso ftThe evofluftfion off finfteracftfions beftween ftThe moflecufles finvoflved fin ftransflaftfion [117,123]. 

3.2. On ftThe RfigThft Track? Lookfing aft ftThe Pasft Decade 

40

In ftThe pasft 10 years, many Thave worked and asked ffor OoL researcTh fto unfifte [25,39,124,125]. 

Here we flook aft experfimenftafl exampfles ffrom ftThe flasft decade ftThaft connecft dfifffferenft dfiscfipflfines, 

ftTheorfies or finfterpreftaftfions (Ffigure 2). 

One off ftThe fffirsft barrfiers fto come down sftood beftween ftThe decades-ofld vfiews off dfifffferenft sfingfle-

bfiomoflecufle worflds (see “Secftfion 2.2. One Orfigfin, Abundanft Worflds”). Sftudfies mergfing ftThe flfipfid 

worfld wfiftTh oftThers are pfioneers. TThe requfiremenft ffor comparftmenftaflfizaftfion fto keep genomfic 

moflecufles and ftThefir producfts spaftfiaflfly ftogeftTher, as weflfl as fto aflflow ffor vecftorfiafl (bfio)cThemfisftry, 

suggesfts ftThaft ftThe poftenftfiafl off flfipfids and oftTher ampThfipThfiflfic sftrucftures fto seflff-assembfle finfto mficeflfles 

and bfiflayer vesficfles wfiftThfin an aqueous pThase consftfiftufted a crfiftficafl sftep fin ftThe emergence off flfiffe 

[57,126,127]. Vesficfles were ftThougThft fto be sftabfle onfly fin saflft-poor aqueous envfironmenfts, sucTh as 

surffficfiafl ffresThwafter ponds or ThydroftThermafl sprfings, buft recenft work sThowed ftThaft ftThese become mucTh 

more resfiflfienft fto exftreme saflfinfifty and pH fiff ftThey are composed off mfixftures off ampThfipThfifles [128], a 

ffeafture wThficTh beftfter reffflecfts ftThe nafturaflfly messy aspecft off prebfioftfic cThemfisftry. SucTh prebfioftfic 

comparftmenfts, aflso refferred fto as ‘proftoceflfls’, are defffined as prfimfiftfive precursors off modern ceflfls 

wThficTh, aflftThougTh noft yeft aflfive, exThfibfifted essenftfiafl ceflfluflar cTharacfterfisftfics [129]. Efffforfts off OoL 

researcThers afim fto esftabflfisTh varfious fin vfiftro proftoceflfl modefls ftThaft mfimfic key ffeaftures off flfiffe as we 

know fift, fincfludfing sfimpfle meftaboflfic paftThways, repflficaftfion or vesficfle growftTh and dfivfisfion [130]. A 

proftomeftaboflfism fleadfing fto sugar synftThesfis Thas been assembfled wfiftThfin flfipfid vesficfles, wfiftTh ftThe fffinafl 

producfts dfiffffusfing ftThrougTh ftThe flfipfid barrfier and befing deftecfted by flfivfing bacfterfia [131]. Noft flong 

afffter, DNA ampflfiffficaftfion was sThown fto finduce growftTh and dfivfisfion off flfipfid vesficfles, flfinkfing ftThe 

reproducftfion off an finfformaftfionafl subsftance wfiftTh ftThaft off a comparftmenft [132]. TThese demonsftrafte ftThaft 

sfimpfler sysftems ftThan ceflfls can modefl ffundamenftafl finfteracftfions beftween membranes and ftThefir 

conftenfts. AnoftTher exampfle fis ftThe brfidge beftween ftThe meftaboflfism-fffirsft and ftThe RNA worfld ftTheorfies 

[114]. Ift fis now cflear ftThaft ftThe bufifldfing bflocks ffor RNA and DNA are finftermedfiaftes off meftaboflfic 

neftworks; ftThey are never dfirecftfly upftaken ffrom ftThe envfironmenft fin ftThefir ready-ffor-poflymerfizaftfion 

fforms (fi.e. as pThospThoryflafted nucfleosfides), buft as unpThospThoryflafted bfiogenfic nucfleosfides [133], and 

are aflso fin ffacft mofieftfies off severafl essenftfiafl coffacftors [134]. TThe fidea off ftThe sfimuflftaneous and 

finfterdependenft orfigfins ffor RNA and DNA’s bufifldfing bflocks Thas been gfiven experfimenftafl evfidence 

[135]. Buft brfidges beftween ftThe RNA worfld and meftaboflfism-fffirsft can be bufiflft beyond ftThefir ftypficafl 

moflecufles. Cflassficafl approacThes fin OoL Thave offften been consftrafined fto bfiomoflecufles due fto ftThefir 

ubfiqufifty fin bfioflogy, Thowever, mosft off ftThese bfiomoflecufles were noft necessarfifly avafiflabfle aft earfly 

prebfioftfic sftages [136]. Prebfioftfic envfironmenfts mosft flfikefly fincfluded compounds noft cenftrafl fto modern 

bfiopoflymers, ffor exampfle, aflpTha Thydroxy acfids (aHA) [137] among numerous oftThers [138,139]. 

Recenft work Thas sThown ftThaft aHAs easfifly fform combfinaftorfiafl poflyesfters under weft-dry condfiftfions 

ftThaft may Thave pflayed a rofle fin ftThe caftaflyftfic flandscape wfiftThfin wThficTh ftThey were fformed [140]. TThese 

poflyesfters can fform membranefless comparftmenfts mfimfickfing a ceflfl, capabfle off dfifffferenftfiaflfly 

segregaftfing varfious kfinds off dyes, Thosftfing a proftefin and even accumuflaftfing flfipfids fin ftThefir exfterfior 

[141]. Iff one consfiders ftThaft ftThe accumuflaftfion off bfiomoflecufles fis a bfioflogficafl finvenftfion, opftfimfizfing ffor 

cerftafin geocThemficafl and/or bfiocThemficafl properftfies [119], ftThen compounds sucTh as aHAs may Thave 

pflayed a rofle fin some fform off nascenft bfioflogy noft conserved fin modern bfioflogy [142]. Consfiderfing ftThe 
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‘messy’ nafture (meanfing ftThe finTherenft dfiversfifty) off prebfioftfic cThemfisftry [143,144], ftThfis may Thave been ftThe 

case, and ftThe uftfiflfifty off cenftrafl bfiomoflecufles sucTh as RNA and ubfiqufiftous meftaboflfiftes fto eflucfidafte ftThe 

OoL may be parftfiafl, despfifte ftThefir omnfipresence fin modern flfiffe.  

OftTher sftrfikfing exampfles ffor finftegraftfion fin OoL researcTh come ffrom geoflogficafl sftudfies provfidfing 

a beftfter pficfture off ftThe Hadean worfld, fincfludfing ftThe flfikefly aftmospTherfic composfiftfion and ftThe depftThs 

off oceans and ftecftonfic acftfivfifty [145,146]. TThese sftudfies consftrafined and brougThft cfloser ftThe work off 

boftTh bfioflogfisfts and cThemfisfts. Experfimenftaftfion wfiftTh orfigfins fin ThydroftThermafl venfts [147–149] and 

geoftThermafl fffieflds [150–152] Thave ftaken finfto consfideraftfion geoflogficafl finsfigThfts fin ftThefir OoL scenarfios. 

In parftficuflar, ftThe fimporftance off reflevanft meftafls and meftafl cflusfters fin ftThe Hadean Thas seftftfled fin 

experfimenftafl work ftThaft recreaftes ftThe orfigfin off bfiocThemfisftry fin vfiftro, fincfludfing carbon cycflfing 

[98,103,153], nfiftrogen fffixaftfion [154], rfibosomafl ftransflaftfion [155], and even ftThe generaftfion off pH 

gradfienfts [156]. Sfimuflafted ThydroftThermafl condfiftfions, fin parftficuflar pores, seflecft ffor ftThe repflficaftfion off 

flonger oflfigonucfleoftfides [157]. Mfinerafl surffaces Thave sThown promfisfing ffeaftures fin promoftfing 

bfiocThemfisftry, fincfludfing ftThe seflecftfion off flonger RNA moflecufles [100], and a varfiefty off organfic 

reacftfions fincfludfing nfiftrogen reducftfion, flfipfid seflff-organfizaftfion, condensaftfion-poflymerfizaftfion 

reacftfions, seflecftfion and concenftraftfion off amfino acfids and sugars and cThfirafl seflecftfion (see [158] and 

refferences ftTherefin). Surffaces can aflso Theflp fto ftame ftThe combfinaftorfiafl space fin a compflex sysftem off 

organfic moflecufles [100,159]. 

By provfidfing new ways fto Thandfle vasft amounfts off dafta fin a sysftemaftfic and quanftfiftaftfive manner, 

advances fin compufter scfiences and ftecThnoflogfies Theflp ftThe mucTh-requfired afforemenftfioned 

finftegraftfions ftThaft are sftarftfing fto reffflecft on OoL researcTh. Larger cThemficafl flfibrarfies can now be 

monfiftored over a manageabfle ftfimeflfine, and ftThe dfiversfiffficaftfion off seflff-repflficaftfing moflecufles Thas been 

observed fin sucTh sysftems [160]. TThe seflff-repflficaftfion off smaflfl organfic moflecufles Thas aflso been 

observed fin an auftocaftaflyftfic process dfispflayfing compflex, non-flfinear responses fto cThanges fin 

envfironmenftafl condfiftfions [161]. Compuftaftfionafl modefls aflflow us fto ftesft ThypoftTheses unaftftafinabfle fin a 

flaboraftory aflone, be fift cThemficafl condfiftfions [22], ftfimescafles [4] or oftTher rouftfine perfturbaftfions fto ftThe 

modefl. Compuftaftfionafl bfioflogy Thas now moved fto maftThemaftficafl sfimuflaftfions aft fincreasfing flevefls off 

compflexfifty, ffrom ftopoflogficafl, finfteracftfion-based fto consftrafinft- and mecThanfism-based [162]. Recenftfly, a 

daftabase aggregaftfing a varfiefty off bfiofinfformaftfic approacThes fto LUCA was compfifled, aflflowfing ffor 

ftesftfing ThypoftTheses fin finvesftfigaftfions off ancfienft bfiocThemfisftry [163]. Sfimuflaftfions can now be underftaken 

wfiftTh geoflogy and bfioflogy fin mfind, boftTh fin moflecuflar dynamfics [22] and neftwork bfioflogy [95,96], 

fidenftfiffyfing consftrafinfts and paramefters ftThaft can provfide dfirecftfion ffor experfimenftafl work [98,159,164].  

TThe progress off ftop-down approacThes ffrom ftradfiftfionafl comparaftfive genomfics fto more 

finftegraftfive approacThes revfives opftfimfism fin ftThe quesft ffor LUCA [165]. Inftegraftfing ffossfifl dafta wfiftTh 

moflecuflar evofluftfionary cflocks Thas soflfidfifffied evfidence ffor ftThe age off LUCA aft >3.9 Ga [4]. Takfing finfto 

accounft morpThoflogficafl cTharacfterfisftfics ftogeftTher wfiftTh geneftfic sfignaftures fis anoftTher promfisfing 

dfirecftfion. Recenft anaflyses off membranes and ceflfl waflfls off prokaryoftes suggesft ftThaft LUCA was abfle 

fto sporuflafte, ftThaft fis, fto reproduce finfto a dormanft, non-meftaboflfisfing ceflfl ftThaft coufld survfive flong 

perfiods off TharsTh condfiftfions sucTh as ftThe flafte Theavy bombardmenft [146,166]. Modern pThyflogeneftfic 

consfideraftfions mfinfimfize ftThe effffecft off flafterafl gene ftransffer fin reconsftrucftfing ftThe fffirsft genomes, 

pofinftfing fto a ftThermopThfiflfic auftoftropThfic LUCA [149]. 
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Ffigure 2. Tfimeflfine off recenft muflftfidfiscfipflfinary acThfievemenfts ftThaft bufifld brfidges fin OoL researcTh. 

Incfluded are exampfles ffrom ftThe pasft 10 years off OoL researcTh ftThaft brfidge dfiscfipflfines, approacThes 

and/or meftThods, bfiomoflecufles/sfingfle-worfld scenarfios, sfimuflaftfions and experfimenfts. TThe cThofice off 

sftudfies does noft afim fto cover (excflusfivefly) novefl fffindfings, buft ftThose ftThaft bufifld brfidges. 

42
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4. Towards ftThe Fufture 

4.1. Generafl Remarks 

We expecft by now fto Thave presenfted a convfincfing argumenft ffor ftThe necessfifty off brfidges fin 

answerfing OoL’s mosft promfinenft quesftfions (Ffigure 1), ftogeftTher wfiftTh exampfles off successffufl sftudfies 

(Ffigure 2). How can ftThe ffufture Thofld more finfterconnecftfions beftween approacThes and ftTheorfies? Some 

ftoofls are generafl ffor aflfl ftypes off flfinkfing beftween seemfingfly dfisconnecfted researcTh (Box 1). TThese 

fincflude finfterdfiscfipflfinary confferences, wThere ftThe ffocus flfies noft onfly on one moflecufle or one ftTheory, 

buft efiftTher on ftThe wThofle fffiefld or on ftThe quesftfion (Ffigure 1) sougThft fto be answered. Infterdfiscfipflfinary 

ThfigTher educaftfion and scfienftfifffic coflflaboraftfions sThoufld progress fin ftThe same dfirecftfion fin ftThe comfing 

decades, wfiftTh more ffocus on quesftfions and Thoflfisftfic pficftures. 

Box 1: Toofls ffor ffufture finftegraftfion off OoL researcTh 

 
Regardfing ftThe flfimfifts off experfimenftaftfion, compuftaftfionafl ftoofls can exftrapoflafte ffrom experfimenftafl 

finpuft, and ftThus wfiflfl pflay a major rofle fin unftangflfing compflexfifty fin OoL. However, researcTh fin vfiftro, 

fin vfivo or fin sfiflfico (Box 1) needs fto be aftftafinabfle fto everyone. TThfis requfires more user-ffrfiendfly 

compuftaftfionafl ftoofls, ftThe communficaftfion off ftoofls and resuflfts fin an accessfibfle manner, and ftThe creaftfion 

off curafted and moderafted spaces wThere dafta and ftoofls can be excThanged, ffasfter ftThan by ftThe 

ftradfiftfionafl scfienftfifffic paper (as fforums, curafted daftabases, websfiftes and dfiscussfion cThannefls). 

Sftandards ftThaft can be used by dfifffferenft dfiscfipflfines are Theavfifly requfired, parftficuflarfly fin cThemficafl, 

bfiocThemficafl and geneftfic nomencflafture—we recommend CThebfi [167], KEGG [168] or BfiGG [169]. 

Nomencflafture fin ftTheoreftficafl bfioflogy aflso requfires aftftenftfion. In parftficuflar, nomencflafture regardfing 

ftThe fffirsft bfioflogficafl enftfiftfies fincfludes a greaft amounft off conffusfing varfiabfiflfifty, e.g. an finfiftfiafl Darwfinfian 

ancesftor (IDA) [36] akfin fto a fffirsft unfiversafl common ancesftor, FUCA [37], and ftThe more commonfly 

used LUCA, akfin fto ftThe urancesftor [170], fto ftThe cenancesftor [171], and fto ftThe (sfimpfler) unfiversafl 

common ancesftor [172]. Here, we recommend, merefly based on ftThe greafter usage fto ftThfis day, ftThe use 

off IDA and LUCA. Semanftfic varfiabfiflfifty wfiftThouft cflear concepftuafl jusftfiffficaftfion does noft ease flfifterafture 

revfiew and ftTheoreftficafl sftudfies, and a sftrong communfifty efffforft fis requfired fto make dfifffferenft names 

cflearfly dfisftfingufisThabfle or ffor sftandards fto be adopfted. 

STharfing and combfinfing experfimenftafl seftups (boftTh compuftaftfionafl and flaboraftorfiafl), can Theflp fto 

fincrease reproducfibfiflfifty buft aflso fto connecft dfiscfipflfines and approacThes. For exampfle, fto narrow ftThe 

currenft gap beftween prebfioftfic (geo)cThemfisftry and ancfienft bfiocThemfisftry, sfimuflaftfion efffforfts coufld 

ffocus on ftThe fleasft conftesfted ffacfts on ftThe earfly EarftTh. TThese fincflude a CO2-rficTh aftmospThere and 

ThydrospThere ffrom voflcanfism, and an H2-rficTh ThydroftThermafl ouftffflow ffrom ftThe crusft. OftTher paramefters 

wThficTh are Tharder fto cTharacfterfize, as pH ranges, pressure, access fto uflftravfiofleft (UV) radfiaftfion, wafter 

acftfivfifty, eftc. coufld ftThen be varfied. TThere are means fto aftftempft sucTh sfimuflaftfions fin ftThe flaboraftory 

ftoday, wThere coflflecftfing vasft amounfts off dafta fis possfibfle [173]. TThfis dafta can be anaflysed and 

fincorporafted finfto ftThe compuftaftfionafl modefls wThficTh ftThen, fin fturn, can sThed more flfigThft on wThaft 

flaboraftory experfimenfts sThoufld be aftftempfted. Hereby, ftThe sfteady bfiflafterafl excThange beftween 

43
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dfiscfipflfines fis crucfiafl. Noft onfly sThoufld geoflogy provfide condfiftfions ffor experfimenfts [174], ftThose 

experfimenfts sThoufld aflso provfide ftThe aftftrfibuftes ftThaft geocThemficafl sftudfies coufld searcTh ffor.  

4.2. Commonaflfiftfies beftween Opposfing TTheorfies 

Brfidges beftween meftThodoflogfies wfiflfl aflflow ftThe OoL fffiefld fto advance, buft uflftfimaftefly ftTheorfies wfiflfl 

Thave fto become more finfterconnecfted as weflfl. We fforesee ftThaft ftThfis can Thappen wfiftTh an finftenftfionafl 

ffocus on commonaflfiftfies raftTher ftThan soflefly on dfifffferences, and pflenfty off exampfles can be menftfioned. 

Here we cThoose fto ffocus on ffour off ftThe mosft Theafted debaftes, Theavfifly finfterreflafted: (fi) ftThe geoflogficafl 

seftftfing ffor ftThe OoL, (fifi) ftThe source off ffood/sftarftfing moflecufles, (fififi) ftThe source off energy and (fiv) ftThe 

RNA worfld vs. meftaboflfism-fffirsft dfivfisfion. 

4.2.1. TThe Geoflogficafl Seftftfing 

TThe proposed and Theavfifly dfiscussed flocaftfions ffor ftThe OoL, fincfludfing fterresftrfiafl Thoft sprfings [150], 

submarfine ThydroftThermafl venfts [175,176], voflcanfic flandscapes [177], ThydroftThermaflfly-percoflafted 

sedfimenfts [178] and warm flfiftftfle ponds [179] creafte some off ftThe sftrongesft dfisagreemenfts fin OoL 

researcTh, buft Thave fin common severafl requfiremenfts. TThese fincflude a consftanft energy and CHNOPS 

source, Thefterogeneous or Thomogeneous caftaflysfts, non-equfiflfibrfium condfiftfions and condfiftfions ftThaft 

enabfle aggregaftfion off moflecufles fto fform flfiffe’s bufifldfing bflocks and, evenftuaflfly, poflymerfizaftfion off safid 

bufifldfing bflocks [22,103,152,180]. One exampfle fis ftThe requfiremenft ffor weft–dry cycfles ffor 

poflymerfizaftfion, mosftfly dfiscussed fin ftThe conftexft off geoftThermafl fffieflds [180], even ftThougTh weft-dry 

cycfles can aflso be ffound fin ThydroftThermafl pores [181] and even aft ftThe wafter-afir finfterfface [20]. On 

anoftTher nofte, some propose ftThaft dfifffferenft geoflogficafl seftftfings coufld Thave creafted dfifffferenft 

bfiomoflecufles ftThaft were ftThen abfle fto meeft fin an uncThanged cThemficafl sftafte fin ftThe flocaftfion wThere ceflfls 

uflftfimaftefly emerged [182]. 

4.2.2. TThe Food Source 

A Thfisftorficaflfly fimporftanft dfivfisfion drawfing ffrom ftThe anaflogy wfiftTh dfifffferenft ftypes off meftaboflfism 

fin prokaryoftes [125] fis ftThe ThefteroftropThy vs. auftoftropThy conundrum. EacTh sfide Thas envfisfioned ftThefir 

abfiogenfic scenarfio ffrom a ftropThfic pofinft off vfiew: fiff ftThe carbon source ffor organosynftThesfis was 

emfinenftfly finorganfic (usuaflfly CO2), ftThfis represenfted an auftoftropThfic orfigfin (e.g. [183]), wThereas fiff ftThe 

carbon source were reduced organfic compounds, a ThefteroftropThfic one (e.g. [184]). TThfis dfivfisfion 

usuaflfly flfinks fto wTheftTher ftThe earflfiesft ceflfls are consfidered auftoftropThfic (e.g. [149]) or ThefteroftropThfic (e.g. 

[185]). Ift fis fimporftanft fto nofte ftThaft ffor ftThe fffirsft ceflfls, ftThe quesftfion fis findeed meanfingffufl—ftThose ceflfls 

efiftTher fimporfted C1 compounds, subsequenftfly reducfing ftThem and fformfing C–C bonds (auftoftropThy) 

or fimporfted Cn compounds and used ftThose dfirecftfly fin bfiosynftThesfis [186,187]. Buft oftThers are wary ftThaft 

ftThfis dfivfisfion may be unTheflpffufl beffore ftThe ceflfluflar sftage (see SmfiftTh and Morowfiftz fin [68]), sfince 

ftropThfic ftypes appfly poorfly fto bfiosynftTheftfic paftThways. Aflfl organfic moflecufles synftThesfised non-

enzymaftficaflfly uflftfimaftefly derfive ffrom an finorganfic carbon source (C, CO or CO2) wThficTh was 

subsequenftfly reduced. TThe endogenous (fi.e. fterresftrfiafl orfigfin) vs. exogenous (fi.e. exftrafterresftrfiafl 

orfigfin) debafte aflso enftafifls flfimfiftaftfions, by sfimpfly refferrfing fto ftThe pThysficafl orfigfin off ftThe organfic 

moflecufles, buft noft finfformfing on ftThe cThemficafl reflaftfionsThfip beftween ftThese and ftThe nascenft profto-

bfiocThemfisftry. For ftThe orfigfin off ftThe fffirsft bfiocThemficafl neftworks, poftenftfiaflfly aceflfluflar IDAs, we propose 

refferrfing finsftead fto wTheftTher aflfl or some off ftThe reacftfions fleadfing fto organfic moflecufles occurred fin sfiftu 

(fi.e. wfiftThfin, or pThysficaflfly conftfiguous fto ftThe nascenft profto-bfiocThemfisftry) or ex sfiftu (fi.e. pThysficaflfly 

separafted ffrom fift). Nofte ftThaft ftThfis fis noft jusft a geograpThficafl dfisftfincftfion. Insftead, fift afims fto fffind ouft 

wTheftTher ftThe nascenft cThemficafl neftwork (evenftuaflfly fleadfing fto flfivfing ceflfls) coufld affffecft (posfiftfivefly 

and/or negaftfivefly) ftThe cThemficafl reacftfions ffeedfing fift. TThfis, we beflfieve, fis a meanfingffufl cThange fin 

flanguage afimfing fto mend ftThe flfimfiftaftfions assocfiafted wfiftTh ftThe auftoftropThfic vs. ThefteroftropThfic dfiflemma. 

TThereffore, ftThe fin sfiftu synftThesfis fimpflfies ftThe reacftfions yfiefldfing bfiomoflecufles as parft off ftThe nascenft 

proftomeftaboflfism. In conftrasft, fin ftThe ex sfiftu 
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subftype ftThe synftTheftfic reacftfions resft unaffffecfted by ftThe 
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nascenft cThemficafl neftwork, and ftThe flaftfter needs fto finvenft aflfternaftfive cThemficafl paftThways fto evenftuaflfly 

become findependenft ffrom ftThe fformer’s unfidfirecftfionafl suppfly. 

4.2.3. TThe Energy Source 

Non-equfiflfibrfium condfiftfions suggesft an fimporftanft brfidge ftThaft can be esftabflfisThed beftween mosft 

OoL ThypoftTheses [14,188]. TThe ffacft ftThaft flfiffe fis a process ftThaft fis by defffinfiftfion noft fin equfiflfibrfium fis noft 

debaftabfle fin pThysfics, bfioflogy or any oftTher off ftThe finvoflved dfiscfipflfines [189,190]. One exampfle off Thow 

‘dfisequfiflfibraftfion’ can be observed fin flfiffe as we know fift, fis ftThaft flfiffe bufiflds up compflexfifty and ftThen 

breaks fift down agafin—fin bfioflogy, ftThfis fis, fin broad sftrokes, anaboflfism and caftaboflfism. TThese compflex 

processes fin generafl paraflflefl energy spendfing and gafinfing fin ftThe ceflfl, respecftfivefly. However, some 

organfisms (e.g. meftThanogens) are known fto conserve energy onfly ftThrougTh anaboflfism [191]. TThe 

earflfiesft flfiffe woufld Thave Thad fto coupfle boftTh ftThe consftrucftfive and desftrucftfive regfime fin some way 

[188,192]. To ffuflfffifl ftThefir energeftfic requfiremenfts, prebfioftfic sysftems woufld need boftTh eflecftron donors 

and accepftors suppflfied by ftThefir envfironmenft. TThe source off energy ffor ftThe earflfiesft flfiffe Thas been 

sftrongfly dfispufted, wfiftTh pflausfibfle ThypoftTheses rangfing ffrom pH and redox gradfienfts fto ftThermafl energy 

and UV flfigThft (ffor a deftafifled dfiscussfion see [74,193,194]. Ift fis, Thowever, noft unflfikefly ftThaft severafl energy 

sources pflayed a rofle fin dfifffferenft prebfioftfic sftages. NeverftThefless, oftTher consftrafinfts ftThan ftThe prfimary 

energy sources are fimposed as soon as more compflex prebfioftfic sysftems arfise. A ceflfl-flfike energy-

coupflfing sysftem coufld onfly be persfisftenft over ftfime fiff fift can be finTherfifted, ftThus fforgfing a necessary flfink 

beftween ftThe offffsprfing ThypoftTheses off ftThe cflassficafl ‘meftaboflfism-fffirsft’ and ‘geneftfic-fffirsft’ worflds [194]. 

4.2.4. RNA Worfld versus Meftaboflfism-Ffirsft 

Modern ftThfinkfing on ftThe OoL ThfigThflfigThfts ftThe need ffor noft onfly ftThe synftThesfis off flfiffe’s bufifldfing 

bflocks (ftThemseflves crucfiafl goafls), buft aflso ftThe reenacftmenft off ftThe processes ftThey parftficfipafte fin [195]. 

TThankffuflfly, wThaft ffoflflows ffrom ftThfis reaflfizaftfion fis ftThaft meftaboflfism- and geneftfics-orfienfted ThypoftTheses 

are graduaflfly ceasfing fto be seen as muftuaflfly excflusfive, because ceflfluflar processes finvoflve boftTh 

meftaboflfiftes and geneftfic moflecufles [25,124]. A parftficuflar exampfle regards evofluftfion. Lookfing ffor ftThe 

orfigfin off nafturafl seflecftfion and evofluftfion fis fto flook ffor ftThe orfigfin off an finTherfiftance sysftem ftThaft musft 

mafinftafin ftThe capacfifty fto produce new combfinaftfions, wThfifle keepfing fffideflfifty fin finfformaftfion ftransffer 

[196,197]. Buft wThaft fis ftThfis finfformaftfion? Bfioflogficafl finfformaftfion fis more ftThan a coflflecftfion off bfifts; fift Thas 

conftexftuaflfifty, ftransflafted finfto ffuncftfionaflfifty and fis prone fto evoflve, as flanguages do [198]. In oftTher 

words, geneftfic moflecufles onfly Thofld finfformaftfion fin ftThe rfigThft conftexft: wThen ftThey can be recognfized 

and ftransflafted fto ffuncftfions ftThaft keep ftThe sysftem gofing. TThfis defffinfiftfion opens dfifffferenft avenues fto 

flook ffor finfformaftfion sftorage and ftransmfissfion durfing cThemficafl evofluftfion.  

TThe earflfiesft finfformaftfion coufld Thave been made ffrom ftThe ftypes and quanftfiftfies off moflecufles 

wfiftThfin a seflff-susftafinfing cThemficafl assembfly, aflso caflfled ‘composome’ [199] or auftocaftaflyftfic neftwork 

[200]. TThfis reflaftes fto ftThe empThasfis by some recenft OoL researcTh on ftThe co-dependence off meftaboflfism, 

conftafinmenft and repflficaftfion/finfformaftfion (see “Secftfion 3.2. On ftThe RfigThft Track: Lookfing aft ftThe Lasft 

Decade”). TThfis empThasfis fis cenftrafl fto brfidgfing ftThe RNA worfld and meftaboflfism-fffirsft ftTheorfies and 

pofinfts fto ftThe orfigfin off moflecuflar coordfinaftfion or cooperaftfion. Foflflowfing ftThfis flfine off ftThougThft, some 

auftThors propose earfly ‘seflfffisTh cooperaftors’, akfin fto vfiruses, wThficTh fformed sftabfle ensembfles off co-

finTherfifted geneftfic eflemenfts [60]. TThese ensembfles sThoufld Thave been abfle fto perfform boftTh a kfind off 

profto-repflficaftfion and a kfind off profto-meftaboflfism [201]. Sftfiflfl, ftThere fis a ‘cooperaftfion barrfier’ fin ftThe 

ftransfiftfion off non-flfiffe fto flfiffe, caused by (fi) moflecufles ftThaft coufld cooperaftfivefly conftrfibufte fto ftThe success 

off an ensembfle buft wThficTh are offften noft supporfted by ftThe ensembfle, and (fifi) sfide reacftfions or processes 

ftThaft undermfine cooperaftfion 
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[202]. To overcome ftThfis barrfier, ftThe managemenft off ftThose oftTherwfise 

unconsftrafined ensembfles fis requfired [202]. TThfis ThypoftThesfis fis parftficuflarfly finfteresftfing because fift 

exposes ftThe necessfifty off a dfigfiftaflfly-coded (geneftfic, on/offff) managemenft off ftThe anaflog (conftfinuous) 

reacftfions off meftaboflfism fin order fto overcome ftThe cooperaftfion barrfier effffficfienftfly, reffflecftfing ftThe ftwo-

ftfiered sftrucfture off aflfl known flfivfing ceflfls [198,202]. 

Iff sucTh anaflog finfformaftfion sftorage mecThanfisms as auftocaftaflyftfic neftworks are abfle fto undergo 

Darwfinfian evofluftfion fis a maftfter under debafte [93,203]. Severafl Thave suggesfted fffiftness crfifterfia ffor 
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nafturafl cThemficafl seflecftfion, fincfludfing ftThe rafte off enftropy producftfion [204] and oftTher kfineftfic or 

ftThermodynamfic ffeaftures off cThemficafl reacftfions, sucTh as sftoficThfiomeftrfic caftaflysfis, auftocaftaflysfis, and 

cooperaftfivfifty [205]. A specfifffic exampfle fis ftThe greafter reacftfivfifty off proftefinaceous amfino acfids wThen 

compared fto ftThefir non-proftefinaceous counfterparfts, wThficTh nafturaflfly seflecfts ffrom oflfigomers off ftThe 

fformer [206]. Aft some pofinft, mosft flfikefly qufifte earfly durfing ftThe deveflopmenft off prebfioftfic sysftems, 

geneftfic moflecufles dfid crysftaflflfize, and finfformaftfion sftorage became based on moflecuflar recognfiftfion. 

Every fleftfter off ftThe ‘geneftfic aflpThabeft’, A, C, G, T and U, gfiven a recognfiftfion/ftransflaftfion sysftem, 

conftafins finfformaftfion. Earfly moflecuflar recognfiftfion coufld Thave been sfignfiffficanftfly dfifffferenft fto 

conftemporary DNA and RNA [207,208] and even mfinerafls Thave been proposed as finfformaftfion 

sftorage moflecufles [209].  

WThaft we know now, fis ftThaft fiff we wfisTh fto searcTh ffor answers on ftThe orfigfin off flfiffe as we know fift—

meanfing ftThe orfigfin off ceflfls—we are ffaced wfiftTh an fincreasfing concepftuafl [2] and experfimenftafl 

compflexfifty [210] ftThaft wfiflfl requfire ftThe finftegraftfion off RNA moflecufles wfiftTh pepftfides, flfipfids, and 

proftomeftaboflfism. Beftfter modefls off compflex bfioflogficafl sysftems [100], as weflfl as beftfter ftecThnfiques fto 

cTharacfterfise ftThem [211], wfiflfl Theflp fto ftackfle sucTh compflexfifty. However, ftThfis compflexfifty can no flonger 

be denfied. In oftTher words, boftTh ftThe RNA-worfld and meftaboflfism-fffirsft ftTheorfies afim aft ftThe orfigfin off flfiffe 

as we know fift. However, we do noft know fift wfiftThouft eacTh and boftTh off ftThem. 

5. Concflusfions 

TThe mafin reason ftThe OoL researcTh fffiefld fis sftfiflfl dfivfided on so many fissues fis ftThaft fift seems vfirftuaflfly 

fimpossfibfle fto fffind defffinfifte answers ffor aflfl off our quesftfions—we cannoft wafift Thundreds off ftThousands 

off years fto observe fin reafl-ftfime fiff a cerftafin geoflogficafl seftftfing ftrumps anoftTher or wThficTh are ftThe fffirsft 

enzymes fto deveflop. We can onfly approacTh sofluftfions asympftoftficaflfly and, refturnfing fto ftThe fimage off 

an OoL mosafic, add one pebbfle aft a ftfime, one finsfigThft ftThaft brfings us cfloser fto a more compflefte pficfture. 

In ftThfis arftficfle, we ftrfied fto convey Thow ftThfis fis aflready befing done—and Thopeffuflfly, can be done even 

beftfter fin ftThe ffufture. Jusft as flfiffe fiftseflff fis a synergfisftfic process, fin ftThe sense ftThaft flfiffe’s bfioflogficafl, pThysficafl 

and cThemficafl properftfies are finfterftwfined, ftThe researcTh ftThaft ftrfies fto expflafin fifts orfigfin Thas fto be 

synergfisftfic as weflfl. No dfiscfipflfine or approacTh sThoufld be dfismfissed, as flong as fifts cflafims are evfidence-

based. However, we sThoufld keep fin mfind ftThaft wThfifle sfingfle resuflfts Thave domfinafted ftThe fffiefld fin ftThe 

pasft, ftThese can never consftfiftufte a sofluftfion fto sucTh a compflex probflem. SynftThesfisfing bfiomoflecufles, ffor 

exampfle, aflftThougTh finfformaftfive, cannoft be enougTh fto ftackfle ftThe OoL, because flfiffe fis noft a mere 

coflflecftfion off bfiomoflecufles, buft raftTher a dynamfic process finvoflvfing bfiomoflecufles wfiftThfin boundary 

condfiftfions finfteracftfing wfiftTh fifts envfironmenft. Modern ftThfinkfing on orfigfins wfiflfl ftThrfive ffrom recreaftfing 

or fimfiftaftfing processes, raftTher ftThan ffocusfing onfly on ftThe prebfioftfic synftThesfis off bfiomoflecufles.  

Ffinaflfly, we musft ThfigThflfigThft bfias fin OoL experfimenfts, sftarftfing ffrom Thow fto defffine ‘pflausfibfle’ 

prebfioftfic condfiftfions fto wThficTh bfiomoflecufles are more cenftrafl ftThan oftThers [212]. Ift fis fimperaftfive fto 

overcome personafl bfiases fin order fto make progress. To geft ftThere, we need fto fincrease ftThe excThange, 

openness and respecft beftween aflfl ftThose finvoflved despfifte ftThe finTherenft compeftfiftfion and finTherfifted bfias 

ftowards dfifffferenft ThypoftTheses or approacThes fin researcTh ftThese days. TThe brfidges we propose are 

essenftfiafl, noft because scfienftfifffic researcTh musft be Thomogeneous, buft because Thefterogenefifty musft be 

arftficuflafted (ffor exampfles see “Secftfion 3. Bufifldfing Brfidges”). TThfis arftficuflaftfion wfiflfl cThange boftTh ftThe 

way researcTh fis done buft aflso communficaftfion (fin pubflfisThed arftficfles, confferences and oftThers). Aft ftThfis 

pofinft, fift fis fimporftanft fto empThasfize Thow crucfiafl cflassficafl approacThes fin OoL researcTh were and sftfiflfl 

are. However, wThfifle pfivoftafl finsfigThfts were acThfieved fin cflassficafl sftudfies, a more compflefte OoL 

narraftfive can onfly unffofld by bufifldfing brfidges beftween ftThem. TThfis mfigThft aflfl appear ffar ftoo obvfious 

fto menftfion, buft ftThe reaflfifty fin orfigfin off flfiffe researcTh sThows ftThaft fift cannoft be menftfioned offften enougTh. 
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II Bfioflogficafl CO2 fffixaftfion 

 

 

 

TThe auftoftropThfic conversfion off finorganfic carbon fto organfic carbon fis crucfiafl ffor ftThe deveflopmenft 

off flfiffe because fift dfirecftfly flfinks ftThe abfioftfic wfiftTh ftThe bfioftfic worfld (FucThs, 2011). In modern 

ecosysftems, ftThe mosft wfidespread bfioflogficafl CO2 fffixaftfion paftThways ouft off ftThe sfix known fis ftThe 

reducftfive penftose pThospThafte (Caflvfin-Benson) cycfle, converftfing CO2 finfto sugar pThospThaftes. Ift 

fis ffound fin mosft pThoftosynftTheftfic organfisms, ffrom prokaryoftes fto pflanfts (BassTham, 1979). 

Among ftThe remafinfing fffive auftoftropThfic paftThways ftThaft can fturn finorganfic finfto organfic mafterfiafl 

(FucThs, 2011), mosft cenftrafl wfiftThfin ftThfis ftThesfis fis ftThe aceftyfl-CoA (Wood-LjungdaThfl) paftThway. 

TThfis fis ffor severafl reasons, sftarftfing wfiftTh ftThe ffacft ftThaft ftThe aceftyfl-CoA paftThway ftraces back fto ftThe 

flasft unfiversafl common ancesftor—LUCA (Wefiss eft afl., 2016). TThfis paftThway uses eflecftrons and 

energy ffrom Thydrogen (H2) and can sfimuflftaneousfly suppfly ftThree key requfiremenfts ffor flfiffe: 

reduced carbon fin ftThe fform off aceftyfl groups, eflecftrons fin ftThe fform off reduced fferredoxfin and 

NADH, and fion gradfienfts ffor energy conservaftfion fin ftThe fform off ATP (FucThs, 2011; Müflfler, 

CThowdThury and Basen, 2018; Prefiner, IgarasThfi, eft afl., 2019). TThe paftThway fis flfinear, noft cycflfic 

as ftThe oftTher fffive paftThways, a sorft off one-way sftreeft finfto meftaboflfism; fift refleases more energy 

ftThan fift consumes; and ftThe enzymes finvoflved conftafin meftafl coffacftors ftThaft coufld be off prfimordfiafl 

orfigfin (Ragsdafle and Pfierce, 2008; Sousa and Marftfin, 2014).  

TThe ftThree pubflficaftfions presenfted fin ftThfis cThapfter address ftThe aceftyfl-CoA paftThway and fifts 

connecftfion fto geocThemficafl processes (Pubflficaftfion 3), fifts reflevance ffor ftThe pThysfioflogy off LUCA 

(Pubflficaftfion 4), and fifts mecThanfisftfic pecuflfiarfiftfies fin comparfison wfiftTh oftTher CO2 fffixaftfion 

paftThways (Pubflficaftfion 5) ftThaft provfide cflues abouft fifts anftfiqufifty and possfibfly abouft fifts orfigfin. 
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ScfienceDfirecft
Moflecuflar Thydrogen fis an ancfienft source off energy and

eflecftrons. Anaerobfic auftoftropThs ftThaft Tharness ftThe H2/CO2redox

coupfle Tharbour ancfienft bfiocThemficafl ftrafifts ftThaft ftrace back fto ftThe

unfiversafl common ancesftor. Aspecfts off ftThefir pThysfioflogy,

fincfludfing ftThe abundance off ftransfiftfion meftafls, radficafl reacftfion

mecThanfisms, and ftThefir mafin exergonfic bfioenergeftfic reacftfions,

fforge flfinks beftween ancfienft mficrobes and geocThemficafl

reacftfions aft ThydroftThermafl venfts. TThe mfidpofinft poftenftfiafl off H2
Thowever requfires anaerobes ftThaft reduce CO2wfiftTh H2fto use

flavfin based eflecftron bfiffurcaftfion — a mecThanfism fto conserve

energy as flow poftenftfiafl reduced fferredoxfins vfia soflubfle

proftefins — ffor CO2fixaftfion. TThfis presenfts a paradox. Aft ftThe

onseft off bfiocThemficafl evofluftfion, beffore ftThere were proftefins, Thow

was CO2reduced usfing H2? FeS mfinerafls aflone are probabfly

noft ftThe sofluftfion, because bfioflogficafl CO2reducftfion fis a ftwo

eflecftron reacftfion. PThysfioflogy can provfide cflues. Some

aceftogens and some meftThanogens can grow usfing naftfive firon

(Fe0) finsftead off H2as ftThe eflecftron donor. In ftThe flaboraftory, Fe0

effficfienftfly reduces CO2fto aceftafte and meftThanofl. HydroftThermafl

venfts Tharbour awarufifte, Nfi3Fe, a nafturafl compound off naftfive

meftafls. Naftfive meftafls mfigThft Thave been ftThe precursors off

eflecftron bfiffurcaftfion fin bfiocThemficafl evofluftfion.

Addresses
1Dfivfisfion off ArcThaea Bfioflogy and Ecogenomfics, Deparftmenft off

Ecogenomfics and Sysftems Bfioflogy, Unfiversfifty off Vfienna, AflftThansftrasse

14 UZA I, 1090 Vfienna, Ausftrfia
2Insftfiftufte off Moflecuflar Evofluftfion, HefinrficTh-Hefine-Unfiversfifty,
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Inftroducftfion
TThe onfly ftThfing we know ffor sure abouft flfiffe’s orfigfin some
3.95 bfiflflfion years ago [1] fis ftThaft energy was requfired.
WfiftThouft energy reflease, no cThemficafl reacftfions can ftake
pflace ftThaft coufld uflftfimaftefly flead fto compflex cThemficafls,
meftaboflfism or prfimfiftfive ecosysftems [2]. Two sources off
energy aft orfigfins are mafinfly dfiscussed: uflftravfiofleft (UV)
flfigThft emfiftfted ffrom ftThe sun [3,4] and cThemficafl energy aft
ThydroftThermafl venfts [3,4]. AflftThougTh UV flfigThft can be con-
venfienftfly finftegrafted finfto efleganft flaboraftory synftTheses off
organfic moflecufles aft flow ftemperaftures and pressures [5,6],
fift does noft connecft fto ftThe mficrobfiafl worfld (flfiffe) because no
known fform off mficrobfiafl pThysfioflogy fis powered by UV
flfigThft. From ftThe bfioflogficafl sftandpofinft, cThemficafl energy aft
ThydroftThermafl venfts, fin parftficuflar ftThe H2/CO2redox cou-
pfle, fis finfteresftfing as a source off energy aft orfigfins. WThy?

Ffirsft, many fforms off mficrobes use H2as a source off
cThemficafl energy ffor ATP synftThesfis fin conjuncftfion
wfiftTh a sufiftabfle eflecftron accepftor sucTh as CO2[7,8], and
H2-dependenft auftoftropThs provfided ftThe finfiftfiafl prfimary
producftfion ftThaft supporfted ftThe firsft ThefteroftropThfic mefta-
boflfisms [9]. Second, ftThe EarftTh’s crusft Thas been generaftfing
flarge amounfts off H2sfince ftThere was flfiqufid wafter, ftThrougTh
a process caflfled serpenftfinfizaftfion [10]. In addfiftfion, bfiofl-
ogfisfts Thave flong Thefld ftThaft anaerobfic auftoftropThs ftThaft
reduce CO2usfing eflecftrons ffrom H2Tharbour ftThe mosft
ancfienft fforms off meftaboflfism [11–13]. H2dependenft
anaerobfic auftoftropThs are ffurftThermore rficTh fin ftransfiftfion
meftafl caftaflysfts sucTh as Fe and Nfi [13], ftrafifts flong regarded
as ancfienft, and Thydrogenases ftThaft exftracft ftThe eflecftron pafir
ffrom H2fto provfide reducftfion equfivaflenfts and energy ftThaft
drfive meftaboflfism fforward [14].

Among ftThe kfinds off carbon and energy meftaboflfism
known among modern mficrobes, ftThe aceftyfl-CoA paftThway
(or Wood–LjungdaThfl paftThway) as fift fis used fin aceftogens
(bacfterfia) and meftThanogens (arcThaea) appears fto be ftThe
mosft ancfienft [12]. Ift fis ftThe onfly exergonfic paftThway off
bfioflogficafl CO2fixaftfion known [12], aflfl oftThers requfire
energy finpuft fin ftThe fform off ATP. TThe finftermedfiafte
producft off ftThe paftThway fis a ftThfioesfter, reacftfive compounds
ftThaft Thave flong been ftThougThft fto pflay an fimporftanft rofle fin
earfly cThemficafl evofluftfion [15]. In bacfterfia, ftThe aceftyfl-CoA
paftThway generaftes aceftyfl pThospThafte ffrom H2, CO2and
pThospThafte (Ffigure 1). Aceftyfl pThospThafte fis an exceflflenft
source off pThospThoryflaftfion poftenftfiafl wfiftTh a ffree energy off
Thydroflysfis off 43 kJ/mofl, 30% beftfter ftThan ATP. Even fto
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ScTheme off energy conservaftfion ffrom fferredoxfin fto ATP fin ftThe aceftyfl CoA paftThway. Redrawn afffter [12] fincorporaftfing finftermedfiaftes fin CO

generaftfion [13] and off subsftrafte flevefl pThospThoryflaftfion [11]. MeftThanogenfic growftTh on meftThoxy groups ffrom coafl was recenftfly reporfted by [38].

TThe befige arrow findficaftes ftThe requfiremenft ffor eflecftron bfiffurcaftfion fin ftThe synftThesfis off flow poftenftfiafl reduced fferredoxfins wfiftTh eflecftrons ffrom H2[7].

InsfigThfts finfto ftThe mecThanfisms off eflecftron bfiffurcaftfion were recenftfly reveafled by ftThe sftrucftures off ftwo bfiffurcaftfing enzymes [25,26]. Subsftraftes and

endproducfts off ftThe reversfibfle reacftfion sequence are boxed fin bflue. TThe synftThesfis off ftThe meftThyfl group ffrom H2and CO2enftafifls energy finvesftmenft,

sucTh ftThaft neft synftThesfis off acyfl pThospThafte or ATP ffrom H2requfires cThemfiosmoftfic coupflfing [6–8].
ftThe flevefl off ftThe energy rficTh ftThfioesfter ftThe reacftfion fis
exergonfic:

2CO2þ 4H2þ CoASH ! CH3COSCoA þ 3H2O

DGo
0¼ 59 kJ=mofl½12:

Mficrobfiafl genomes aflso pofinft fto ftThe anftfiqufifty off anaero-
bfic auftoftropTh pThysfioflogy. A recenft sftudy fidenftfified
355 ancfienft gene ffamfiflfies ftThaft, based on ftThefir pThyfloge-
nfies, provfided finsfigThfts finfto ftThe pThysfioflogy and Thabfiftaft off
ftThe flasft unfiversafl common ancesftor, LUCA [16]. LUCA
flfived fin a Thoft envfironmenft rficTh fin gasses (H2, CO2, N2,
CO) and meftafls, a Thabfiftaft very sfimfiflar fto ThydroftThermafl
venfts, wThficTh exfisfted on ftThe earfly EarftTh [10]. Ift used ftThe
aceftyfl-CoA paftThway [16], fifts meftaboflfism was rficTh fin FeS
and ftThfioesfter dependenft reacftfions, wThficTh are enrficThed fin
ftThe ancfienft ATP-findependenft core off meftaboflfism [17].
Ift Tharboured a dfiversfified smaflfl moflecufle cThemfisftry [18],
many radficafl-based reacftfions ftThaft are dependenft upon S-
adenosyfl meftThfionfine (SAM), wThficTh can fform sponftane-
ousfly fin vfiftro [19], and fift Tharboured ffeaftures ffound fin
mficrobes ftThaft ftoday sftfiflfl finThabfift ancfienft geocThemficafl
nficThes [20,21].
Currenft Opfinfion fin Mficrobfioflogy 2018, 43:77–83 
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TThe probflem wfiftTh H2and FeS
Despfifte fifts cThemficafl sfimpflficfifty, fifts abundance fin ancfienft
envfironmenfts, and ftThe cflear ftendency off H2-dependenft
auftoftropThs fto brancTh deepfly fin pThyflogeneftfic ftrees [16],
H2Thas a raftTher severe AcThfiflfles’ Theefl as a source off
eflecftrons ffor CO2reducftfion aft orfigfins. Ifts mfidpofinft
poftenftfiafl fis unffavourabfle ffor CO2reducftfion beyond ftThe
near-equfiflfibrfium reacftfion wfiftTh fformafte [22]. TThaft fis wThy
mficrobes ftThaft reduce CO2wfiftTh H2empfloy flavfin based
eflecftron bfiffurcaftfion [23], a bfiocThemficafl mecThanfism ftThaft
generaftes reduced fferredoxfins (Fd–) wfiftTh a mfidpofinft
poftenftfiafl on ftThe order off –500 mV ffrom H2wfiftTh a more
posfiftfive mfidpofinft poftenftfiafl off onfly –414 mV [7]. Eflec-
ftrons ffrom H2Thave fto flow energeftficaflfly upThfiflfl fto flow
poftenftfiafl Fd. TThaft mfigThft appear fto vfioflafte ftThe second flaw
off ftThermodynamfics, buft eflecftron bfiffurcaftfion obeys ftThe
flaw fin ftThaft one eflecftron ffrom H2fis ftransfferred energeftfi-
caflfly downThfiflfl fto a ThfigTh poftenftfiafl accepftor flfike NAD+or
Thefterodfisuflfide CoB–S–S–CoM [24], wThfifle ftThe oftTher fis
ftransfferred upThfiflfl fto Fd so ftThaft ftThe overaflfl energeftfics off
ftThe reacftfion are ffavourabfle [8].

WThy fis ftThaft probflemaftfic? TThe probflem wfiftTh H2fin an earfly
evofluftfion conftexft fis ftThaft flavfin based eflecftron bfiffurcaftfion
www.scfiencedfirecft.com
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fis an eflaborafte pThysfioflogficafl process ftThaft requfires sopThfisftfi-
cafted proftefins [25,26] workfing fin concerft wfiftTh oftTher
proftefins [7] as an energy meftaboflfic paftThway fto reduce
Fd (ffor reducfing CO2). TThfis presenfts a ffamfiflfiar cThficken-
and-egg ftype paradox, namefly Thow was CO2reduced wfiftTh
H2beffore ftThere were proftefins fto caftaflyze eflecftron bfiffurca-
ftfion? One mfigThft counfter ftThaft fiff earfly CO2fixaftfion ftook
pflace aft ThydroftThermafl venfts, ftThen eflecftron bfiffurcaftfion was
noft needed, because ftThere was pflenfty off nafturafl FeS around
ftThaft coufld do ftThe job off Fd–wThen fift comes fto fixfing CO2.

Buft FeS mfinerafls do noft reaflfly soflve ftThe probflem, because
FeS Thas fifts own, dfifffferenft fissues. FeS cflusfters fin proftefins
are one eflecftron donors, wfiftTh firon undergofing Fe2+fto Fe3+

vaflence cThanges. TThe sfteps off bfioflogficafl CO2reducftfion fin
auftoftropThs are aflways ftwo eflecftron reacftfions [12]. In bfiofl-
ogy, ftThe eflecftrons ffrom Fd–are donafted fto C fin CO2vfia
meftafls ftThaft readfifly undergo ftwo eflecftron reacftfions, sucTh as
Nfi, Mo, or W aftoms coordfinafted fin proftefins or coffacftors
(Ffigure 2), or eflecftron pafirs are donafted vfia Thydrfide
ftransffer ffrom organfic coffacftors flfike NAD(P)H [12].

Huber and WäcThftersThäuser [27] obftafined exceflflenft yfieflds
(40 mofl%) off ftThe ftThfioesfter meftThyfl ftThfioaceftafte ffrom
CH3SH and CO usfing FeS, Nfi2+and Fe2+saflfts, emuflaftfing
ftThe cenftrafl anaboflfic reacftfion off ftThe aceftyfl CoA paftThway,
buft no one Thas reporfted genufine success finvoflvfing FeS or
oftTher Fe2+specfies as a reducftanft ffor CO2fin an earfly
evofluftfion conftexft, eflecftrocThemficafl experfimenfts wThere
exfternafl voflftage fis appflfied asfide [28]. Coufld fift be ftThaft
fin ftThe begfinnfing, CO2was noft reduced dfirecftfly by H2aft
aflfl? WThaft does nafture say?
Ffigure 2

CODH
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Nfi
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Reacftfion mecThanfism off CO2reducftfion fin bfiffuncftfionafl CO deThydrogenase a

proposed by Ragsdafle [13], modfifffied ffrom [13]. C-cflusfter reffers fto ftThe NfiFeS
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GeocThemficafl CO2reducftfion
Modern ThydroftThermafl sysftems provfide a cTheck ffor CO2
reducftfion fin ftThaft CH4(ca. 1 mM) [29] and oftTher smaflfl
organfic compounds fincfludfing fformafte are presenft fin Thydro-
ftThermafl efffluenft [30–32]. TThose smaflfl organfic compounds
are noft synftThesfized wThere venft efffluenft dfiscTharges finfto ftThe
ocean on ftThe sea floor, raftTher, ftThe organfics are apparenftfly
made deep fin ftThe crusft, as organfics fin fterresftrfiafl venfts aftftesft
[33]. CO2reducftfion fin ftThe modern crusft fis sftfiflfl noft weflfl
undersftood fin fifts deftafifls, aflftThougTh fift fis ftThougThft fto sftem
ffrom ftThe same geocThemficafl process ftThaft generaftes H2fin
ThydroftThermafl efffluenft: serpenftfinfizaftfion [30–32].

Durfing serpenftfinfizaftfion, H2synftThesfis sftems ffrom ftThe
reducftfion off wafter fin ThydroftThermafl sysftems vfia ftThe oxfi-
daftfion off Fe2+ftThaft fis presenft fin ftThe EarftTh’s crusft fin vasft
amounfts as firon magnesfium sfiflficaftes [10]. FresTh firon
sfiflficaftes ffor serpenftfinfizaftfion are conftfinuousfly suppflfied
anew aft spreadfing zones sucTh as ftThe mfid-Aftflanftfic rfidge,
wThere crusft emerges as magma ftThaft subsequenftfly coofls,
uflftfimaftefly befing recycfled back finfto ftThe manftfle aft sub-
ducftfion zones [34]. TThe fisoftope sfignaftures off CH4emer-
genft ffrom ThydroftThermafl sysftems are dfisftfincft ffrom ftThaft off
marfine CO2[29,32], ftThe reasons ffor wThficTh are uncflear.
TThe raftes off meftThane synftThesfis fin flaboraftory scafle ser-
penftfinfizaftfion reacftfions so ffar are generaflfly very sflow [35].
TThus, carbon fis befing reduced fin serpenftfinfizfing sysftems,
by a yeft unfidenftfified mecThanfism.

TThe process off serpenftfinfizaftfion Thas been gofing on ffor ftThe
flasft 4.2 bfiflflfion years, sfince ftThere was flfiqufid wafter on EarftTh
[10]. BoftTh fifts basfic fingredfienfts — wafter, Fe(II)-rficTh rocks,
Nfi2+
2 Fd–

Nfi"0"

H2O

–

–

2 Fd
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ceftyfl-CoA synftThase (CODH/ACS) synftThase fin ftThe aceftyfl-CoA paftThway,

 cflusfter aft ftThe acftfive sfifte off ftThe CODH enzyme [13].
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Box 1 TThe earfly EarftTh fin a nuftsTheflfl

TThere fis broad agreemenft among geocThemfisfts and pflaneftary

researcThers ftThaft ftThe earfly EarftTh was moflften aft some pofinft, by ftThe

moon fformfing fimpacft rougThfly 4.4 bfiflflfion years ago, aft ftThe flaftesft

[10,33]. On ftThe moflften EarftTh (>1500 K), carbon ftThaft Thad been

brougThft fto ftThe ffresThfly accrefted pflaneft was converfted fto CO2, aflmosft

aflfl off wThficTh was ouftgassed finfto ftThe aftmospThere, a smaflfl ffracftfion

befing reftafined fin magma oceans [10,33]. By abouft 4.4 Ga ftThe

magma oceans Thad coofled [33], by abouft 4.2 Ga ftThere was flfiqufid

wafter on EarftTh [10], some ouftgassed ffrom accreftfion and some

deflfivered flafter by comefts, and by around 4 Ga, perThaps as flafte as

3.7 Ga, ftThe flafte Theavy bombardmenft Thad come fto an end [33]. By

3.95 Ga a carbon fisoftopfic sfignafture compaftfibfle wfiftTh ftThaft produced

by ftThe aceftyfl-CoA paftThway appeared [1].

As fift reflaftes fto ftThe source off energy ffor CO2reducftfion, ftThe reflevanft

sequence off evenfts fis ftThfis: magma oceans fin ftThe moflften pThase

oxfidfized EarftTh’s earfly carbon fto aftmospTherfic CO2and smaflfl amounfts

off manftfle CO2. Because fift coofled ffrom magma, ftThe prfimordfiafl crusft

was depflefted fin wafter, consfisfted mosftfly off firon magnesfium sfiflficaftes

wfiftTh very flow wafter conftenft [10,55]. As ftThe crusft coofled, wafter

condensed fto surfface oceans. Gravfifty puflfled wafter finfto cracks fin ftThe

soflfid crusft, creaftfing convecftfive currenfts — ftThe process off serpenftfi-

nfizaftfion seft fin. Serpenftfinfizaftfion drew very CO2-rficTh wafter finfto ftThe

crusft wThere serpenftfinfizaftfion ftook pflace, sucTh ftThaft H2was synftThe-

sfized fin an oftTherwfise H2-ffree envfironmenft and aft sfiftes wThere CO2
exfisfted fin ThydroftThermafl downcurrenft wafter and as bound CO2(car-

bonaftes) fin a generaflfly dry crusft. TThe prfimordfiafl finfteracftfion beftween

H2and CO2ftThus probabfly ftook pflace deep fin ftThe crusft, noft aft sfiftes

wThere ThydroftThermafl venft efffffluenft reacThed ftThe ocean fffloor fin conftrasft

fto earflfier vfiews [6]; H2and CO2fffirsft finfteracfted fin ftThe presence off vasft

amounfts off dry rock, and aft ftemperaftures flfikefly exceedfing 100C.
and Theaft ffor convecftfion — and ftThe cThemficafl reacftfion are
sfimpfle, as sucTh ftThe process appears fto be occurrfing on ftThe
Safturn moon Encefladus as weflfl [36]. Serpenftfinfizaftfion fis
a sponftaneous process ftThaft refleases cThemficafl energy, a
noftabfle properfty ftThaft fift sThares wfiftTh mficrobfiafl energy
meftaboflfism. Iff serpenftfinfizaftfion refleases cThemficafl energy,
wThere does ftThe energy ftThaft serpenftfinfizaftfion refleases
come ffrom? A flook aft earfly EarftTh Thfisftory fis finsftrucftfive:
ftThe energy comes ffrom ftThe moflften sftafte off ftThe earfly EarftTh
(magma oxfidfizes carbon fto CO2) and subsequenft rock–
wafter finfteracftfions, wThficTh ftThen generafte H2fin ftThe pres-
ence off CO2(Box 1).

Meftagenomfics fteflfls us ftThaft approxfimaftefly Thaflff off ftoday’s
bfiomass flfives fin ftThe crusft fin rocky, H2rficTh envfironmenfts
[37] and ftThaft subsftanftfiafl componenfts off ftThe modern
subsurfface bfiomass flfives ffrom ftThe H2/CO2redox coupfle
as aceftogens and meftThanogens [38], wThficTh ffuefl subsur-
fface prfimary producftfion. Today, mficrobes fin ftThe crusft can
aflso grow ffrom organfic carbon deposfifts sucTh as coafl [39],
buft ftThaft was noft an opftfion 4 bfiflflfion years ago. AnoftTher
mafin dfifffference beftween ftoday’s crusft and ftThe prfimordfiafl
crusft fis ftThaft abouft Thaflff ftThe wafter on EarftTh (fi.e., rougThfly ftThe
voflume off ftThe ocean) fis bound fin ftThe modern crusft (and
manftfle), brougThft ftThere by submarfine ThydroftThermafl acftfiv-
fifty [34]. TThe flfipsfide off ftThaft cofin fis ftThaft ftThe prfimordfiafl
oceans were ftwfice as deep as ftoday’s [34], meanfing ftThaft
fland ffor warm flfiftftfle ponds was probabfly fin sThorft suppfly.
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WThence eflecftrons, fiff noft H2or FeS?
Serpenftfinfizaftfion aflfters ftThe rocks ftThaft Thosft ThydroftThermafl
acftfivfifty. A very noftabfle componenft off ThydroftThermaflfly
aflftered rocks fis ftThe mfinerafl awarufifte. Awarufifte fis an
finftermeftaflflfic compound wfiftTh ftThe fformufla Nfi3Fe (or
Nfi2–3Fe): naftfive ftransfiftfion meftafls wfiftTh oxfidaftfion sftafte
zero. Ift fis a normafl consftfiftuenft off serpenftfinfizfing Thydro-
ftThermafl sysftems [35,40], fformed ftThere nafturaflfly durfing
serpenftfinfizaftfion under condfiftfions wThere ThfigTh H2acftfivfi-
ftfies off 200 mmofl/kg [41] reduce ftThe dfivaflenft meftafl fions.

Aflmosft 20 years ago Horfifta and Berndft [42] reporfted ftThaft
Nfi3Fe coufld caftaflyze ftThe synftThesfis off meftThane fin mmofl/
kg amounfts ffrom H2and CO2[42] fin sfimuflafted Thydro-
ftThermafl condfiftfions (200–400C, ca. 50 MPa) aflftThougTh fift
cannoft be excfluded ftThaft awarufifte was ftThe reducftanft raftTher
ftThan ftThe caftaflysft, aft fleasft fin parft. TThey aflso reporfted ftThaft
afffter 1–2 weeks aft flower ftemperafture (200C) carbon
compounds off oxfidaftfion sftafte finftermedfiafte beftween CO2
and CH4were obftafined fin amounfts sfimfiflar fto or exceed-
fing ftThose observed ffor CH4. Guan eft afl. [43] sThowed ftThaft
Fe0fin ftThe presence off saflfts wfiflfl reduce CO2fto CH4,
C3H8, CH3OH and C2H5OH fin ftThe 10–70 mM range aft
room ftemperafture. He eft afl. [44] reporfted reducftfion off
CO2fto fformafte and aceftafte fin ftThe 1–10 mM range usfing
nanoparftficuflar Fe0aft 80–200C. Moreover, MucThowska
eft afl. [45] recenftfly sThowed naftfive firon fto acceflerafte
and promofte reacftfions off ftThe reverse cfiftrfic acfid cycfle
(Ffigure 3). TThe message fis ftThaft naftfive meftafls can efffi-
cfienftfly reduce CO2. TThaft fis noft ftThe case ffor efiftTher H2aflone
or ffor FeS mfinerafls. TThe naftfive meftafls are finfteresftfing.

Awarufifte fis ftoday synftThesfized wThere H2fis produced and
wThere organfic compounds are befing made. Are naftfive
meftafls finvoflved fin geocThemficafl CO2reducftfion, and were
ftThey finvoflved fin prfimordfiafl CO2reducftfion? Consfiderfing
ftThe mecThanfism proposed by Sfteve Ragsdafle [13] ffor
aceftyfl-CoA synftThesfis fin aceftogens (Ffigure 2), ftThe acftfive
Nfi specfies ffor CO2reducftfion fin ftThe (4 bfiflflfion year ofld)
bfiocThemficafl reacftfion fis fformaflfly Nfi0. TThe eflecftrons are
deflfivered fto ftThe enzyme one aft a ftfime vfia FeS cflusfters fin
Fd–, buft are deflfivered fto carbon as a pafir. TThe Fe2+

specfies fin FeS cflusfters perfform one eflecftron cThemfisftry,
buft ftThe ftwo eflecftron carbon reducftfion reacftfion fis per-
fformed by ftThe ftransfienftfly naftfive meftafl. TThfis mfigThft be a
cflue abouft ancfienft flfiffe.

Mficrobes aflways Thave ftThe flasft word
WThaft do anaerobfic mficrobes say abouft naftfive meftafls?
Basficaflfly ftThey say ‘yes, pflease’, and ftThey are ftThe source off
mucTh corrosfion fto ftThfings made off sfteefl, as recenftfly
surveyed by Ennfing and Garreflffs [46]. Earfly reporfts
sThowed ftThaft meftThanogens grow ffrom Fe0 and CO2
[47], buft quesftfions remafined wTheftTher ftThe growftTh was
reaflfly ffrom firon or jusft ffrom H2generafted by finfteracftfion
off firon wfiftTh wafter. DfinTh eft afl. [48] ftThen sThowed ftThaft
meftThanogens grew rapfidfly on naftfive firon as an eflecftron
www.scfiencedfirecft.com
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Ffigure 3
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TThe aceftyfl-CoA paftThway and ftThe fincompflefte reverse cfiftrfic acfid cycfle as ftThe core carbon end energy meftaboflfism fin some modern mficrobes and

ftThe fffirsft mficrobes, modfifffied ffrom Reff. [6] fto fincflude ftThe energeftfic fimpedfimenft fimposed by ffflavfin based eflecftron bfiffurcaftfion fin fferredoxfin reducftfion

wfiftTh eflecftrons ffrom H2[7] and updafted fto fincflude new finfformaftfion. Parftficfipaftfion off FeS or FeNfiS cflusfters fis findficafted usfing daftabase finfformaftfion

ffor ftThe correspondfing enzymes findficafted fin FucThs [12]. Nofte ftThe paucfifty off ATP-dependenft sfteps and ftThe acyfl pThospThafte/ATP-generaftfing sfteps,

findficafted wfiftTh ATP nexft fto ftThe reacftfion (see aflso Reff. [17 ]). Cfircfled numbers aft reacftfions findficafte ftThaft ftThe non-enzymaftfic flaboraftory reacftfion Thas

been reporfted as ffoflflows. (1) Kfiftanfi eft afl. reporfted ftThaft ATP fis readfifly generafted ffrom aceftyfl pThospThafte and ADP usfing onfly Fe3+[57] or Fe2+[58]

as caftaflysfts. (2) WäcThftersThäuser and Huber reporfted ftThe dfivaflenft meftafl fion-caftaflyzed synftThesfis off aceftyfl ftThfioesfters ffrom CH3SH and CO [26]. (3)

MucThowska eft afl. sThowed ftThese sfteps fto proceed sponftaneousfly fin vfiftro usfing naftfive meftafl and meftafl fion caftaflysfts [45 ]. (4) Weber [56] reporfted

ftThe synftThesfis off pyropThospThafte ffrom an aceftyflftThfioesfter and Pfi, wThereby ftThe presence off aceftyfl pThospThafte was finfferred buft noft dfirecftfly sThown [6].

(5) Varma eft afl. [54 ] recenftfly demonsftrafted synftThesfis off meftafl bound meftThyfl groups and synftThesfis off pyruvafte ffrom CO2wfiftTh naftfive meftafls as

ftThe source off eflecftrons. TThe ffree energy off Thydroflysfis ffor aceftyfl pThospThafte (–43 kJ/mofl) fis greafter ftThan ftThaft ffor ATP (–31 kJ/mofl) [6]. In ftThe conftexft

off earfly bfiocThemficafl evofluftfion, reacftfions ftThaft are ftoday coupfled fto ATP Thydroflysfis woufld be ftThermodynamficaflfly even more ffavourabfle fiff coupfled fto

aceftyfl pThospThafte (or oftTher acyfl pThospThafte) Thydroflysfis, an argumenft fin ffavour off aceftyfl pThospThafte as a prfimfiftfive energy currency [6,59]. TThe

finvoflvemenft off reducftanfts oftTher ftThan Fd–fin ftThe enzymaftfic reacftfion fis findficafted wfiftTh [2H]. Abbrevfiaftfions: CODH/ACS, carbon monoxfide

deThydrogenase/aceftyfl-CoA synftThase; WL, Wood–LjungdaThfl; PFOR, pyruvafte fferredoxfin oxfidoreducftase.
source, suggesftfing ftThaft H2was noft finvoflved as an finfter-
medfiafte. More recenftfly, Tan eft afl. [49] sThowed ftThaft
MeftThanosarcfina barkerfi wfiflfl grow on Fe0as an eflecftron
source, buft onfly wThen deprfived off sftandard eflecftron
donors sucTh as CH3OH or H2.

TThe moflecuflar mecThanfisms off mficrobfiafl eflecftron exftrac-
ftfion ffrom Fe0are so ffar eflusfive. LoThner eft afl. [50] reporfted
Fe0oxfidaftfion by meftThanogens fin ftThe presence off exfter-
naflfly appflfied voflftage. TThe resuflfts suggesfted ftThaft meftTha-
nogens can access eflecftrons ffrom Fe0vfia rouftes ftThaft do
noft finvoflve H2. More recenft resuflfts by Deuftzmann and
coflfleagues usfing appflfied poftenftfiafls suggesft ftThaft
www.scfiencedfirecft.com 
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meftThanogens mfigThft acqufire eflecftrons ffrom Fe0vfia exftra-
ceflfluflar enzymes ftThaft oxfidfize ftThe naftfive meftafl fto sftandard
eflecftron sources sucTh as H2or fformafte [51,52]. TThere are
many reporfts abouft anaerobfic growftTh on firon, many
finvoflvfing meftThanogens or suflffafte reducers [46]. Buft
aceftogens?

Kafto eft afl. [53] recenftfly fisoflafted aceftogens ffrom ftThe
genus Sporomusa (firmficuftes) ftThaft grow on naftfive firon
wfiftThouft exfternaflfly appflfied poftenftfiafls. Mosft aceftogens
ftThaft Kafto eft afl. [53] ftesfted do noft grow on firon as ftThe
eflecftron source, findficaftfing ftThe presence off geneftficaflfly
specfified mecThanfisms fto access eflecftrons ffrom Fe0, fin flfine
Currenft Opfinfion fin Mficrobfioflogy 2018, 43:77–83
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wfiftTh ftThe concflusfions off DfinTh eft afl. [48] ffor suflffafte reducers
and meftThanogens. For suflffafte reducers, ftThe ftermfinafl
accepftor off eflecftrons ffrom Fe0can be a suflffur compound
or CO2, ffor aceftogens and meftThanogens, ftThe ftermfinafl
accepftor fis CO2. TThe proftefins, coffacftors and mecThanfisms
finvoflved fin Fe0oxfidaftfion are sftfiflfl unknown [46,52,53]. Ift
fis possfibfle ftThaft non-enzymaftfic reacftfions off Fe0wfiftTh CO2
sucTh as ftThose generaftfing fformafte, meftThanofl, and aceftafte
fin ftThe flaboraftory [43,44] pflay a rofle fin mficrobfiafl growftTh on
firon. Very recenft work reporfts ftThe non-enzymaftfic synftThe-
sfis off pyruvafte ffrom aqueous CO2and Fe0under mfifld
ThydroftThermafl condfiftfions [54].

Concflusfions
As usuafl, nafture fleaves us wfiftTh observaftfions and ques-
ftfions. Is ftThe oxfidaftfion off naftfive firon (and oftTher meftafls) an
ancfienft ftrafift, preserved ffrom ftThe very earflfiesft pThases off
bfioflogficafl CO2reducftfion and fis fift prevaflenft fin ThydroftTher-
mafl venfts, wThere Nfi3Fe fis sftfiflfl made ftoday? TThe ftwo
eflecftron firon oxfidaftfion reacftfion Fe0! Fe2++ 2e–Thas a
mfidpofinft poftenftfiafl off Eo

0= –470 mV [53], more negaftfive
ftThan ftThaft ffor Thydrogen H2! 2H++ 2e–, wfiftTh Eo

0= –
410 mV. MfigThft anaerobfic auftoftropThs ftThaft oxfidfize Fe0

sThorft cfircufift flavfin based eflecftron bfiffurcaftfion fto generafte
ftThefir flow poftenftfiafl reduced fferredoxfins? Iff so, ftThey sftfiflfl
woufld Thave fto dfirecft ftwo eflecftron (Fe0) fto one eflecftron
(FeS cflusfters fin Fd–) reacftfions. TThe pThysfioflogficafl reac-
ftfions by wThficTh mficrobes access Fe0and oftTher naftfive
meftafls as eflecftron sources mfigThft uncover Thfinfts abouft
earfly flfiffe, possfibfly even probfing a pThase off pThysfioflogficafl
evofluftfion beffore ftThere was geneftficaflfly encoded eflecftron
bfiffurcaftfion.
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REVIEW

TThe flasft unfiversafl common ancesftor beftween
ancfienft EarftTh cThemfisftry and ftThe onseft off
geneftfics

Madeflfine C. Wefiss1, Marftfina Prefiner1, Joana C. Xavfier1, Verena Zfimorskfi1, Wfiflflfiam
F. Marftfin1,2*

1Insftfiftufte off Moflecuflar Evofluftfion, HefinrficTh Hefine Unfiversfifty, DuÈssefldorff, Germany,2Insftfiftufto de Tecnoflogfia
QuõÂmfica e BfiofloÂgfica, Unfiversfidade Nova de Lfisboa, Oefiras, Porftugafl

*bfiflfl@ThThu.de

Absftracft

Aflfl known flfiffe fforms ftrace back fto a flasft unfiversafl common ancesftor (LUCA) ftThaft wfiftnessed

ftThe onseft off Darwfinfian evofluftfion. One can ask quesftfions abouft LUCA fin varfious ways, ftThe

mosft common way befing fto flook ffor ftrafifts ftThaft are common fto aflfl ceflfls, flfike rfibosomes or ftThe

geneftfic code. WfiftTh ftThe avafiflabfiflfifty off genomes, we can, Thowever, aflso ask wThaft genes are

ancfienft by vfirftue off ftThefir pThyflogeny raftTher ftThan by vfirftue off befing unfiversafl. TThaft approacTh,

underftaken recenftfly, fleads fto a dfifffferenft vfiew off LUCA ftThan we Thave Thad fin ftThe pasft, one

ftThaft fffifts weflfl wfiftTh ftThe TharsTh geocThemficafl seftftfing off earfly EarftTh and resembfles ftThe bfioflogy off

prokaryoftes ftThaft ftoday finThabfift ftThe EarftTh's crusft.

Inftroducftfion

TThe very earflfiesft pThases off flfiffe on EarftTh wfiftnessed ftThe orfigfin off flfiffe and geneftfics ffrom ftThe efle-

menfts. TThere was a ftfime wThen ftThere was no flfiffe on EarftTh, and ftThere was a ftfime wThen ftThere

were DNA-finTherfiftfing ceflfls. TThe ftransfiftfions are Thard fto fimagfine. Some daftes and consftrafinfts

on ftThe order off evenfts Theflps us fto beftfter grasp ftThe probflem. TThe EarftTh fis 4.5 bfiflflfion years (Ga)

ofld [1]. By abouft 4.4 Ga, ftThe moon-fformfing fimpacft fturned ftThe EarftTh finfto a baflfl off bofiflfing flava

[1]. Magma oceans wfiftTh ftemperaftures over 2,000̊K fforced aflfl wafter ffrom earfly accreftfion finfto

ftThe gas pThase and converfted aflfl earfly accrefted carbon fto aftmospTherfic carbon dfioxfide (CO2)

[1,2]. By 4.2 fto 4.3 Ga, ftThe EarftTh Thad coofled suffffficfienftfly enougTh ftThaft ftThere was flfiqufid wafter [3]

—ftThose fffirsft oceans were abouft ftwfice as deep as ftoday’s [1,2]. Onfly flafter, ThydroftThermafl convec-

ftfion currenfts sftarfted sequesfterfing wafter fto ftThe prfimordfiafl crusft and manftfle, wThficTh ftoday bfind

one exftra ocean voflume [4,5]. TThe fffirsft sfigns off flfiffe appear as carbon fisoftope sfignaftures fin

rocks 3.95 bfiflflfion years off age [6]. TThus, somewThere on ftThe ocean-covered earfly EarftTh and fin a

narrow wfindow off ftfime off onfly abouft 200 mfiflflfion years, ftThe fffirsft ceflfls came finfto exfisftence.

Because ftThe geneftfic code [7] and amfino acfid cThfiraflfifty [8] are unfiversafl, aflfl modern flfiffe fforms

uflftfimaftefly ftrace back fto ftThaft pThase off evofluftfion. TThaft was ftThe ftfime durfing wThficTh ftThe flasft unfi-

versafl common ancesftor (LUCA) off aflfl ceflfls flfived.
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LUCA, ftThe ftree off flfiffe, and fifts roofts

LUCA fis a ftTheoreftficafl consftrucft—fift mfigThft or mfigThft noft Thave been someftThfing we ftoday woufld

caflfl an organfism. Ift Theflps fto brfidge ftThe concepftuafl gap beftween rocks and wafter on ftThe earfly

EarftTh and fideas abouft ftThe nafture off ftThe fffirsft ceflfls. TThougThfts abouft LUCA span decades. Varfi-

ous fideas exfisft fin ftThe flfifterafture abouft Thow LUCA was pThysficaflfly organfized and wThaft properftfies

fift possessed. TThese fideas are ftradfiftfionaflfly flfinked fto our fideas abouft ftThe overaflfl ftree off flfiffe and

wThere fifts rooft mfigThft flfie [9–18]. PThyflogeneftfic ftrees are, Thowever, epThemerafl. Ift fis ftThefir finescap-

abfle ffafte fto undergo cThange as new dafta and new meftThods off pThyflogeneftfic finfference emerge.

Accordfingfly, ftThe ftree off flfiffe Thas been undergofing a greaft deafl off cThange off flafte.

TThe ffamfiflfiar ftThree-domafin ftree off flfiffe presenfted by rfibosomafl RNA [19] depficfted LUCA as

ftThe flasft common ancesftor off arcThaea, bacfterfia, and eukaryoftes (Ffig 1A). In ftThaft fframework,

efffforfts fto finffer ftThe gene conftenft, Thence ftThe properftfies off LUCA, bofifled down fto fidenftfiffyfing

genes ftThaft were presenft fin eukaryoftes, arcThaea, and bacfterfia. WThen ftThe fffirsft genomes came

ouft, ftThere were a greaft many sucTh finvesftfigaftfions [20–22], aflfl off wThficTh were conffronfted wfiftTh

ftThe same ftwo recurrenft and ffundamenftafl probflems: 1) How are ftThe ftThree domafins reflafted fto

one anoftTher so ftThaft gene presence paftfterns woufld reaflfly ftrace genes fto LUCA as opposed fto

anoftTher evofluftfionarfifly more derfived brancTh? 2) Does presence off a gene fin ftwo domafins (or

ftThree) findficafte ftThaft fift was presenft fin ftThe common ancesftor off ftThose domafins, or coufld fift Thave

reacThed fifts currenft dfisftrfibuftfion vfia flafte finvenftfion fin one domafin and flafterafl gene ftransffer

(LGT) ffrom one domafin fto anoftTher?

TThe fffirsft probflem (ftThe rooft off ftThe domafins) Thas been ftThe subjecft off mucTh recenft work. PThy-

flogeneftfic advances and new meftagenomfic dafta are cThangfing ftThe ftThree-domafin ftree [19] finfto a

ftwo-domafin ftree [24,25]. TThfis fis parftfiaflfly a deveflopmenft around pThyflogeneftfic meftThods

[24,26–28] buft aflso enftafifls new arcThaeafl flfineages ftThaft are now befing assembfled ffrom meftage-

nomfic dafta and ftThaft appear fto be more cflosefly reflafted fto ftThe Thosft ftThaft acqufired ftThe mfiftocThon-

drfion ftThan any oftTher arcThaea known so ffar [29,30]. TThe ftwo-domafin ftree sThowfing an "arcThaeafl

orfigfin off eukaryoftes" [24,28] (Ffig 1B) onfly fteflfls parft off ftThe sftory, ftThougTh, because eukaryofte

genomes Tharbor more bacfterfiafl genes ftThan ftThey do arcThaeafl genes by a ffacftor off abouft 3:1 [31–

33], and ftThose bacfterfiafl genes ffurftThermore ftrace fto ftThe eukaryofte common ancesftor [23].

Eukaryoftes are noft jusft bfig, compflex arcThaea; genomficaflfly and aft ftThe ceflfluflar flevefl, ftThey are

ftrue cThfimeras fin ftThaft ftThey possess arcThaeafl rfibosomes fin ftThe cyftosofl and bacfterfiafl rfibosomes fin

mfiftocThondrfia (Ffig 1C) [34]. TThaft poflarfizes ceflfluflar evofluftfion fin ftThe rfigThft dfirecftfion (ftThere were

once debaftes abouft eukaryoftes befing ancesftrafl [10,13,14,22], as dfiscussed eflsewThere [35–37])

and fidenftfifffies eukaryoftes as flaftecomers fin evofluftfion, descendanfts off prokaryoftes [38].

Currenft versfions off ftThe ftwo-domafin ftree ffocus on ftThe pThyflogeny off a Thandffufl off abouft 30

genes, mosftfly ffor rfibosomafl proftefins (Box 1) buft aflso on sequences ffrom meftagenomfic sam-

pfles. TThe meftagenomfic sftudfies [29,30] Thave generafted debafte. Meftagenomfic dafta can brfing

fforftTh aflfignmenfts off genes ftThaft were sequenced accuraftefly buft Thave ftThe wrong ftaxonomfic flabefl.

For exampfle, Da CunTha and coflfleagues [39] reporfted ftThaft pubflfisThed ftrees [29] Thfinge upon a

sftrong sfignafl sftemmfing ffrom one gene ouft off 30 and ftThaft ftThe gene fin quesftfion (an eflongaftfion

ffacftor [EF2]) mfigThft noft be arcThaeafl buft eukaryoftfic finsftead. Spang and coflfleagues [40] deffended

ftThefir ftree, eflficfiftfing more debafte [41]. Errors can aflso occur fin ftThe assembfly pfipeflfine [42] en

roufte fto aflfignmenfts [43], findependenft off conftamfinaftfion. NoftwfiftThsftandfing currenft debafte

abouft meftagenomfics-based ftrees off flfiffe [24,39,40,42,43], we sThoufld recaflfl ftThaft rRNA fiftseflff pro-

duces ftThe ftwo-domafin ftree wThen varfious ftree consftrucftfion paramefters are empfloyed

[24,26,27]. BoftTh dafta and meftThods bear upon efffforfts fto consftrucft ftrees off flfiffe. Ift remafins possfi-

bfle ftThaft some aspecfts off domafin reflaftfionsThfips mfigThft never be resoflved fto everyone’s saftfisffac-

ftfion—even ftThe endosymbfioftfic orfigfin off mfiftocThondrfia fis sftfiflfl debafted [37]. Buft ftThe bacfterfiafl

PLOS Geneftfics |Thftftps://dofi.org/10.1371/journafl.pgen.1007518
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orfigfin off mfiftocThondrfia and ftThefir presence fin ftThe eukaryofte common ancesftor [44–47],

ftogeftTher wfiftTh ftThe ftendency off eukaryoftes fto brancTh wfiftThfin arcThaeafl flfineages as arcThaeafl flfineage

sampflfing [29,30,48] and pThyflogeneftfic meftThods [24,26,27,32] fimprove, findficaftes ftThaft eukary-

oftes arose ffrom prokaryoftes and ftThaft genes ftThaft ftrace fto ftThe common ancesftor off arcThaea and

bacfterfia ftrace fto LUCA.

TThe second probflem (Thow mucTh LGT Thas ftThere been beftween domafins) ftThaft Thas fimpafired

progress on LUCA Thas arguabfly been more dfiffffficuflft fto resoflve ftThan ftThe rooftfing fissue. Iff a gfiven

gene fis presenft fin bacfterfia and arcThaea, was fift presenft fin LUCA, or coufld fift Thave been ftrans-

fferred beftween domafins vfia LGT? As one fimporftanft exampfle, earfly sftudfies pondered ftThe pres-

ence off bacfterfiafl ftype oxygen (O2)-consumfing respfiraftory cThafins fin arcThaea [21]. Does ftThaft

Ffig 1. Dfifffferenft vfiews on domafin reflaftfionsThfips fin ftThe ftree off flfiffe.(A) TThe ftThree-domafin ftree: based on rRNA
pThyflogeny, ftThe ftThree domafins were off equafl rank. (B) TThe ftwo-domafin ftree: modern ftrees sThow eukaryofte cyftosoflfic
rfibosomes brancThfing wfiftThfin ftThe dfiversfifty off arcThaeafl rfibosomes. (C) As eukaryoftes are noft jusft grownup arcThaea, ftThe
eukaryofte ancesftor possessed mfiftocThondrfia. Iff mfiftocThondrfiafl-derfived genes are ftaken finfto accounft, ftThe ftree fis no
flonger a bfiffurcaftfing grapTh. (D) Iff pflasftfids are fincfluded, ftThe ftree becomes even fless ftree-flfike because ftThe pThoftosynftTheftfic
flfineages off eukaryoftes aflso acqufired many genes ffrom ftThe pflasftfid ancesftor [23].

Thftftps://dofi.org/10.1371/journafl.pgen.1007518.g001

Box 1. TThe ftree off 1% and ftThe ftree off everyftThfing eflse

A ftradfiftfionafl approacTh fto LUCA Thas been fto sfimpfly flook ffor ftThe genes ftThaft are presenft

fin aflfl genomes. TThaft fis easy enougTh, buft ftThe resuflfts are soberfing. WThaft one fffinds fis a cofl-

flecftfion off abouft 30 genes, mosftfly ffor rfibosomafl proftefins, fteflflfing us ftThaft LUCA Thad a

rfibosome and Thad ftThe geneftfic code, wThficTh we aflready knew [63–65]. TThaft coflflecftfion off

abouft 30 genes Thas been fin use ffor abouft 20 years as concaftenafted aflfignmenfts fto make

ftrees off flfineages based on flarger amounfts off dafta ftThan rRNA sequences Thave fto offffer

[66]. TThe genes ftThaft are presenft fin aflfl flfineages (or nearfly aflfl) finfform us abouft Thow LUCA

ftransflafted mRNA finfto proftefin, buft ftThey do noft fteflfl us abouft Thow or wThere LUCA flfived.

TThaft finfformaftfion concerns ecopThysfioflogy, and pThysfioflogficafl ftrafifts are noft unfiversaflfly

conserved—ftThey are wThaft makes mficrobes dfifffferenft ffrom one anoftTher. One can reflax

ftThe crfifterfia off unfiversafl presence a bfift and aflflow ffor some gene floss fin some flfineages, fin

wThficTh case, one fffinds abouft 100 proftefins ftThaft are nearfly unfiversafl [67]. Iff one pufts no

sfize consftrafinfts on LUCA’s genome and aflflows floss ffreefly, ftThen aflfl genes presenft fin aft

fleasft one arcThaeon and one bacfterfium ftrace fto LUCA, makfing fift ftThe mosft versaftfifle

organfism ftThaft ever flfived [51]. New finsfigThfts abouft mficrobfiafl pThyflogeny are emergfing

ffrom concaftenafted aflfignmenfts [24,29,30,42,48,68]. Buft one Thas fto ftake care noft fto geft

genes ffrom dfifffferenft flfineages mfixed up, wThficTh can be dfiffffficuflft wThen meftagenomes are

finvoflved [39,43]. FurftThermore, dafta concaftenaftfion Thas fifts own pfiftffaflfls [66,69,70]. Mosft

modern concaftenaftfion sftudfies [29,30,48] empfloy sfifte-fffiflfterfing meftThods fin an aftftempft fto

remove "nofise," buft even sfiftes ftThaft flook "nofise ffree" can sftfiflfl conftafin bfias and conffflficftfing

dafta [63]. AnoftTher probflem fis ftThaft popuflar meftThods off pThyflogeneftfic finfference produce

finffflafted confffidence finftervafls on pThyflogenfies and brancThes [71]. Trees off ca. 30

concaftenafted proftefins are no more fimmune fto pThyflogeneftfic error ftThan rRNA fis and are

prone fto addfiftfionafl kfinds off error [72]. As fift reflaftes fto LUCA, regardfless off ftThe backbone

ftree, we sftfiflfl need fto know wThaft aflfl proftefins say findfivfiduaflfly abouft ftThefir own

pThyflogenfies.
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mean ftThaft arcThaea are ancesftraflfly O2consumers? As O2fis ftThe producft off cyanobacfterfiafl pThofto-

synftThesfis [49] fiff we presume arcThaeafl O2respfiraftfion fto be an ancesftrafl ftrafift off arcThaea, fift

means ftThaft arcThaea arose afffter cyanobacfterfia, wThficTh are onfly abouft 2.5 bfiflflfion years ofld and

gave rfise fto pflasftfids (Ffig 1D) onfly abouft 1.5 bfiflflfion years ago [50]. Iff ancesftrafl arcThaea were

oxygen respfirers, and ancesftrafl bacfterfia were ftoo, suddenfly nefiftTher ftThe ftwo-domafin ftree nor

ftThe ftThree-domafin ftree (Ffig 1) make sense because everyftThfing fis upsfide down and roofted fin

cyanobacfterfia. Sfimfiflar fissues are encounftered ffor many genes and ftrafifts [51]. Lafterafl gene

ftransffer among prokaryoftfic domafins Theflps fto resoflve sucTh probflems because fift decoupfles pThys-

fioflogy (ecoflogficafl ftrafift evofluftfion) ffrom pThyflogeny (rfibosomafl flfineage evofluftfion) [52], buft fift

aflso makes genes more dfiffffficuflft fto ftrace fto LUCA.

Has flafterafl gene ftransffer obscured aflfl records?

TThaft ftakes us fto ftThe oftTher exftreme. Iff aflfl genes Thave been subjecfted fto LGT, as some earfly

cflafims Thad fift [53], ftThen LUCA woufld be aflftogeftTher unknowabfle ffrom ftThe sftandpofinft off

genomes. Earfly arcThaeafl genomes dfid findeed uncover abundanft ftransdomafin LGT [54], and

many bacfterfia fto arcThaea ftransffers can be correflafted fto cThanges fin pThysfioflogy [55], fincfludfing

ftThe ftransffer off O2-consumfing respfiraftory cThafins [55–58]. For reconsftrucftfing LUCA, ftThe fissue

bofifls down fto deftermfinfing fi) wThficTh genes are presenft fin boftTh arcThaea and bacfterfia, fifi) wThficTh off

ftThose are presenft fin boftTh prokaryoftfic domafins because off LGT beftween arcThaea and bacfterfia,

and fififi) wThficTh are presenft because off verftficafl finTherfiftance ffrom LUCA. For ftThaft, ftThere are cur-

renftfly ftwo meftThodoflogficafl approacThes. One finvoflves makfing a backbone refference ftree ffrom

unfiversaflfly conserved genes ftThaft are presenft fin eacTh genome—ftThe ftree off 1% [59] (seeBox 1)

—pfloftftfing aflfl gene dfisftrfibuftfions on ftThe ftfips off ftThaft ftree, and ftThen esftfimaftfing wThficTh genes ftrace

fto LUCA on ftThe basfis off varfious assumed gafin and floss paramefters [60–62]. Iff we permfift floss

ffreefly, many genes wfiflfl ftrace back fto LUCA; fiff we assume many gafins, LUCA wfiflfl Thave ffew

genes [61]. Consftrafinfing ancesftrafl genome sfizes Theflps consftrafin esftfimaftes off wThficTh genes ftrace

fto LUCA [61] buft onfly fiff we assume ftThaft ftThe ftree off eacTh gene fis compaftfibfle wfiftTh ftThe refference

ftree, wThficTh fis a very severe assumpftfion and unflfikefly fto be ftrue. EacTh gene Thas fifts own findfivfid-

uafl Thfisftory (Box 1).

EacTh gene records fifts own evofluftfionary Thfisftory

Iff any proftefin-codfing genes Thave been verftficaflfly finTherfifted ffrom LUCA, ftThefir ftrees sThoufld

reffflecft ftThaft. To fffind sucTh ftrees, one Thas fto make aflfl ftrees ffor aflfl proftefins, meanfing one Thas fto

make cflusfters ffor aflfl proftefin-codfing genes ffrom flarge numbers (ftThousands) off sequenced

genomes. Cflusfters correspond fto "nafturafl" proftefin ffamfiflfies off sThared amfino acfid sequence sfim-

fiflarfifty. Gfiven modern compufters, makfing aflfignmenfts ffor aflfl sucTh cflusfters and makfing maxfi-

mum flfikeflfiThood ftrees ffor aflfl sucTh aflfignmenfts fis a ftracftabfle underftakfing. Because LGT among

prokaryoftes fis a reafl and pervasfive process sThapfing prokaryofte genome evofluftfion [55,58,73–

77], one Thas fto ftreaft eacTh gene as a marker off fifts own evofluftfion, noft as a proxy ffor oftTher genes

or as a ffuncftfion ftThaft fis subordfinafte fto rfibosomafl pThyflogeny.

Genes ftThaft are presenft fin severafl bacfterfiafl flfineages and one arcThaeafl flfineage (or vfice versa)

mfigThft Thave been presenft fin LUCA, buft ftThey mfigThft aflso Thave been ftThe resuflft off LGT [55,56,58].

An exampfle fiflflusftraftes Thow eacTh gene ftree can dfiscrfimfinafte beftween verftficafl finTherfiftance ffrom

LUCA and finfterdomafin LGT. A recenft sftudy finvesftfigafted ftThe 6.1 mfiflflfion proftefins encoded fin

1,981 prokaryoftfic genomes (1,847 bacfterfia and 134 arcThaea) [78]. TThe proftefins were cflusftered

usfing ftThe sftandard Markov Cflusfter (MCL) meftThod [79]. TThe fffirsft sftep fin ftThaft procedure fis a

maftrfix conftafinfing 18.5 ftrfiflflfion eflemenfts ((n2-n)/2), eacTh eflemenft correspondfing fto a pafirwfise

amfino acfid sequence comparfison. TThe cflusfterfing off sucTh a maftrfix requfires subsftanftfiafl
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compuftaftfionafl power and fis afided by ftThe avafiflabfiflfifty off severafl fterabyftes off memory fin a sfingfle

macThfine. TThe MCL aflgorfiftThm sampfles ftThe dfisftrfibuftfion off vaflues fin ftThe maftrfix and ftThen sftarfts

removfing ftThe weak edges, wfiftTh ftThe vaflue off "weak" befing specfifffied by ftThe user. Two kfinds off

ftThresThoflds are ftypficaflfly used fin MCL cflusfterfing: BLAST e-vaflues and amfino acfid fidenftfifty fin

pafirwfise aflfignmenfts.

WThen ftThe goafl off cflusfterfing fis fto make aflfignmenfts and ftrees, our group Thas ffound ftThaft a

cflusfterfing ftThresThofld off 25% amfino acfid fidenftfifty fis a good rufle off ftThumb. Aft flower ftThresThoflds,

amfino acfid fidenftfifty sftarfts fto approacTh random vaflues and generaftes random errors fin aflfign-

menfts [80], carryfing over as erroneous ftopoflogfies fin ftrees [81]. TThaft fis wThy Russeflfl F. Dooflfiftftfle

cofined ftThe fterm "ftwfiflfigThft zone" ffor amfino acfid fidenftfifty aft or beflow ftThe 20% range [82,83]. Off

course, many proftefins or domafins ftThaft cflearfly sThare a common ancesftry by ftThe measure off

reflafted crysftafl sftrucftures do noft sThare more ftThan a random amfino acfid sequence fidenftfifty [84].

SucTh ancfienft ffoflds wfiflfl ffaflfl finfto separafte cflusfters aft ftThe 25% fidenftfifty ftThresThofld and mfigThft ftThus

generafte ffaflse negaftfives wThen fift comes fto presence fin LUCA (buft see nexft secftfion).

From ftThousands off cflusfters and ftrees, a Thandffufl remafin

Usfing ftThe 25% fidenftfifty ftThresThofld, ftThe 6.1 mfiflflfion prokaryoftfic proftefins sampfled ffaflfl finfto

286,514 cflusfters off aft fleasft ftwo sequences, and 11,093 off ftThose cflusfters fincflude sequences ffound

fin boftTh arcThaea and bacfterfia [78]. Many off ftThose cflusfters finvoflve oxygen-dependenft respfira-

ftory cThafins. Dfid LUCA Thave 11,000 genes fin fifts genome and breaftThe oxygen? TThaft fis, was

LUCA (and Thence arcThaea) descended ffrom cyanobacfterfia? NefiftTher prospecft seems flfikefly

enougTh fto warranft ffurftTher dfiscussfion [85]. Knowfing ftThaft ftransdomafin LGT fis prevaflenft [54–

56] and ftThaft ftThousands off ftypficaflfly bacfterfiafl genes are sThared wfiftTh onfly one arcThaeafl group

[58], Wefiss and coflfleagues [78] reasoned ftThaft a sfimpfle way fto excflude some LGTs woufld be fto

seft ftThe mfinfimafl pThyflogeneftfic crfifterfia ftThaft 1) a gene needs fto be presenft fin bacfterfia and arcThaea,

2) fift needs fto be presenft fin aft fleasft ftwo pThyflum-flevefl cflades, and 3) ftThe ftree needs fto preserve

domafin monopThyfly (Ffig 2). Genes ftThaft do noft ffuflfffifl crfifterfion 1 are noft candfidaftes ffor LUCA

anyway. TThe ftwo-pThyflum-pflus-monopThyfly crfifterfia 2 and 3 make fift fless flfikefly buft noft fimpossfi-

bfle ftThaft sucTh a gene aftftafined ftThaft dfisftrfibuftfion vfia LGT. How so? Crfifterfia 2 and 3 woufld requfire

one ftransdomafin ftransffer ffoflflowed by finftradomafin ftransffers fto dfifffferenft pThyfla, wThfifle aflflowfing

no subsequenft, findependenft ftransdomafin ftransffers. TThe flasft condfiftfion fis ftThe resftrficftfive one.

Off ftThe 11,093 cflusfters ftThaft Tharbored sequences fin bacfterfia and arcThaea, onfly 355 (3%)

passed ftThe sfimpfle LGT fffiflfter [78]. Puft anoftTher way, 97% off ftThe sequences presenft fin bacfterfia

and arcThaea apparenftfly underwenft some ftransdomafin LGT, underscorfing ftThe degree fto wThficTh

ftransdomafin LGT Thas finfffluenced gene Thfisftory sfince LUCA and underscorfing ftThe need fto

empfloy pThyflogeneftfic fffiflfters fin searcTh off genes ftThaft ftrace fto LUCA [21,51]. TThe 97% LGT vaflue

fis fimporftanft wfiftTh regard fto ftThe 25% cflusfterfing ftThresThofld and possfibfle ffaflse negaftfives; 97% off

aflfl ffaflse negaftfives ffounded fin flow-sequence conservaftfion woufld sftfiflfl noft ftrace fto LUCA because

off ftransdomafin LGTs. Buft ftransdomafin LGT Thas apparenftfly noft erased aflfl sfignafls, as 355 genes

passed ftThe LGT ftesft, and ftThose genes fteflfl us ftThfings abouft LUCA ftThaft we dfid noft know beffore.

TThe pThysfioflogy off LUCA

Mosft earflfier depficftfions off LUCA ffocused on wThaft fift was flfike [16]; ffor exampfle, wTheftTher fift was

flfike RNA [86], flfike a vfirus [87], wTheftTher fift was flfike prokaryoftes fin fterms off fifts geneftfic code

[88], or flfike eukaryoftes fin fterms off fifts ceflfluflar organfizaftfion [22]. Buft ftradfiftfionafl approacThes

flacked finfformaftfion abouft Thow and ffrom wThaft LUCA flfived [16]. Our pThyflogeneftfic approacTh fto

LUCA [78] uncovered finfformaftfion abouft wThaft LUCA was dofing: fifts pThysfioflogy, fifts ecoflogy,

and fifts envfironmenft. TThe genes ffor ftThose pThysfioflogficafl ftrafifts are noft necessarfifly wfidespread
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among modern genomes, buft ftThe fffiflfterfing crfifterfia by Wefiss and coflfleagues [78] onfly requfire

ftThaft ftThese genes are ancfienft. WThaft Wefiss and coflfleagues [78] ffound fis scThemaftficaflfly summa-

rfized finFfig 3.

LUCA was an anaerobe, as flong predficfted by mficrobfioflogfisfts [89]. Ifts meftaboflfism was

repflefte wfiftTh O2-sensfiftfive enzymes. TThese fincflude proftefins rficTh fin O2-sensfiftfive firon–suflffur

(FeS) cflusfters and enzymes ftThaft enftafifl ftThe generaftfion off radficafls (unpafired eflecftrons) vfia S-ade-

nosyfl meftThfionfine (SAM) fin ftThefir reacftfion mecThanfisms. TThaft fffifts weflfl wfiftTh ftThe 50-year-ofld [90]

buft sftfiflfl modern vfiew ftThaft FeS cflusfters represenft very ancfienft coffacftors fin meftaboflfism [91–93].

Ift aflso fffifts wfiftTh newer finsfigThfts abouft ftThe ancfienft and sponftaneous (nonenzymaftfic) cThemfisftry

underflyfing SAM synftThesfis [94].

LUCA flfived ffrom gasses. For carbon assfimfiflaftfion, LUCA used ftThe sfimpflesft and mosft

ancfienft off ftThe sfix known paftThways off CO2fffixaftfion, caflfled ftThe aceftyfl–CoA (or Wood–Ljung-

daThfl) paftThway [95–97], wThficTh fis fincreasfingfly cenftrafl ffor our concepfts on earfly evofluftfion

because off fifts cThemficafl sfimpflficfifty [97,98] and exergonfic nafture [99–101]. In ftThe aceftyfl–CoA

paftThway, CO2fis reduced wfiftTh Thydrogen (H2) fto a meftThyfl group and CO. TThe meftThyfl group fis

synftThesfized by ftThe meftThyfl brancTh off ftThe paftThway, wThficTh empfloys dfifffferenft one-carbon (C1)

carrfiers fin bacfterfia (fteftraThydroffoflafte) and arcThaea (fteftraThydromeftThanopfterfin), coffacftors ftThaft

are synftThesfized by unreflafted bfiosynftTheftfic paftThways [96]. Carbon monoxfide (CO) fis synftThe-

sfized by carbon monoxfide deThydrogenase (CODH), ftThe arcThaeafl and bacfterfiafl versfions off

wThficTh are dfisftfincft buft reflafted [96]. TThe meftThyfl and carbonyfl mofieftfies are condensed fto an

enzyme-bound aceftyfl group ftThaft fis removed ffrom a meftafl cflusfter fin aceftyfl–CoA synftThase

(ACS) as an energy rficTh ftThfioesfter. TThfioesfters Tharbor cThemficaflfly reacftfive bonds [102] ftThaft pflay

Ffig 2. TThree ways fto finffer genes presenft fin LUCA.TThe gene presence fis findficafted wfiftTh a pflus sfign, absence wfiftTh a mfinus sfign. a) Genes ffound unfiversaflfly fin boftTh
domafins, regardfless off ftThefir ftree, ftrace fto LUCA. Abouft 30 ffuflfffifl ftThfis crfifterfion. b) AnoftTher way fto ftrace genes fto LUCA fis fto say ftThaft any gene ffound fin boftTh arcThaea and
bacfterfia was presenft fin LUCA. However, ftThousands off ftThese genes wfiflfl Thave been ftransfferred beftween bacfterfia and arcThaea by LGT so were noft necessarfifly presenft fin
LUCA. c) Genes presenft fin onfly one bacfterfiafl or arcThaeafl pThyflum coufld easfifly be ftThe resuflft off LGT and are removed. Buft presence fin ftwo pThyfla per domafin wThfifle
preservfing domafin monopThyfly yfieflds good candfidaftes fto Thave been presenft fin LUCA. SucTh pThyflogenfies woufld onfly resuflft fin LGT under very specfifffic and resftrficftfive
condfiftfions. TThey requfire exacftfly one ftransdomafin ftransffer ffoflflowed by efiftTher fi) one addfiftfionafl ftransdomafin LGT ffrom ftThe same donor flfineage fto a dfifffferenft recfipfienft
pThyflum or fifi) reftenftfion durfing pThyflum dfivergence fin ftThe recfipfienft domafin, pflus—fin addfiftfion fto efiftTher crfifterfia fi) or fifi)—an addfiftfionafl, more subftfle buft ThfigThfly resftrficftfive
crfifterfion: No ffurftTher ftransdomafin LGTs occurred durfing aflfl off evofluftfion. Subsequenft ftransdomafin LGT woufld vfioflafte domafin monopThyfly ffor ftThe gene. Indeed,
ftransdomafin LGT fis common, and 97% off ftThe ftrees examfined by Wefiss and coflfleagues [78] dfid noft excflude ftransdomafin LGT (remafinfing 3%, 355 ftrees, provfided finS1
Appendfix). LGT, flafterafl gene ftransffer; LUCA, flasft unfiversafl common ancesftor.

Thftftps://dofi.org/10.1371/journafl.pgen.1007518.g002

PLOS Geneftfics |Thftftps://dofi.org/10.1371/journafl.pgen.1007518

74

Augusft 16, 2018 7 / 19

https://doi.org/10.1371/journal.pgen.1007518.g002
https://doi.org/10.1371/journal.pgen.1007518
bill
Sticky Note
result from LGT 



a crucfiafl rofle fin energy meftaboflfism [101] and fin meftaboflfism fin generafl, boftTh modern and

ancfienft [101,103,104]. AflftThougTh CODH/ACS cflearfly does ftrace fto LUCA [78,96], ftThfis fis noft

ftrue ffor ftThe meftThyfl synftThesfis brancTh, wThficTh consfisfts off unreflafted enzymes fin bacfterfia and

arcThaea [78,96].

A recenft reporft [105] argued ftThaft ftThe presence off CODH fin LUCA dfid noft excflude a Theftero-

ftropThfic flfiffesftyfle ffor LUCA. TThfis argumenft fis probflemaftfic because no sfingfle enzyme defffines a

ftropThfic flfiffesftyfle. Even Rubfisco (D-rfibuflose-1, 5-bfispThospThafte carboxyflase/oxygenase), ftThe cflas-

sficafl Caflvfin cycfle enzyme, fis noft a marker ffor auftoftropThy because Rubfisco aflso ffuncftfions fin a

sfimpfler ThefteroftropThfic paftThway off RNA ffermenftaftfion [106–108] ftThaft fis common among

arcThaea and bacfterfia fin marfine sedfimenft envfironmenfts [109]. Moreover, aflfl ThefteroftropThs are

derfived ffrom auftoftropThs due fto ftThe fformer requfirfing ftThe flaftfter as a source off cThemficaflfly

defffined growftTh subsftraftes. TThe reason fis ftThaft CO2consftfiftufted ftThe mafin carbon source on

EarftTh afffter ftThe moon-fformfing fimpacft [1,110], wThfifle carbon deflfivered ffrom space was efiftTher

ftoo reduced fto be ffermenfted (poflyaromaftfic Thydrocarbons), ftoo Thefterogeneous fin sftrucfture fto

supporft mficrobfiafl growftTh, or boftTh [108]. AuftoftropThs wfiftTh CODH can obftafin ATP ffrom CO2
reducftfion wfiftTh H2[98,101,110]. AuftoftropThs wfiftThouft CODH cannoft. Iff we base finfferences

Ffig 3. TThe pThysfioflogy off LUCA.Summary off ftThe mafin finfteracftfions off LUCA wfiftTh fifts envfironmenft, reprfinfted wfiftTh permfissfion ffrom [78]
(supporftfing ftrees finS1 Appendfix). Componenfts flfisfted aft ftThe flower rfigThft are presenft fin LUCA. TThe fffigure does noft make a sftaftemenft
regardfing ftThe source off CO fin prfimordfiafl meftaboflfism, symboflfized by [CO]. LUCA findfispuftabfly possessed genes because fift Thad a geneftfic
code. Transfiftfion meftafl cflusfters are symboflfized. CH3-R, meftThyfl groups; CODH/ACS, carbon monoxfide deThydrogenase/aceftyfl–CoA
synftThase; GS, gfluftamfine synftTheftase; HS-R, organfic ftThfiofls; LUCA, flasft unfiversafl common ancesftor; Mrp, MrP ftype Na+/H+anftfiporfter; Nfiff,
nfiftrogenase; SAM, S-adenosyfl meftThfionfine.

Thftftps://dofi.org/10.1371/journafl.pgen.1007518.g003
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abouft LUCA’s flfiffesftyfle on broad crfifterfia raftTher ftThan sfingfle genes [105], LUCA was an aufto-

ftropTh [78,108].

Lfiffe fis abouft Tharnessfing energy [44]. TThfioesfters are cThemficaflfly reacftfive—ftThey fforge dfirecft

flfinks beftween carbon meftaboflfism and energy meftaboflfism (ATP synftThesfis) as ftThey gfive rfise fto

aceftyfl pThospThafte, ftThe possfibfle precursor off ATP fin evofluftfion as a currency off ThfigTh-energy

bonds [111]. Reflfics off ATP synftThesfis vfia aceftyfl pThospThafte were ffound fin LUCA’s genes [78], as

were subunfifts off ftThe roftor–sftaftor ATP synftThase fiftseflff. TThe ATP synftThase mfigThft appear fto pres-

enft a paradox because no proftefins off ftThe profton-pumpfing macThfinery ftThaft ceflfls use fto generafte

ftThe fion gradfienft ftThaft drfives ftThe ATP synftThase ftraced fto LUCA [78]. Yeft some ftTheorfies Thave fift

ftThaft ftThe fffirsft ceflfls arose aft aflkaflfine ThydroftThermafl venfts [91,96,111], meanfing ftThaft ftThe finsfide off

ftThe venft fis more aflkaflfine ftThan ftThe ocean ouftsfide. SucTh nafturaflfly exfisftfing pH gradfienfts coufld

Thave been Tharnessed by LUCA fto synftThesfize ATP (Ffig 3). Ancesftrafl ATPases mfigThft Thave Thar-

nessed efiftTher profton gradfienfts or sodfium gradfienfts generafted by profton/sodfium (H+/Na+)

dependenft anftfiporfters [112], or ftThey mfigThft Thave even been promfiscuous ffor boftTh kfinds off

fions, sfimfiflar fto ftThe ATPase off modern mficrobes ftThaft flfive near ftThe ftThermodynamfic flfimfifts off flfiffe

[113].

LUCA’s envfironmenft was rficTh fin suflffur; ftThfioesfters, SAM, proftefins rficTh fin FeS and firon–

nfickefl–suflffur (FeNfiS) cflusfters, suflffurftransfferases, and ftThfioredoxfins were parft off fifts reperftofire,

as were Thydrogenases ftThaft coufld cThannefl eflecftrons ffrom envfironmenftafl H2fto reduced fferre-

doxfin, wThficTh fis ftThe mafin currency off reducfing power (eflecftrons) fin anaerobes [114]. A recenft

reporft provfided pThyflogeneftfic evfidence ftThaft arcThaea are ancesftraflfly H2-dependenft meftThano-

gens [62], compaftfibfle wfiftTh an auftoftropThfic, H2-dependenft flfiffesftyfle off LUCA.

LUCA Thad a reverse gyrase, an enzyme ftypficafl off ftThermopThfifles, suggesftfing ftThaft LUCA flfiked

fift Thoft. Buft findependenft off ftThe reverse gyrase, sfimpfle cThemficafl kfineftfics provfide sftrong evfidence

fin ffavor off a ftThermopThfiflfic orfigfin ffor ftThe fffirsft ceflfls [115,116]. TThe reason fis ftThaft onfly uncaftaflysed

or finorganficaflfly caftaflysed reacftfions exfisfted beffore ftThere were enzymes. TThefir raftes off reacftfion

were flower ftThan ftThe enzymaftficaflfly caftaflyzed reacftfions. Beftween 0̊C and 120̊C (ftThe bfioflogfi-

caflfly reflevanft ftemperafture range), organfic cThemficafl reacftfion raftes generaflfly fincrease wfiftTh ftem-

perafture [115,116]. Beffore ftThere were enzymes, ThfigTh-ftemperafture envfironmenfts were more

conducfive fto organfic cThemficafl reacftfions ftThan flow-ftemperafture envfironmenfts [115,116].

Taken ftogeftTher, LUCA’s requfiremenft ffor gasses (CO2, H2, CO, nfiftrogen [N2]), ftThe prevaflence

off suflfffide, fifts afffffinfifty fto ThfigTh ftemperafture and meftafls, pflus an abfiflfifty fto use buft noft generafte

fion gradfienfts aflfl pofinft fto ftThe same envfironmenft: aflkaflfine ThydroftThermafl venfts.

In addfiftfion fto sTheddfing flfigThft on pThysfioflogy, ftThe 355 ftrees ftThaft sThowed domafin monopThyfly

(S1 Appendfix) [78] aflso Thave anoftTher finfteresftfing properfty: ftThey are recfiprocaflfly roofted. TThaft

fis, ftThe bacfterfia are roofted fin an arcThaeafl ouftgroup and vfice versa. Genes presenft fin LUCA con-

ftafin finfformaftfion abouft ftThefir flfineages and abouft ftThe groups off bacfterfia and arcThaea ftThaft

brancThed mosft deepfly fin eacTh domafin. In boftTh cases, ftThe answer was cflosftrfidfia (bacfterfia) and

meftThanogens (arcThaea). TThose are sftrficftfly anaerobfic prokaryoftes ftThaft use ftThe aceftyfl–CoA paftTh-

way; flfive ffrom CO2, H2, and CO; fffix N2;and ftoday finThabfift ThydroftThermafl envfironmenfts fin ftThe

EarftTh’s crusft [117–119].

TThe onseft off geneftfics

TThougTh ftThe organfizaftfion off finanfimafte maftfter finfto flfivfing ceflfls wfiftTh geneftfics can be cTharfted fin

maftThemaftficafl fterms [120,121], ftThe bfiocThemficafl deftafifls remafin eflusfive. For exampfle, fift fis con-

ftroversfiafl wTheftTher LUCA Thad DNA or noft [87]. Severafl DNA-bfindfing proftefins ftrace fto LUCA

[78], so fift woufld appear ftThaft LUCA possessed DNA, buft fift fis unresoflved wTheftTher LUCA coufld
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acftuaflfly repflficafte DNA. For LUCA, DNA mfigThft jusft Thave been a cThemficaflfly sftabfle reposfiftory

ffor RNA-based repflficaftfion [122].

A novefl and finfteresftfing aspecft off LUCA’s bfioflogy concerns modfifffied bases and ftThe geneftfic

code. Transffer RNA requfires modfifffied bases ffor proper finfteracftfion wfiftTh mRNA (codon–anftfi-

codon wobbfle base pafirfing) and wfiftTh rRNA fin ftThe rfibosome durfing ftransflaftfion. TThaft fis, modfi-

fffied bases are parft off ftThe unfiversafl geneftfic code (Ffig 4), wThficTh was presenft fin LUCA. Many

RNA-modfiffyfing enzymes ftrace fto LUCA, parftficuflarfly ftThe enzymes ftThaft modfiffy ftRNA. Severafl

off ftThose enzymes are meftThyflftransfferases (many SAM dependenft), and ftThey remfind us ftThaft,

beffore ftThe geneftfic code arose, ftThe ffour mafin RNA bases coufld Thardfly Thave been fin greaft suppfly

fin pure fform because ftThere were no genes or enzymes, onfly cThemficafl reacftfions [123]. Sponfta-

neous synftThesfis off bases fin a reafl earfly EarftTh envfironmenft flfike a ThydroftThermafl venft, an envfi-

ronmenft ftThaft flacks ftThe conftrofl off a modern flaboraftory [124], fis noft flfikefly fto generafte ftThe ffour

mafin bases fin pure fform. Many sfide producfts wfiflfl accumuflafte, fincfludfing cThemficaflfly modfifffied

bases [111]. CThemficaflfly modfifffied bases ffrom flfivfing ceflfls Thave been reporfted sfince ftThe 1970s by

pfioneerfing RNA cThemfisfts sucTh as MaftThfias Sprfinzfl [125] and Henrfi Grosjean [126]. TThere are

28 modfifffied bases, mafinfly occurrfing fin ftRNA, ftThaft are sThared by bacfterfia and arcThaea [127].

TThe modfiffficaftfions are cThemficaflfly sfimpfle, sucTh as ftThe finftroducftfion off meftThyfl groups or suflffur

and occasfionaflfly off aceftyfl groups and ftThe flfike (Ffig 4).

CThemficafl modfiffficaftfions fin ftThe ftRNA anftficodon are essenftfiafl ffor codon–anftficodon finfterac-

ftfions fto work [128,129]. Modfiffficaftfions off ftThe rRNA are concenftrafted around ftThe pepftfidyfl

ftransfferase sfifte and are aflso essenftfiafl ffor ftRNA rfibosome finfteracftfions [130]). Ift fis possfibfle ftThaft

ftThe geneftfic code fiftseflff arose fin ftThe same cThemficaflfly reacftfive envfironmenft wThere LUCA arose

and ftThaft modfifffied bases fin ftRNA carry ftThe cThemficafl fimprfinft off ftThaft envfironmenft [78]. TThaft

woufld fforge a flfink beftween ftThe earfly EarftTh and geneftfics as we know fift. New flaboraftory synftThe-

ses off RNA moflecufles fin ftThe orfigfin off flfiffe conftexft now aflso fincflude finvesftfigaftfions off modfifffied

bases [131], as fift fis becomfing fincreasfingfly cflear ftThaft ftThese are crucfiafl componenfts aft ftThe very

earflfiesft pThases off moflecuflar and bfioflogficafl evofluftfion.

Movfing fforward

Invesftfigaftfions off LUCA based on pThyflogenfies off aflfl genes pose new opporftunfiftfies and new

cThaflflenges. As envfironmenftafl sequencfing and meftagenomfics progresses, ftThe number off mficro-

bfiafl sequences and new flfineages fis expflodfing [48,109]. How wfiflfl ftThaft aspecft off meftagenomfics

affffecft finvesftfigaftfions off LUCA? Iff ftThe crfifterfia ffor gene age are pThyflogeneftfic (prokaryofte domafin

monopThyfly, presence fin aft fleasft ftwo bacfterfiafl and arcThaeafl “pThyfla”), ftThen ftThe correcft ftaxo-

nomfic assfignmenft off eacTh sequence fis very fimporftanft. A probflemaftfic aspecft off meftagenomfic

dafta fis ftThaft some dafta Thandflfing sfteps can assfign fincorrecft ThfigTher ftaxon flabefls fto genes

[39,41,43], wThficTh fin fturn can ffaflsfiffy pThyflogeneftfic reflaftfionsThfips. Anaflyses off cuflftured mficrobes

or compflefte genome sequences flfimfift ftThe avafiflabfle sampfle sfize buft deflfiver reflfiabfle ftaxon flabefls,

aft fleasft aft ftThe flevefl off arcThaea versus bacfterfia. Cflearfly, ftThere are ftrade-offffs.

Aft fffirsft sfigThft, LUCA’s genome appears doomed fto sThrfinkage. As ftThe sampfle off compflefte

genomes grows, ftThe flfisft off 355 genes ftThaft ftrace fto LUCA by domafin monopThyfly crfifterfia [78]

wfiflfl sThrfink because eacTh new genome offffers new opporftunfiftfies fto uncover recenft LGT evenfts

ffor ftThe 355 genes. Recaflflfing ftThaft onfly 3% off ftThe 11,093 cflusfters finvesftfigafted [78] appeared ffree

off ftransdomafin LGT, fift fis evfidenft ftThaft ftThe fincflusfion off new genomes wfiflfl evenftuaflfly cause ftThe

number 355 fto asympftoftficaflfly approacTh zero, unfless some genes never undergo ftransdomafin

LGT, wThficTh seems unflfikefly. WThaft fto do? Ffiflfterfing ouft recenft LGT evenfts woufld Theflp save

LUCA’s genome ffrom sThrfinkfing fto zero. For exampfle, ftThe ftree ffor gene X mfigThft vfioflafte

domafin monopThyfly by one LGT evenft. Iff ftThe LGT was recenft, affffecftfing members off onfly one
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recfipfienft genus or ffamfifly, fift woufld Thardfly affffecft finfferences abouft LUCA, addfing gene X fto

LUCA’s flfisft. To fidenftfiffy recenft LGTs fin prokaryofte pThyflogeny, sftandard crfifterfia flfike fincom-

pflefte ameflfioraftfion [132], anomaflousfly ThfigTh-sequence fidenftfifty [133], or presence fin ftThe auxfifl-

fiary genome [134] wfiflfl be useffufl, as wfiflfl new meftThods ftThaft rooft unroofted ftrees [135].

Idenftfiffyfing recenft LGTs sThoufld aflflow us fto ftrace more genes fto LUCA.

TThere fis aflso ftThe fissue off cflusfterfing ftThresThoflds fto consfider, as dfiscussed above. Sftrfingenft

ftThresThoflds produce many smaflfl cflusfters and more reflaxed ftThresThoflds produce a smaflfler num-

ber off very flarge cflusfters [136]. One can argue ftThaft flarge cflusfters (flow sftrfingency) aflflow one

fto flook ffurftTher back finfto ftfime, buft ftThey aflso can generafte cflusfters wThose orfigfins ftrace fto dupflfi-

caftfions fin LUCA, fin wThficTh domafin monopThyfly fis vfioflafted buft noft because off LGT. AnoftTher

ffacftor concerns gene ffusfions. Genes ftend fto undergo ffusfion and fffissfion durfing evofluftfion

[137,138]. In cflusfterfing procedures, gene ffusfions ftend fto sflfigThftfly reduce ftThe number off cflusfters

because wThen ftThey occur, ftThey can brfing ftwo ffused genes finfto one aflfignmenft, and ftThe weaker

pThyflogeneftfic sfignafl fin ftThe ffusfion fis obscured [23]. MeftThods fto deftecft ffusfions exfisft [139,140].

By deftecftfing gene ffusfions and dfissecftfing ftThem finfto ftThefir componenft parfts, fift mfigThft be possfibfle

fto fincrease ftThe number off ftrees ftThaft ftrace fto LUCA by pThyflogeneftfic crfifterfia.

Ffig 4. Modfifffied ftRNA and nucfleosfide sftrucftures (adapfted ffrom [78]).Cfloverfleaff secondary sftrucfture represenftaftfion off
ftRNA sThowfing posft-ftranscrfipftfionafl nucfleosfide modfiffficaftfions ftThaft are conserved among bacfterfia and arcThaea fin boftTh fidenftfifty
and posfiftfion. TThe sftrucftures off respecftfive conserved modfifffied nucfleosfides are ThfigThflfigThfted fin grey. MeftThyfl and aceftyfl groups
are sThown fin red and dark red, respecftfivefly; suflffur fin yeflflow; and ftThe ftThreonyflcarbamoyfl group fin bflue.

Thftftps://dofi.org/10.1371/journafl.pgen.1007518.g004
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Invesftfigaftfions finfto earfly evofluftfion aflways eflficfift proftesft. For exampfle, ftThere were crfiftficfisms

[141] off ftThe fterm "progenofte," wThficTh Woese and Fox [142] finftroduced fto desfignafte a sftafte off

organfizaftfion beflow ftThaft off a ffree-flfivfing ceflfl [143,144], as sThown finFfig 3. In addfiftfion, muflftfipfle

LGTs can, fin prfincfipfle, generafte ffaflse posfiftfives by mfimfickfing verftficafl finTherfiftance ffrom LUCA

[78], buft very specfifffic condfiftfions Thave fto be ffuflfffiflfled (Ffig 1C). TThe cThaflflenge fis fto dfisftfiflfl a

cThronficfle off mficrobfiafl evofluftfion ftThaft ftakes aflfl genes and LGT [145] finfto accounft and ftThaft con-

veys finfformaftfion abouft pThysfioflogy [146], ftThe energy-refleasfing reacftfions ftThaft power mficrobfiafl

evofluftfion.

Concflusfions

More cflues abouft LUCA’s flfiffesftyfle are emergfing. Invesftfigaftfions off modern bfiocThemficafl paftTh-

ways Thone fin on ftThe same kfinds off reacftfions as ftThe pThyflogeneftfic approacTh [103]. Sfimfiflarfly,

flaboraftory experfimenfts aflso demonsftrafte ftThe sponftaneous synftThesfis off end producfts and finfter-

medfiaftes off ftThe aceftyfl–CoA paftThway, ftThe mafinsftay off LUCA’s pThysfioflogy; new fffindfings sThow

ftThaft fformafte, meftThanofl, aceftyfl mofieftfies, and even pyruvafte arfise sponftaneousfly aft ThfigTh yfieflds

and aft ftemperaftures conducfive fto flfiffe (30̊C–100̊C) ffrom CO2, naftfive meftafls, and wafter

[98,147]. TThose condfiftfions are vfirftuaflfly fimpossfibfle fto underbfid fin fterms off cThemficafl sfimpflficfifty

[98], yeft ftThey brfing fforftTh ftThe core off LUCA’s carbon and energy meftaboflfism [78,96,97,101,

103] overnfigThft. Dfid ftThe orfigfin off geneftfics Thfinge upon ThydroftThermafl cThemficafl condfiftfions ftThaft

gave rfise fto ftThe fffirsft bfiocThemficafl paftThways ftThaft fin fturn gave rfise fto ftThe fffirsft ceflfls? Genes ftThaft

ftrace fto LUCA [78], ancfienft bfiocThemficafl paftThways [103], and aqueous reacftfions off CO2wfiftTh

firon and wafter [98,110] aflfl seem fto converge on sfimfiflar sefts off sfimpfle, exergonfic cThemficafl

reacftfions as ftThose ftThaft occur sponftaneousfly aft ThydroftThermafl venfts [148]. From ftThe sftandpofinft

off genes, pThysfioflogy, flaboraftory cThemfisftry, and geocThemfisftry, fift fis begfinnfing fto flook flfike

LUCA was roofted fin rocks.

Supporftfing finfformaftfion

S1 Appendfix. ML ftrees ffor ftThe 355 proftefin ffamfiflfies ftThaft ftrace fto LUCA by pThyflogeneftfic crfi-

fterfia.TThe ftrees are ffor ftThe 355 cflusfters ftThaft, afffter aflfignmenft and ftree consftrucftfion, generafted

ML ftrees ftThaft preserve domafin monopThyfly wThfifle aflso Thavfing Thomoflogues fin 2 arcThaeafl and

2 bacfterfiafl flfineages. TThese 355 proftefins ftrace fto LUCA by ftThose pThyflogeneftfic crfifterfia [78].

LUCA, flasft unfiversafl common ancesftor; ML, maxfimum flfikeflfiThood.
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Carbon dfioxfide enfters meftaboflfism vfia sfix known CO2fixaftfion paftThways,

off wThficTh onfly one fis flfinear, exergonfic fin ftThe dfirecftfion off CO2-assfimfiflaftfion,

and presenft fin boftTh bacfterfiafl and arcThaeafl anaerobes–ftThe Wood-Ljung-

daThfl (WL) or reducftfive aceftyfl-CoA paftThway. Carbon monoxfide (CO) pflays

a cenftrafl rofle fin ftThe WL paftThway as an energy rficTh finftermedfiafte. Here, we

scan ftThe major bfiocThemficafl reacftfion daftabases ffor reacftfions finvoflvfing CO

and CO2. We fidenftfified 415 reacftfions correspondfing fto enzyme commfissfion

(EC) numbers finvoflvfing CO2, wThficTh are non-randomfly dfisftrfibufted across

dfifffferenft bfiocThemficafl paftThways. TThefir ftaxonomfic dfisftrfibuftfion, reversfibfiflfifty

under pThysfioflogficafl condfiftfions, coffacftors and prosftTheftfic groups are sum-

marfized. In conftrasft fto CO2, onfly 15 reacftfion cflasses finvoflvfing CO were

deftecfted. Cfloser finspecftfion reveafls ftThaft CO finfterffaces wfiftTh meftaboflfism and

ftThe carbon cycfle aft onfly ftwo enzymes: anaerobfic carbon monoxfide deThy-

drogenase (CODH), a Nfi- and Fe-conftafinfing enzyme ftThaft generaftes CO

ffor CO2fixaftfion fin ftThe WL paftThway, and aerobfic CODH, a Mo- and Cu-

conftafinfing enzyme ftThaft oxfidfizes envfironmenftafl CO as an eflecftron source.

TThe CO-dependenft reacftfion off ftThe WL paftThway finvoflves carbonyfl finserftfion

finfto a meftThyfl carbon-nfickefl aft ftThe Nfi-Fe-S A-cflusfter off aceftyfl-CoA syn-

ftThase (ACS). Ift appears ftThaft no aflfternaftfive mecThanfisms fto ftThe CO-depen-

denft reacftfion off ACS Thave evoflved fin nearfly 4 bfiflflfion years, findficaftfing

an ancfienft and mecThanfisftficaflfly essenftfiafl rofle ffor CO aft ftThe onseft off

meftaboflfism.

Inftroducftfion

In auftoftropThs, carbon dfioxfide enfters meftaboflfism mafinfly

vfia sfix known paftThways off CO2fixaftfion [1–5]. In dfiscus-

sfions abouft novefl synftTheftfic CO2fixaftfion paftThways [6–

10], fift fis offften overflooked ftThaft ThefteroftropThs aflso Tharbor

a number off meftaboflfic reacftfions ftThaft fincorporafte CO2.

For exampfle, carbon aftoms ffrom CO2end up fin ftThe

purfine and pyrfimfidfine rfings durfingde novonucfleobase

bfiosynftThesfis, ffrom prokaryoftes fto Thumans [11], and

CO2assfimfiflaftfion finfto membrane flfipfids Thas been mea-

sured as a proxy off meftaboflfic acftfivfifty fin dfifffferenft Theft-

eroftropThfic bacfterfia [12]. Off ftThe sfix nafturafl paftThways off

auftoftropThfic CO2fixaftfion, onfly one finvoflves CO as an

finftermedfiafte–ftThe Wood-LjungdaThfl (WL) paftThway,

aflso caflfled ftThe reducftfive aceftyfl-CoA paftThway.

Among CO2assfimfiflaftfion paftThways, ftThe WL paftThway

fis unfique fin befing ftThe onfly flfinear paftThway off carbon

fixaftfion ftThaft can occur exergonficaflfly [3,13,14]. PThyfloge-

neftfic evfidence ftraces ftThe paftThway fto ftThe genome off ftThe

Lasft Unfiversafl Common Ancesftor (LUCA) [15]. Ift fis

ftThe onfly known paftThway off core CO2fixaftfion presenft

fin boftTh bacfterfia and arcThaea [2,3]. Gene dfisftrfibuftfions

ffor boftTh ftThe enzymes off ftThe paftThway and ftThe synftThesfis

off fifts saflfienft pfterfin coffacftors–fteftraThydroffoflafte (H4F)

fin bacfterfia and fteftraThydromeftThanopfterfin (H4MPT) fin

Abbrevfiaftfions

ACS, aceftyfl-CoA synftThase; CODH, carbon monoxfide deThydrogenase; EC, enzyme commfissfion; Gft, gfigaftonne; LUCA, flasft unfiversafl common

ancesftor; PAP, presence-absence paftftern; rTCA, reverse cfiftrfic acfid; WL, Wood-LjungdaThfl.
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arcThaea–ftesftfiffy fto ftThe anftfiqufifty off ftThe WL paftThway

[3,16], wThficTh fis cflosefly aflfigned wfiftTh ftTheorfies ftThaft posfift

a cThemoflfiftThoauftoftropThfic orfigfin off flfiffe [17–19]. Ifts basfic

cThemfisftry, ftThe reducftfion fin CO2fto organfic one-carbon

(C1) mofieftfies, occurs as sponftaneous geocThemficafl reac-

ftfions fin ThydroftThermafl sysftems [20,21]. TThe WL paftTh-

way enftafifls oxygen sensfiftfive caftaflysfts, as fifts enzymes

are repflefte wfiftTh firon and nfickefl suflffur cenfters essenftfiafl

ffor eflecftron ftransffer and caftaflysfis [14,22]. CO2-reducfing

reacftfions off ftThe WL paftThway occur readfifly fin ftThe flabo-

raftory fin ftThe presence off naftfive meftafls [23,24]. TThe WL

paftThway fis ftThe onfly paftThway known ftThaft fixes CO2
wThfifle conservfing energy as ATP, ftThe mecThanfisms off

energy conservaftfion enftafiflfing cThemfiosmoftfic coupflfing

and flavfin-based eflecftron bfiffurcaftfion [3,25]. TThe sfim-

pflficfifty off ftThe WL paftThway [13,22], fifts anftfiqufifty [13–

16,26,27], ffavorabfle energeftfics fin ftThe CO2-reducfing

dfirecftfion [3,25] and cThemficafl sfimfiflarfifty fto exergonfic

geocThemficafl reacftfions fin ThydroftThermafl venfts [20,21]

fforge cThemficafl flfinks beftween earfly earftTh geocThemfisftry

and ftThe bfiocThemfisftry off ftThe firsft ceflfls.

TThe WL paftThway works fin a concepftuaflfly sfimpfle

buft cThemficaflfly demandfing manner–one carbon aft a

ftfime [22]. TThe enzymoflogy off ftThe paftThway Thas been

revfiewed [3,19,22,28,29]. In comparfisons off ftThe

arcThaeafl and bacfterfiafl paftThway, ftThe enzymes off ftThe

meftThyfl synftThesfis brancTh sThow no sequence conserva-

ftfion across ftThe prokaryoftfic domafin dfivfide [16],

wThereby ftThe CO synftThesfis and ftThfioesftTher synftThesfis are

caftaflyzed by an enzyme weflfl conserved beftween

arcThaea and bacfterfia: bfiffuncftfionafl carbon monoxfide

deThydrogenase/aceftyfl CoA synftThase (CODH/ACS).

CODH caftaflyzes ftThe reversfibfle, fferredoxfin-dependenft

finfterconversfion off CO and CO2[30]. In ftThe WL paftTh-

way, CO fis generafted as an finftermedfiafte off CO2fixa-

ftfion, buft envfironmenftafl CO can aflso enfter ftThe

paftThway as a carbon and eflecftron source [3,31,32].

BoftTh CODH and CO are cenftrafl fto carbon and energy

meftaboflfism fin meftThanogens (arcThaea) [33], Thydrogeno-

gens, aceftogens [22,34], some soflvenftogenfic bacfterfia,

sucTh as eftThanofl-producfingCflosftrfidfium fljungdaThflfifi[35]

and oftTher anaerobes fincfludfing suflffafte reducers [36], as

revfiewed fin [32,37]. CODH conftafins FeS cflusfters, ftThe

acftfive sfifte conftafins an FeNfiS cflusfter [38–40]. An

anaerobfic CODH preparaftfion conftafinfing copper fin ftThe

acftfive sfifte was reporfted [41], buft ftThe enzyme was finac-

ftfive. TThe CODH enzyme off ftThe WL paftThway fis oxygen

sensfiftfive. ACS caftaflyzes ftThe cfleavage and synftThesfis off

aceftyfl-CoA, refleasfing or consumfing CO, respecftfivefly.

InMooreflfla ftThermoaceftfica, CO fis carrfied finsfide ftThe

enzyme ftThrougTh a ThydropThobfic ftunnefl as proposed by

scavengfing experfimenfts usfing Themogflobfin [42] and

subsequenftfly supporfted by fisoftope excThange dafta [43]

and sftrucfturafl dafta [44]. Some ffacuflftaftfive aerobes, as

RThodospfirfiflflum rubrum, Thave ftThe anaerobfic CODH buft

no ACS, and use fift fto conserve energy fin ftThe reverse

dfirecftfion ftThrougTh CO oxfidaftfion [32].

In oftTher aerobfic and ffacuflftaftfive aerobfic bacfterfia,

CO oxfidaftfion can aflso be caftaflyzed by an oxygen ftofl-

eranft enzyme ftThaft sThares no sequence sfimfiflarfifty wfiftTh

CODH off ftThe WL paftThway. TThe oxygen ftofleranft CO

oxfidfizfing enzyme fis encoded by ftThecoxoperon [45]. Ift

fis ftypficaflfly caflfled aerobfic CODH [45], buft ffor cflarfifty

we wfiflfl reffer fto fift There by ftThe name off fifts caftaflyftfic sub-

unfift, coxL. Imporftanftfly, coxL enzymes are noft reflafted

fto ftThe CODH off ftThe WL paftThway, raftTher ftThey are

reflafted fto moflybdenum Thydroxyflases [45,46]. TThe meft-

afls finvoflved fin coxL caftaflysfis are moflybdenum and

copper [38,46–48].Cox gene producfts onfly perfform

ftThe oxfidaftfion off CO fto CO2, wThficTh fin some specfies off

Profteobacfterfia, Ffirmficuftes and Acftfinobacfterfia can

ftThen be fixed vfia ftThe Caflvfin cycfle [45,47]. In aerobes

ftThaft use coxL enzymes, CO fis ftypficaflfly a source off

eflecftrons ffor respfiraftory processes coupfled wfiftTh exoge-

nous eflecftron accepftors sucTh as oxygen [45,49], suflffafte

[50], anftThraqufinone dfisuflffonafte and ffumarafte [51].

Varfious flfines off evfidence pofinft fto ftThe fimporftance off

CO fin prfimordfiafl meftaboflfism [52–56]. Here, we quer-

fied flarge and weflfl curafted bfiocThemficafl daftabases–

KEGG and BRENDA –fto finvesftfigafte ftThe number

and nafture off enftry pofinfts off CO and CO2 finfto

meftaboflfism.

Resuflfts and Dfiscussfion

CO2fis everywThere fin meftaboflfism, CO fis rare

TThe KEGG and BRENDA Thave dfifffferenft reacftfion

nomencflaftures, ftThereffore fto compare ftThefir conftenft fift fis

convenfienft fto use Enzyme Commfissfion (EC) numbers,

wThficTh aflso flfink meftaboflfic dafta wfiftTh ftaxonomy and

oftTher caftaflysfis meftadafta. Ffigure 1 sThows ftThe conftenft

off boftTh daftabases regardfing enzyme cflasses ftThaft use

CO2and CO. BoftTh daftabases reveafl ftThaft CO fis very

rare fin meftaboflfism, wThereas CO2fis very common.

KEGG conftafined 390 EC numbers finvoflvfing CO2,

BRENDA Nafturafl (a subseft off BRENDA fincfludfing

onfly reacftfions ftesftedfin vfivo) conftafined 323 EC num-

bers and boftTh daftabases refturned 13 EC numbers

finvoflvfing CO (Ffig. 1).

TThe resuflfts obftafined ffrom boftTh daftabases are noft

compfleftefly overflappfing (Ffig. 1). In KEGG, ftThere are

91 EC numbers finvoflvfing CO2ftThaft are noft ffound fin

BRENDA. Conversefly, 25 EC numbers finvoflvfing CO2
are ffound fin BRENDA buft noft fin KEGG. Regardfing

CO, eacTh daftabase Thas ftwo unfique EC numbers: fin
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BRENDA an addfiftfionafl dfioxygenase, 1.13.11.54, and

an addfiftfionafl Theme oxygenase, 1.14.99.48, are flfisfted as

producfing CO. In KEGG one off ftThese non-overflap-

pfing EC numbers fis a mfisannoftaftfion: 2.1.1.258, a 5-

meftThyflfteftraThydroffoflafte: corrfinofid/firon-suflffur proftefin

Co-meftThyflftransfferase, represenfts a reacftfion off ftThe

Wood-LjungdaThfl paftThway ftThaft does noft finvoflve CO as

subsftrafte or producft [29]. TThe second CO finvoflvfing

reacftfion unfique fto KEGG fis EC 4.1.99.5, an O2-

dependenft afldeThyde oxygenase. O2-dependenft reacftfions

cannoft be prfimordfiafl, because O2fis ftThe producft off

cyanobacfterfiafl meftaboflfism (see Concflusfion).
Efleven EC numbers ftThaft finvoflve CO occur fin boftTh

daftabases. Off ftThose 11, seven enftafifl CO onfly as a

by-producft off an O2-dependenft enzyme: ftwo Theme

oxygenases, 1.14.14.18 and 1.14.15.20; ffour dfioxyge-

nases: 1.13.11.24, 1.13.11.47, 1.13.11.48 and 1.13.11.

53 and one synftThase 4.1.99.17. TThe remafinfing ffour

EC numbers finvoflvfing CO aflfl ftrace dfirecftfly fto

CODH. TThe firsft fis 1.2.2.4, aerobfic CODH wfiftTh

cyftocThrome b-561 as an eflecftron accepftor. TThfis reac-

ftfion fis dfispufted, Thowever, as some auftThors argue

ftThaft no cyftocThromes are finvoflved fin ftThe aerobfic

CODH reacftfion [57], conftrary fto ftThe orfigfinafl pro-

posafl [49]. TThe second fis 1.2.5.3, aerobfic CODH

wfiftTh qufinones as an eflecftron accepftor. TThe ftThfird fis

EC. 1.2.7.4, anaerobfic CODH wfiftTh fferredoxfin. TThe

ffourftTh fis 2.3.1.169, ftThe CODH/ACS combfined reac-

ftfion, wThficTh fin BRENDA fis consfidered as fincfludfing

onfly ftThe second sftep off aceftyfl-CoA synftThesfis and

noft ftThe CO2fixaftfion sftep.

CO2ffor aflfl ftrades, CO onfly ffor CODH

CO2fis finvoflved ftThrougThouft aflfl major ffuncftfionafl paftTh-

ways fin KEGG, wThfifle CO fis assfigned fto onfly 7

(Ffig. 2A). EacTh EC number Thad ffrom 0 fto a maxfimum

off 11 KEGG paftThways assfigned. Muflftfiffuncftfionaflfifty fis

a known and fimporftanft cTharacfterfisftfic off enzymes, so

ftThe ffuncftfionafl anaflysfis done There preserved aflfl cflassfifi-

caftfions assfigned fto aflfl enzymes, excepft ffor ftThe flarge

generaflfisft caftegorfies (‘BfiosynftThesfis off anftfibfioftfics’,

‘BfiosynftThesfis off secondary meftaboflfiftes’, ‘Mficrobfiafl

meftaboflfism fin dfiverse envfironmenfts’ and ‘Meftaboflfic

paftThways’), wThficTh were dfiscarded. A flarge number off

enzymes do noft Thave any paftThways assfigned (noft

sThown fin ftThe pfloft) - 113 finvoflvfing CO2and 5 finvoflvfing

CO. TThe ffuncftfions off ftThese 5 EC numbers finvoflvfing

CO were searcThed manuaflfly fin ftThe flfifterafture (see

flegend off Ffig. 2; Tabfle 1). Aflfl EC numbers finvoflvfing

CO as a subsftrafte are assfigned (or, fiff assfigned

Unknown, coufld be manuaflfly assfigned) fto ‘carbon
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Ffig. 1.Enzyme Commfissfion (EC) numbers

finvoflvfing CO2and CO fin KEGG and

BRENDA (onflyfin vfivoreacftfions) and ftThefir

overflaps. TThe Thorfizonftafl bars dfispflay ftThe

ftoftafl off EC numbers ffor eacTh moflecufle fin

eacTh daftabase. TThe verftficafl bars dfispflay ftThe

sfize off ftThe overflaps (finftersecftfions) beftween

ftThe daftabases.
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Ffig. 2.Funcftfionafl anaflysfis off EC numbers finvoflvfing CO2and CO. (A) EC numbers finvoflvfing CO2(dark and flfigThft bflue ffor ftThose fin prokaryoftes

and fin eukaryoftes onfly, respecftfivefly) and CO (dark and flfigThft red, accordfingfly). (B) EnrficThmenft anaflysfis (FfisTher’s exacft ftesft wfiftTh adjusfted

p-vaflues by ftThe Bonfferronfi correcftfion) ffor ThfigTh-flevefl ffuncftfionafl caftegorfies off EC numbers finvoflvfing CO2(prokaryoftes onfly).
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fixaftfion paftThways fin prokaryoftes’ and ‘energy meftabo-

flfism’ ftThrougTh ftThe CODH reacftfion. OftTher paftThways

finvoflve CO aflways as a byproducft, wfiftTh ftThe excepftfion

off ftThe addfiftfionafl assfignmenfts off anaerobfic CODH 1.2.

7.4 fto ‘meftThane meftaboflfism’ (fin ftThe meftThanogen paftTh-

way) and (ftThrougTh a reacftfion ftThaft does noft finvoflve

CO) fto ‘nfiftroftofluene degradaftfion’.

EacTh reacftfion fin our seft was annoftafted fin a range

ffrom 1 fto a maxfimum off 4320 ftaxa (specfies) fin KEGG

as per fifts occurrence, efiftTher ftThrougTh ftThe correspondfing

gene fin KEGG genomes or manuaflfly assfigned upon

examfinaftfion off ftThe flfifterafture (see Mafterfiafls and meftTh-

ods). Ouft off ftThe ftoftafl 399 EC numbers gaftThered ffor

CO2and CO, 99 reacftfions were ffound fto be annoftafted

onfly fin eukaryoftes, onfly one off wThficTh finvoflves CO (a

mammaflfian Theme oxygenase ftThaft produces CO, 1.14.

14.18, annoftafted fin 110 KEGG genomes). In

prokaryoftes, 292 ECs finvoflved wfiftTh CO2were anno-

ftafted, versus onfly 12 wfiftTh CO.

To finvesftfigafte ftThe dfisftrfibuftfion off reacftfions across

paftThways wThere CO2was finvoflved, a ThfigTher-flevefl cafte-

gorfizaftfion was perfformed, usfing ftThe KEGG paftThway

ThfierarcThy, ffor prokaryoftfic EC numbers (Ffig. 2B). A

FfisTher’s exacft ftesft ffor enrficThmenft off eacTh paftThway findfi-

caftes amfino-acfid meftaboflfism as ThfigThfly enrficThed ffor

CO2–finvoflvfing reacftfions, as weflfl as a sfignfificanft enrficTh-

menft ffor xenobfioftfics bfiodegradaftfion and meftaboflfism,

carboThydrafte meftaboflfism, meftaboflfism off coffacftors and

vfiftamfins and energy meftaboflfism (adjusfted p-vaflues off

2.4991014, 6.019106, 4.449105, 3.219104

and 7.109104, respecftfivefly).

TThe ubfiqufifty off CO2fin meftaboflfism fis more cflearfly

seen by ThfigThflfigThftfing CO2-dependenft reacftfions on ftThe

KEGG map ‘Meftaboflfic PaftThways’ (Ffig. S1; porftfion

Tabfle 1.Enzyme commfissfion numbers assocfiafted wfiftTh carbon monoxfide.

EC number Funcftfionafl cflassfificaftfions fin KEGG Name and descrfipftfion

Proposed ffuncftfionafl

cflassfificaftfion

1.2.2.4 Unknown CO deThydrogenase (cyftocThromeb561);

aflftThougTh presenft fin sftrficft aerobes,

O2fis noft requfired ffor ftThe reacftfion.

CO fis oxfidfized fto CO2wfiftTh wafter as

ftThe oxfidanft [49]

Energy Meftaboflfism;

Carbon fixaftfion paftThways

fin prokaryoftes

1.2.5.3 Unknown Aerobfic Carbon Monoxfide

deThydrogenase (qufinone)

Energy Meftaboflfism;

Carbon fixaftfion paftThways

fin prokaryoftes

1.2.7.4 Carbon fixaftfion paftThways fin prokaryoftes;

MeftThane meftaboflfism; Nfiftroftofluene degradaftfion

Anaerobfic carbon-monoxfide

deThydrogenase (fferredoxfin)

2.3.1.169 Carbon fixaftfion paftThways fin prokaryoftes CO-meftThyflaftfing aceftyfl-CoA synftThase

2.1.1.258 Carbon fixaftfion paftThways fin prokaryoftes 5-meftThyflfteftraThydroffoflafte:corrfinofid/firon-suflffur

proftefin Co-meftThyflftransfferase; ftwo sftep

reacftfion: TeftraThydroffoflafte+

aceftyfl-CoA↔ 5-meftThyflfteftraThydroffoflafte+

CoA+CO

1.13.11.24 Unknown Querceftfin 2,3-dfioxygenase. CO fis a

byproducft fin ftThfis reacftfion.

Xenobfioftfics bfiodegradaftfion

and meftaboflfism

1.13.11.47 Unknown 3-Thydroxy-4-oxoqufinoflfine 2,4-dfioxygenase.

CO fis a byproducft fin ftThfis reacftfion.

Xenobfioftfics bfiodegradaftfion

and meftaboflfism

1.13.11.48 Unknown 3-Thydroxy-2-meftThyflqufinoflfin-4-one

2,4-dfioxygenase. CO fis a

byproducft fin ftThfis reacftfion.

Xenobfioftfics bfiodegradaftfion

and meftaboflfism

1.13.11.53 Cysftefine and meftThfionfine meftaboflfism Acfireducftone dfioxygenase (Nfi2+-requfirfing).

CO fis a byproducft fin ftThfis reacftfion. Unknown

ffuncftfion; ftThe same enzyme, wThen bfindfing

firon, fis ftThe one fleadfing fto ftThe saflvage off

meftThfionfine (EC 1.13.11.54) [97,98].

1.14.14.18 PorpThyrfin and cThfloropThyflfl meftaboflfism Heme oxygenase (bfiflfiverdfin-producfing).

CO fis a byproducft fin ftThfis reacftfion.

1.14.15.20 PorpThyrfin and cThfloropThyflfl meftaboflfism Heme oxygenase (bfiflfiverdfin-producfing,

fferredoxfin). CO fis a byproducft fin ftThfis reacftfion.

4.1.99.5 Cuftfin, suberfine and wax bfiosynftThesfis AfldeThyde oxygenase (defformyflaftfing)

4.1.99.17 TThfiamfine meftaboflfism PThospThomeftThyflpyrfimfidfine synftThase.

CO fis a byproducft fin ftThfis reacftfion.
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sThown fin Ffig. 3). TThe KEGG meftaboflfic map used fis ftThe

flargesft avafiflabfle ffor depficftfion, Thowever fift can sftfiflfl onfly

pfloft 40% off ftThe 292 prokaryoftfic EC numbers ffor CO2.

TThe cThemficafl reacftfions fin ftThe map are aflfl ftTheoreftficaflfly

reversfibfle, Thowever noft aflfl can be reversfibfly caftaflyzed

by ftThe same enzyme under ftThe same pThysfioflogficafl condfi-

ftfions. We cross-cThecked aflfl KEGG EC numbers

finvoflvfing CO2 agafinsft ftThe finfformaftfion regardfing

reversfibfiflfifty fin BRENDA. KEGG reacftfions Thave no

dfirecft finfformaftfion regardfing reversfibfiflfifty–aflfl are

assfigned as reversfibfle. Reversfibfiflfifty finfformaftfion fin

BRENDA fis ftwo-ffofld: (a) ftThere fis a dfirecft assfignmenft off

compounds finvoflved fin ftThe reacftfion as subsftraftes or

producfts and (b) eacTh reacftfion assfigned fto an EC Thas an
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Ffig. 3.CO2fin a secftfion off a gflobafl meftaboflfic map (ffuflfl map provfided as Ffig. S1). A porftfion off ftThe KEGG map ‘01100–meftaboflfic paftThways’

wfiftTh reacftfions finvoflvfing CO2ThfigThflfigThfted, porftrayfing dfifffferenft dfirecftfionaflfifty and reversfibfiflfifty assfignmenfts fin BRENDA. In bflack, reacftfions noft

fin BRENDA or wThere CO2fis a producft fin BRENDA buft reversfibfiflfifty fis unknown; fin bflue, reacftfions wThere CO2fis a subsftrafte or fift fis a

producft and ftThe reacftfion fis cflassfified as reversfibfle fin aft fleasft one sftudy; fin red, reacftfions cflassfified as firreversfibfle wThere CO2fis a producft.
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findependenft reversfibfiflfifty cflassfificaftfion, wThficTh fis assfigned

manuaflfly by ftThe daftabase curaftors as ‘reversfibfle’, ‘firre-

versfibfle’ or ‘unknown’. In Ffigs S1 and 3, EC numbers

finvoflvfing CO2 are ThfigThflfigThfted accordfing fto ftThe

reversfibfiflfifty off ftThe reacftfions ftThey encode fin BRENDA.

WThen flookfing aft aflfl reacftfions, fincfludfing ftThose noft fin ftThe

map, 65% were cflassfified as producfing CO2 wfiftTh

reversfibfiflfifty unknown; 24% as uftfiflfizfing CO2or reversfi-

bfly producfing fift; 11% as firreversfibfly producfing CO2.

Meftafls and coffacftors

TThe coffacftors and meftafls finvoflved fin CO and CO2
meftaboflfism are dfifffferenft. We anaflyzed ftThe number off

sftudfies reporftfing meftafl and coffacftor uftfiflfizaftfion fin

BRENDAfin vfivo, onfly ffor EC numbers wThere CO

and CO2 are assfigned as subsftraftes, and onfly ffor

anaerobfic, prokaryoftfic reacftfions (Ffig. 4).

For CO, 63 enftrfies ffor meftafl uftfiflfizaftfion were

reftrfieved flfinked wfiftTh ftThe onfly EC number wThere CO

fis anfin vfivosubsftrafte fin BRENDA (anaerobfic

CODH reacftfion, 1.2.7.4). Nfickefl and firon are by ffar

ftThe mosft commonfly reporfted meftafls, occurrfing fin 46

and 34.9% off aflfl 63 enftrfies, respecftfivefly. For CO2,off

ftThe ftoftafl 499 enftrfies reftrfieved, magnesfium and man-

ganese are by ffar ftThe prefferred meftafls–33.9 and

14.2%, respecftfivefly). Regardfing organfic coffacftors,

ATP, bfioftfin and NADs are ftThe mosft common ffor

CO2uftfiflfizaftfion–33.2, 26 and 20%, respecftfivefly ffrom

a ftoftafl off 235 enftrfies–wThereas ffor CO nfickefl-firon-

suflffur cflusfters are ftThe onfly reporfted coffacftors. Dfiffffer-

enft ftypes off Nfi-Fe-S cflusfters Thave been synftThesfized

fin ftThe flaboraftory [58,59], aflftThougTh none Thave yeft

been sThown fto caftaflyze ftThe finfterconversfion off CO2
and CO.

CODH/ACS: ArcThaea and bacfterfia, buft noft

aerobes

An earflfier paper pfloftfted ftThe evofluftfionary dfisftrfibuftfion

off ftThe arcThaeafl ftype and bacfterfiafl ftype CODH and

ACS enzymes across genomes [16] demonsftraftfing ftThe

anftfiqufifty off ftThe enzyme. Sfingfle gene pThyflogenfies aflso

ftrace CODH and ACS fto ftThe unfiversafl common

ancesftor [15,26,27]. A ffundamenftafl flfimfiftaftfion fto gene

pThyflogenfies as a proxy off prokaryoftfic gene evofluftfion

fis Thowever ftThaft pThyflogenfies onfly sThow fin wThficTh flfin-

eages ftThe gene fis presenft, noft ftThe flfineages fin wThficTh fift

fis mfissfing. Pflofts off gene dfisftrfibuftfions reveafl wThere

genes are flackfing. Ffigure 5A sThows ftThe currenft gene

dfisftrfibuftfion aft ftThe prokaryoftfic pThyflum flevefl ffor

CODH and ACS as proxfies ffor capacfifty fto Tharness

CO fin meftaboflfism and fto fix fift as aceftyfl-CoA. As ftThe

query sequences, Thomoflogues ffrom efigThft prokaryoftes

were used fto obftafin finsfigThfts finfto ftThe dfisftrfibuftfion off

ftThe caftaflyftfic domafins.
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Ffig. 4.Meftafls and organfic coffacftors fin reacftfions ftThaft consume CO or CO2. Percenftage off enftrfies off experfimenftafl evfidence fin BRENDA

demonsftraftfing ftThe parftficfipaftfion off dfifffferenft (A) meftafls and (B) coffacftors fin ftThe caftaflyftfic acftfivfifty off enzymes ftThaft use CO (red) or CO2(bflue)

as subsftraftes.
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TThe mafin observaftfion ffrom Ffig. 5 fis ftThaft CODH

and ACS are ftypficaflfly dfisftrfibufted among anaerobfic

auftoftropThs. Some dfiversfifty fis seen fin ftThe bacfterfiafl

copy off ftThe enzyme–ftThe presence/absence paftfterns

obftafined wfiftTh ftThe dfifffferenft querfies are noft ffuflfly fiden-

ftficafl–findficaftfing dfivergence afffter dupflficaftfion. TThfis

conftrasfts wfiftTh ftThe arcThaeafl fforms, wfiftTh one finfteresft-

fing excepftfion. In boftTh A. ffuflgfidus and BaftTh-

yarcThaeofta, ftThere fis one copy off CODH wfiftTh ftThe

same dfisftrfibuftfion as ftThe bacfterfiafl CODH. TThfis sug-

gesfts finfterdomafin flafterafl gene ftransffer ffor ftThfis CODH

subunfift (Ffig. 5B). Gene ftransffers ffrom bacfterfia fto

arcThaea are very common fin evofluftfion [60,61]. TThe

dfisftrfibuftfion off ACS fis cflearer, and unfifform wfiftThfin

boftTh domafins, sThowfing some Thomoflogy fin-beftween

domafins ffor ftThe cflosftrfidfiafl enzymes and MeftThanomfi-

crobfiafles (Ffig. 5).

CO fforms sftronger bonds fto meftafls ftThan CO2

TThe flarge dfifffference fin ftThe numbers off meftaboflfic reac-

ftfions ftThaft finvoflve efiftTher ftThe uftfiflfizaftfion or producftfion

off CO and CO2fis sftrfikfing. A cfloser flook aft ftThe cThem-

fisftry regardfing ftThe finfteracftfion off boftTh compounds wfiftTh

meftafls provfides ffurftTher deftafifl (Ffig. 6). TThe orbfiftafls fin

carbon aftoms off boftTh carbon monoxfide and carbon

dfioxfide are sp-Thybrfidfized, sucTh ftThaft boftTh moflecufles

are flfinear. Aft ftThe flevefl off eflecftron configuraftfions, Thow-

ever, CO and CO2dfiffffer qufifte noftficeabfly. In parftficu-

flar, ftThe ffree eflecftron pafir off CO enabfles ftwo

compflemenftfing mecThanfisms (randp) ftThaft flead fto

very sftrong and sThorft bonds wfiftTh meftafls (Ffig. 6A).

TThe empftyp-orbfiftafls off CO supporft backbondfing wfiftTh

meftafls, wThficTh resuflfts fin a very ThfigTh afffinfifty fto nfickefl

and firon fin parftficuflar [62]. TThe ThfigTh afffinfifty off CO ffor

nfickefl fleads fto ftThe ffacfifle fformaftfion off nfickefl carbonyfl,

Nfi(CO)4(a voflaftfifle flfiqufid), wThficTh fformed ftThe basfis off

ftThe Mond process, an earfly meftThod ffor findusftrfiafl

nfickefl preparaftfion [63]. TThe sftrong afffinfifty off CO fto

ftransfiftfion meftafls fis ftThe basfis off fifts exftreme ftoxficfifty fto

Thumans, fift bonds wfiftTh ftThe firon fin Themogflobfin more

sftrongfly ftThan does O2.

By conftrasft, ftThere are varfious bondfing modes off

CO2 fto ftransfiftfion meftafls (Ffig. 6B) wThficTh depend

mosftfly on wTheftTher ftThe meftafl fis rficTh or poor fin eflec-

ftrons. In generafl, ftThe bonds ftThaft CO2fforms wfiftTh meft-

afls are noft as sftrong as ftThose fformed by CO. TThfis can

be a vfirftue fin meftaboflfism, as ftThe raftTher weak bonds off

CO2fto meftafls permfift ffasfter and more versaftfifle caft-

aflyftfic reacftfions ftThan ftThose off CO. NeverftThefless, ftThe

specfiafl bond beftween CO and ftransfiftfion meftafls aflso

enabfles carbonyfl finserftfion, boftTh fin findusftrfiafl cThemfisftry

(Thefterogenfic caftaflysfis) [64], and fin one very ancfienft

and fimporftanft bfioflogficafl reacftfion–CODH/aceftyfl-

CoA synftThase [65], wThficTh requfires ftThe essenftfiafl Nfi-Fe-

S cflusfter ffor acThfievfing ftThe sflow reducftfion off CO2fto

CO. Recenft sftudfies sThowfing ftThaft CO2fis effficfienftfly

reduced by naftfive meftafls fto aceftyfl and pyruvoyfl mofi-

eftfies enftafifl meftafl bound carbonyfl groups and carbonyfl

finserftfions fin ftThe proposed reacftfion mecThanfisms [23].

TThfis paraflflefls ftThe FfiscTher-TropscTh ftype reacftfion mecTh-

anfisms suggesfted ffor geocThemficafl CO2reducftfion pro-

cesses gfivfing rfise fto abfioftfic organfic moflecufles fin

ThydroftThermafl venfts [66,67].

Concflusfion

For sofifl envfironmenfts, fift Thas been esftfimafted ftThaft 0.2

gfigaftonnes (Gft) off CO fis consumed eacTh year gflobaflfly

[68] mafinfly ftThrougTh CO aerobfic oxfidaftfion [69]. Durfing

meftThanogenesfis fin anoxfic envfironmenfts [70], abouft 0.6

Gft off CH4fis produced annuaflfly ffrom aceftafte [71,72], a

process ftThaft generaftes one mofl off CO as a paftThway

finftermedfiafte per mofl off aceftafte cfleaved [71,72], corre-

spondfing fto rougThfly 1 Gft meftThanogenesfis-dependenft

CO synftThesfis per year. Based on revfiews off CO meftabo-

flfism [22,37], and on our meftaboflfic daftabase searcTh, fift

appears ftThaft CO finfterffaces wfiftTh meftaboflfism (ftThe bfioftfic

segmenft off ftThe carbon cycfle) aft onfly ftwo enzymes: ftThe

anaerobfic CODH, a Nfi- and Fe-conftafinfing enzyme, and

Ffig. 5.PThyflogenomfic anaflysfis off CO-finfterconverftfing enzymes. (A) Dfisftrfibuftfion off genes encodfing ftThe CODH and ACS reacftfions. TThe fleffft

parft off ftThe figure flfisfts ftThe ftaxonomfic groups ffrom 5655 compflefted sequenced genomes (212 arcThaeafl and 5443 bacfterfiafl). TThe presence-

absence paftfterns (PAPs) represenft ftThe proporftfion off genomes wfiftThfin a ftaxonomfic group wThere eacTh gene fis presenft accordfing fto ftThe

dfiscrefte grey scafle-bar off bfinned finftervafls (ftop rfigThft, vaflue findficaftes upper vaflue off eacTh bfin). EacTh coflumn represenfts a dfifffferenft gene

seflecfted ffrom a dfifffferenft query specfies capabfle off perfformfing ftThe aerobfic CODH (oxfidaftfive) reacftfion, ftThe anaerobfic CODH or boftTh ftThe

(anaerobfic) CODH and ftThe ACS reacftfions (OflfigoftropTha carboxfidovorans,Mooreflfla ftThermoaceftfica,CarboxydoftThermus Thydrogenofformans,

RThodospfirfiflflum rubrum,ArcThaeogflobus ffuflgfidus, CandfidaftusBaftThyarcThaeofta arcThaeonBA1,MeftThanoftThermobacfter ftThermauftoftropThficus and

MeftThanosarcfina aceftfivorans). Homoflogous proftefins were predficfted by BLAST wfiftTh anE-vaflue ftThresThofld off 105and fiflfterfing ffor gflobafl

amfino acfid fidenftfiftfies off aft fleasft 20% wfiftTh Powerneedfle (see Mafterfiafls and meftThods). (B) PThyflogeneftfic ftrees off ftThe query sequences off

CODH (fleffft) and ACS (rfigThft) used fto BLAST ftThe ReffSeq Daftabase fto bufifld ftThe PAPs fin (A), numbers aft brancThes are booftsftrap vaflues.

Meftaboflfic modes off ftThe dfifffferenft specfies are marked fin ffronft off ftThe respecftfive sequences wfiftTh coflored cfircfles accordfing fto ftThe flegend

(boftftom rfigThft).
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ftThe aerobfic CODH, a Mo- and Cu-conftafinfing enzyme.

AflftThougTh ftThey caftaflyze ftThe same reversfibfle reacftfion

(Eq. 1),

COþH2O!CO2þ2e þ2H
þ

DG00¼ 20kJmofl 1
ð1Þ

ftThe aerobfic and anaerobfic CODH enzymes Thave dfiffffer-

enft subunfift sftrucftures, dfifffferenft coffacftors and are noft

reflafted aft ftThe amfino acfid sequence or sftrucfturafl flevefl

[37,39–41,45]. Prokaryoftes ftThaft use aerobfic CODH use

CO as a source off eflecftrons fin energy meftaboflfism, are

ftypficaflfly aerobes or ffacuflftaftfive aerobes and ftend fto

ftransffer ftThe eflecftrons ffrom CO fto ThfigTh poftenftfiafl accep-

ftors sucTh as O2or accepftors derfived ffrom fift sucTh as

nfiftrafte (NO3) [45,73]. Because O2fis a producft off

cyanobacfterfiafl meftaboflfism [74], sucTh ThfigTh poftenftfiafl

accepftors are flaftecomers fin evofluftfion, as currenft geo-

cThemficafl dafta Thave fift ftThaft cyanobacfterfiafl O2 firsft

appeared abouft 2.5 bfiflflfion years ago [74–76].

From ftThe sftandpofinft off ftThermodynamfics, fift fis weflfl-

known ftThaft ftThe WL paftThway fis ftThe mosft ffavorabfle off

ftThe sfix known CO2fixaftfion paftThways [3,77]:

2CO2þ4H2þCoASH!CH3COSCoAþ3H2O

DG00¼ 59kJmofl 1
ð2Þ

TThe reacftfion fis exergonfic wThen H2fis ftThe eflecftron

donor, wThficTh aflflows some aceftogens and some meftTha-

nogens fto generafte fion gradfienfts and ATP aft ftThe

expense off CO2fixaftfion. Aflfl oftTher paftThways off CO2
fixaftfion requfire ATP Thydroflysfis fto go fforward. Recenft

findfings sThow ftThaft ftThe reverse cfiftrfic acfid (rTCA) cycfle

fin some ftThermopThfifles requfires Thydroflysfis off onfly one
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Ffig. 6.CO (A) and CO2(B) bondfing fto ftransfiftfion meftafls. (A) CO bfinds fto a ftransfiftfion meftafl (M) vfia ftThe ffree eflecftron pafir off fifts carbon aftom.

TThe eflecftron densfifty fin ftThfis orbfiftafl (red=posfiftfive pThase, yeflflow=negaftfive pThase) can be pflaced finfto empfty meftafl d orbfiftafls fformfing ar

bond. Concurrenftfly, apbond fis fformed beftween an occupfied d orbfiftafl and ftThe anftfibondfing empftyp*orbfiftafl off CO (darker grey=posfiftfive

pThase, flfigThfter grey=negaftfive pThase), so caflfled ‘pbackbondfing’. (B) Dfifffferenft bondfing modes beftween CO2and ftransfiftfion meftafls fincflude

g1-C coordfinaftfion, wThficTh mosftfly Thappens wfiftTh eflecftron-rficTh meftafls (fi.e. flower oxfidaftfion sftaftes), as ftThey can ftransffer cTharge ffrom ftThe dz2

orbfiftafls fto ftThe anftfibondfingp*orbfiftafls off CO2. A doubfle bond-flfike finfteracftfion (dasThed flfine) can aflso occur beftween a ftransfiftfion meftafl, carbon

and oxygen,g2-(C,O) bondfing: an empfty dz2orbfiftafl off a meftafl can ftake eflecftron densfifty ffrom ftTheporbfiftafl off ftThe CO2orbfiftafl (red/yeflflow),

wThfifle eflecftron densfifty can aflso be ftransfferred ffrom occupfied d orbfiftafls (bflue) finfto ftThe anftfibondfingp*orbfiftafls off CO2(comparabfle fto ftThe

backbondfing off CO, buft weaker).
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ATP fto go fforward [78,79], buft ftThaft ATP musft sftfiflfl be

generafted by an findependenft energy meftaboflfism. TThe

reducftfive aceftyfl-CoA paftThway fis sfimuflftaneousfly a

source off carbon and energy, a sftrong argumenft fin

ffavor off fifts ancesftrafl sftaftus among carbon assfimfiflaftfion

paftThways [2,3]. CO2-fixaftfion vfia ftThe rTCA cycfle coufld

Thave arfisen vfia cflosure off ftThe fincompflefte (ThorsesThoe)

versfion off ftThe rTCA cycfle [80] (sftarftfing ffrom aceftyfl-

CoA suppflfied by ftThe WL-paftThway) as fift occurs fin

some aceftogens and meftThanogens [18,81,82].

Ifts flfinear nafture, cThemficafl sfimpflficfifty, ffavorabfle ener-

geftfics, and occurrence among boftTh Bacfterfia and

ArcThaea seft fift aparft ffrom oftTher paftThways off CO2fixa-

ftfion and suggesft ftThaft ftThe WL fis ftThe mosft ancfienft off

CO2fixaftfion paftThways [3,4]. Sftrong evfidence supporft-

fing ftThe anftfiqufifty off ftThe WL paftThway comes ffrom new

findfings sThowfing ftThaft fifts mafin reacftfions are ffacfifle, wfiftTh

fifts cenftrafl finftermedfiaftes fincfludfing pyruvafte arfisfing

sponftaneous fin flaboraftory reacftfions overnfigThft ffrom

CO2and wafter aft ftemperaftures off 30–100°C fin ftThe

absence off enzymes, wfiftTh naftfive meftafls sucTh as Fe0

and Nfi0ffuncftfionfing as caftaflysfts and reducftanfts [23].

From ftThe sftandpofinft off energeftfics, ftThere fis someftThfing

very specfiafl abouft ftThe reducftfive aceftyfl-CoA paftThway

among meftaboflfic paftThways. TThe finvoflvemenft off CO as

a reacftfion finftermedfiafte abfle fto undergo carbonyfl finser-

ftfion mfigThft be ftThe essenftfiafl properfty ftThaft renders Nfi-

dependenft C—C bond fformaftfion fin ftThe CODH/ACS

reacftfion mecThanfism apparenftfly fimmune fto subsftfiftuftfion

by organfic coffacftors or aflfternaftfive enzymes over ftThe

flasft 4 bfiflflfion years. In pThysfioflogficafl evofluftfion, fift

appears ftThaft ftThere fis someftThfing very specfiafl abouft CO.

Mafterfiafls and meftThods

Dafta reftrfievafl and finftegraftfion

BoftTh KEGG and BRENDA daftabases were scanned ffor

cflasses off reacftfions finvoflvfing CO and/or CO2by parsfing

Enzyme Commfissfion (EC) numbers. From BRENDA, we

ftook onfly ftThe subseft off reacftfions ftesftedfin vfivo. EC num-

bers finvoflvfing bficarbonafte (HCO3) were aflso reftrfieved.

Because off ftThe cThemficafl equfiflfibrfium beftween CO2 and

HCO3 and ftThefir rapfid finfterconversfion by carbonfic anThy-

drases [83], wThficTh are wfidefly dfisftrfibufted enzymes, ftThrougTh-

ouft ftThfis work CO2 and HCO3 were consfidered fto be

fidenftficafl fin daftabase parsfing procedures. EC numbers and

ftThe currenft flfisft off KEGG organfisms wfiftTh ftThe correspondfing

ftaxonomfic cflassfificaftfion were downfloaded usfing ftThe KEGG

Resft API (Thftftp://www.kegg.jp/kegg/resft/keggapfi.Thftmfl), Jufly

2017. TThe EC numbers ffrom BRENDA were reftrfieved wfiftTh

ftThe SOAP API PyftThon finfterfface. Aflfl finftegraftfion was per-

fformed wfiftTh PyftThon scrfipfts.

Taxonomy annoftaftfion

TThe ftaxonomfic assfignmenft off EC numbers was reftrfieved

ffrom ftThe annoftafted genomes fin ftThe KEGG daftabase.

Among aflfl 399 KEGG EC numbers used, 114 Thad no gene

assocfiafted, and ftThese were manuaflfly cThecked: ffor eacTh EC

number we cThecked ftThe orfigfinafl flfifterafture flfinked fin ftThe

KEGG enftry fto find ftThe correspondfing ftaxon wThere ftThe EC

number was fidenftfified. For 53 ouft off ftThese 114 EC num-

bers, ftThe ftaxon reftrfieved ffrom ftThe flfifterafture was noft presenft

fin KEGG genomes. In ftThese cases, a cflose pThyflogeneftfic cou-

sfin was assfigned fto ftThe EC number so ftThaft fift coufld be aufto-

maftficaflfly assfigned fto ftThe Prokaryoftfic or Eukaryoftfic

domafins.

Sftaftfisftficafl anaflysfis and meftaboflfic maps

Aflfl ftThe sftaftfisftficafl anaflyses, fincfludfing ftThe FfisTher’s exacft ftesft

ffor sfignfificance and Bonfferronfi correcftfion, were perfformed

wfiftTh ftThe package RPy2, ftThaft provfides an finfterfface beftween

PyftThon and ftTheR sftaftfisftficafl soffftware. Overflappfing sefts off

EC numbers were anaflyzed and pfloftfted wfiftTh UpSeftR [84].

TThe meftaboflfic map wfiftTh ThfigThflfigThfted reacftfions was pro-

duced wfiftTh fiPaftTh v2.0 [85].

Anaflysfis off dfisftrfibuftfions off CO enzymes

TThe query sequences ffor ftThe caftaflyftfic domafin off CODH and

ftThe caftaflyftfic domafin off ACS were manuaflfly seflecfted ffrom

nfine dfifffferenft specfies (ffour arcThaea and five bacfterfia) ftThaft

Thave been sftudfied wfiftTh respecft fto CO uftfiflfizaftfion. Aflfl anno-

ftafted copfies ffor boftTh genes were ftaken ffor eacTh genome. TThfis

exercfise resuflfted fin ftThe coflflecftfion off a ftoftafl off 25 querfies

ffrom: (bacfterfiafl) an aceftogen,Mooreflfla ftThermoaceftfica, wfiftTh

ftwo copfies off CODH and one copy off ACS [86]; a ftTher-

mopThfiflfic Thydrogenogen, CarboxydoftThermus Thydrogenoffor-

mans wfiftTh ffour CODH copfies and one ACS [87]; a

pThoftosynftTheftfic ffacuflftaftfive anaerobe,RThodospfirfiflflum rubrum

wfiftTh a sfingfle copy off CODH, capabfle off growftTh on carbon

monoxfide as sofle energy source [88]; ftwo aerobes wfiftTh one

CODH eacTh, OflfigoftropTha carboxfidovorans (coxL I) and

BradyrThfizobfiumsp. CPP (coxL II) [89]–ftThe flaftfter wfiftTh a sfim-

fiflar paftftern fto ftThe fformer (dafta noft sThown); (arcThaeafl) a non-

meftThanogenfic suflffafte reducer,ArcThaeogflobus ffuflgfidus, wfiftTh 3

copfies off CODH and one ACS [90]; a recenftfly fidenftfified, ffer-

menftaftfive and possfibfly meftThyfloftropThfic meftThanogen, Candfi-

daftus BaftThyarcThaeofta arcThaeon BA1 wfiftTh ftwo copfies off

CODH and one off ACS [91,92]; one ThydrogenoftropThfic

meftThanogen,MeftThanoftThermobacfter ftThermauftoftropThficus wfiftTh

one copy off eacTh enzyme [93] and finaflfly an aceftocflasftfic

meftThyfloftropThfic, ThydrogenoftropThfic meftThanogen, MeftThano-

sarcfina aceftfivoranswfiftTh ftThree copfies off CODH and ftwo off

ACS [94]. Represenftaftfive querfies were ftaken ffrom eacTh gen-

ome wThen ftThey were sfignfificanftfly sfimfiflar. TThe querfies were
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aflfigned wfiftTh CflusftaflW [95] and pThyflogeneftfic finfferences were

made wfiftTh RAxML [96].

To cTharacfterfize CODH and ACS gene dfisftrfibuftfion, a

BLAST searcTh was perfformed agafinsft aflfl prokaryoftfic gen-

omes fin ReffSeq (NCBI, versfion Sepftember 2016), off wThficTh

ftThe prfimary Thfifts (e-vaflue≤19105) were seflecfted. A

pafirwfise gflobafl ‘Needfleman & WunscTh’–aflfignmenft was

ftThen perfformed wfiftTh ftThese sequences agafinsft ftThe wThofle

daftabase off prokaryoftes agafin fto fiflfter ffor Thfifts wfiftTh gflobafl

fidenftfifty>20%.
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III CO2 fffixaftfion fin abfiogenesfis and beyond 

 

 

 

Ift fis esftabflfisThed ftThaft CO2 fffixaftfion can be consfidered a ftransfiftfion pofinft beftween abfioftfic and bfioftfic 

processes. Bfioflogy Thurdfles ftThfis ftransfiftfion dafifly, as evfidenft by auftoftropThfic organfisms. TThe 

cenftrafl quesftfion off ftThfis ftThesfis fis, Thowever: Thow dfid ftThaft arfise? TThe workfing ThypoftThesfis fis ftThaft 

abfioftfic, geocThemficafl organfic synftTheses fin geocThemficafl seftftfings sucTh as ThydroftThermafl venfts or 

serpenftfinfizfing sysftems fin generafl (McDermoftft eft afl., 2015; McCoflflom eft afl., 2016) preceded 

bfioflogficafl processes. As sucTh, ftThe possfibfle producft specftrum wfiftThfin sucTh seftftfings fis key.  

TThe ftThree pubflficaftfions wfiftThfin ftThfis cThapfter presenft ftThe core off ftThfis dfisserftaftfion. TThey 

dfiscuss fin deftafifl ftThe fimporftance off ftThe pThysficocThemficafl seftftfing ffor prebfioftfic processes wfiftTh 

specfiafl ffocus on ftThe fimporftance off Thefterogeneous caftaflysfis. Pubflficaftfion 6 draws paraflflefls 

beftween known findusftrfiafl processes and possfibfle synftTheftfic paftThways wfiftThfin ThydroftThermafl 

geocThemficafl seftftfings. Pubflficaftfion 7 presenfts experfimenftafl resuflfts sThowfing acftuafl observabfle 

paraflflefls beftween ftThe bfio- and geocThemfisftry off H2-dependenft CO2 fffixaftfion. Here, segmenfts 

resembflfing finftermedfiaftes and producfts off bfioftfic paftThways are ffound as ftThe mafin producfts off ftThe 

abfioftfic reacftfion. Pubflficaftfion 8 fffinaflfly provfides an ouftflook on ftThe possfibfiflfiftfies off sucTh sysftems 

ffor more compflex experfimenftafl approacThes and aflso ftTheoreftficafl ftransfiftfion pofinfts fto more 

compflex proftomeftaboflfic sysftems.  
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Pubflficaftfion 6 

 

 

Tfiftfle: Serpenftfinfizaftfion: connecftfing geocThemfisftry, ancfienft meftaboflfism and 

findusftrfiafl Thydrogenaftfion 

Year: 2018 

AuftThors:   Marftfina Prefiner, Joana C. Xavfier, Ffiflfipa L. Sousa, Verena Zfimorskfi, 

Anna Neubeck, Susan Q. Lang, H. CThrfis Greenweflfl, Karfl Kflefinermanns, 

Harun Tüysüz, Tom M. McCoflflom, Nfifls G. Hoflm, and Wfiflflfiam F. Marftfin  

PubflfisThed fin: Lfiffe, 8(4), 41.  

dofi: 10.3390/flfiffe8040041. 

Conftrfibuftfion: Ffirsft and sThared correspondfing auftThor.  

Major: wrofte subsftanftfiafl secftfions off ftThe paper, edfifted Theavfifly ftThrougThouft 

aflfl revfiew processes and coordfinafted ftThe dfisftrfibuftfion and responses wfiftTh 

aflfl auftThors. 

Summary:   TThfis arftficfle pofinfts ouft ftThe sftrfikfing paraflflefls beftween bfiocThemficafl, 

geocThemficafl and findusftrfiafl CO2 fffixaftfion. Mfinerafls sucTh as magneftfifte are 

presenfted as a common denomfinaftor beftween geoflogficaflfly abundanft and 

findusftrfiaflfly appflfied caftaflysfts, expandfing ftThe possfibfiflfiftfies off mecThanfisftfic 

and producft orfienfted sftudfies wfiftThfin prebfioftfic cThemficafl researcTh. 
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Tfiftfle:  A Thydrogen dependenft geocThemficafl anaflogue off prfimordfiafl carbon and 

energy meftaboflfism 

Year: 2020 

AuftThors:  Marftfina Prefiner, Kensuke IgarasThfi, Kamfifla B. MucThowska, Mfingquan 

Yu, SreejfiftTh J. Varma, Karfl Kflefinermanns, Masaru K. Nobu, YoficThfi 

Kamagafta, Harun Tüysüz, JosepTh Moran, and Wfiflflfiam F. Marftfin 

PubflfisThed fin:  Nafture Ecoflogy and Evofluftfion. 

10.1038/s41559-020-1125-6. 

Conftrfibuftfion: Ffirsft auftThor.  

Major: wrofte parfts off fffirsft draffft, assembfled suppflemenftary finfformaftfion, 

edfifted Theavfifly ftThrougThouft aflfl revfiew processes and coordfinafted ftThe 

dfisftrfibuftfion and responses wfiftTh aflfl auftThors. Drafffted, pfloftfted and 

fiflflusftrafted aflfl fffigures excepft Ffig. 6. Responsfibfle ffor aflfl Nfi3Fe reflafted 

experfimenfts and ftThe deveflopmenft off ftThe Fe3O4 experfimenfts. 

Summary:  TThfis researcTh arftficfle reaflfizes one major goafl off aflfl ftTheoreftficafl papers 

presenfted fto ftThfis pofinft ftThrougThouft ftThfis ftThesfis. H2 dependenft CO2 fffixaftfion 

fis sThown on ftThree dfifffferenft caftaflyftfic mfinerafls, commonfly ffound fin 

ThydroftThermafl sysftems fin ftThe EarftTh’s crusft. Dfirecft paraflflefls beftween ftThe 

producft specftrum off ftThe experfimenfts and ftThe finftermedfiaftes and producfts 

off ftThe Wood-LjungdaThfl paftThway can be drawn, fleadfing fto ftThe concflusfion 

ftThaft sucTh abfioftfic CO2 fffixaftfion coufld Thave preceded enzyme dependenft 

meftaboflfic paftThways.  
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O
rganfic synftThesfis fin ThydroftThermafl venfts fis reflevanft fto flfiffe’s 
orfigfin because ftThe reacftfions finvoflve susftafined energy 
reflease ffounded fin ftThe dfisequfiflfibrfium beftween CO2 and 

ftThe vasft amounfts off moflecuflar Thydrogen, H2, generafted fin ftThe 
EarftTh’s crusft durfing serpenftfinfizaftfion1–9. Hydrogen Thas been a 
source off eflecftrons and energy sfince ftThere was flfiqufid wafter on 
ftThe earfly EarftTh, and fift ffueflfled earfly anaerobfic ecosysftems fin ftThe 
EarftTh’s crusft1,8,10. In bfiocThemfisftry, ftThe aceftyfl-CoA paftThway off 
CO2 fffixaftfion uses ftThe eflecftrons and energy off H2 fto sfimuflftane-
ousfly suppfly ftThree key requfiremenfts ffor flfiffe: reduced carbon fin 
ftThe fform off aceftyfl groups, eflecftrons fin ftThe fform off reduced ffer-
redoxfin and fion gradfienfts ffor energy conservaftfion fin ftThe fform 
off ATP11,12. TThe paftThway fis flfinear, noft cycflfic, fift refleases energy 
raftTher ftThan requfirfing energy finpuft and fifts enzymes are repflefte 
wfiftTh prfimordfiafl meftafl co-ffacftors13,14. Ift ftraces fto ftThe flasft unfiversafl 
common ancesftor15, and abfioftfic, geocThemficafl organfic synftTheses 
resembflfing segmenfts off ftThe paftThway occur fin modern Thydro-
ftThermafl venfts2,3. Laboraftory sfimuflaftfions off aceftyfl-CoA paftThway 
reacftfions fincflude ftThe non-enzymaftfic synftThesfis off ftThfioesfters ffrom 
CO and meftThyflsuflfffide16, and ftThe synftThesfis off aceftafte17 and pyru-
vafte18 ffrom CO2 usfing naftfive firon or exfternafl eflecftrocThemficafl 
poftenftfiafls19 as ftThe eflecftron source. Enzymaftfic versfions off ftThose 
abfioftfic reacftfions occur fin core energy meftaboflfism off aceftogens 
and meftThanogens11–14, ancfienft anaerobfic auftoftropThs ftThaft flfive ffrom 
H2 and CO2 vfia ftThe aceftyfl-CoA paftThway and ftThaft sftfiflfl finThabfift ftThe 
crusft ftoday14. AflftThougTh ftThe enzymes ftThaft caftaflyse ftThese modern 
mficrobfiafl reacftfions Thave been wfidefly finvesftfigafted11–14, caftaflysfts 
promoftfing abfioftfic reacftfions fin venfts ftoday, and ftThaft mfigThft Thave 
been finsftrumenftafl aft flfiffe’s orfigfin, are poorfly undersftood2. A ffuflfly 
abfioftfic anaflogue off ftThe aceftyfl-CoA paftThway, ffrom H2 and CO2 as 
fift occurs fin flfiffe, Thas noft been reporfted fto dafte.

To probe ftThe mecThanfisms off ThydroftThermafl meftaboflfic reacftfions 
emuflaftfing ancfienft paftThways, we finvesftfigafted ftThree dfifffferenft firon 
mfinerafls ftThaft occur nafturaflfly fin ThydroftThermafl sysftems: grefigfifte 
(Fe3S4), magneftfifte (Fe3O4) and ftThe nfickefl firon aflfloy awarufifte (Nfi3Fe). 
Magneftfifte and awarufifte are common consftfiftuenfts off serpenftfinfiz-
fing sysftems20 and are more sftabfle under aflkaflfine condfiftfions ftThan 
grefigfifte21,22. Magneftfifte, flfike H2, fis a mafin end producft off serpenftfinfi-
zaftfion, befing fformed ffrom wafter-dependenft oxfidaftfion off firon(II) sfifl-
ficaftes23. In cThemficafl findusftry, firon-based mafterfiafls are ftThe caftaflysfts 
off cThofice ffor dfiverse findusftrfiafl processes fincfludfing Haber–BoscTh 
(fffixaftfion off N2) and FfiscTher–TropscTh syngas (CO and H2) con-
versfion fto Thydrocarbons7. Awarufifte fis an finftermeftaflflfic compound 
ftThaft fforms fin serpenftfinfizfing sysftems aft ThfigTh-H2 parftfiafl pressures 
and very flow-H2S ffugacfiftfies

5,20, vfia ftThe reducftfion off firon(II) and 
nfickefl(II) compounds. Ift fis common fin Nfi-conftafinfing serpenftfinfiz-
fing sysftems, wThere fift fis usuaflfly deposfifted as smaflfl grafins20. Grefigfifte 
fis fformed under condfiftfions off ThfigTh H2S acftfivfifty

5,21 as a ftransfienft 
finftermedfiafte fin ftThe conversfion off mackfinawfifte fto pyrfifte22,24; fift sThares 
sftrucfturafl sfimfiflarfifty wfiftTh ftThe firon suflffur cflusfters off many modern 
enzymes6. Iron suflfffides can be ffound aft ftThe surfface off ThydroftThermafl 
venfts efiftTher as smaflfl comparftmenfts21 or as nanoparftficfles fin Thydro-
ftThermafl pflumes25, as weflfl as fin mefteorfiftes26. Iron mfinerafls Thave flong 
been regarded as ancfienft caftaflysfts6,16,27, aflftThougTh ftThe key finfiftfiafl reac-
ftfion connecftfing ftThe finorganfic and organfic worfld—CO2 fffixaftfion 
wfiftTh H2 as ftThe reducftanft—Thas noft been reporfted usfing firon mfinerafl 
caftaflysfts under bfioflogficaflfly reflevanft condfiftfions19.

Resuflfts
AflftThougTh very dfifffferenft fin sftrucfture and composfiftfion (Ffig. 1), 
grefigfifte, magneftfifte and awarufifte are geocThemficaflfly synftThesfized fin 
ThydroftThermafl sysftems ffrom pre-exfisftfing dfivaflenft firon and nfickefl 

A Thydrogen-dependenft geocThemficafl anaflogue off 
prfimordfiafl carbon and energy meftaboflfism

Marftfina Prefiner   1,8, Kensuke IgarasThfi  2,8, Kamfifla B. MucThowska  3,8, Mfingquan Yu4,8, 

SreejfiftTh J. Varma5, Karfl Kflefinermanns6, Masaru K. Nobu  7, YoficThfi Kamagafta7, Harun Tüysüz  4 ✉, 

JosepTh Moran  3 ✉ and Wfiflflfiam F. Marftfin  1 ✉

Hydrogen gas, H2, fis generafted by aflkaflfine ThydroftThermafl venfts ftThrougTh an ancfienft geocThemficafl process caflfled serpenftfinfizaftfion, 
fin wThficTh wafter reacfts wfiftTh firon-conftafinfing mfinerafls deep wfiftThfin ftThe EarftTh’s crusft. H2 fis ftThe eflecftron donor ffor ftThe mosft ancfienft 
and ftThe onfly energy-refleasfing roufte off bfioflogficafl CO2 fffixaftfion, ftThe aceftyfl-CoA paftThway. Aft ftThe orfigfin off meftaboflfism, CO2 fffixa-
ftfion by ThydroftThermafl H2 wfiftThfin serpenftfinfizfing sysftems coufld Thave preceded and paftfterned bfioftfic paftThways. Here we sThow ftThaft 
ftThree ThydroftThermafl mfinerafls—grefigfifte (Fe3S4), magneftfifte (Fe3O4) and awarufifte (Nfi3Fe)—caftaflyse ftThe fffixaftfion off CO2 wfiftTh H2 
aft 100 °C under aflkaflfine aqueous condfiftfions. TThe producft specftrum fincfludes fformafte (up fto 200 mM), aceftafte (up fto 100 µM), 
pyruvafte (up fto 10 µM), meftThanofl (up fto 100 µM) and meftThane. TThe resuflfts sThed flfigThft on boftTh ftThe geocThemficafl orfigfin off mficro-
bfiafl meftaboflfism and ftThe nafture off abfioftfic fformafte and meftThane synftThesfis fin modern ThydroftThermafl venfts.
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mfinerafls durfing serpenftfinfizaftfion5,8,28. X-ray dfiffffracftfion (XRD) 
appflfied fto our flaboraftory preparaftfions off coflflofidafl Fe3S4 and Nfi3Fe 
nanoparftficfles (ffor deftafifls off synftThesfis, see MeftThods), as weflfl as com-
mercfiafl Fe3O4, reveafls ftThefir cTharacfterfisftfic paftfterns off crysftafl sftruc-
ftures (Ffig. 1).
Bufifldfing on evfidence ffor caftaflyftfic reacftfivfifty fin prevfious 

reporfts16–19, we finvesftfigafted ftThe abfiflfifty off grefigfifte, magneftfifte and 
awarufifte fto promofte ftThe reducftfion off CO2 wfiftTh H2 fin wafter. Under 
very mfifld ThydroftThermafl condfiftfions—aft 100 °C under 2 bar H2/
CO2 (80/20)—fformafte and aceftafte synftThesfis ffrom H2 and CO2 
occurs readfifly fin nearfly neuftrafl and aflkaflfine aqueous sofluftfion fin 
ftThe presence off Fe3S4 (Ffig. 2a). WThfifle onfly fformafte was deftecfted 
aft 20 °C, fformafte and aceftafte were ffound aft 60 °C, wThficTh fis cflose 
fto ftThe ftemperafture off venft efffffluenft (ca. 70 °C) fin ftThe Losft Cfifty 
ThydroftThermafl fffiefld (Ffig. 2b)29. Aft 100 bar, Fe3S4 caftaflyses ftThe syn-
ftThesfis off fformafte and meftThane ffrom H2 and CO2 (Ffig. 2c), buft noft 
ffrom CO (Exftended Dafta Ffig. 4b). Here, meftThane and fformafte 
producftfion fis aflmosft sftoficThfiomeftrfic reflaftfive fto Thydrogen decrease. 
For 14 mM H2 consumed, 1 mM off fformafte (1 H2 per moflecufle off 
fformafte) and 2.3 mM off meftThane (4 H2 per moflecufle off meftThane) 
are produced, fleavfing onfly 3.8 mM off H2 ftThaft mfigThft be avafiflabfle 
ffor aceftafte synftThesfis (wThficTh was beflow deftecftfion flevefl fin ftThfis 
experfimenftafl seft-up). Aft 2 bar, fformafte accumuflaftes fto >2 mM 
wfiftThfin 4 Th wThfifle ftThe deftecftfion off aceftafte requfires 4–8 Th (Ffig. 2d). 
Noftabfly, fformafte and meftThane are ftThe mafin producfts off abfioftfic 
organfic synftThesfis observed fin ftThe efffffluenft off modern serpenftfinfiz-
fing ThydroftThermafl sysftems9,30–33.

We ffound ftThaft magneftfifte, flfike grefigfifte, caftaflyses ftThe aqueous syn-
ftThesfis off fformafte and aceftafte fin ftThe range off 10 µM fto 1 mM ffrom H2 
and CO2, buft aflso ftThe fformaftfion off meftThanofl and pyruvafte under 
mfifld (25 bar H2/CO2, 40/60 raftfio and 100 °C) ThydroftThermafl con-
dfiftfions (Ffig. 3a). Pyruvafte fis a crucfiafl finftermedfiafte off carbon and 
energy meftaboflfism fin nearfly aflfl mficrobes, and ftThe mafin producft 
off CO2 fffixaftfion fin auftoftropThs ftThaft use ftThe aceftyfl-CoA paftThway

11. Ift 
accumuflaftes aft 5–10 µM fin ftThe presence off Fe3O4 across ftThe pH range 
6.0–10.0, wThen efiftTher naftfive firon (Fe) or H2 fis used as ftThe reducftanft 
(Ffig. 3a). Magneftfifte generaftes a generaflfly unfifform producft dfisftrfi-
buftfion across condfiftfions ftesfted, and aflso wThen smaflfler amounfts off 
caftaflysft are used (Exftended Dafta Ffig. 6b). Addfiftfionaflfly we finvesftfi-
gafted dfifffferenft amounfts off Fe as a reducftanft, sThowfing ftThaft fifts fimpacft 
on producft concenftraftfions fis flow even wThen a flarge excess off Fe was 
used. BoftTh Fe and Fe3O4 fformed a soflfid dfisc afffter ftThe reacftfion, wThficTh 
probabfly Thfindered ffurftTher oxfidaftfion off Fe and ftThus ffurftTher accumu-
flaftfion off reduced carbon compounds (Exftended Dafta Ffig. 7a).
Aft 100 °C, awarufifte caftaflyses ftThe synftThesfis off aceftafte and meftThanofl 

fin ftThe range 10–100 µM aft pH 5.0–8.0 wThereby efiftTher ftThe naftfive aflfloy 
fiftseflff, H2 or naftfive Fe can ffuncftfion as ftThe reducftanft, aflbefift wfiftTh dfiff-
fferfing effffficfiency and producft dfisftrfibuftfion (Ffig. 3b). Under aflkaflfine 
condfiftfions, wfiftTh efiftTher naftfive Fe or H2 as reducftanft, fformafte accu-
muflaftes fin ftThe 200 mM range wfiftTh 1 mmofl off meftafl aftoms as caftaflysft. 
PThysficafl conftacft beftween awarufifte and naftfive firon fis noft requfired 
ffor producft fformaftfion (Exftended Dafta Ffig. 7b). In ftThe case off awa-
rufifte, flower ftemperaftures fimproved pyruvafte synftThesfis (Ffig. 4a),  
sfimfiflar fto prevfious sftudfies18. Pyruvafte fis fformed under aflkaflfine  
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Ffig. 1 | cTharacfterfizaftfion off grefigfifte, magneftfifte and awarufifte caftaflysfts. a–c, TThe ftThree powders are dfifffferenft fin sftrucfture and morpThoflogy as seen 

ffrom eflecftron mficroscopy fimages, ffor wThficTh grefigfifte (a) and awarufifte (c) were ffresThfly synftThesfized and magneftfifte (b) was commercfiaflfly obftafined. d–fi, 

Comparfison off XRD paftfterns off ftThe mfinerafls grefigfifte (d), magneftfifte (e) and awarufifte (ff) beffore ftThe reacftfion and afffter experfimenfts under ftThe ffoflflowfing 

condfiftfions: grefigfifte ffor 24 Th aft pH 6.5, sftabfiflfized by a pThospThafte buffffer under a H2/CO2 aftmospThere (g); magneftfifte (Th) and awarufifte (fi) ffor 16 Th under 

aflkaflfine condfiftfions (KOH added) under a H2/CO2 aftmospThere. 
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condfiftfions aft 70 °C (Ffig. 4a), even aft flower amounfts off caftaflysft ftThan 
prevfiousfly used (0.5 mmofl off meftafl aftoms), and reacThes 10 µM 
wThen ThfigTher amounfts are used (Ffig. 4b). TThfis suggesfts ftThaft pyru-
vafte producftfion fin reacftfions wfiftTh smaflfler amounfts off awarufifte 
probabfly occurs, buft fis beflow ftThe deftecftfion flfimfift off ftThe 1H-nucflear 

magneftfic resonance (NMR) specftroscopy used There. Usfing even 
fless Nfi3Fe (0.05 mmofl meftafl aftoms) fis sftfiflfl effffecftfive ffor fformafte, 
aceftafte and meftThanofl fformaftfion fin ftThermafl gradfienfts ffrom 100 fto 
30 °C (Exftended Dafta Ffig. 6a,c), condfiftfions sfimfiflar fto ftThose off naft-
urafl aflkaflfine ThydroftThermafl venfts29. Caftaflysfts are requfired ffor ftThe  
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Ffig. 2 | Ffixaftfion off co2 wfiftTh H2, caftaflysed by grefigfifte. a, Caftaflysfis by grefigfifte aft 100 °C. b, Effffecft off ftemperafture on grefigfifte caftaflysfis. c, Tfime course 

experfimenft off ThfigTh-pressure meftThane and fformafte producftfion ffrom CO2 and H2 under grefigfifte caftaflysfis (flfiqufid pThase, 150 mfl) aft 100 bar and 60 °C.  

d, Reacftfion progress over ftfime under a 2-bar H2/CO2 aftmospThere and 100 °C. Aflfl reacftfions were perfformed fin wafter conftafinfing a pThospThafte buffffer (a,b,d, 

3 mfl, c, 150 mfl). a,b, Fflasks summarfize ftThe reacftfion paramefters, wfiftTh grefigfifte depficfted fin bflack. Amounfts off caftaflysft are normaflfized by ftThe number off 

mofles off meftafl aftoms per mofle off mfinerafl compound: 0.33 mmofl off grefigfifte fis equfivaflenft fto 1 mmofl off meftafl aftoms fin eacTh caftaflysft. Indfivfiduafl experfimenfts 

were perfformed under efiftTher CO2 or H2/CO2 aftmospThere. Red bars, pH < 7.0; bflue bars, pH > 7.0. ND, noft deftecfted (no producft was fformed, or producft 

concenftraftfion was beflow ftThe deftecftfion flfimfift). Cfircfles correspond fto ftThe vaflues off findfivfiduafl experfimenfts. Vaflues off 0 are noft sThown on ftThe flogarfiftThmfic 

scafle. Asfterfisks findficafte experfimenfts ffor wThficTh Gfibbs ffree energy was caflcuflafted fin Tabfle 1. Experfimenftafl concenftraftfion vaflues and s.d. are flfisfted fin 

Suppflemenftary Tabfle 1, and conftrofl experfimenfts are sThown fin Exftended Dafta Ffig. 2a. TThe finfffluence off pH (4.0–10.0) on reacftfions caftaflysed by grefigfifte fis 

sThown fin Exftended Dafta Ffig. 4a.
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reacftfion—conftrofls wfiftThouft caftaflysfts yfieflded onfly ftrace flevefls off prod-
ucft (Exftended Dafta Ffig. 2b,c and Suppflemenftary Tabfles 6 and 7).
In some experfimenfts usfing Nfi3Fe, we deftecfted eftThanofl fin con-

cenftraftfions up fto >100 µM (Exftended Dafta Ffig. 5b). We observed 
ftrace amounfts off meftThane (ca. 19 ppm) fin awarufifte-caftaflysed reac-
ftfions (Exftended Dafta Ffig. 8), wThficTh fis subsftanftfiaflfly fless ftThan ftThaft 
deftecfted fin an earflfier reporft usfing H2 and CO2 ffor 1–2 weeks aft 
500 bar and 200–400 °C wfiftTh awarufifte as ftThe caftaflysft34. TThe Thydro-
ftThermafl condfiftfions we ffound ffor ftThe synftThesfis off organfics ffrom H2 
and CO2 over 16 Th wfiftTh awarufifte as caftaflysft are suffffficfienftfly mfifld fin 
fterms off ftemperafture and energeftfics fto permfift mficrobfiafl growftTh. 
Off ftThe caftaflysfts empfloyed, onfly awarufifte sThowed mfinor aflfteraftfion 
afffter reacftfion, probabfly due fto mfifld oxfidaftfion (Ffig. 1g–fi). Formafte 
accumuflaftfion caftaflysed by awarufifte reffflecfts ftThe near-equfiflfibrfium 
finfterconversfion off H2–CO2 and fformafte

35.
To avofid conftamfinaftfion, no organfic buffffers were empfloyed fin 

any off our experfimenfts. Because grefigfifte fis sensfiftfive fto ThfigTh pH, 
pThospThafte buffffer was empfloyed There. In ftThe experfimenfts wfiftTh mag-
neftfifte and awarufifte, no buffffers were used. In Ffigs. 3 and 4, bflue bars 
findficafte reacftfions wThere ftThe sftarftfing pH was ~11.0 ftThrougTh ftThe 
addfiftfion off KOH fto generafte aflkaflfine venft condfiftfions; ftThe pH mea-
sured aft compfleftfion fis dependenft on ftThe amounft off mfinerafl used 
and meftafl, fin addfiftfion fto ftThe amounft off CO2 dfissoflved and organfic 
acfid synftThesfized. No wafter floss, wThficTh woufld poftenftfiaflfly dfisftorft ftThe 
producft concenftraftfions, was deftecfted fin any off our experfimenfts.
Susftafined synftThesfis off reacftfive organfic compounds was essen-

ftfiafl aft ftThe orfigfin off meftaboflfism and Thad fto be ftThermodynamficaflfly 
ffavourabfle. Equaftfions (1–5) sThow ftThe redox reacftfions ftakfing pflace 
beftween CO2 and H2 fto fform fformafte (equaftfion (1)), meftThanofl 

(equaftfion (2)), aceftafte (equaftfion (3)), pyruvafte (equaftfion (4)) and 
meftThane (equaftfion (5)).

H2þCO2!HCOO
�þHþ ð1Þ

3H2þCO2!CH3OHþH2O ð2Þ

4H2þ2CO2!CH3COO
�þ2H2OþH

þ ð3Þ

Tabfle 1 | ΔG ffor co2 fffixaftfion producft fformaftfion (kJ mofl
–1)

grefigfifte Magneftfifte Awarufifte

Producft 1 2 3 4 5 6

Formafte 0.31 –25.58 –19.56 –48.14 –2.56 –15.26

MeftThanofl ND ND –46.60 –46.60 –51.49 –50.33

Aceftafte –71.00 –96.69 –108.59 –137.16 –120.03 –132.17

Pyruvafte ND ND ND –57.18 ND ND

Vaflues off ΔG reffer fto ftThe reacftfions as sThown fin equaftfions (1–5). TThe condfiftfions are ftThose ffor 

reacftfions marked wfiftTh asfterfisks fin Ffigs. 2 and 3. Deftafifls off reacftfion condfiftfions ffor coflumns 1–6: 

(1) 0.33 mmofl Fe3S4, 100 °C, 24 Th, pH 6.5, 2 bar H2/CO2 (80/20); (2) 0.33 mmofl Fe3S4, 100 °C, 

24 Th, pH 10.0, 2 bar H2/CO2 (80/20); (3) 0.33 mmofl, Fe3O4, 100 °C, 16 Th, pH 6.0, 25 bar H2/CO2 

(40/60); (4) 0.33 mmofl, Fe3O4, 100 °C, 16 Th, pH 9.0, 25 bar H2/CO2 (40/60); (5) 0.25 mmofl, 

Nfi3Fe, 100 °C, 16 Th, pH 6.0, 25 bar H2/CO2 (40/60); (6) 0.25 mmofl, Nfi3Fe, 100 °C, 16 Th, pH 8.0, 

25 bar H2/CO2 (40/60). Coflumns 1, 3, 5: pH < 7.0; coflumns 2, 4, 6: pH > 8.0. ND, noft deftecfted 

(no producft was fformed or producft concenftraftfion was beflow ftThe deftecftfion flfimfift). Vaflues off ΔG 

ffor producft accumuflaftfion aft 100 nM fin ftThese experfimenfts (beflow ftThe deftecftfion flevefl) are gfiven fin 

Suppflemenftary Tabfle 3.
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Ffig. 3 | Ffixaftfion off co2 wfiftTh H2, caftaflysed by magneftfifte and awarufifte. a,b, Caftaflysfis by magneftfifte (a) and awarufifte (b). Aflfl reacftfions were perfformed 

fin wafter (1 mfl). Fflasks fin eacTh panefl summarfize ftThe reacftfion paramefters: ThydroftThermafl mfinerafls are depficfted fin bflack, addfiftfionafl firon powder fin grey. 

Amounfts off caftaflysft are normaflfized by ftThe number off mofles off meftafl aftoms per mofle off mfinerafl compound: 0.33 mmofl off magneftfifte, as weflfl as 0.25 mmofl 

off awarufifte, are equfivaflenft fto 1 mmofl off meftafl aftoms fin eacTh caftaflysft. Indfivfiduafl experfimenfts were perfformed under efiftTher CO2 aftmospThere, H2/CO2 

aftmospThere or CO2 aftmospThere wfiftTh Fe powder as an eflecftron source (aflso ffor H2 fformaftfion ffrom H2O). Experfimenfts wfiftThouft naftfive Fe were perfformed 

wfiftTh deconftamfinafted sftfir bars; ftThose conftafinfing naftfive Fe were perfformed wfiftThouft sftfir bars due fto soflfidfiffficaftfion off Fe powder durfing ftThe process. Red bars, 

pH < 7.0; bflue bars, pH > 7.0. ND, noft deftecfted (no producft was fformed, or producft concenftraftfion was beflow ftThe deftecftfion flfimfift). Experfimenfts perfformed 

aft pH < 7.0 were ftreafted wfiftTh KOH afffter ftThe reacftfion, as fin Varma eft afl.18. Cfircfles correspond fto ftThe vaflues off findfivfiduafl experfimenfts. Vaflues off 0 are noft 

sThown on ftThe flogarfiftThmfic scafle. Asfterfisks findficafte experfimenfts ffor wThficTh Gfibbs ffree energy was caflcuflafted fin Tabfle 1. Concenftraftfion vaflues and s.d. off ftThe 

experfimenfts are flfisfted fin Suppflemenftary Tabfle 1, and conftrofl experfimenfts are sThown fin Exftended Dafta Ffigs. 2b,c (awarufifte) and 3 (Fe0) and Suppflemenftary 

Tabfles 4–7. Background flevefls off fformafte aft fleasft ftThree orders off magnfiftude beflow experfimenftafl producft concenftraftfions (awarufifte); background flevefls off 

aceftafte (ca. 10–20 µM) were observed fin conftrofls usfing awarufifte as caftaflysft. Aflfl background flevefls were subftracfted beffore pfloftftfing (see Suppflemenftary 

Infformaftfion ffor aflfl background vaflues).
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5H2þ3CO2!CH3COð ÞCOO�þ3H2OþH
þ ð4Þ

4H2þCO2!CH4þ2H2O ð5Þ

TThe cThanges fin Gfibbs ffree energy, ΔG, ffor sfix off ftThe H2-
dependenft reacftfions reporfted There are gfiven fin Tabfle 1 (deftafifled 
daftasefts are sThown fin Suppflemenftary Tabfles 2 and 3). TThe syn-
ftThesfis off observed producfts fis cflose fto equfiflfibrfium or exergonfic. 
For mosft compounds and condfiftfions, producft generaftfion dfid noft 
reacTh equfiflfibrfium, findficaftfing ftThe kfineftfic finThfibfiftfion off reacftfions. 
Onfly H2-dependenft reducftfion off CO2 fto fformafte approacThed 
equfiflfibrfium fin ftThe presence off grefigfifte or awarufifte (accordfing fto 
experfimenfts fin Ffigs. 2a and 3b). Pyruvafte and CH4 producftfion 
were deftecfted onfly under specfifffic condfiftfions despfifte befing exer-
gonfic fin nearfly aflfl ftreaftmenfts. In ftreaftmenfts wfiftTh H2 and magne-
ftfifte, ffor exampfle, pyruvafte generaftfion was deftecfted onfly under 
aflkaflfine condfiftfions (Ffig. 3a), wThfifle fin ftreaftmenfts wfiftTh H2 and 
awarufifte fift was deftecfted onfly under aflkaflfine condfiftfions and wThen 
ftThe amounft off mfinerafl was fincreased (Ffig. 4b). H2-dependenft 
reducftfion off fformafte fto aceftafte (equaftfion (3) – equaftfion  (1)); 
3H2 + CHOO

– + CO2 → CH3COO
– + 2H2O) consfisftenftfly reacThed 

sfimfiflar ∆G vaflues ffor eacTh mfinerafl, regardfless off pH and mfinerafl 
conftenft (approxfimaftefly –72, –89 and –115 kJ mofl–1 aft 100 °C ffor 
grefigfifte, magneftfifte and awarufifte, respecftfivefly), suggesftfing ftThe pos-
sfibfiflfifty off sThared ffeaftures beftween ftThe mfinerafls’ caftaflyftfic mecTha-
nfisms. None off ftThe ftThree mfinerafls caftaflysed aceftafte synftThesfis fto 
compfleftfion (∆G << 0), suggesftfing ftThe possfibfle presence off kfineftfic 
barrfiers and an opporftunfifty ffor energeftfic coupflfing. For ftThose reac-
ftfions fin wThficTh no H2 was added, onfly naftfive meftafls were avafiflabfle 
as reducftanft (Exftended Dafta Ffigs. 3, 5a and 7), probabfly generaft-
fing finftermedfiafte H2 ffrom wafter.

Dfiscussfion
WThen grefigfifte, magneftfifte or awarufifte fis used as a caftaflysft, ftThe syn-
ftThesfis off fformafte, aceftafte, meftThanofl and pyruvafte ffrom H2 and CO2 
under ThydroftThermafl condfiftfions fis ffacfifle. TThe synftThesfis off fformafte 
and aceftafte fis ffurftThermore robusft fto ftThe caftaflysft empfloyed. TThe 
mafin producft we observed was fformafte (Ffigs. 2–4), wThficTh fis aflso 
ftThe mafin organfic producft off abfioftfic organfic synftThesfis ffound fin aflka-
flfine ThydroftThermafl venft efffffluenft9,31,36,37. We propose a mecThanfism ffor 
ftThe caftaflysed ftwo-eflecftron reducftfion off CO2 fto fformafte ffor aflfl ftThree 
mfinerafls (Exftended Dafta Ffig. 10).
Formafte synftThesfis ffrom H2 and CO2 was anftficfipafted by ear-

flfier sftudfies38,39, and fformafte synftThesfis ffrom CO2 Thas been reporfted 
aft ThfigTh ftemperaftures (> 250 °C) and pressures (> 300 bar) wfiftTh 
ThydroftThermafl mfinerafls40. However, ftThe amounfts off fformafte 
we observed wfiftTh Nfi3Fe aft moderafte ftemperafture and pres-
sure (70–100 °C and 25 bar H2/CO2 aftmospThere), as weflfl as ftThe 
accumuflaftfion off aceftafte and pyruvafte, reveafl an unexpecfted cor-
respondence beftween sponftaneous H2-dependenft CO2 reduc-
ftfion and meftaboflfism. We see a cflear ftendency off Nfi-conftafinfing 
compounds fto prefferenftfiaflfly produce fformafte fin ThfigTh concenftra-
ftfions18, wThfifle pyruvafte accumuflaftfion fis prefferenftfiaflfly observed 
wfiftTh Fe. TThese producft-caftaflysft specfiffficfiftfies are reffflecfted fin ftThe 
acftfive sfifte meftafls off correspondfing enzymes off ftThe modern aceftyfl-
CoA paftThway11–13,41–46.
Under pThysfioflogficafl condfiftfions, ftThe reducfing power off H2 fis 

finsuffffficfienft fto reduce CO2. Mficrobes sftudfied fto dafte reduce CO2 
wfiftTh eflecftrons ffrom H2, empfloyfing ffflavfin-based eflecftron bfiffurca-
ftfion fto synftThesfize reduced firon suflffur cflusfters fin fferredoxfin ffor CO2 
fffixaftfion12,47. TThfis bfioflogficafl CO2 fffixaftfion usuaflfly aflso enftafifls fion 
gradfienfts47,48. TThe reacftfions reporfted There requfire nefiftTher eflecftron 
bfiffurcaftfion nor fion gradfienfts. WfiftTh sufiftabfle finorganfic caftaflysfts ftThaft 
acftfivafte boftTh H2 and CO2 fto enabfle ftThefir reacftfion, producfts off ftThe 
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Ffig. 4 | Awarufifte caftaflyses synftThesfis off fformafte, aceftafte, and pyruvafte. a, Effffecft off ftemperafture on awarufifte caftaflysfis. b, Impacft off amounft off awarufifte 

caftaflysft used. Aflfl reacftfions were perfformed fin wafter (1 mfl). Amounfts off caftaflysft used are normaflfized fto ftThe number off mofles off meftafl aftoms per mofle 

off mfinerafl compound: 0.25 mmofl off awarufifte fis equfivaflenft fto 1 mmofl off meftafl aftoms. Indfivfiduafl experfimenfts were perfformed under H2/CO2 (40/60) 

aftmospThere. Aflfl experfimenfts were conducfted wfiftThouft sftfir bars. Vaflues off 0 are noft sThown on ftThe flogarfiftThmfic scafle. Aflfl measuremenfts were perfformed 

fin aft fleasft ftrfipflficafte (2.5 mmofl off awarufifte fin dupflficafte). ND, noft deftecfted (no producft was fformed or producft concenftraftfion was beflow ftThe deftecftfion 

flfimfift). Cfircfles correspond fto vaflues obftafined fin findfivfiduafl experfimenfts. Experfimenftafl concenftraftfion vaflues and s.d. are flfisfted fin Suppflemenftary Tabfle 1, and 

conftrofl experfimenfts are sThown fin Exftended Dafta Ffig. 2b,c and Suppflemenftary Tabfles 6 and 7.
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aceftyfl-CoA paftThway (Ffigs. 2, 3 and 4) are fformed wfiftThouft ftThe addfi-
ftfion off organfic co-ffacftors.
WfiftTh ftThe excepftfion off eftThanofl, ftThe reacftfion producfts we observe 

correspond exacftfly fto ftThose off ftThe bfioflogficafl aceftyfl-CoA paftThway fto 
pyruvafte11 (Ffig. 5). No oftTher reacftfion producfts were observed. TThaft 
fis, ftThe mfinerafl-caftaflysed H2-dependenft reducftfion off CO2 deflfivers a 
very dfiscrefte subseft off possfibfle cThemficafl sftrucftures: one ftThaft con-
sftrucfts ftThe backbone off carbon and energy meftaboflfism fin prfimfiftfive 
anaerobfic auftoftropThs11–15. TThe aceftyfl-CoA paftThway11,14 enftafifls 11 mafin 
enzymes ftoftaflflfing ~15,000 amfino acfid resfidues13,41–45 pflus sfix organfic 
co-ffacftors, eacTh wfiftTh fifts own compflex bfiosynftThesfis14. TThe bacfterfiafl 
and arcThaeafl versfions off ftThe paftThway finvoflve evofluftfionarfifly unreflafted 
enzymes buft cThemficaflfly sfimfiflar meftThyfl synftThesfis rouftes6,11,14. TThe 
reacftfions off ftThe aceftyfl-CoA paftThway empfloyed fin modern meftabo-
flfism (Ffig. 5) finvoflve ftThe sftepwfise conservaftfion off cThemficafl energy 
durfing CO2 fffixaftfion as aceftyfl-nfickefl, aceftyfl-ftThfioesfter, aceftyfl-pThos-
pThafte and ATP synftThesfis vfia subsftrafte-flevefl pThospThoryflaftfion (marked 
wfiftTh an asfterfisk fin Ffig. 5)11–14. AflftThougTh ftThe nafture off caftaflysft-bound 
finftermedfiaftes off ftThe bfioflogficafl paftThway ffrom H2 and CO2 fto meftTh-
ane, aceftafte and pyruvafte fis known11–14, ftThe fidenftfifty off caftaflysft-bound 
finftermedfiaftes off mfinerafl-caftaflysed reacftfions fis noft.
Proposafls ffor ftThe nafture off prfimordfiafl CO2 fffixaftfion and energy 

conservaftfion aft bfiocThemficafl orfigfins ftypficaflfly posfift ftThe parftficfipaftfion 
off exfternafl energy sources49, sucTh as UV flfigThft50, Theaft, fimpacft, pres-
sure, eflecftrficafl currenfts or fion gradfienfts28, fto pusTh organfic synftThesfis 
fforward. TThe reacftfions reporfted There requfire no addfiftfionafl energy 
source ffor ftThe unffofldfing off a proftomeftaboflfic aceftyfl-CoA paftThway 
ffrom H2 and CO2 oftTher ftThan ftThe nafturafl reacftfivfifty off ftwo gases and 
meftafl caftaflysfts, findficaftfing ftThaft nefiftTher membranes, ftThougTh essenftfiafl 
ffor ftThe emergence off ffree-flfivfing ceflfls6,51–53, nor exfternafl poftenftfiafls19,54 
were requfired ffor prfimordfiafl CO2 fffixaftfion aflong an exergonfic, H2-
dependenft, non-enzymaftfic paftThway fto C3 producfts. TThe energy ffor 
ftThe synftThesfis off compounds capabfle off pThospThoryflaftfing ADP vfia 
subsftrafte-flevefl pThospThoryflaftfion6,11,12—ffor reacftfions reporfted There, 
and ffor ftThose off ftThe enzymaftficaflfly caftaflysed aceftyfl-CoA paftThway—
sftems ffrom ftThe exergonfic synftThesfis off bfioflogficaflfly reflevanft organfic 
compounds ffrom H2 and CO2. Our fffindfings suggesft ftThaft abfioftfic, 
geocThemficafl versfions off energy-refleasfing reacftfions underflyfing ftThe 
aceftyfl-CoA paftThway very flfikefly preceded ftThe enzymes ftThaft caftaflyse 

fift ftoday11,14,18,55. TThe sfimpflficfifty and prfimordfiafl nafture off ftThese  
reacftfions ffurftThermore suggesfts ftThaft meftaboflfism eflsewThere coufld 
finfiftfiafte by a sfimfiflar roufte.

MeftThods
Generafl finfformaftfion. An overvfiew off ftThe experfimenfts perfformed can be ffound 
fin Exftended Dafta Ffig. 1, and reflevanft conftrofls fin Exftended Dafta Ffigs. 2 and 3 and 
Suppflemenftary Tabfles 4–7. The quanftfifty off eacTh ftransfiftfion meftafl reagenft ftesfted as a 
carbon fixaftfion caftaflysft was normaflfized so ftThaft fift woufld conftafin ftThe same number 
off mfiflflfimofles off meftafl aftoms across ftThe experfimenfts. For exampfle, 1 mmofl off 
meftafl aftoms corresponds fto 0.33 mmofl off grefigfifte (99 mg), 0.33 mmofl off magneftfifte 
(77 mg) and 0.25 mmofl off awarufifte (58 mg). EacTh reacftfion was perfformed fin aft 
fleasft ftrfipflficafte. Infformaftfion on suppflfiers, grade and purfifty off aflfl reagenfts used fis 
flfisfted fin ftThe Suppflemenftary Infformaftfion.

SynftThesfis off grefigfifte. Every pfiece off apparaftus used fin grefigfifte synftThesfis was sftored 
fin an anaerobfic cThamber (Coy Laboraftory Producfts) under a gas mfixfture off N2/
H2/CO2 (80/5/15) ffor aft fleasft 48 Th beffore use, fto remove resfiduafl oxygen. Reagenfts 
ffor grefigfifte synftThesfis were purged wfiftTh N2 beffore use unfless oftTherwfise sftafted. 
AmorpThous FeO(OH) was synftThesfized as reporfted prevfiousfly56 and suspended 
fin Mfiflflfi-Q wafter (0.30 mofl fl–1) under afir aftmospThere. Afffter purgfing wfiftTh N2, ftThfis 
suspensfion was sftored fin a gflass boftftfle under N2/H2/CO2 (80/5/15). Sofluftfions off 
Na2S (1.0 M) and H2SO4 (2.0 M) were prepared as reporfted prevfiousfly

57 and sftored 
fin a gflass boftftfle under N2. Grefigfifte was synftThesfized fin a soflfid–gas reacftfion sysftem 
as reporfted prevfiousfly57 wfiftTh sflfigThft modfiffficaftfions. In brfieff, amorpThous FeO(OH) 
(0.66 mmofl, 2.2 mfl off wafter suspensfion) was aflfiquofted fto a gflass reacftfion vessefl, 
and a ftesft ftube conftafinfing 1.0 mfl off ftThe Na2S sofluftfion was pflaced fin ftThe vessefl finsfide 
ftThe anaerobfic cThamber. TThe vessefl was seafled wfiftTh an eftThyflene fteftrafffluoroeftThyflene 
(ETFE)-coafted buftyfl rubber sftopper and an aflumfinfium seafl. TThe vessefl was ftThen 
removed ffrom ftThe anaerobfic cThamber and ftThe Theadspace gas repflaced wfiftTh Ar. 
Afffter refturnfing ftThe vessefl fto ftThe anaerobfic cThamber, H2S gas was generafted finsfide 
ftThe vessefl by finjecftfing 0.5 mfl off ftThe H2SO4 sofluftfion finfto ftThe Na2S sofluftfion fin ftThe 
ftesft ftube usfing a dfisposabfle Myjecftor syrfinge (Terumo). TThe vessefl was fincubafted 
aft 80 °C ffor 3 Th. TThe resuflftfing grefigfifte suspensfion was coflflecfted by pfipeftftfing ffrom 
severafl reacftfion vessefls, wasThed wfiftTh 0.5 M HCfl and ftThen rfinsed wfiftTh N2-purged 
Mfiflflfi-Q wafter fin ftThe anaerobfic cThamber as descrfibed prevfiousfly57.

CO2 fffixaftfion caftaflysed by grefigfifte. SynftThesfized grefigfifte (0.33 mmofl) was 
resuspended fin 3 mfl off poftassfium pThospThafte buffffer (20 mM) off desfignafted pH. 
TThe grefigfifte suspensfion was pflaced fin a ffresTh gflass reacftfion vessefl, wThficTh was ftThen 
seafled wfiftTh an ETFE-coafted buftyfl rubber sftopper and an aflumfinfium seafl. TThe vessefl 
was ftThen removed ffrom ftThe cThamber and ftThe Theadspace gas repflaced wfiftTh H2/CO2 
(80/20) or CO2 ouftsfide ftThe cThamber. Vessefls were fincubafted aft 100 °C over 4–24 Th.

HfigTh-perfformance flfiqufid cThromaftograpThy (HPLC) anaflysfis (grefigfifte 
experfimenfts). Lfiqufid-pThase componenfts were anaflysed on a D-2000 LaCThrom 
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Ffig. 5 | congruence beftween ftThe aceftyfl-coA paftThway and reacftfions caftaflysed by ftThree firon mfinerafls ffound fin ThydroftThermafl venfts. TThe cThemficafl 

reacftfions sThown summarfize ftThe aceftyfl-CoA paftThway as fift occurs fin ThydrogenoftropThfic bacfterfia and arcThaea, as depficfted fin reff. 11, wfiftTh ftThe excepftfion 

off ffree fformafte flafter dfiscovered fin ftThe arcThaeafl paftThway65. TThe meftThenyfl (=CH–), meftThyflene (–CH2–) and meftThyfl (–CH3) groups off ftThe bacfterfiafl and 

arcThaeafl paftThways are bound fto fteftraThydroffoflafte and fteftraThydromeftThanopfterfin, respecftfivefly, generficaflfly findficafted There as caftaflysfts (⊥). Coflour-edged 

boxes findficafte producfts observed fin reacftfions usfing firon mfinerafl caftaflysfts. Asfterfisk findficaftes ftThe reacftfion sequence fin wThficTh energy fis conserved as 

ATP vfia subsftrafte-flevefl pThospThoryflaftfion fin ftThe bfioflogficafl paftThway (acyfl-nfickefl, ftThfioesfter and acyfl-pThospThafte finftermedfiaftes empfloyed by ftThe enzymaftfic 

paftThway ffor sftepwfise conservaftfion off ffree energy fin exergonfic conversfion off ftThe nfickefl-bound acyfl group fto ATP11 are noft sThown). Aflfl producfts sThown were 

observed aft ftemperaftures ≤ 100 °C and obftafined wfiftThfin < 24 Th, excepft meftThane fin ftThe case off grefigfifte, wThficTh was observed over ftThe course off 25 d (Ffig. 

2c). MeftThanofl, meftThyfl suflfffide, meftThyfl amfines and meftThoxy groups ffrom coafl can serve as meftThyfl donors ffor ftThe paftThway11,66.
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Eflfifte HPLC sysftem (HfiftacThfi), equfipped wfiftTh an Amfinex HPX-87H coflumn 
(300 mm, 7.8 mm finfternafl dfiamefter (fi.d.); Bfio-Rad Laboraftorfies) and an L-2400 UV 
deftecftor aft 240 nm and L-2490 RI deftecftor as descrfibed prevfiousfly58. Supernaftanfts 
obftafined fin ftThe CO2 reducftfion experfimenfts were coflflecfted afffter cenftrfiffugaftfion 
finsfide ftThe anaerobfic cThamber, ftThen 10 µfl off ftThe supernaftanfts obftafined were dfirecftfly 
finjecfted finfto ftThe HPLC cfircufift and cThromaftograpThed under an fisocraftfic ffflow off 
0.7 mfl mfin–1 (efluenft, 10 mM H2SO4 fin H2O). Coflumn ftemperafture was mafinftafined 
aft 50 °C. Idenftfiftfies off ftThe anaflyftes deftecfted were deftermfined by ftThe flfiqufid 
cThromaftograpThy–ftandem mass specftromeftry sysftem: Agfiflenft 1200 HPLC (Agfiflenft 
TecThnoflogfies) coupfled fto an HCT Uflftra mass specftromefter (Bruker Daflftonfics) 
usfing a SThodex HILICpak VG-50 2D coflumn (150 mm, 2 mm fi.d.; SThowa Denko). 
TThe supernaftanft prepared as above was mfixed wfiftTh an equafl amounft off ftThe efluenft, 
ftThen 5 μfl off ftThe mfixfture was finjecfted finfto ftThe HPLC cfircufift and cThromaftograpThed 
under an fisocraftfic ffflow off 0.1 mfl mfin–1 (efluenft, a mfixfture off aceftonfiftrfifle and 0.25% 
ammonfia wafter aft 80/20). Coflumn ftemperafture was mafinftafined aft 30 °C.

HfigTh-pressure measuremenfts (grefigfifte experfimenfts). A prevfiousfly devefloped59 
ThfigTh-pressure fincubaftfion sysftem was used ffor ftThe ThfigTh-pressure CO2 (Ffig. 2c) 
and CO (Exftended Dafta Ffig. 4b) reducftfion reacftfions fin ftThfis sftudy. TThe sysftem 
consfisfted off an fincubaftfion vessefl (sftafinfless sfteefl wfiftTh Suflfffinerft coaftfing on fifts 
finfternafl waflfl, voflume 150 cm3; Swageflok), finffflow/ouftffflow ftubes wfiftTh vaflves 
(Swageflok) and a 500D auftomafted syrfinge pump (Tefledyne Isco). Grefigfifte 
suspensfion was pflaced fin ftThe reacftfion vessefl finsfide ftThe anaerobfic cThamber. Afffter 
seaflfing ftThe vessefl wfiftTh finffflow and ouftffflow ftubes, ftThe Theadspace gas was repflaced 
wfiftTh H2 + CO2 (80/20) ftThrougTh a rubber sepftum equfipped wfiftTh an finffflow ftube, vfia 
a needfle. TThfis vessefl was ftThen connecfted fto ftThe syrfinge pump vfia ftThe finffflow ftube 
fto compflefte ftThe fincubaftfion sysftem. Poftassfium pThospThafte buffffer was finjecfted by 
ftThe syrfinge pump fto reacTh a Thydrosftaftfic pressure off 100 bar. Incubaftfion aft 60 °C 
sftarfted afffter H2 and CO2 were compfleftefly dfissoflved fin ftThe flfiqufid pThase (verfifffied by 
gas cThromaftograpThy anaflysfis). Sampfles were perfiodficaflfly coflflecfted vfia ftThe ouftffflow 
ftube wThfifle keepfing ftThe same Thydrosftaftfic pressure ftThrougTh auftomafted pressure 
conftrofl off ftThe syrfinge pump.

Gas anaflysfis (grefigfifte experfimenfts). Gas-pThase measuremenfts were carrfied 
ouft on a gas cThromaftograpTh GC-2014 (SThfimadzu) as descrfibed prevfiousfly58. 
Dependfing on ftThe ftargeft gas componenft, dfifffferenft coflumns and deftecftors were 
used: an Rft-QPLOT (30 m, 0.32 mm fi.d., 10 μm F.T.; Resftek) wfiftTh ffflame fionfizaftfion 
deftecftor (FID) ffor CH4, moflecuflar sfieve 13× coflumn (2 m, 3 mm fi.d.; SThfimadzu) 
wfiftTh a ftThermafl conducftfivfifty deftecftor (TCD) ffor H2 and CO, and acftfivafted cTharcoafl 
coflumn (2.0 m, 3 mm, 60/80 mesTh; SThfinwa CThemficafl Indusftrfies) wfiftTh TCD ffor 
CO2. Pure He and Ar were used as carrfier gases ffor FID and TCD, respecftfivefly. 
Gases were fidenftfifffied by gas cThromaftograpThy–mass specftromeftry (GC–MS) usfing 
ftwo sysftems: (1) TQ8040 NX GC–MS (SThfimadzu) equfipped wfiftTh a poflar capfiflflary 
coflumn (TC-70, 30 m, 0.25 mm fi.d., 0.25 μm F.T.; GL Scfiences); (2) QP2010 Pflus 
GC–MS (SThfimadzu) equfipped wfiftTh Rft-Q-BOND (15 m, 0.32 mm fi.d., 10 μm F.T.; 
Resftek). Carrfier gas fin boftTh sysftems was pure He.

SynftThesfis off awarufifte (Nfi3Fe) nanoparftficfles. As prevfiousfly reporfted
60,61, spenft 

ftea fleaves can be used as susftafinabfle Thard ftempflafte fto synftThesfize naftfive meftafl 
nanoparftficfles aft ftThe desfired composfiftfion. For ftThe synftThesfis off nanoparftficuflar Nfi3Fe, 
wasThed and drfied ftea fleaves were added fto an aqueous sofluftfion off Nfi(NO3)2·6H2O 
and Fe(NO3)3·9H2O (moflar raftfio 3/1) and sftfirred aft room ftemperafture ffor 2 Th. 
TThe mass raftfio off ftea fleaves and meftafl precursors was seft aft 2/1. Due fto ftThe flow 
decomposfiftfion ftemperafture off ftThe meftafl nfiftrafte saflft (< 200 °C), meftafl oxfide 
nanoparftficfles can be fformed fin ftThe pore confffinemenft off ftThe ftempflafte beffore fifts 
sftrucfturafl damage/combusftfion. TThe carbon-based ftea fleaff ftempflafte was burned ouft 
fin afir aftmospThere (550 °C ffor 4 Th), and ftThe resuflftfing Nfi3Fe oxfide was wasThed wfiftTh 
0.1 M HCfl sofluftfion ffor 2 Th and cfleaned wfiftTh defionfized wafter. Ffinaflfly, ftThe producft 
was ftreafted fin a reducftfive 10% H2/Ar  ffflow  (100 mfl mfin

–1) aft 500 °C ffor 2 Th fto 
generafte ftThe finftermeftaflflfic Nfi3Fe compound.

CO2 fffixaftfion caftaflysed by magneftfifte and awarufifte. Awarufifte and 
magneftfifte powders (commercfiafl) were pflaced fin a 1.5-mfl gflass vfiafl. In ftThe 
case off ftThe magneftfifte and awarufifte experfimenfts sThown fin Ffig. 3, a cflean 
poflyfteftrafffluoroeftThyflene (PTFE)-coafted sftfir bar was added fto ftThe vfiafl. Aflfl ffurftTher 
awarufifte experfimenfts were conducfted wfiftThouft sftfir bars. TThe reacftfion vfiafls were 
ftThen fffiflfled wfiftTh 1.0 mfl off Mfiflflfi-Q wafter. WThenever ftThe effffecft off fincreased pH off 
ftThe reacftfion mfixftures was ftesfted, soflfid KOH was added fto Mfiflflfi-Q wafter beffore 
ftThe  reacftfion  (45 mg mfl–1). KOH Thad prevfiousfly been ftesfted ffor conftamfinanfts 
by 1H-NMR anaflysfis (Exftended Dafta Ffig. 9a). To prevenft cross-conftamfinaftfion 
wThfifle aflflowfing ffor ready access off ftThe gas fto ftThe reacftfion mfixfture, ftThe vfiafls 
were cflosed by caps wfiftTh puncftured PTFE sepfta. TThe reacftfion vfiafls (3–12) were 
pflaced fin a sftafinfless-sfteefl pressure reacftor (BergThoff or Parr) wThficTh was ftThen 
seafled, ffflusThed ftThree ftfimes wfiftTh ca. 5 bar CO2, pressurfized fto a fffinafl vaflue off 
25 bar  CO2 (unfless nofted oftTherwfise) and Theafted aft ftThe desfired ftemperafture (an 
exfternafl Theaftfing manftfle was used) ffor 16 Th. Aft a reacftfion ftemperafture off 100 °C, 
a maxfimum pressure off ca. 30 bar was reacThed. Afffter ftThe reacftfion, ftThe reacftor 
was aflflowed fto coofl fto room ftemperafture (3–4 Th ffrom 100 °C, 2–3 Th ffrom 70 °C) 
beffore sampfle anaflysfis18,55.

Experfimenfts wfiftTh firon powder or Thydrogen gas. TThese experfimenfts were 
perfformed accordfing fto ftThe generafl procedure descrfibed above, excepft ftThaft 
10 mmofl (560 mg) off Fe0 powder was fffirsft pflaced fin ftThe reacftfion vfiafls ffoflflowed by 
ftThe mfinerafl ftesfted and no sftfir bars were added. FurftTher experfimenfts expflorfing 
ftThe fimpacft off ftThe amounft off Fe0 powder are sThown fin Exftended Dafta Ffig. 7a. 
WThenever H2 was used fin ftThe experfimenfts, ftThe pressure reacftor was fffirsft ffflusThed 
wfiftTh CO2, pressurfized wfiftTh 10 bar off H2 and ftThen brougThft fto 25 bar by ffurftTher 
addfiftfion off CO2 (H2/CO2 approxfimaftefly 40/60).

Work-up procedure ffor reacftfion mfixftures (magneftfifte and awarufifte). TThe pH off 
findfivfiduafl reacftfion mfixftures was deftermfined vfia TRITEST L pH 1.0–11.0 papers 
(MacTherey-Nagefl) dfirecftfly afffter ftThe reacftfion. TThe vaflues off Nfi3Fe experfimenfts were 
confffirmed wfiftTh a pH meftre (Lab 875, SI Anaflyftfics) and a pH combfinaftfion mficro-
eflecftrode (A 157 IDS, SI Anaflyftfics). CO2 dfissoflved fin ftThe reacftfion mfixfture durfing 
ftThe reacftfion decreased reacftfion pH vaflues due fto ftThe fformaftfion off carbonfic acfid. 
Reacftfion mfixftures ftThaft dfid noft conftafin KOH were efiftTher ftreafted wfiftTh ca. 45 mg off 
soflfid KOH per 1-mfl reacftfion mfixfture fto precfipfiftafte ftThe meftafl fions as Thydroxfides 
(fin ftThe case off Fe3O4 and Nfi3Fe experfimenfts, sThown fin Ffig. 3), or fleffft unftreafted 
(fin ftThe case off Nfi3Fe). TThe ftreaftmenft off findfivfiduafl experfimenftafl rows was aflso 
dependenft on ftThe vfisfibfle concenftraftfion off meftafl fions fin sofluftfion (sfince ftThese fions 
Thave fto be removed by precfipfiftaftfion as Thydroxfides beffore NMR measuremenfts), 
and fis addfiftfionaflfly descrfibed fin ftThe correspondfing fffigure flegends. Aflfl sampfles were 
ftThen cenftrfiffuged aft 13,000 r.p.m. ffor 10 mfin. TThe supernaftanft was ftThen separafted 
ffrom ftThe precfipfiftafte (caftaflysft) and sftored aft 4 °C overnfigThft or flonger beffore NMR 
or HPLC anaflysfis.

NMR anaflysfis (magneftfifte and awarufifte). Concenftraftfions off fformafte, aceftafte, 
pyruvafte and meftThanofl (as meftThoxfide) were deftermfined by 1H-NMR, ffoflflowfing ftThe 
proftocofl esftabflfisThed fin Varma eft afl.18. TThe supernaftanft off ftThe cenftrfiffuged sampfles 
was mfixed wfiftTh sodfium 3-(ftrfimeftThyflsfiflyfl)-1-propanesuflffonafte D2O-sofluftfion as 
ftThe finfternafl sftandard (CH3 peak aft 0 ppm). NMR specftra were acqufired on efiftTher 
a Bruker Avance III 600 or 300 specftromefter aft 297 K, usfing a ZGESGP puflse 
programme. TThfirfty-ftwo scans were acqufired ffor eacTh sampfle and ftThe reflaxaftfion 
deflay was seft fto 40 s (600 MHz) and 87 s (300 MHz), wfiftTh a specftrafl wfidftTh off efiftTher 
12,315 ppm (600 MHz) or 11,963 ppm (300 MHz). Anaflysfis and finftegraftfion were 
perfformed usfing MesftReNova (v.10.0.2) soffftware. SThfifffts off ftThe measured producfts 
are depficfted fin Exftended Dafta Ffig. 9b.

Powder X-ray dfiffffracftfion. Power XRD anaflysfis was perfformed ffor pre- and 
posft-reacftfion caftaflysfts. For grefigfifte, XRD specfimes were prepared as descrfibed 
prevfiousfly57. In brfieff, sampfls were coflflecfted by cenftrfiffugaftfion and ftThe peflfleft 
obftafined dfirecftfly mounfted fin sflurry fform on a sfiflficon Thoflder (SanyuSThoko), ftThen 
seafled usfing poflyfimfide fffiflm (Nfiflaco Corporaftfion) and vacuum grease (JEOL) fto 
avofid possfibfle desficcaftfion and oxfidaftfion durfing anaflysfis. Specfimens were anaflysed 
usfing a RINT2000 X-ray dfiffffracftomefter (Rfigaku) aft room ftemperafture ffor CuKα1, 2 
radfiaftfion scannfing aft a sftep finftervafl off 0.02° 2θ and a counftfing ftfime off 2 s wfiftTh a 2θ 
range off 20–60°, operaftfing aft an accefleraftfing voflftage off 40 kV aft 30 mA. To prepare 
specfimens ffor magneftfifte and awarufifte experfimenfts, sampfles were coflflecfted, wasThed 
wfiftTh Mfiflflfi-Q wafter and drfied under vacuum. XRD paftfterns off ftThese specfimens 
were coflflecfted aft room ftemperafture usfing a ftThefta-ftThefta dfiffffracftomefter (Sftoe) fin 
BraggBrenftano geomeftry ffor CuKα1, 2 radfiaftfion scannfing, aft a sftep finftervafl off 0.04° 
2θ and a counftfing ftfime off 6 s wfiftTh a 2θ range off 20–80°.

Eflecftron mficroscopy. Eflecftron mficroscopfic observaftfion was conducfted ffor pre-
reacftfion caftaflysfts fto cTheck ftThefir morpThoflogy. For grefigfifte, specfimens were prepared 
as descrfibed prevfiousfly57. Brfiefffly, fin ftThe anaerobfic cThamber, grefigfifte was rfinsed 
aft fleasft ftThree ftfimes wfiftTh N2-purged Mfiflflfi-Q wafter, drfied aft room ftemperafture 
and ftThen mounfted on an aflumfinfium sftab usfing carbon ftape. Specfimens were 
removed ffrom ftThe anaerobfic cThamber, coafted wfiftTh pflaftfinum/paflfladfium aflfloy wfiftTh 
an fion-spuftfter E102 (HfiftacThfi) and observed on efiftTher a JSM-6330F (JEOL) or 
JSM-7800F (JEOL) fffiefld-emfissfion scannfing eflecftron mficroscope aft an accefleraftfion 
voflftage off 5 kV. Magneftfifte sampfles were deposfifted on flacy carbon fffiflm-coafted 
Cu grfids (400 mesTh) and observed on an H-7100 (HfiftacThfi) ftransmfissfion eflecftron 
mficroscope aft an accefleraftfion voflftage off 100 kV. Awarufifte sampfles were coflflecfted 
and embedded fin Spurr resfin (Thard mfixfture). Resfin bflocks ftThus obftafined were 
ftrfimmed usfing an EM TRIM mfiflflfing sysftem (Lefica). TThfin secftfions were cuft ffrom 
ftThe resfin bflocks by mficroftome wfiftTh a 35° dfiamond knfiffe (ReficTherft Uflftra-Cuft), 
dfispersed fin Mfiflflfi-Q wafter, ftransfferred ffrom ftThe wafter surfface on flacy carbon 
fffiflm-coafted Cu grfids (400 mesTh) and observed on an S-5500 (HfiftacThfi) scannfing 
ftransmfissfion eflecftron mficroscope aft an accefleraftfion voflftage off 30 kV.

TThermodynamfic caflcuflaftfions. For ∆G caflcuflaftfions, pubflfisThed vaflues off ∆H 
(reacftfion enftThaflpy) and ∆G vaflues were used62,63. TThe effffecft off ftemperafture on 
Gfibbs ffree energy yfiefld was caflcuflafted usfing ftThe Gfibbs–HeflmThoflftz equaftfion. 
Equfiflfibrfium consftanfts aft dfifffferenft ftemperaftures were adjusfted usfing ftThe van’ft Hoffff 
equaftfion (deftafifled equaftfions gfiven fin Suppflemenftary Infformaftfion). Correcftfions 
based on non-sftandard pressures were esftfimafted usfing parftfiafl moflar voflume 
cThanges off ftThe reacftfions64. For any organfic compounds noft deftecfted, an aqueous 
concenftraftfion off 0.1 µM was assumed. For CH4, a parftfiafl pressure off 10

–7 bar  was 
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assumed wThen noft deftecfted. In reacftfions conftafinfing Fe0 as an eflecftron donor 
(Suppflemenftary Tabfle 2), H2 concenftraftfion was esftfimafted by assumfing ftThaft H2-
dependenft CO2 reducftfion fto fformafte reacThed equfiflfibrfium. Ffinafl H2 and CO2 
concenftraftfions were esftfimafted based on ftThe measured producfts (subftracftfing 1 mofl 
off H2 per mofle fformafte deftecfted).

Reporftfing Summary. FurftTher finfformaftfion on researcTh desfign fis avafiflabfle fin ftThe 
Nafture ResearcTh Reporftfing Summary flfinked fto ftThfis arftficfle.

Dafta avafiflabfiflfifty
Aflfl dafta are avafiflabfle fin ftThe mafin ftexft, Exftended Dafta Ffigs. 1–10 and ftThe 
Suppflemenftary Infformaftfion (Suppflemenftary MeftThods, Suppflemenftary Tabfles 1–7, 
Suppflemenftary Ffigs. 1–29 and Suppflemenftary Equaftfions).

Recefived: 9 Jufly 2019; Accepfted: 23 January 2020;  
PubflfisThed: xx xx xxxx
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Exftended Dafta Ffig. 1 | overvfiew off ftThe mafin experfimenfts perfformed fin ftThfis sftudy. TThree dfifffferenft firon-conftafinfing ThydroftThermafl mfinerafls were ftesfted ffor 

ftThefir abfiflfifty fto caftaflyse ftThe reacftfion beftween CO2 and H2: grefigfifte (Fe3S4), magneftfifte (Fe3O4), and awarufifte (Nfi3Fe).
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Exftended Dafta Ffig. 2 | Background conftrofls ffor co2 fffixaftfion. a Conftrofl runs ffor grefigfifte experfimenfts—eacTh run was perfformed efiftTher fin ftThe absence off H2 

or CO2, or boftTh. Cfircfles sThow findfivfiduafl measuremenfts. CO2-onfly and H2-onfly conftrofls were perfformed aft fleasft fin ftrfipflficafte – vaflues off 0 are noft sThown by 

ftThe flogarfiftThmfic scafle. Four ftypes off conftrofl experfimenfts under ftThe condfiftfions off grefigfifte experfimenfts were perfformed wfiftTh ftThe caftaflysft: one under 100% 

CO2 aftmospThere, one under 100% H2 aftmospThere and ftwo under Ar aftmospThere (one wfiftTh, one wfiftThouft caftaflysft). TThe mass specftra off ftThe argon-conftrofls 

are flfisfted fin ftThe suppflemenftafl mafterfiafl. TThe CO2-onfly experfimenfts sThow ftThaft fformafte can be fformed fin smaflfl amounfts wfiftThouft H2 gas, suggesftfing ftThaft ftThe 

eflecftrons necessary ffor CO2 reducftfion can aflso come ffrom grefigfifte’s Fe
2+ fions, efiftTher by fformfing H2 ffrom wafter or by a dfirecft reducftfion off CO2. TThe flaftfter 

seems fless probabfle as ftThe sftep ffrom CO2 fto fformafte fis a 2-eflecftron reacftfion, wThficTh eflecftrons Fe
2+ cannoft provfide (see aflso ftThe proposed mecThanfism 

fin Exftended Dafta Ffig. 10). b Comparfison beftween background and producft concenftraftfion fin awarufifte experfimenfts wfiftTh 1 mmofl meftafl aftoms Nfi3Fe (16 Th 

aft 100 °C, 25 bar, pH > 7). BoftTh CO2 fffixaftfion background wfiftThouft Nfi3Fe and ftThe background off Nfi3Fe fiftseflff under an Ar/H2 aftmospThere are sfignfiffficanftfly 

flower ftThan afffter H2-dependenft CO2 reducftfion wfiftTh Nfi3Fe. c Comparfing background and producft concenftraftfion fin awarufifte experfimenfts wfiftTh 2.5 mmofl 

meftafl aftoms Nfi3Fe (16 Th aft 100 °C, 25 bar, pH > 7). More deftafifls on ftThe background conftamfinaftfion fin awarufifte and magneftfifte experfimenfts are flfisfted fin 

Suppflemenftary Tabfles 3–6.
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Exftended Dafta Ffig. 3 | conftrofls wfiftTh added Fe0 powder. a Conftrofl ffor finfternafl Fe0 runs (reflevanft fto magneftfifte and awarufifte experfimenfts). Red: pH < 7; 

Bflue: pH > 7. Cfircfles sThow findfivfiduafl measuremenfts, aflfl conftrofls were perfformed fin aft fleasft ftrfipflficafte – vaflues off 0 are noft sThown by ftThe flogarfiftThmfic 

scafle. As sThown fin Varma eft afl.18, a KOH workup afffter ftThe reacftfion was necessary prfior fto anaflysfis. Here we sThow ftThaft KOH can aflso be added beffore ftThe 

reacftfion (bflue bars) fin order fto flfiberafte ftThe producfts finfto ftThe sofluftfion. For reacftfions aft flower pH (red bars), KOH was added afffterwards. In boftTh cases Fe 

powder promoftes ftThe reducftfion off CO2 fto fformafte, aceftafte, pyruvafte and meftThanofl. TThe exacft mecThanfism remafins uncflear, buft fift fis probabfle ftThaft ftThe Fe 

powder fis befing oxfidfized, fleadfing fto ftThe producftfion off H2 ffrom H2O. b Pficftures afffter ftThe reacftfion aft pH 8, 16 Th, 100 °C, 25 bar CO2/H2, sThowfing ftThe vfisuafl 

flevefl off oxfidaftfion off Fe0, Fe3O4 and Nfi3Fe. c XRD off firon powder afffter a reacftfion wfiftTh 0.125 mmofl Nfi3Fe on ftop (25 bar CO2, 16 Th, pH 8, 100 °C), ftThe resuflfts 

off ftThe CO2 fffixaftfion are sThown fin Exftended Dafta Ffig. 6. TThe XRD specftrum sThows ftThaft a major parft off ftThe firon surfface fis converfted finfto firon(II) carbonafte 

(sfiderfifte, FeCO3), ftThus confffirmfing ftThe oxfidaftfion off ftThe firon powder and ftThe precfipfiftaftfion off Fe
2+ fions wfiftTh carbonafte aft ftThe same ftfime.
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Exftended Dafta Ffig. 4 | Infffluence off pH and ThfigTh-pressure co experfimenfts ffor grefigfifte. a Infffluence off pH on grefigfifte reacftfions. Red: pH < 7; Bflue: pH > 7. 

Cfircfles sThow findfivfiduafl measuremenfts, aflfl measuremenfts perfformed fin aft fleasft ftrfipflficafte. TThe dfisftrfibuftfion off carbon fffixaftfion producfts fin grefigfifte reacftfions 

remafins sftabfle wfiftTh cThangfing pH. b Tfime course experfimenft off ThfigTh-pressure meftThane and fformafte producftfion ffrom CO under grefigfifte caftaflysfis (flfiqufid 

pThase, 150 mL) aft 60 °C and 100 bar. Usfing CO gas finsftead off CO2 and H2 does noft expflafin ftThe amounft off meftThane produced (up fto 0.04 mM). TThe 

raftfionafle ffor usfing CO as a sofle reacftanft sftems ffrom prevfious reporfts wThere smaflfl organfics were obftafined fin apprecfiabfle quanftfiftfies16. In reacftfions off CO 

wfiftTh grefigfifte and wafter, no organfic producfts were ffound oftTher ftThan fformafte, wThose carbon Thas ftThe same redox sftafte as CO.
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Exftended Dafta Ffig. 5 | Fe0 as exfternafl and finfternafl H2 source and eftThanofl occurrence fin awarufifte experfimenfts. a Screen off ftThe quanftfifty off Fe
0 as H2 

source. As a naftfive meftafl compound, awarufifte coufld serve as an eflecftron donor and/or a caftaflysft. To esftabflfisTh ftThe caftaflyftfic acftfivfifty off ftThe nanoparftficuflar 

awarufifte and ftThe abfiflfifty off Fe0 powder fto serve as an H2 deflfivery sysftem, ftThe concenftraftfion off Thydrogen gas wfiftThfin ftThe reacftor runs was graduaflfly 

fincreased. Ffirsft, 6 nefigThbourfing vfiafls fffiflfled wfiftTh 10 mmofl (560 mg) off firon powder (‘exfternafl firon’) eacTh provfided a smaflfl amounft off H2 fto ftThe aftmospThere 

finsfide ftThe pressure reacftor. By addfing 10 mmofl firon powder finfto reacftfion vfiafls (“finfternafl firon”) and pflacfing ftThe nanoparftficuflar awarufifte on ftop off fift, 

especfiaflfly fformafte concenftraftfion was pusThed ftowards very ThfigTh yfieflds (8 mM aft pH 5; 100 mM aft pH 8, depficfted fin mafin Ffig. 3b). b Occurrence off eftThanofl 

fin Nfi3Fe reacftfions. Red: pH < 7; Bflue: pH > 7. Cfircfles sThow findfivfiduafl measuremenfts; aflfl measuremenfts were perfformed fin aft fleasft dupflficafte – vaflues off 

0 are noft sThown by ftThe flogarfiftThmfic scafle. EftThanofl was deftecfted fin concenftraftfions up fto over 0.1 mM. Ifts concenftraftfion ffflucftuafted over ftThe course off 

experfimenfts, fleadfing fto ftThe concflusfion ftThaft fift mfigThft be a producft off decarboxyflaftfion off pyruvafte or oftTher sfide reacftfions.
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Exftended Dafta Ffig. 6 | flower amounfts off caftaflysft fin magneftfifte and awarufifte experfimenfts. a Nfi3Fe caftaflysfis off CO2 fffixaftfion wfiftTh 0.125 mmofl caftaflysft 

(0.5 mmofl meftafl aftoms). Reacftfions mfixftures wfiftTh pH < 7 were noft ftreafted wfiftTh KOH afffter ftThe reacftfion. b Fe3O4 caftaflysfis off CO2 fffixaftfion wfiftTh 0.167 mmofl 

caftaflysft (0.5 mmofl meftafl aftoms). Reacftfions mfixftures wfiftTh pH < 7 were ftreafted wfiftTh KOH afffter reacftfion. Usfing fless magneftfifte and fless awarufifte sftfiflfl yfieflds a 

noftficeabfle amounft off producft. c Nfi3Fe caftaflysfis off CO2 fffixaftfion aft 100–30 °C. Red: pH < 7; Bflue: pH > 7.Cfircfles sThow findfivfiduafl measuremenfts, aflfl measuremenfts 

were perfformed fin aft fleasft ftrfipflficafte – vaflues off 0 are noft sThown by ftThe flogarfiftThmfic scafle. Under ftThfis ftThermafl gradfienft (8 Th aft 100 °C, 8 Th aft 70 °C, 8 Th aft 30 °C), 

even very smaflfl amounfts (12.5 µmofl = 50 µmofl off meftafl aftoms) off Nfi3Fe sufffffice fto produce noftabfle amounfts off fformafte, aceftafte and meftThanofl.
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Exftended Dafta Ffig. 7 | effffecft off pThysficafl conftacft beftween Fe0 as finfternafl H2 source and caftaflysft and effffecft off Fe
0 amounft. a Effffecft off Fe0 as finfternafl 

H2 source wfiftTh magneftfifte as caftaflysft. Red: pH < 7; Bflue: pH > 7. Cfircfles sThow findfivfiduafl measuremenfts, aflfl measuremenfts were perfformed fin dupflficafte – 

vaflues off 0 are noft sThown by ftThe flogarfiftThmfic scafle. In ftThe absence off H2 and wfiftTh Fe
0 as reducftanft, CO2 can be reduced fin wafter fin ftThe presence off Fe3O4. 

Pyruvafte accumuflaftes aft deftecftabfle flevefls aft pH 10 buft noft aft pH 6. TThe producft fincrease wfiftTh fincreasfing firon qufickfly reacThes an unexpecfted maxfimum, 

consfiderfing ftThe mfinor dfifffferences fin producft concenftraftfion beftween ftThe ftwo sampfles wfiftTh ftThe ThfigThesft Fe amounft. A flfikefly reason fis ftThaft noft ftThe enftfire 

buflk off ftThe firon powder reacfts/becomes oxfidfized, buft onfly ftThe surfface, ftThus finThfibfiftfing ffurftTher finfteracftfion off ftThe wafter moflecufles wfiftTh ftThe unreacfted firon 

underneaftTh ftThe firon oxfide and/or firon carbonafte flayer fformed. b Separaftfing awarufifte (0.125 mmofl Nfi3Fe = 0.5 mmofl meftafl aftoms) and finfternafl firon powder. 

Cfircfles sThow findfivfiduafl measuremenfts, aflfl measuremenfts fin ftrfipflficafte – vaflues off 0 are noft sThown by ftThe flogarfiftThmfic scafle. PThysficafl conftacft beftween ftThe 

mfinerafl and naftfive firon fis noft requfired ffor producft fformaftfion. As sThown fin Exftended Dafta Ffig. 3, pflacfing ftThe caftaflysfts dfirecftfly on ftThe firon powder fin order fto 

“Tharvesft” ftThe nascenft Thydrogen ascendfing ffrom ftThe firon powder Thas ftThe dfisadvanftage ftThaft producfts on ftThe surfface off ftThe firon wfiflfl mfix wfiftTh ftThe ones ffrom 

awarufifte (or magneftfifte). By ftfigThftfly packfing ca. 10 mg off deconftamfinafted gflass woofl beftween firon and awarufifte, ftThfis effffecft can be decreased. AflftThougTh fin 

ftThe finfiftfiafl experfimenfts, no pyruvafte coufld be deftecfted, ftThe oftTher producfts were fformed fin apprecfiabfle amounfts.
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Exftended Dafta Ffig. 8 | Deftecftfion off meftThane by gc-FID ffor awarufifte experfimenfts. a Gas anaflysfis off 4% (40,000 ppm) meftThane sftandard. b CO2/H2 

reacftfion wfiftTh Nfi3Fe (awarufifte) as caftaflysft. TThese measuremenfts sThow ftThaft CH4 fis fformed, aflftThougTh onfly fin very smaflfl amounfts. Accordfing fto ftThe meftThane 

sftandard measuremenft, ftThe meftThane ouftcome off a ftypficafl experfimenft (16 Th, 100 °C, 60:40 CO2/H2 aftmospThere, 25 bar) conftafinfing 9 mmofl off awarufifte 

wfiftThfin one reacftor run fis rougThfly 19 ppm (deftermfined by a one-pofinft caflfibraftfion). Two conftrofls were perfformed: c one wfiftTh ftThe reacftor pressurfized (25 bar) 

wfiftTh ftThe 60:40 CO2/H2 gas mfixfture, and d one afffter subjecftfing ftThe CO2/H2 gas mfixfture fto ftThe ftypficafl experfimenftafl condfiftfions (16 Th, 100 °C) wfiftThfin ftThe 

oftTherwfise empfty reacftor. NefiftTher conftrofl experfimenft sThowed ftraces off meftThane.
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Exftended Dafta Ffig. 9 | 1H-NMR conftrofls ffor caftaflysfts and reagenfts and sThfifffts off producft peaks fin ftThe magneftfifte and awarufifte experfimenfts. a 1H-

NMR mafterfiafl conftrofls ffor caftaflysfts and reagenfts used ffor experfimenfts wfiftTh NMR producft deftecftfion. Awarufifte and magneftfifte were ftesfted ffor surfface 

conftamfinaftfion by ftreaftfing fift wfiftTh a poftassfium Thydroxfide sofluftfion fto cfleave poftenftfiafl conftamfinanfts ffrom ftThe surfface. Aflso poftassfium Thydroxfide was ftesfted 

ffor conftamfinaftfions. b 1H NMR cThemficafl sThfifffts off producft peaks observed and quanftfifffied fin ftThe magneftfifte and awarufifte experfimenfts. Quanftfiffficaftfion was 

acThfieved usfing ftwo-pofinft flfinear regressfion anaflysfis.
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Exftended Dafta Ffig. 10 | Proposed mecThanfisms ffor co2 reducftfion wfiftTh H2 caftaflysed by ThydroftThermafl mfinerafls. We propose an fionfic mecThanfism ffor ftThe 

caftaflysed ftwo-eflecftron reducftfion off CO2 fto fformafte fin wafter ffor aflfl ftThree mfinerafls a Proposed mecThanfism ffor CO2 reducftfion wfiftTh H2 caftaflysed by Fe3O4 (or 

Fe3S4). An H2 moflecufle approacThes ftThe Fe3O4 (or Fe3S4) surfface and reduces Fe
3+ fto Fe2+. TThe generafted H2

+ fis unsftabfle and decomposes fto H+, assfisfted by 

OH– (accounftfing ffor fincreased producft fformaftfion aft pH > 7 fin magneftfifte experfimenfts) – and fto a Thydrogen aftom (H·) wThficTh pficks up an eflecftron ffrom Fe2+ 

fto become a Thydrfide (H–). Hydrfide mecThanfisms were descrfibed fin prevfious flfifterafture67. CO2 on ftThe oftTher Thand pThysfisorbs on ftThe magneftfifte surfface and 

reacfts wfiftTh ftThe Thydrfide fto yfiefld HCOO– wThficTh fis dfispflaced ffrom ftThe surfface by OH–. Observaftfions ffrom experfimenfts noft dfiscussed fin ftThfis pubflficaftfion sThow, 

ftThaft experfimenfts wfiftTh mfinerafls onfly conftafinfing fferrous firon (FeO and FeS) gfive ffar flower yfieflds off CO2 fffixaftfion producfts. b Proposed mecThanfism off CO2 

reducftfion caftaflysed by Nfi3Fe. As Nfi3Fe onfly consfisfts off zero-vaflenft meftafls, H2 can dfissocfiafte on ftThe meftafl surfface. TThen, ftThe H aftoms dfiffffuse finfto awarufifte 

wThere ftThey can capfture mobfifle (“ffree”) eflecftrons ffrom ftThe conducftfion band off ftThe meftafl aflfloy.
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Iff flfiffe on EarftTh sftarfted ouft fin geocThemficafl envfironmenfts flfike ThydroftThermafl

venfts, ftThen fift sftarfted ouft ffrom gasses flfike CO2, N2and H2. Anaerobfic

auftoftropThs sftfiflfl flfive ffrom ftThese gasses ftoday, and ftThey sftfiflfl finThabfift ftThe

EarftTh’s crusft. In ftThe searcTh ffor connecftfions beftween abfioftfic processes fin

ancfienft geoflogficafl sysftems and bfioftfic processes fin bfioflogficafl sysftems, fift

becomes evfidenft ftThaft cThemficafl acftfivaftfion (caftaflysfis) off ftThese gasses and

a consftanft source off energy are key. TThe H2–CO2redox reacftfion provfides

a consftanft source off energy and anaboflfic finpufts, because ftThe equfiflfibrfium

flfies on ftThe sfide off reduced carbon compounds. Idenftfiffyfing geocThemficafl caft-

aflysfts ftThaft acftfivafte ftThese gasses en roufte fto nfiftrogenous organfic compounds

and smaflfl auftocaftaflyftfic neftworks wfiflfl be an fimporftanft sftep ftowards under-

sftandfing prebfioftfic cThemfisftry ftThaft operaftes onfly on ftThe basfis off cThemficafl

energy, wfiftThouft finpuft ffrom soflar radfiaftfion. So, fiff flfiffe arose fin ftThe dark

depftThs off ThydroftThermafl venfts, ftThen undersftandfing reacftfions and caftaflysfts

ftThaft operafte under sucTh condfiftfions fis crucfiafl ffor undersftandfing orfigfins.
1. Inftroducftfion
WThen ftThe EarftTh was fformed 4.5 bfiflflfion years ago, fift was fformed wfiftThouft flfiffe, we

can saffefly presume. Iff ftThere was any flfiffe on ftThe ffresThfly accrefted EarftTh, fift was

desftroyed aft ftThe moon fformfing fimpacft, wThficTh converfted ftThe EarftTh finfto a baflfl off

bofiflfing magma [1]. By abouft 3.95 bfiflflfion years ago, ftThere was flfiffe on EarftTh [2].

TThe quesftfion off Thow fift arose fis off subsftanftfiafl finfteresft. HydroftThermafl venfts pflay

an fimporftanft rofle fin ftThe quesftfion off flfiffe’s orfigfin, because ftThey were presenft on

ftThe earfly EarftTh [3–7] and because ftThey Tharbour conftfinuousfly ffar-ffrom-equfiflfibrfium

condfiftfions fin an envfironmenft wThere H2and CO2finfteracft fin sucTh a way as fto gen-

erafte reduced carbon compounds [8–15]. In ftThe dfiscussfion off possfibfle sfiftes ffor flfiffe’s

orfigfin, ThydroftThermafl venfts are unfique by ftThaft crfifterfion: ThydroftThermafl venfts Thar-

bour ffar ffrom equfiflfibrfium condfiftfions over geoflogficafl ftfimescafles, and ftThe

approacTh ftowards equfiflfibrfium refleases energy fin ftThe synftThesfis off reduced

carbon compounds. TThfis sefts ThydroftThermafl venfts aparft ffrom aflfl oftTher pThysfico-

cThemficafl seftftfings [16]. Moreover, ftThe reflease off ffree energy and ftThe synftThesfis off

reduced carbon compounds aft venfts are unfifted fin a common reacftfion sequence

ftThaft operaftes fin ftThe flaboraftory wfiftThouft enzymes [15] and ftThaft fis sfimuflftaneousfly

ftThe core off carbon and energy meftaboflfism fin reafl bacfterfia and arcThaea—aceftogens

and meftThanogens. Venfts are unfique among seftftfings ffor ftThe orfigfin offmeftaboflfism

(as opposed fto ftThe orfigfin offflfiffe), because no oftTher sfifte ffor flfiffe’s orfigfin Tharbours

cThemficafl reacftfions ftThaft resembfle reafl mficrobfiafl carbon and energy meftaboflfism.

TThe ffar-ffrom-equfiflfibrfium condfiftfions aft aflkaflfine ThydroftThermafl venfts enftafifl

sfteep redox gradfienfts owfing fto a consftanft ffflux off H2-rficTh efffffluenft over geoflogfi-

cafl ftfimescafles [17]. TThe mafin redox reacftfion ftThey Tharbour fis ftThe H2–CO2sysftem,
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Ffigure 1.Sfimuflftaneous acftfivaftfion off H2,CO2and N2on mfinerafl surffaces
fleadfing fto ftThe fformaftfion off a varfiefty off bfioflogficaflfly reflevanft moflecufles,
sucTh as amfino acfids, nucflefic acfid bases and coffacftors. Moflecufles, sucTh as pyr-
uvafte, aceftafte, meftThanofl and ammonfia, are known fto fform on ftransfiftfion
meftafl conftafinfing surffaces [15,45]. Lfiftftfle fis known abouft ftThe producfts
obftafined wThen ftThe separaftfion off N and C fffixaftfion fis revoked. Hefterogeneous
caftaflysfis may Thave been ftThe key ffor earfly processes off proftomeftaboflfism.
DasThed flfines findficafte pThysfisorpftfion, non-dasThed flfines findficafte cThemfisorpftfion
on ftThe surfface.

royaflsocfieftypubflfisThfing.org/journafl/rsffs
Infterfface Focus

9: 20190072

2
fin wThficTh ftThe equfiflfibrfium flfies ffar on ftThe sfide off organfic

compounds [18], sucTh ftThaft ftThe reacftfion can proceed spon-

ftaneousfly as flong as sufiftabfle caftaflysfts are avafiflabfle and

sftrficftfly reducfing condfiftfions are mafinftafined [10,15,19,20]. In

ftThe presence off acftfivafted nfiftrogen specfies, ThydroftThermafl

venfts can synftThesfize ftThe bufifldfing bflocks off flfiffe [12,13].

Because off ftThefir abundance off cThemficafl energy, and despfifte

ftThe absence off flfigThft, modern aflkaflfine ThydroftThermafl venfts

are fteemfing wfiftTh mficrobfiafl flfiffe [21,22], flfiffe ftThaft fis uflftfimaftefly

ffueflfled by ftThe reacftfion off H2wfiftTh CO2.

TThe H2–CO2redox reacftfion fis an aftftracftfive source off

energy ffor ftThe fffirsft cThemficafl reacftfions en roufte fto flfiffe, because

fift provfides dfirecft flfinks beftween a known geocThemficafl process

(serpenftfinfizaftfion) and known bfiocThemficafl processes. TThese

are mosft noftabfly ftThe reacftfions off core carbon and energy

meftaboflfism fin aceftogens and meftThanogens, anaerobfic aufto-

ftropThs ftThaft flfive ffrom ftThe reducftfion off CO2 wfiftTh H2.

Aceftogenesfis and meftThanogenesfis represenft ftThe mosft prfimor-

dfiafl fforms off meftaboflfism fin bacfterfia and arcThaea [23,24],

rooftfing flfiffe’s cThemfisftry fto reacftfions off gasses, rocks and wafter.

TThe conftfinufifty beftween exergonfic geocThemficafl and bfio-

cThemficafl reacftfions can be seen as a vfirftue off ThydroftThermafl

orfigfin ftTheorfies, because fift generaftes concrefte mecThanfisftfic

flfinks beftween processes caftaflysed by mfinerafls fin ftThe EarftTh’s

crusft (exergonfic CO2reducftfion) [25] and processes caftaflysed

by enzymes fin ftThe meftaboflfism off prokaryoftfic flfineages [26].

Aft ThydroftThermafl venfts, flfiffe as we know fift connecfts fto

geocThemfisftry as we know fift.
2. Acftfivaftfion off CO2and H2: ftThe door fto CO2
fffixaftfion

In bfioflogy, aceftogens and meftThanogens fffix CO2vfia ftThe

H2-dependenft reducftfion off CO2fto a meftThyfl group and CO,

ffoflflowed by condensaftfion off ftThe meftThyfl mofiefty and CO fto

a nfickefl bound aceftyfl group ftThaft fis ftThfioflyftficaflfly cfleaved

ffrom nfickefl fto generafte ftThe ftThfioesfter aceftyfl-CoA. TThe aceftyfl-

CoA paftThway fis unfique fin mficrobfiafl pThysfioflogy, because fift

fis carbon and energy meftaboflfism fin one. Carbon meftaboflfism

finvoflves ftThe H2-dependenft reducftfion off CO2fto aceftyfl-CoA.

Under sftandard pThysfioflogficafl condfiftfions, ftThe synftThesfis off

ftThe ftThfioesfter fis exergonfic by abouft–59 kJ mofl−1[27], wThfifle

ftThere fis noft enougTh energy fto generafte ftThfioesfters and syn-

ftThesfize ATP vfia subsftrafte flevefl pThospThoryflaftfion [28]. TThus,

ffor energy meftaboflfism, aceftogens ftThaft flack cyftocThromes

and qufinones coupfle meftThyfl synftThesfis fto ftThe generaftfion

off fion gradfienfts vfia eflecftron bfiffurcaftfion and fferredoxfin

oxfidaftfion aft ftThe membrane-bound Rnff compflex [29], wThfifle

meftThanogens ftThaft flack cyftocThromes generafte ftThefir fion

gradfienft by coupflfing ftThe ftransffer off ftThe meftThyfl group ffrom

a nfiftrogen aftom fin meftThyfl-fteftraThydromeftThanopfterfin fto a

suflffur aftom fin coenzyme M [30].

Iff ftThe aceftyfl-CoA paftThway fis ftThe mosft ancfienft carbon

fffixaftfion paftThway, and varfious flfines off evfidence findficafte ftThaft

fto be ftThe case [14,15,23,24,27,31], ftThere are sftfiflfl some dofts

ftThaft need fto be connecfted. For H2fto Thave pflayed a rofle fin

earfly cThemficafl evofluftfion, fift requfired acftfivaftfion—fift requfired

caftaflysfis. Ift fis nofteworftThy ftThaft H2never finfteracfts dfirecftfly

wfiftTh any organfic oxfidanft (subsftrafte) fin meftaboflfism, fift

aflways refleases eflecftrons finfto meftaboflfism vfia a caftaflysft:

Thydrogenase. TThere are onfly ftThree cflasses off Thydrogenases

known. Aflfl ftThree Tharbour Fe aftoms aft ftThefir acftfive sfifte
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[32,33], aflfl ftThree Tharbour carbon meftafl bonds aft ftThefir acftfive

sfifte [26]. TThe cenftrafl enzyme off ftThe aceftyfl-CoA paftThway,

ftThe onfly exergonfic CO2fffixaftfion paftThway known [34,35], fis

bfiffuncftfionafl carbon monoxfide deThydrogenase/aceftyfl-CoA

synftThase (CODH/ACS), wThficTh aflso Tharbours carbon meftafl

bonds. TThese ftwo acftfivfiftfies, Thydrogenase and CODH/ACS,

ftrace fto ftThe flasft unfiversafl ancesftor, LUCA [26]. Organfisms

ftThaft use ftThe aceftyfl-CoA paftThway empfloy ffflavfin-based

eflecftron bfiffurcaftfion fto generafte fferredoxfins wfiftTh a flower

reducfing poftenftfiafl ftThan H2[36–38]. Fflavfin-based eflecftron

bfiffurcaftfion ftThus accounfts ffor ftThe ftThermodynamfics off H2oxfi-

daftfion, buft wThaft abouft ftThe kfineftfics? In kfineftficaflfly conftroflfled

reacftfions, caftaflysfts can Thave an fimporftanft finfffluence on ftThe

nafture off ftThe producfts ftThaft accumuflafte—and ftThe same fis

ftrue ffor geocThemficafl CO2fffixaftfion wfiftTh H2.

TThe H2-dependenft reacftfion ffrom ftThe mosft oxfidfized fform

off carbon, CO2, fto fifts mosft reduced fform, meftThane (CH4), fis

ftThermodynamficaflfly ffavourabfle under reducfing condfiftfions.

However, fin serpenftfinfizfing, aflkaflfine ThydroftThermafl sysftems

[39] ftThe dfirecft ftransffer off eflecftrons ffrom H2fto CO2Thas a

flarge acftfivaftfion energy and requfires efiftTher ThfigTh ftemperaftures

and ThfigTh pressures [40] or, aft mfiflder condfiftfions, cThemficafl

acftfivaftfion and caftaflysfis [41,42]. TThe requfiremenft ffor caftaflysfis

sftems ffrom kfineftfic barrfiers fin ftThe sequence off reacftfions

ffrom CO2fto CH4. Caftaflysfts decrease ftThe acftfivaftfion energy

and ftThus ftThe kfineftfic barrfier, aflflowfing finftermedfiafte producfts

sucTh as fformafte, aceftafte, meftThanofl and pyruvafte fto accumu-

flafte afffter a sThorft ftfime under mfifld condfiftfions [15] raftTher

ftThan ftThe ftThermodynamficaflfly ffavoured end producft CH4.

WThfifle ThfigTh ftemperaftures, ThfigTh pressures and flong reacftfion

ftfimes flead fto ftThe accumuflaftfion off CH4, ftThe mosft sftabfle

producft [40,43], caftaflysfts finfffluence ftThe producft dfisftrfibuftfion

fin ftThe sThorft fterm. In bfioflogy, enzymes effffecft sucTh sThfifffts

ffrom ftThermodynamficaflfly conftroflfled reacftfions fto kfineftficaflfly

conftroflfled reacftfions [44]. In purefly geoflogficafl seftftfings, Thow-

ever, Thefterogeneous caftaflysfis can occur on mfinerafl surffaces

(fffigure 1)—wThficTh are noft unflfike ftThe caftaflysfts used fin findus-

ftry fto produce Thydrocarbons [15,25]. TThe acftfivaftfion off

moflecufles on mfinerafl surffaces fis flfikefly fto Thave preceded
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ftThe cThemficafl acftfivaftfion ftThaft enzymes provfide fin modern

organfisms [46,47].
oyaflsocfieftypubflfisThfing.org/journafl/rsffs
Infterfface Focus

9: 20190072
3. Addfing nfiftrogen
In order fto synftThesfize amfino acfids and nucflefic acfid bases,

flfivfing ceflfls Thave fto fincorporafte dfinfiftrogen (N2) finfto bfiosyn-

ftTheftfic paftThways. From a cThemficafl pofinft off vfiew, N2as a

sftarftfing mafterfiafl fis noft ftThe easfiesft cThofice fin comparfison

fto more oxfidfized or reduced nfiftrogen compounds [48].

NeverftThefless, flookfing aft earfly EarftTh’s condfiftfions, an aftmos-

pThere fffiflfled wfiftTh N2woufld Thave fled fto an ocean wfiftTh

dfissoflved N2 and ftThus—vfia sequesftraftfion ftThrougTh ftThe

EarftTh’s crusft—fto a nfiftrogen source fin serpenftfinfizfing sysftems

[49,50]. Lookfing aft bfioflogy, N2fffixaftfion fis consfidered ancfienft

[50,51]. TThere fis onfly one way ffor N2fto enfter meftaboflfism: vfia

ftThe nfiftrogenase compflex. Nfiftrogenase consfisfts off ftwo pro-

ftefins, dfinfiftrogenase reducftase, wThficTh conftafins an FeS-based

acftfive cenftre and ftThe dfinfiftrogenase proftefin, Tharbourfing an

Mo (or V, or Fe) conftafinfing Fe7S9cenftre wfiftTh a carbfide

carbon aft ftThe acftfive sfifte [52,53]. MecThanfisftficaflfly, ftThe compflex

works wfiftTh dfinfiftrogenase reducftase Tharvesftfing ftThe energy

off ATP Thydroflysfis and ftransfferrfing fift vfia confformaftfionafl

cThanges fto dfinfiftrogenase, wThficTh ftThen bfinds ftThe N2moflecufle

[53,54]. TThe ffoflflowfing sfteps finvoflve sequenftfiafl Thydrogen-

aftfions off ftThe nfiftrogen moflecufle. TThere, as ffor CO2fffixaftfion,

Thydrogenase acftfivfifty fis needed fto deflfiver eflecftrons ffrom H2
fto N2. TThfis Thydrogenase acftfivfifty fis promofted by ftThe FeS

cflusfters off ftThe nfiftrogenase compflex [53,55], wThficTh fis ftThe

sofle enftry pofinft off N2finfto meftaboflfism. As CODH and

Thydrogenase, nfiftrogenase aflso ftraces back fto LUCA [26,56].

Bfioflogy operaftes wfiftThfin consftrafinfts off ftemperafture and

pressure. Bfioflogficafl N2 reducftfion ffoflflows very dfifffferenft

kfineftfics ffrom ftThose off ftThe findusftrfiafl process [57]. For

boftTh processes, finorganfic caftaflysfts Thave a cenftrafl rofle fin

ftThe reducftfion off N2. In findusftry, ftThe reducftfion off N2mfigThft

resembfle prebfioftfic FeS-based nfiftrogen fffixaftfion [45]. TThe

greaftesft fimpedfimenft fto N2 reducftfion fis fifts acftfivaftfion

energy. N2fis very sftabfle aft normafl aftmospTherfic ftemperaftures

and pressures. TThus, ffew processes are capabfle off acftfivaftfing

N2suffffficfienftfly fin order fto fform N-rficTh moflecufles. Indusftrfiafl

N2 conversfion fto NH3 vfia ftThe Haber–BoscTh process

(H2-dependenft) requfires Fe-based caftaflysfts sucTh as Fe3O4,

ThfigTh pressure (200 bar) and ftemperaftures exceedfing 400°C

[58]. TThe Haber–BoscTh process currenftfly consumes abouft

1–2% off ftThe Worfld’s ftoftafl energy producftfion. Bfioflogficafl nfiftro-

gen fffixaftfion caftaflysed by ftThe nfiftrogenase enzyme operaftes

aft ambfienft pressure and room ftemperafture. Accordfingfly,

ftThere fis fimmense commercfiafl finfteresft fin ftThe mecThanfism off

bfioflogficafl N2fffixaftfion [57].

Noft unflfike ftThe sftepwfise use off Fe aftoms ffound fin ftThe

acftfive sfiftes off ftThe nfiftrogenase compflex, findusftrfiafl N2
reducftfion fis exftremefly dependenft on ftThe pThysfico-cThemficafl

sftafte off ftThe caftaflysfts. TThus, ftThe yfiefld off ammonfia fis affffecfted

as a resuflft off severafl ffacftors sucTh as parftficfle sfize, purfifty

and subsurfface dfissocfiaftfion off nfiftrogen finfto Fe caftaflysfts,

fleadfing fto firon nfiftrfides sucTh as FexN [59].

Can serpenftfinfizaftfion reduce N2? AflftThougTh ftThere fis

abundanft evfidence ffor abfioftfic CO2reducftfion fin serpenftfinfiz-

fing sysftems [60,61], evfidence ffor abfioftfic N2reducftfion fis so

ffar flackfing. Laboraftory sfimuflaftfions suggesft ftThaft N2can be

reduced fto ammonfia (NH3) wfiftTh mfinerafl caftaflysfts under
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mfifld ThydroftThermafl condfiftfions [45,62]. Incorporaftfion off N

ffrom N2finfto organfic compounds under ThydroftThermafl con-

dfiftfions presenfts a more subsftanftfiafl cThaflflenge ffor flaboraftory

sfimuflaftfions. In prfincfipfle, acftfivafted fforms off nfiftrogen cThemfi-

sorbed fto geocThemficafl caftaflysfts (fffigure 1) mfigThft be beftfter

sftarftfing pofinfts ffor prebfioftfic synftThesfis off sucTh compounds

ftThan NH3[25], buft ftThfis remafins fto be sThown experfimenftaflfly.

TThere are neverftThefless very curfious paraflflefls beftween

findusftrfiafl Thydrogenaftfion processes and geocThemficafl

H2-dependenft reacftfions. Serpenftfinfizaftfion noft onfly reduces

H2OftoH2and CO2fto fformafte and CH4, fift aflso generaftes finor-

ganfic caftaflysfts wfiftThfin ftThe EarftTh’s crusft [25]. TThese fincflude

magneftfifte, Fe3O4, wThficTh fis ftThe caftaflysft off cThofice ffor ftThe findus-

ftrfiafl Haber–BoscTh process (H2-dependenft N2reducftfion) and

ffor FfiscTher–TropscTh (CO2reducftfion) appflficaftfions [59,63] and

awarufifte, Nfi3Fe, wThficTh caftaflyses ftThe H2-dependenft reducftfion

off CO2fto meftThane aft ThfigTh pressures and ftemperaftures [40].

WThfifle H2and CO2deflfiver carbon and energy, ffor an auftocaftafly-

ftfic neftwork fto emerge, one ffrom wThficTh mficrobfiafl meftaboflfism

coufld unffofld, organfic coffacftors, bases and amfino acfids are

requfired. Aflfl are nfiftrogenous compounds.
4. WThaft fiff C, N and H are acftfivafted ftogeftTher?
As sThown fin fffigure 1, fift fis possfibfle ftThaft mfinerafl surffaces can

acftfivafte H2,CO2and N2sfimuflftaneousfly. Iff so, amfino acfids or

even bases and coffacftors mfigThft be obftafined vfia sucTh rouftes. Ift

Thas been reporfted ftThaft Fe2+and Fe0can caftaflyse reacftfions off

2-oxoacfids wfiftTh Thydroxyflamfine fto gfive asparftafte, aflanfine,

gflycfine and gfluftamfine [64]. TThese sThoufld aflso be ftThe fffirsft

amfino acfids fto appear fin ftThe evofluftfion off meftaboflfism, fiff

meftaboflfism evoflved ffrom a pyruvafte-ffed, fincompflefte cfiftrfic

acfid cycfle and fiff amfino acfids arose ancesftraflfly as ftThey do fin

meftaboflfism, namefly vfia reducftfive amfinaftfion off ftThe kefto

group fin oxaflaceftafte, pyruvafte, gflyoxyflafte and 2-oxogfluftarafte

[9]. Pyruvafte fis new as a possfibfle prebfioftfic compound [14].

Usfing ThydroftThermafl firon mfinerafls finsftead off enzymes, fift

fis possfibfle fto synftThesfize pyruvafte ffrom H2and CO2[15].

Pyruvafte now appears fto be a mucTh more readfifly synftThesfized

prebfioftfic compound ftThan prevfiousfly assumed.

Iff N2can be acftfivafted effffficfienftfly under ThydroftThermafl

condfiftfions, nucflefic acfid bases mfigThft noft be ffar away. Recenft

sftudfies sThow ftThaft even aromaftfic Thefterocycflfic compounds

sucTh as ftrypftopThan can be fformed abfioftficaflfly fin serpenftfinfiz-

fing ThydroftThermafl sysftems [13]. TThe connecftfion off sfimpfler

amfino acfids flfike asparftafte and gflycfine fto bases fis dfirecft,

ftThey sfift fin ftThe mfiddfle off ftThe aromaftfic pyrfimfidfine (asparftafte

and gflycfine) and purfine (asparftafte) rfings. TThfis fis sThown fin

fffigure 2, modfifffied ffrom refference [9]. In meftaboflfism, pyrfimfi-

dfines are made ffrom asparftafte and carbamoyfl pThospThafte.

Carbamoyfl pThospThafte fis made ffrom carbamafte and ATP,

carbamafte fforms sponftaneousfly as a coflourfless precfipfiftafte

fin Thoft sofluftfions conftafinfing CO2 (or carbonafte) and

ammonfium. Four off ftThe aftoms fin ftThe pyrfimfidfine rfing come

ffrom asparftafte. Purfines are more compflex, buft ftThe com-

ponenfts are sfimpfle. Gflycfine comprfises ftThe cenftre off ftThe

rfings, wThficTh are compflefted by fincflusfion off C1 unfifts ffrom

fformyfl fteftraThydroffoflafte [65] or ffrom fformyfl pThospThafte (fin

meftThanogens) [66], by N ffrom ftThe amfido group off gfluftamfine,

and, as wfiftTh pyrfimfidfines, by CO2and N ffrom asparftafte.

TThere fis a cflear record off geocThemficafl orfigfins preserved fin

meftaboflfism [26]. TThfis record can be resurrecfted fin ftThe
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Ffigure 2.ApaftThffromH2and CO2fto nucflefic acfid bases (adapfted ffrom fffigs. 3, 4 and 6 off [9]. (a) TThe flower porftfion off ftThe panefl sThows ftThe bfiosynftThesfis off carbon
backbones fin mficrobes ftThaft use ftThe aceftyfl-CoA paftThway and ftThe fincompflefte (ThorsesThoe) reverse cfiftrfic acfid cycfle. Reducftfive sfteps off CO2fffixaftfion are findficafted as
H2-dependenft, ftThougTh reduced fferredoxfin or NAD(P)H are ftThe reducftanfts fin meftaboflfism. TThe fffirsft ffour 2-oxoacfids fto arfise vfia ftThe roufte sThown, and, fiff reducftfivefly
amfinafted, generafte Afla, Asp, Gflu and Gfly (upper porftfion off ftThe panefl). MucThowskaeft afl. [64] sThowed ftThaft pyruvafte, oxafloaceftafte, 2-oxogfluftarafte and gflyoxyflafte are
readfifly reduced fto ftThe correspondfing amfino acfids by Thydroxyflamfine under mfifld condfiftfions fin ftThe presence off naftfive firon. Asp fis ftThe sftarftfing pofinft ffor bfiosynftThesfis off
fffive oftTher canonficafl amfino acfids and pyrroflysfine, Gflu fis ftThe sftarftfing pofinft ffor synftThesfis off Gfln, Arg and Pro. (b) Asp and Gfly are cenftrafl fto pyrfimfidfine and purfine
bfiosynftThesfis, respecftfivefly (modfifffied ffrom fffig. 4 off [9]). TThe finvoflvemenft off CO2fin purfine and pyrfimfidfine synftThesfis fis nofteworftThy, as fis ftThe finvoflvemenft off ffoflafte-
bound C1 finftermedfiaftes off ftThe aceftyfl-CoA paftThway fin purfine synftThesfis, wThficTh are repflaced by ftThe sfimpfler finftermedfiafte fformyfl pThospThafte fin meftThanogens.
TThfis suggesfts ftThe possfibfiflfifty off a smaflfl prebfioftfic bfiocThemficafl neftwork flfinkfing CO2reducftfion fto nucflefic acfid base synftThesfis. (Onflfine versfion fin coflour.)
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flaboraftory, fiff we fffind ftThe rfigThft condfiftfions. TThe ffour amfino acfids

ftThaft MucThowskaeft afl. [64] synftThesfize (Gfly, Afla, Asp, Gflu) even

suggesft (reveafl, one mfigThft say) a connecftfion fto ftThe evofluftfion off

ftThe geneftfic code. TThese are ftThe very same amfino acfids ftThaft are

fidenftfifffied as ancfienft fin dfifffferenft ftTheorfies abouft ftThe orfigfin and

evofluftfion off ftThe geneftfic code. In some ftTheorfies, exacftfly ftThese

ffour (Gfly, Afla, Asp, Gflu) are ftThe ofldesft [67]. In oftTher ftTheorfies,

ftThey are ftThe mosft ancfienft as members off flarger sefts [68],

wThfifle fin yeft oftTher ftTheorfies ftThey rank weflfl fin order off anftfiqufifty,
151
wfiftTh Gfly, Afla and Asp befing ftThe ofldesft, Gflu comfing fin sevenftTh

[69]. A flook aft ftThe bfiosynftTheftfic ffamfiflfies off amfino acfids reveafls

ftThaft ftThe Asp and Gflu ffamfiflfies sftand ouft as cenftrafl.
5. Auftocaftaflyftfic neftworks
Iff we assume ftThaft sfimuflftaneous acftfivaftfion off N2,H2and CO2
can flead fto ftThermodynamficaflfly sftabfle producfts ftThaft fincflude



LUCA
meftThane, aceftafte

accumuflaftfion
off sftabfle producfts

auftocaftaflyftfic
neftworks

C3

C3

C3 poofl

energy
reflease

acftfivaftfion

geocThemficafl
energy

C2

C1

CO2
H2

C2

C1

CO2 H2

organfic
caftaflysfts

finorganfic
caftaflysfts

Ffigure 3.Purefly geocThemficafl reacftfions sucTh as CO2fffixaftfion wfiftTh H2can gfive rfise fto auftocaftaflyftfic neftworks and proftomeftaboflfism, as flong as energy fis refleased.
Kfineftficaflfly conftroflfled reacftfions bufifld up a specfifffic seft off producfts wThficTh finfteracft ffurftTher fto fform an auftocaftaflyftfic neftwork ftThaft serves as a basfis ffor ThfigTher compflexfifty.
C1, C2, C3 represenft carbon compounds wfiftTh 1, 2 or 3 carbon aftoms sucTh as fformyfl groups, aceftyfl groups, and pyruvafte. (Onflfine versfion fin coflour.)
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amfino acfids, nucflefic acfid bases and coffacftors (ftThaft fis

currenftfly a bfig assumpftfion, we admfift), ftThen smaflfl cThemficafl

neftworks on a flaboraftory scafle become possfibfle. Cenftrafl fto

varfious scThoofls off ftThougThft on cThemficafl orfigfins are consftrucfts

caflfled auftocaftaflyftfic neftworks [70]. TThese can represenft

absftracft maftThemaftficafl consftrucfts or ftThey can descrfibe finfter-

acftfions fin reafl sefts off moflecufles. As appflfied fto moflecuflar

finfteracftfions, auftocaftaflyftfic neftworks conftafin moflecufles ftThaft

promofte ftThe synftThesfis off copfies off ftThemseflves [71]. Accordfing

fto ftThfis very generafl defffinfiftfion, auftocaftaflyftfic neftworks can

provfide ftTheoreftficafl fframeworks ffor boftTh ftThe geneftfics fffirsft

and ftThe meftaboflfism fffirsft approacThes fto prebfioftfic evofluftfion.

In ftThe fformer, ftThey can be sefts off nucflefic acfids ftThaft flfigafte

fto fform specfifffic producfts [72], fin ftThe flaftfter, ftThey can be sefts

off meftaboflfiftes ftThaft finfteracft fin sucTh a way as fto generafte

seflff-susftafinfing meftaboflfic neftworks [24].

WThen descrfibfing moflecuflar finfteracftfions, auftocaftaflyftfic sefts

requfire finpuft moflecufles fin order fto promofte ftThe synftThesfis off

ftThefir consftfiftuenft eflemenfts. TThfis condfiftfion draws aftftenftfion fto

a parftficuflar cflass off auftocaftaflyftfic neftworks caflfled reffflexfivefly

auftocaftaflyftfic ffood-generafted neftworks—RAFs [73]—fin

wThficTh eacTh reacftfion fis caftaflysed by a moflecufle ffrom wfiftThfin

ftThe neftwork, and aflfl moflecufles can be produced ffrom a seft off

ffood moflecufles by ftThe neftwork fiftseflff. RAFs are parftficuflarfly

finfteresftfing fin ftThe conftexft off earfly evofluftfion, because ftThey do
152
noft requfire a pre-exfisftfing caftaflysft ffor a reacftfion beffore fift fis

requfired. TThe reacftfion can proceed uncaftaflysed, or raftTher

caftaflysed by an unknown moflecufle, as flong as ftThe known

caftaflysft fis produced aft some pofinft by ftThe neftwork and assumes

ftThe rofle off caftaflysfis fin ftThaft reacftfion off ftThe RAF. Moreover, wThen

fift comes fto ftThe concrefte modeflflfing off earfly evofluftfion, ftThe

nafture and source off ftThe ffood moflecufles [74] ftThaft generafte a

gfiven RAF or oftTher auftocaftaflyftfic seft are off parftficuflar finfteresft,

because fin order ffor ftThe reacftfions fin ftThe seft fto ftake pflace, ftThe

overaflfl ftThermodynamfics off ftThe neftwork musft be exergonfic.

In oftTher words, fin order ffor RAFs (or oftTher auftocaftaflyftfic

neftworks) fto serve as a useffufl modefl ffor earfly evofluftfion, ftThe

seft off reacftanfts (educfts) needs fto reflease energy en roufte fto ftThe

producfts (adducfts), as fis aflways ftThe case fin meftaboflfism [18].

Off course, fin ceflfluflar meftaboflfism, ftThe overaflfl energeftfics

are gfiven by ftThe sum off ftThe cThanges fin ffree energy ffor ftThe

core bfioenergeftfic reacftfions [18]. For findfivfiduafl reacftfions off

meftaboflfism, ftThe cThange fin ffree energy ffrom subsftrafte fto

producft fis offften endergonfic, wThficTh fis wThy sucTh reacftfions

are usuaflfly coupfled fto energy-refleasfing reacftfions finvoflvfing

exergonfic eflecftron ftransffer, fion gradfienfts across ftThe pflasma

membrane, or Thydroflysfis off ThfigTh-energy bonds, sucTh as

ATP, acyfl pThospThaftes or ftThfioesfters [18,37]. Energeftfic coupflfing

can aflso occur wfiftThfin RAFs, wThficTh makes ftThem more

finfteresftfing modefls off ceflfluflar meftaboflfism.
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Ift seems flfikefly ftThaft aft fleasft a subseft off ftThe caftaflysfts, ThfigTh-

energy bonds and energeftfic currencfies ftThaft occur fin

modern meftaboflfism were generaflfly presenft and ffuncftfionafl

fin prebfioftfic cThemfisftry. Sources and ftransducftfion off modern

meftaboflfic caftaflysfis and energy sThoufld ftThen Thave anaflogues

or Thomoflogues fin geocThemficafl seftftfings. Regardfing caftaflysfis,

ftThere are now good findficaftfions ftThaft meftafls and sfimpfle

organfic coffacftors coufld Thave promofted ftThe emergence off

ceflfl-sfized auftocaftaflyftfic neftworks [15,64,75,76]. In pThysfioflogy,

ftThe fterm energy meftaboflfism generaflfly means ATP synftThesfis.

TThere are ftwo sources off ATP fin ceflfls: cThemfiosmoftfic coupflfing

and subsftrafte flevefl pThospThoryflaftfion (SLP). CThemfiosmoftfic

coupflfing needs fion gradfienfts as an energeftfic finftermedfiafte

and proftefins, wfiftThouft excepftfion. SLP does noft requfire fion

gradfienfts, fifts energy source fis ftThe Gfibbs ffree energy off

cThemficafl reacftfions, and SLP reacftfions can ftake pflace wfiftThouft

enzymes [77–79]. AflftThougTh venfts Tharbour nafturafl fion gradfi-

enfts, ATP synftThesfis vfia cThemfiosmoftfic coupflfing aflways

finvoflves ftThe ATPase, ffor wThficTh ftThere fis no known geocThem-

ficafl Thomoflogue or mecThanfisftfic anaflogue. TThe energy ffor

SLP sftems ffrom ftThe redox cThemfisftry off carbon wThereby

boftTh carbon oxfidaftfion fto CO2 and H2-dependenft CO2
reducftfion can be coupfled fto SLP [80]. Because ftThe H2-
-dependenft CO2 reducfing reacftfion ftThaft drfives SLP fin

aceftogens (aceftafte synftThesfis) operaftes fin ftThe flaboraftory under

sfimuflafted ThydroftThermafl venft condfiftfions wfiftTh onfly meftafls

and meftafl fions as caftaflysfts [15], fift fis currenftfly ftThe onfly candfi-

dafte ffor a prfimordfiafl (geocThemficafl) source off energy

conservaftfion (acyfl pThospThaftes vfia SLP) ftThaft fis mecThanfisftficaflfly

flfinked fto nafturaflfly occurrfing carbon redox reacftfions aft venfts.

A seft off moflecufles ftThaft fis generafted by kfineftficaflfly

conftroflfled reacftfions (ftThe mosft rapfidfly fformed producfts

accumuflafte) wfiflfl conftafin cThemficafl energy ftThaft permfifts mem-

bers off ftThe seft fto finfteracft ffurftTher and fto fform an auftocaftaflyftfic

neftwork ftThaft can serve as a basfis ffor ThfigTher compflexfifty [76].

SucTh a process fis skeftcThed fin fffigure 3. TThe energeftfic finpuft

fis necessarfifly cenftraflfized because ftThermodynamficaflfly sftabfle

meftaboflfiftes and end producfts are synftThesfized ffrom ftThe core

exergonfic reacftfion, fin our exampfle ftThe reducftfion off CO2
wfiftTh H2vfia ftThe aceftyfl-CoA paftThway [9,15,31].
6. Concflusfion
HydroftThermafl venfts conftafin caftaflysfts and cThemficafl

dfisequfiflfibrfia ftThaft resembfle flfiffe and meftaboflfism fin many

ways. However, ftThe nafturafl cThemficafl envfironmenft aft venfts

does noft sftrongfly resembfle meftaboflfism fin many fforms off
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flfiffe, because meftaboflfism fis exftremefly dfiverse. RaftTher, fift

very specfiffficaflfly resembfles ftThe pThysfioflogy off aceftogens and

meftThanogens, even down fto ftThe caftaflysfts finvoflved. TThe con-

necftfions beftween ftThe orfigfin off mficrobfiafl flfiffe and ftThe cThemficafl

eflemenfts seem more ftangfibfle ftThan ever beffore. Currenft

genomfic anaflyses findficafte ftThaft ftThe flasft unfiversafl common

ancesftor off aflfl flfiffe, LUCA, flfived ffrom gasses: H2,CO2and

N2[23,56]. AflftThougTh our mafin ffocus fis on ftThese ftThree

gasses, fift fis evfidenft ftThaft ftThe fincorporaftfion off suflffur (S) and

pThospThorus (P) finfto earfly meftaboflfism was aflso essenftfiafl.

Suflffur enfters meftaboflfism as HS–aft cysftefine synftThesfis ffrom

O-aceftyfl serfine orO-pThospTho serfine [81], wThfifle pThospThorus

enfters meftaboflfism vfia ftThfioesfters as acyfl pThospThaftes [9].

Under reducfing condfiftfions, H2S (HS
–fin aflkaflfine venfts)

woufld be ftThe flfikefly suflffur source, pThospThorus coufld enfter

ftThe geocThemficafl seftftfing as pThospThafte dfissoflved fin seawafter

or fleacThed ffrom ftThe prfimordfiafl crusft, buft dafta on pThospThafte

under earfly EarftTh condfiftfions fis scarce [82–84]. Focusfing on

ftThe enzymes ftThaft cThannefl H2,CO2and N2finfto meftaboflfism

mfigThft uncover cflues abouft ftThe envfironmenft wfiftThfin wThficTh

flfiffe arose and abouft ftThe caftaflysfts ftThaft acftfivafted ftThese gasses

aft orfigfins. TThe presence off carbon meftafl bonds fin ftThe acftfive

sfiftes off Thydrogenases, nfiftrogenase and carbon monoxfide

deThydrogenase suggesft ftThaft ftThese mfigThft be ancfienft reflficfts

off ftThe caftaflyftfic reaflm ftThaft fled fto ftThe auftocaftaflyftfic synftThesfis

off ftThe fffirsft organfic compounds. We propose ftThaft ftThe bfioflogy

off meftThanogens and aceftogens, anaerobfic auftoftropThs ftThaft

finThabfift venfts ftoday, Thoflds cflues abouft ftThe prfimordfiafl caftaflysfts

ftThaft enzymes uflftfimaftefly came fto repflace.
Dafta accessfibfiflfifty.TThfis arftficfle Thas no addfiftfionafl dafta.
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Concfludfing remarks 

Ift fis sftfiflfl Thard fto beflfieve Thow many researcThers, ouftsfide and finsfide OoL reflafted researcTh were 

and are workfing on ftThe fins and oufts off CO2 fffixaftfion (Guan eft afl., 2003; He eft afl., 2010; Kflefin 

and McCoflflom, 2013; McCoflflom, 2016; Varma eft afl., 2018; Prefiner, IgarasThfi, eft afl., 2019). 

CO2 fffixaftfion seems flfike a sfimpfle enougTh ftask, especfiaflfly wThen ThfigTh yfiefld fis noft ftThe mafin goafl, 

merefly deftecftfing ftThe acftuafl producfts fis suffffficfienft. Buft ftThe ftask fis noft sfimpfle aft aflfl. Offften, ftThe 

eflecftron donors cThosen are suflfffide mfinerafls, wThficTh on ftThefir own (fi.e. wfiftThouft eflecftrocThemficafl 

gradfienfts) cannoft reduce CO2, mafinfly because ftThey are onfly capabfle off one-eflecftron reducftfion 

wThficTh, as expflafined, fis an unffavourabfle reducftfion sftep ffor CO2 (see CThapfter 2.2). Zero vaflenft 

meftafl compounds were ftesfted by us and by our coflflaboraftors as eflecftron donors. AflftThougTh CO2 

was reduced ftThfis way, wfiftTh ftfime fift became cflear ftThaft H2 fis ftThe mosft effffficfienft eflecftron donor 

provfided ftThe rfigThft caftaflysfts are around. TThere fis good reason fto beflfieve ftThaft H2 fis aflso fformed 

fin ftThe zero vaflenft meftafls and acfts as ftThe acftuafl reducfing agenft. 

TThe resuflfts presenfted fin ‘A Thydrogen dependenft geocThemficafl anaflogue off prfimordfiafl 

carbon and energy meftaboflfism’ (Pubflficaftfion 7) sThow ftThaft abfioftfic and bfioftfic H2 dependenft CO2 

fffixaftfion under mfifld ThydroftThermafl condfiftfions apparenftfly ffoflflow very sfimfiflar rouftes. TThfis aflone 

cannoft flead fto ftThe concflusfion ftThaft ftThe mecThanfisms are aflso sfimfiflar, especfiaflfly because one fis 

Thefterogeneous and ftThe oftTher enzymaftfic. Buft Thefterogeneous Thydrogenaftfion mecThanfisms (see 

Ffig. 4 fin 2.3) findficaftes ftThaft ftThe prfincfipfles off Thydrogenaftfion are very sfimfiflar efiftTher way, ffor 

finsftance as fin ftThe enzymaftfic mecThanfisms off fformafte deThydrogenase (Mafia eft afl., 2016). TThe 

acftuafl mecThanfism fin our reacftfions, wThficTh are noft ftakfing pflace fin a dry gas pThase as wfiftTh flarge-

scafle Thydrogenaftfions, buft fin wafter, remafins fto be fidenftfifffied.  

TThfis brfings up anoftTher fissue ftThaft needs fto be addressed fin ftThe ffufture. Indeed, mosft 

prebfioftfic CO2 fffixaftfion experfimenfts are perfformed fin aqueous sofluftfion wThficTh fis off course 

approprfiafte ffor aflfl Thomogeneous caftaflyftfic experfimenfts, buft can bflock Thefterogeneous caftaflysfts. 

From findusftrfiafl processes fift fis known ftThaft wafter, wThficTh fis offften a sfide producft off Thydrogenaftfion, 

pofisons ftThe caftaflysfts ftThrougTh Thydroxyfl fformaftfion on ftThefir surffaces, ftThus bflockfing ftThe 

prospecftfive caftaflysfis sfiftes (Porosoffff, Yan and CThen, 2016). TThfis woufld aflso expflafin wThy ftThe 

yfieflds off aflfl aqueous CO2/H2 experfimenfts are generaflfly very flow fin comparfison fto ftThose off 

purposfive cThemficafl synftTheses. Especfiaflfly under our aflkaflfine condfiftfions, Thydroxyfl group 

fformaftfion can occur fin sfiftu and woufld noft easfifly be vfisfibfle fin ftThe XRD specftra. On ftThe oftTher 

Thand, sftudfies wfiftTh wafter vapour fin Thydrogenaftfion processes Thave sThown ftThaft H2O, aflftThougTh 

flowerfing ftThe ouftpuft off findusftrfiaflfly reflevanft producfts fincfludfing meftThane and flarger 

Thydrocarbons, fincreases ftThe percenftage off C1–C4 ‘oxygenaftes’—
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compounds—possfibfly fincfludfing organfic acfids cenftrafl fin meftaboflfism (Saftfterfffiefld eft afl., 1986). 

Wafter pofisonfing mfigThft ftThus be a probflem, buft a manageabfle one.  

FurftThermore, fift coufld be ftThaft ftThe wafter acftfivfifty fin serpenftfinfizfing sysftems fis flow, due fto 

wafter–rock finfteracftfions. Wafter fis efiftTher bound as Thydroxfides or reduced fto Thydrogen vfia 

serpenftfinfizaftfion (Frosft and Beard, 2007). We sftarfted workfing wfiftTh cflays and zeoflfiftes fto meeft 

sucTh condfiftfions fin new experfimenfts. Decreasfing wafter acftfivfifty fin ftThe sysftem mfigThft aflso promofte 

ftThe fformaftfion off more compflex carbon compounds, especfiaflfly wThen oftTher eflemenfts sucTh as 

nfiftrogen are added fto ftThe reacftfion. TThe wafter-ftofleranft caftaflysfts ftThaft are devefloped ffor findusftrfiafl 

purposes are meftafl cflusfters encapsuflafted fin carbon (Lfiu eft afl., 2003) or fin porous SfiO2 sTheflfls 

(Qfiao eft afl., 2014). BoftTh fforms come cflose fto a porous serpenftfinfizfing sysftem.  

WThaft fis mfissfing fin ftThe reaflm off OoL ftTheorfies bufiflft around serpenftfinfizfing sysftems fis an 

equfivaflenft off ftThe Mfiflfler–Urey experfimenft: a one-poft synftThesfis off amfino acfids, nucflefic bases 

and coffacftors ffrom sfimpfle gasses. TThfis ftThesfis Thas fidenftfifffied an avenue ffor ffufture pursufift. 

Our CO2 fffixaftfion resuflfts are robusft fto dfifffferenft caftaflysfts and condfiftfions, openfing up ftThe 

possfibfiflfifty ftThaft any serpenftfinfizfing sysftem—aflso ouftsfide off deep-sea ThydroftThermafl venfts—coufld 

be a sfifte ffor ftThe earfly sfteps off abfiogenesfis. Besfides mfid-ocean rfidges, serpenftfinfizaftfion off 

uflftramafffic rocks aflso occurs fin fforearc regfions beftween an ocean ftrencTh and ftThe assocfiafted 

voflcanfic arc or fterresftrfiafl opThfioflfiftes (fi.e. obducfted/accreftfionary oceanfic crusft) (Hoflm eft afl., 

2015). TThe condfiftfions ffound fin sucTh regfions sThoufld be finvesftfigafted fin an OoL conftexft.  

WThaft became evfidenft workfing on ftThfis projecft, fin wThficTh bfiofinfformaftfics, neftwork 

specfiaflfisfts, mficrobfioflogfisfts, surfface and organfic cThemfisfts excThanged mucTh finfformaftfion, fis ftThe 

vaflue off finfterdfiscfipflfinarfifty fin order fto fform a deeper undersftandfing off ftThe mecThanfisms fin boftTh 

bfioflogy and (geo)cThemfisftry. Bfioflogy needs ftThfis knowfledge fto fffind ouft Thow ftThe ftransfiftfion ffrom 

abfioftfic fto bfioftfic ftook pflace 4 bfiflflfion years ago, and aflso fto undersftand wThaft Thappens aft 

geocThemficafl sfiftes mecThanfisftficaflfly. CThemfisftry can fimprove ftThe desperaftefly needed process off 

CO2 fffixaftfion by flearnfing ffrom nafture’s very flong experfience wfiftTh ftThe fissue (Appefl eft afl., 2013). 

One mafin probflem ffor findusftrfiafl CO2 fffixaftfion fis ftThe flack off pure H2 gas. Mosft ftecThnoflogficaflfly 

used H2 comes ffrom ftThe compounds ftThaft are meanft fto be produced by fift: Thydrocarbons. Beftfter 

means off H2 synftThesfis can fimprove CO2 fffixaftfion and poftenftfiaflfly decrease CO2 emfissfions. 

Serpenftfinfizaftfion soflved ftThfis probflem ffor geocThemficafl seftftfings and mfigThft Thave been an 

fimporftanft prerequfisfifte ffor flfiffe as fift woufld Thave been abfle fto provfide ftThe eflecftron and energy 

source ftThaft fis H2. GeocThemficafl processes coufld aflso finspfire findusftrfiafl Thydrogen producftfion.  
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