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 12 

AbVWUacW 13 

The dieWheU cRUe PePbUaQe OiSid VeVWeUWeUSaQ\O-Sh\WaQ\O-gO\ceURO (VR-caOOed e[WeQded 14 

aUchaeRO aQd RfWeQ abbUeYiaWed C20-C25) iV cRQVideUed aV a haOOPaUk Rf HaORaUchaea, a 15 

cOade Rf aUchaea WhUiYiQg XQdeU e[WUePe high VaOiQiWieV. We heUe UeSRUW abRXW e[WeQded 16 

aUchaeRO RccXUUeQce iQ diffeUeQW VaOiQe aTXaWic VeWWiQgV ZiWh VaOiQiW\ UaQgiQg fURP ca. 50 17 

SVX (5 % NaCO Z/Y) WR VaWXUaWiRQ (ca. 350 SVX). ThiV dePRQVWUaWeV WhaW WhiV OiSid iV QRW 18 

UeVWUicWed WR e[WUePe VaOiQe eQYiURQPeQWV bXW VXggeVWV a PiQiPXP VaOiQiW\ WhUeVhROd Rf 19 

ca. 50 SVX abRYe Zhich C20-C25 iV PRVW cRPPRQO\ SURdXced. The SURSRUWiRQ Rf C20-C25 20 

UeOaWiYe WR WhaW Rf aUchaeRO (C20-C20) did QRW aSSeaU OiQeaUO\ deSeQdeQW RQ Whe VaOiQiW\ Rf 21 

Whe ViWe aQd ZaV SRWeQWiaOO\ aOVR iQfOXeQced b\ SH aQd WePSeUaWXUe, SUeYeQWiQg iWV diUecW 22 

XVe aV a TXaQWiWaWiYe VaOiQiW\ SUR[\ baVed RQ Whe SUeVeQW daWa VeW. AQ e[WeQViYe OiWeUaWXUe 23 

UeYieZ Rf aUchaeaO PePbUaQe OiSid cRPSRViWiRQV fXUWheU highOighWed WhaW Wa[RQRP\ aOVR 24 
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cRQWUibXWeV WR Whe diVWUibXWiRQ Rf WhiV OiSid iQ Whe eQYiURQPeQW aQd ideQWifieV NaWUiaObaOeV 25 

(RQe Rf Whe WhUee RUdeUV Rf HaORaUchaea) aV Whe PaiQ VRXUce. SWaWiVWicaO aQaO\ViV VhRZed 26 

WhaW, aPRQg HaORaUchaea, C20-C25 SURdXceUV diVSOa\ SH aQd VaOiQiW\ gURZWh RSWiPa 27 

VOighWO\ higheU WhaQ QRQ-SURdXceUV aQd aUe diVWUibXWed ZiWhiQ WZR diVWiQcW gURXSV, RQe 28 

cRPSRVed PRVWO\ Rf QeXWURShiOeV aQd RQe Rf aOkaOiShiOeV. IQ cRQWUaVW, Whe SUeVeQce Rf 29 

C20-C25 ZaV QRW cRUUeOaWed WR Whe RSWiPaO gURZWh WePSeUaWXUe Rf Whe VWUaiQV. ThiV 30 

VXggeVWV WhaW WZR cRQfRXQdiQg SaUaPeWeUV, i.e., Wa[RQRP\ aQd adaSWaWiRQ WR chaQgeV iQ 31 

VaOiQiW\ aQd/RU SH, cRQWUibXWe WR Whe diVWUibXWiRQ Rf C20-C25 ZiWhiQ HaORaUchaea. 32 

 33 

Ke\ZRUdV: HaORShiOic aUchaea; e[WeQded aUchaeRO; adaSWaWiRQ WR SH aQd VaOiQiW\; 34 

NaWUiaObaOeV 35 

 36 

1. IQWURdXcWiRQ 37 

IVRSUeQRid diaOk\O gO\ceURO dieWheU OiSidV aUe PePbUaQe OiSidV XQiTXe WR Whe AUchaea. 38 

AUchaeRO 1 (2,3-di-O-Sh\WaQ\O-sn-gO\ceURO; Fig. 1A) aQd iWV eORQgaWed hRPRORgXe caOOed 39 

e[WeQded aUchaeRO 2 (2-O-VeVWeUWeUSaQ\O-3-O-Sh\WaQ\O-sn-gO\ceURO 2a aQd iWV 40 

UegiRViRPeU 2-O-Sh\WaQ\O-3-O-VeVWeUWeUSaQ\O-sn-gO\ceURO 2b; Fig. 1A) aUe Whe WZR PaiQ 41 

W\SeV Rf aUchaeaO dieWheU OiSidV eQcRXQWeUed. WhiOe 1 iV gORbaOO\ diVWUibXWed aPRQg 42 

AUchaea (e.g., TRXUWe eW aO., 2020), 2 ZaV iQiWiaOO\ deVcUibed RQO\ iQ haORaOkaOiShiOic 43 

aUchaea (De RRVa eW aO., 1982) befRUe beiQg deWecWed iQ QRQ-aOkaOiQe h\SeUVaOiQe 44 

eQYiURQPeQWV (Tei[idRU eW aO., 1993) aQd OaWeU RQ cRQVideUed aV a haOOPaUk Rf haORShiOic 45 

EXU\aUchaeRWa fURP Whe cOade HaORaUchaea (DaZVRQ eW aO., 2012 aQd UefeUeQceV WheUeiQ). 46 

HRZeYeU, feZ e[ceSWiRQV e[iVW RXWVide WhiV cOade (e.g., BeckeU eW aO., 2016). The e[WUa 47 

iVRSUeQRid XQiW RQ eiWheU RQe Rf Whe aOk\O chaiQV iQ 2 cRPSaUed WR 1 UeVXOWV iQ aQ 48 



aV\PPeWUic OiSid WhaW ZaV h\SRWheVi]ed WR iQdXce ³]iS-Oike´ aUchaeaO PePbUaQeV 49 

VSecificaOO\ adaSWed WR high aOkaOiQiW\ aQd VWURQg RVPRWic VWUeVV (De RRVa eW aO., 1982). 50 

The deWecWiRQ Rf 2 iQ VediPeQWaU\ aUchiYeV haV beeQ cRQVeTXeQWO\ aVVRciaWed ZiWh Whe 51 

SUeVeQce Rf HaORaUchaea aQd XVed aV a PaUkeU Rf h\SeUVaOiQe/eYaSRUiWic eQYiURQPeQWV 52 

(BiUgeO eW aO., 2014). AOWhRXgh UeOeYaQW WR VRPe e[WeQW, Whe diVWUibXWiRQ Rf 2 iQ bRWh 53 

AUchaea aQd eQYiURQPeQWaO VaPSOeV aV ZeOO aV iWV Sh\ViRORgicaO aQd adaSWiYe fXQcWiRQV 54 

VWiOO UePaiQ iQcRPSOeWeO\ XQdeUVWRRd. FRU iQVWaQce, WhiV cRPSRXQd haV beeQ UeSRUWed iQ 55 

aQcieQW PaUiQe VeTXeQceV VhRZiQg QR OiWhRORgicaO eYideQce Rf high VaOiQiWieV 56 

(NaWaOicchiR eW aO., 2017). OQ Whe RWheU haQd, SUeOiPiQaU\ UeVXOWV baVed RQ OabRUaWRU\ 57 

cXOWXUeV Rf a ViQgOe HaORaUchaea VSecieV (fURP Whe RUdeU HaORbacWeUiaOeV) haYe VhRZQ 58 

WhaW Whe UeOaWiYe SURSRUWiRQ Rf 2 iQcUeaVeV ZiWh iQcUeaViQg WePSeUaWXUe aQd VaOiQiW\ 59 

(YaPaXchi, 2008), ZhiOe iWV RccXUUeQce ZiWhiQ a feZ HaORaUchaea VSecieV aSSeaUed 60 

UeOaWed WR Wa[RQRP\ aQd RSWiPaO NaCO cRQceQWUaWiRQ (DaZVRQ eW aO., 2012). HeUe, Ze 61 

UeSRUW Whe SUeVeQce Rf 2 iQ VXUface VediPeQWV fURP aTXaWic eQYiURQPeQWV ZiWh diYeUVe 62 

VaOiQiWieV, aQd UeiQYeVWigaWe iWV RccXUUeQce iQ (haOR)aUchaea baVed RQ aQ e[WeQViYe 63 

OiWeUaWXUe VXUYe\ WR beWWeU cRQVWUaiQ iWV biRORgicaO RUigiQ aQd SRWeQWiaO XVe aV a 64 

(SaOeR)eQYiURQPeQWaO iQdicaWRU. 65 

 66 

2. MaWeUiaO aQd MeWhRdV 67 

2.1. SediPeQW VaPSOeV aQd OiSid aQaO\ViV 68 

SXUface VediPeQWV cRPiQg fURP 31 ViWeV ZiWh a VaOiQiW\ UaQgiQg fURP 0 SUacWicaO VaOiQiW\ 69 

XQiW (SVX) WR VaWXUaWiRQ (ca. 350 SVX) ZeUe iQYeVWigaWed fRU Whe SUeVeQce Rf 1 aQd 2 70 

(TabOe S1). The diffeUeQW ViWeV iQcOXde OakeV fURP Whe CaQadiaQ PUaiUieV (POaQcT eW aO., 71 

2018) aQd Whe TibeWaQ POaWeaX (WaQg eW aO., 2020), VaOWeUQV fURP FUaQce (CaPaUgXe) aQd 72 



AUgeQWiQa (VaOdeV PeQiQVXOa) aQd VaOiQe SRQdV fURP GXadeORXSe (HXgXeW eW aO., 2015). 73 

SRPe VediPeQWV haYe beeQ aQaO\]ed iQ SUeYiRXV VWXdieV ZhiOe RWheU ZeUe VSecificaOO\ 74 

cRQVideUed fRU Whe SUeVeQW ZRUk (TabOe S1). SediPeQW VaPSOeV ZeUe fUee]e-dUied aQd 75 

e[WUacWed XOWUaVRQicaOO\ [PeWhaQRO (MeOH) [2, dichORURPeWhaQe (DCM)/MeOH (1:1, 76 

Y/Y) î2, DCM î2] RU XViQg aQ aXWRPaWed VROYeQW e[WUacWRU (HXgXeW eW aO., 2015; POaQcT 77 

eW aO., 2018). The WRWaO OiSid e[WUacWV ZeUe chURPaWRgUaShed RYeU a ViOica geO cROXPQ 78 

ZiWh he[aQe (He[), He[/DCM (1:1, Y/Y), He[/eWh\O aceWaWe (3:1, Y/Y), aQd DCM/MeOH 79 

(1:1, Y/Y) aV eOXeQWV. The WhiUd fUacWiRQ, Zhich cRQWaiQed fUee aOcRhROV, ZaV ViO\OaWed 80 

ZiWh S\UidiQe/N,O-biV(WUiPeWh\OViO\O)WUifOXRURaceWaPide (1:1, Y/Y) aQd aQaO\]ed b\ gaV-81 

chURPaWRgUaSh\ - PaVV VSecWURPeWU\ (GC-MS) XViQg aQ AgiOeQW 6890 gaV 82 

chURPaWRgUaSh cRXSOed WR aQ AgiOeQW 5975C PaVV VSecWURPeWeU. CRPSRXQdV ZeUe 83 

iQjecWed RQ cROXPQ aQd VeSaUaWed RQ a HP5-MS caSiOOaU\ cROXPQ (30 P î 0.25 PP î 84 

0.25 �P) XViQg Whe fROORZiQg GC RYeQ WePSeUaWXUe SURgUaP: 60 �C heOd fRU 0.5 PiQ, 85 

20 �C PiQ-1 WR 130 �C WheQ 4 �C PiQ-1 WR 300 �C heOd fRU 45 PiQ. The WePSeUaWXUe Rf Whe 86 

RQ-cROXPQ iQjecWRU ZaV SURgUaPPed aV fROORZed: 60 �C heOd fRU 0.5 PiQ, 200 �C PiQ-1 87 

WR 300 �C heOd fRU 1 PiQ. TRWaO IRQ CXUUeQW (TIC) aQd SeOecWed IRQ MRQiWRUiQg (SIM) Rf 88 

Whe iRQV P/] 130, 131, 426 aQd 496 (VSecific Rf ViO\OaWed deUiYaWiYeV Rf 1 aQd 2; Tei[idRU 89 

eW aO., 1993) ZeUe UecRUded. DXe WR Whe ORZ aPRXQW Rf 2 aQd/RU cRPSRXQdV cReOXWiQg 90 

ZiWh 1 iQ VRPe VaPSOeV, Whe abXQdaQce Rf 2 UeOaWiYe WR 1+2 (R) ZaV deWeUPiQed fURP Whe 91 

Seak aUea PeaVXUed RQ Whe SIM chURPaWRgUaPV, ZiWh R = 2/(1+ 2) î 100. IW VhRXOd be 92 

QRWed, hRZeYeU, WhaW ZheQ bRWh PeaVXUePeQWV ZeUe SRVVibOe, SIM aQd TIC VigQaOV 93 

\ieOded cRPSaUabOe R YaOXeV (TabOe S1). 94 

 95 

2.2. LiWeUaWXUe VXUYe\ aQd VWaWiVWicaO aQaO\VeV 96 



IQfRUPaWiRQ RQ Whe PePbUaQe OiSid cRPSRViWiRQV Rf aOO AUchaea VSecieV UeSRUWed iQ Whe 97 

OiWeUaWXUe ZaV cROOecWed (N = 450). TR eVWiPaWe Whe iQfOXeQce Rf gURZWh SaUaPeWeUV RQ 98 

Whe SURdXcWiRQ Rf 2, HaORaUchaea (N = 277) ZeUe VRUWed beWZeeQ 2-SRViWiYe aQd 2-99 

QegaWiYe VSecieV aQd WheiU RSWiPaO gURZWh cRQdiWiRQV (VaOiQiW\, SH aQd WePSeUaWXUe) 100 

ZeUe cRPSaUed XViQg a QRQ-SaUaPeWUic WeVW RQ PediaQV SeUfRUPed ZiWh Whe P\WhRQ 101 

VWaWiVWicaO Sackage, aV daWa ZeUe QRW QRUPaOO\ diVWUibXWed. MediaQV ZeUe cRQVideUed 102 

VigQificaQWO\ diffeUeQW ZheQ P-YaOXeV ZeUe beORZ 0.05. 103 

 104 

3. ReVXOWV aQd DiVcXVViRQ 105 

CRPSRXQdV 1 aQd 2 ZeUe deWecWed iQ 19 aQd 10 RXW Rf Whe 31 VaPSOeV aQaO\]ed, 106 

UeVSecWiYeO\. OWheU iVRSUeQRid dieWheU OiSidV [e.g., (PacUR)c\cOic RU h\dUR[\OaWed1] ZeUe 107 

QRW deWecWed beVideV 1 aQd 2. APRQg Whe 19 OakeV ZheUe 1 ZaV RbVeUYed, 2 ZaV deWecWed 108 

iQ aOO ViWeV ZiWh a VaOiQiW\ aURXQd RU abRYe 50 SVX, \ieOdiQg R YaOXeV beWZeeQ 1.7 aQd 109 

11.3 %, aQd ZaV QRW deWecWed iQ OakeV ZiWh a VaOiQiW\ ORZeU WhaQ 50 SVX e[ceSW iQ RQe 110 

VaOiQe SRQd fURP GXadeORXSe ZiWh a VaOiQiW\ Rf ca. 41 SVX (Fig. 1B; TabOe S1). AOWhRXgh 111 

VediPeQWV fURP h\SeUVaOiQe SRQdV ZiWh Whe higheVW VaOiQiW\ (ca. 350 SVX, cORVe WR 112 

VaWXUaWiRQ OeYeO) diVSOa\ed Whe higheVW SURSRUWiRQV Rf 2 (R YaOXeV Rf ca. 11 %), ViPiOaU 113 

SURSRUWiRQV Rf 2 ZeUe aOVR RbVeUYed iQ ViWeV ZiWh a VaOiQiW\ beWZeeQ 70 aQd 210 SVX (Fig. 114 

1B). TheVe UeVXOWV VXSSRUW 2 aV a biRPaUkeU Rf h\SeUVaOiQe eQYiURQPeQWV aV SUeYiRXVO\ 115 

VXggeVWed (Tei[idRU eW aO., 1993; BiUgeO eW aO., 2014), bXW fXUWheU VhRZ WhaW WhiV 116 

biRPaUkeU iV QRW UeVWUicWed WR e[WUePe VaOiQe eQYiURQPeQWV, e[WeQdiQg iWV XVe WR VeWWiQgV 117 

ZiWh a VaOiQiW\ dRZQ WR ca. 40-50 SVX. ThiV iV iQ OiQe ZiWh Whe RccXUUeQce Rf 2 iQ 118 

MiRceQe VhaOeV, PaUOV aQd caUbRQaWeV Zhich aUe VXSSRVed WR haYe fRUPed XQdeU QRQ-119 

e[WUePe cRQdiWiRQV Rf VaOiQiW\ (NaWaOicchiR eW aO., 2017). The SURSRUWiRQ Rf 2 did QRW 120 



aSSeaU OiQeaUO\ deSeQdeQW RQ VaOiQiW\ (Fig. 1B), SUeYeQWiQg Whe defiQiWiRQ Rf a 121 

TXaQWiWaWiYe VaOiQiW\ SUR[\ giYeQ Whe SUeVeQW daWa VeW. IW iV SRVVibOe, hRZeYeU, WhaW VRPe 122 

XQceUWaiQWieV OiQked WR Whe Za\V VaOiQiW\ ZaV PeaVXUed fRU Whe diffeUeQW ViWeV (TabOe S1) 123 

Pa\ haYe RbVcXUed VXch a SRWeQWiaO OiQeaU UeOaWiRQVhiS beWZeeQ Whe UeOaWiYe SURSRUWiRQ 124 

Rf 2 aQd VaOiQiW\. OQ Whe RWheU haQd, Whe SRVVibiOiW\ WhaW a VediPeQW VaPSOe UefOecWV 125 

diffeUeQW VaOiQiW\ cRQdiWiRQV WhaQ WhRVe aW Whe WiPe Rf VaPSOiQg iV QRW OikeO\ ViQce RQO\ 126 

Whe VXUficiaO VediPeQWV ZeUe aQaO\]ed aQd QRQe Rf Whe µORZ-VaOW¶ VediPeQWV iQ Zhich 2 127 

ZaV deWecWed eQcORVed eYaSRUiWeV Zhich cRXOd haYe aWWeVWed fURP SaVW h\SeUVaOiQe 128 

cRQdiWiRQV. IW Pa\ aOVR be eQYiVaged WhaW Whe RccXUUeQce Rf 2 fXUWheU deSeQdV RQ RWheU 129 

eQYiURQPeQWaO SaUaPeWeUV VXch aV SH RU WePSeUaWXUe. BecaXVe WheVe OiPQRORgicaO 130 

SaUaPeWeUV ZeUe QRW aYaiOabOe fRU aOO Whe VWXdied ViWeV (TabOe S1), WheiU SRWeQWiaO 131 

iQfOXeQce RQ Whe RccXUUeQce Rf 2 cRXOd RQO\ be SaUWiaOO\ iQYeVWigaWed (Fig. S1). SWiOO, fRU 132 

Whe OiPiWed VeW Rf daWa aYaiOabOe, a SRWeQWiaO iQfOXeQce Rf bRWh YaUiabOeV RQ Whe SURSRUWiRQ 133 

Rf 2 ZaV QRWiced. R VeePed WR decUeaVe ZiWh iQcUeaViQg iQ-ViWX WePSeUaWXUe (iQ Whe UaQge 134 

15-30 �C; Fig. S1A aQd TabOe S1) Zhich cRQWUaVWV ZiWh SUeYiRXV RbVeUYaWiRQV Pade 135 

XViQg OabRUaWRU\ cXOWXUeV Rf a ViQgOe HaORaUchaea VSecieV (YaPaXchi, 2008). OQ Whe 136 

RWheU haQd, 2 ZaV deWecWed iQ VediPeQWV ZiWh SH YaOXeV UaQgiQg fURP 7.5 WR 9.4 (Fig. 137 

S1B aQd TabOe S1), SRiQWiQg WRZaUdV diffeUeQW SH cRQdiWiRQV Rf SURdXcWiRQ. LaVWO\, RXU 138 

aQaO\VeV RQO\ cRQVideUed Whe RccXUUeQce Rf 1 aQd 2 XQdeU WheiU fUee fRUPV [i.e., aV cRUe 139 

OiSidV (CL) ZiWhRXW SROaU headV] aQd did QRW Wake iQWR accRXQW Whe SRWeQWiaO cR-140 

RccXUUeQce Rf WheVe dieWheUV aV iQWacW SROaU OiSidV (IPL), aV fRXQd iQ OiYiQg biRPaVV. 141 

HRZeYeU, cRQVideUiQg WhaW 1 aQd 2 IPL aUe OikeO\ WR e[hibiW ViPiOaU SROaU headV, WheiU 142 

h\dURO\ViV UaWeV dXUiQg diageQeViV aUe e[SecWed WR be cORVe WR each RWheU, WhXV OiPiWiQg 143 

SRWeQWiaO biaVeV UefOecWed iQ Whe R UaWiR baVed RQ CL aQaO\ViV. WheWheU RU QRW WhiV UaWiR 144 



caQ becRPe a TXaQWiWaWiYe eQYiURQPeQWaO SUR[\ UePaiQV WR be fXUWheU iQYeVWigaWed. IW 145 

ZRXOd be Rf SaUWicXOaU iQWeUeVW WR deWeUPiQe if Whe biRV\QWheViV Rf 2 VcaOeV ZiWh VaOiQiW\ 146 

(RU RWheU eQYiURQPeQWaO SaUaPeWeUV) ZiWhiQ iQdiYidXaO SURdXceUV, aQd/RU if Whe UeOaWiYe 147 

abXQdaQce Rf aUchaeaO VSecieV SURdXciQg WhiV cRPSRXQd VcaOeV ZiWh VaOiQiW\ (RU RWheU 148 

YaUiabOeV). 149 

 150 

TR fXUWheU e[SORUe SRWeQWiaO adaSWiYe fXQcWiRQV Rf 2 WRZaUdV VaOiQiW\ aQd RWheU gURZWh 151 

SaUaPeWeUV, Ze ORRked fRU iWV RccXUUeQce aPRQg aOO Whe aUchaeaO PePbUaQe OiSid 152 

cRPSRViWiRQV aYaiOabOe iQ Whe OiWeUaWXUe (N= 450). IW VhRXOd be ePShaVi]ed WhaW aOO 153 

OiWeUaWXUe daWa ZaV QRW hRPRgeQeRXV iQ Whe VeQVe WhaW VRPe VWXdieV fRcXVed RQ IPL, 154 

ZheUeaV RWheU VWXdieV UeSRUWed CL cRPSRViWiRQV RbWaiQed afWeU h\dURO\ViV Rf WRWaO OiSid 155 

e[WUacWV. SiQce RXU VXUYe\ cRQVideUed bRWh IPL aQd CL, iW VhRXOd QRW be biaVed b\ Whe 156 

heWeURgeQeiW\ Rf Whe OiWeUaWXUe daWa. CRPSRXQd 2 ZaV UeSRUWed iQ RQO\ 91 RXW Rf 450 157 

VSecieV, ZiWh 87 VSecieV beORQgiQg WR Whe WhUee RUdeUV Rf HaORaUchaea, i.e., Whe 158 

HaORbacWeUiaOeV, HaORfeUacaOeV aQd NaWUiaObaOeV. The 4 addiWiRQaO VSecieV SURdXciQg 2, 159 

QaPeO\, Methanomassilicoccales l\min\ensis, Methanolobus tindarius, Methanosarcina 160 

barkeri aQd Methanosarcina ma]ei, ZeUe UaQdRPO\ diVWUibXWed ZiWhiQ QRQ-haORShiOic 161 

PeWhaQRgeQV (De RRVa eW aO., 1986; GUaQW aQd RRVV, 1986; BeckeU eW aO., 2016). 162 

TheUefRUe, Ze fRcXVed RXU aQaO\ViV RQ HaORaUchaea (N= 277; Fig. 2A). CRPSRXQd 2 163 

ZaV ideQWified iQ Whe PajRUiW\ Rf cXUUeQWO\ kQRZQ NaWUiaObaOeV (51 RXW Rf 78 VSecieV, 16 164 

RXW Rf 22 geQeUa), bXW ZaV PRUe VSRUadicaOO\ UeSRUWed iQ HaORbacWeUiaOeV (32 RXW Rf 90 165 

VSecieV, 14 RXW Rf 31 geQeUa) aQd HaORfeUacaOeV (6 RXW Rf 109 VSecieV, 2 RXW Rf 18 166 

geQeUa, i.e., Halorubrum aQd Halalkaliarchaeum). SXch diVWiQcW diVWUibXWiRQV Rf 2 167 

beWZeeQ Whe WhUee HaORaUchaea RUdeUV VXSSRUW Whe idea WhaW facWRUV cRQWUROOiQg iWV 168 



biRV\QWheViV aUe deSeQdeQW RQ Wa[RQRP\ (DaZVRQ eW aO., 2012). IWV Zide diVWUibXWiRQ 169 

ZiWhiQ NaWUiaObaOeV ZRXOd iQdicaWe WhaW Whe abiOiW\ WR V\QWheVi]e WhiV cRPSRXQd iV a 170 

cRPPRQ aQd aQceVWUaO feaWXUe Rf aOO Whe VSecieV Rf WhiV RUdeU, ZhiOe iWV SaWch\ 171 

diVWUibXWiRQ ZiWhiQ HaORfeUacaOeV aQd HaORbacWeUiaOeV ZRXOd VXggeVW WhaW PePbeUV Rf 172 

WheVe RUdeUV haYe VSRUadicaOO\ gaiQed WhiV biRV\QWheWic abiOiW\ b\ hRUi]RQWaO geQe 173 

WUaQVfeUV RU VSRQWaQeRXV ePeUgeQce. AQRWheU h\SRWheViV WR e[SOaiQ Whe diVWUibXWiRQ Rf 2 174 

ZiWhiQ HaORaUchaea iV WhaW Whe abiOiW\ WR V\QWheVi]e WhiV OiSid ePeUged aQd cRQfeUUed 175 

iQcUeaVed fiWQeVV XQdeU SecXOiaU eQYiURQPeQWaO cRQdiWiRQV, aQd ZaV WhXV PaiQWaiQed. 176 

IQ aQ effRUW WR diVeQWaQgOe Whe cRQWUibXWiRQ Rf Wa[RQRP\ YV. VWUeVV UeVSRQVe iQ Whe 177 

RccXUUeQce Rf 2 iQ HaORaUchaea, Ze gaWheUed fURP Whe OiWeUaWXUe Whe iQ-Oab RSWiPaO 178 

gURZWh cRQdiWiRQV Rf aOO VSecieV ZiWh deVcUibed PePbUaQe OiSid cRPSRViWiRQV (Fig. 2B). 179 

TR ideQWif\ SXWaWiYe VXbgURXSV WhaW PighW fRU iQVWaQce UeVXOW fURP Whe afRUePeQWiRQed 180 

iQfOXeQce Rf Wa[RQRP\, Ze UeSUeVeQWed RXU daWa XViQg YiROiQ SORWV iQVWead Rf W\SicaO bR[ 181 

SORWV. UQOike Whe OaWWeU, YiROiQ SORWV UeSUeVeQW Whe SURbabiOiW\ Rf a daWa SRiQW WR be iQ a 182 

ceUWaiQ UegiRQ Rf Whe SORW (e.g., Whe OaUgeU Whe UegiRQ Whe PRUe daWa SRiQWV iW cRQWaiQV) aQd 183 

WhXV beWWeU deSicWV Whe daWa VeW diVWUibXWiRQ. ReVXOWV VhRZed WhaW HaORaUchaea 184 

V\QWheVi]iQg 2 gURZ RSWiPaOO\ aW VigQificaQWO\ higheU SH (7.45 YV. 7.30, P-YaOXe = 185 

0.015) aQd VaOiQiW\ (200 YV. 190 SVX, P-YaOXe = 0.035) WhaQ QRQ-SURdXciQg VSecieV (Fig. 186 

2B). HRZeYeU, aOWhRXgh VigQificaQW, WheVe diffeUeQceV aSSeaUed UaWheU VPaOO WR VXSSRUW a 187 

PajRU iQfOXeQce Rf gURZWh SH aQd/RU VaOiQiW\ RQ Whe biRV\QWheViV Rf 2. ThiV QRQeWheOeVV 188 

hiQWV WhaW 2 Pa\ haYe SOa\ed a UROe iQ Whe (ORQg-WeUP) adaSWaWiRQ Rf HaORaUchaea WR SH 189 

aQd VaOiQiW\ YaUiaWiRQV. LRRkiQg PRUe cORVeO\ aW WheiU RSWiPaO gURZWh cRQdiWiRQV, VSecieV 190 

caSabOe Rf Whe V\QWheViV Rf 2 aUe diVWUibXWed ZiWhiQ WZR diVWiQcW gURXSV: RQe cRPSRVed 191 

PRVWO\ Rf QeXWURShiOic HaORaUchaea (PediaQ SH = 7.2) aQd RQe Rf aOkaOiShiOic 192 



HaORaUchaea, PRVWO\ NaWUiaObaOeV (PediaQ SH = 9.2; FigXUe 2B). SXch a biPRdaOiW\ 193 

VXggeVWV WhaW WZR cRQfRXQdiQg SaUaPeWeUV, i.e., Wa[RQRP\ aQd adaSWaWiRQ, PighW 194 

cRQWUibXWe WR Whe diVWUibXWiRQ Rf 2 ZiWhiQ HaORaUchaea. FRU iQVWaQce, 2 PighW VXSSRUW 195 

adaSWaWiRQ WRZaUdV e[WUePe SH iQ NaWUiaObaOeV, ZhiOe iW PighW SURYide RWheU \eW 196 

XQkQRZQ adYaQWage iQ HaORfeUacaOeV aQd HaORbacWeUiaOeV. 197 

OXU VWaWiVWicaO aQaO\ViV fXUWheU VhRZed WhaW Whe RccXUUeQce Rf 2 iV QRW cRUUeOaWed WR Whe 198 

RSWiPaO gURZWh WePSeUaWXUe Rf HaORaUchaea (P-YaOXe = 0.523; Fig. 2B). ThiV VXggeVWV 199 

WhaW WePSeUaWXUe haYe QRW e[eUWed a VigQificaQW cRQWURO RQ Whe biRV\QWheViV Rf 2 dXUiQg 200 

Whe ORQg-WeUP eYROXWiRQ Rf WhiV cOade (Fig. S1A). IW Pa\ QRW SUecOXde, hRZeYeU, WhaW 201 

WePSeUaWXUe Pa\ iQfOXeQce Whe SURSRUWiRQ Rf WhiV OiSid iQ Whe PePbUaQe Rf Whe aUchaeaO 202 

SURdXceUV dXUiQg VhRUW-WeUP accOiPaWiVaWiRQ (YaPaXchi, 2008; Fig. S1A). 203 

 204 

The cXUUeQW VeW Rf aUchaeaO OiSid cRPSRViWiRQV fXUWheU SOaceV HaORaUchaea aV Whe PaiQ 205 

SURdXceUV Rf 2. AV Whe YaVW PajRUiW\ Rf cXUUeQWO\ kQRZQ HaORaUchaea aUe XQabOe WR 206 

WhUiYe aW VaOiQiW\ beORZ 100 SVX, Whe SUeVeQce Rf 2 iQ VediPeQWV ZiWh VaOiQiW\ fURP ca. 40 207 

WR 100 SVX iV iQWUigXiQg (Fig. 1B). HRZeYeU, 2 haV beeQ UeSRUWed iQ QRQ-haORShiOic 208 

VSecieV diVWiQcW fURP HaORaUchaea (i.e., iQ QRQ-haORShiOic PeWhaQRgeQV; De RRVa eW aO., 209 

1986; GUaQW aQd RRVV, 1986; BeckeU eW aO., 2016) aQd Whe OiSid cRPSRViWiRQ Rf QXPeURXV 210 

aUchaeaO VSecieV iV \eW XQchaUacWeUi]ed. The SRVVibiOiW\ WhaW a ZhROe UaQge Rf SURdXceUV 211 

Rf 2 beVideV HaORaUchaea Pa\ cRQWUibXWe WR Whe SRRO Rf WhiV OiSid biRPaUkeU iQ 212 

eQYiURQPeQWV ZiWh cRQWUaVWed VaOiQiW\ WhXV caQQRW be UXOed RXW. OQ Whe RWheU haQd, 213 

HaORaUchaea haYe beeQ RbVeUYed iQ ORZ RU QRQ-e[WUePe VaOiQe eQYiURQPeQWV VXch aV 214 

eVWXaUieV (PXUd\ eW aO., 2004; SiQgh eW aO., 2010), VXOfXU-Uich VSUiQgV (EOVhahed eW aO., 215 

2004) RU WhiRWURShic PicURbiaO PaWV (JeVVeQ eW aO., 2016), VXggeVWiQg WhaW VRPe (\eW 216 



XQdeVcUibed) ORZ VaOW-WROeUaQW HaORaUchaea PighW be UeVSRQVibOe fRU Whe SURdXcWiRQ Rf 2 217 

iQ VeWWiQgV ZiWh PRdeUaWe VaOiQiW\. 218 

IQ VSiWe Rf Whe VWiOO fUagPeQWed iQfRUPaWiRQ cXUUeQWO\ aYaiOabOe RQ Whe biRV\QWheViV 219 

(SURdXceUV aQd cRQdiWiRQV) Rf e[WeQded aUchaeRO, Whe SUeVeQW VWXd\ eQcRXUageV fXUWheU 220 

iQYeVWigaWiRQ Rf Whe Sh\ViRORgicaO UROe, eQYiURQPeQWaO RccXUUeQce aQd SRWeQWiaO XVe aV 221 

(SaOeR)eQYiURQPeQWaO iQdicaWRU Rf WhiV SX]]OiQg OiSid. 222 

 223 

AckQRZOedgPeQWV 224 

We WhaQk DU. MiQgda WaQg fRU hiV YaOXabOe heOS iQ gaWheUiQg Whe eQYiURQPeQWaO 225 

SaUaPeWeUV Rf Whe TibeWaQ OakeV aQd DU PhiOiSSe CXQ\ fRU SURYidiQg Whe VediPeQWV fURP 226 

VaOWeUQV. We WhaQk WZR aQRQ\PRXV UeYieZeUV fRU WheiU cRPPeQWV Zhich gUeaWO\ 227 

iPSURYed Whe PaQXVcUiSW. We aUe gUaWefXO WR Whe CNRS IQWeUdiVciSOiQaU\ SURgUaP MITI 228 

µAdaSWaWiRQ dX YiYaQW j O¶eQYiURQQePeQW¶ (SURjecW AdaSWhaOR 2020-2021) aQd Whe ENS 229 

L\RQ fRU WheiU fiQaQciaO VXSSRUW. 230 
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FigXUe OegeQdV 

 

FigXUe 1. A) SWUXcWXUeV Rf aUchaeRO 1 aQd Whe WZR SRVVibOe UegiRiVRPeUV Rf e[WeQded 

aUchaeRO 2; B) PURSRUWiRQ Rf 2 UeOaWiYe WR 1 iQ VXSeUficiaO VediPeQWV Rf OakeV aQd SRQdV 

ZiWh diffeUeQW VaOiQiWieV. The daVhed OiQe iQdicaWeV a SRVVibOe WhUeVhROd fRU Whe SUeVeQce 

Rf 2 aURXQd 40-50 SVX. R= 2/(1+2) î 100. 

 

FigXUe 2. A) AUchaeaO Sh\ORgeQeWic WUee (UedUaZQ fURP CXi aQd D\aOO-SPiWh, 2021) aQd 

aYeUage RSWiPaO gURZWh SaUaPeWeUV (VaOiQiW\, SH aQd WePSeUaWXUe) Rf HaORaUchaea. 

GeQeUa highOighWed iQ Ued iOOXVWUaWe Whe SUeVeQce Rf 2 iQ aW OeaVW RQe VSecieV; geQeUa iQ 

bROd Ued aUe WhRVe fRU Zhich aOO VSecieV ZeUe UeSRUWed WR SURdXce 2. B) DiVWUibXWiRQ Rf 

RSWiPaO gURZWh SaUaPeWeUV aPRQg HaORaUchaea SURdXciQg (Ued) RU QRW (ZhiWe) e[WeQded 

aUchaeRO 2 (OiWeUaWXUe daWa). ViROiQ SORWV iQcOXde Whe PediaQV (ZhiWe dRWV), 1VW aQd 3Ud 

TXaUWiOeV (bOack bR[ OiPiWV), UaQgeV (bOack ZhiVkeUV) aQd SURbabiOiW\ deQViWieV (VhaSe 

ZidWh). 

 

FigXUe S1. PURSRUWiRQ Rf 2 UeOaWiYe WR 1 iQ VXSeUficiaO VediPeQWV Rf OakeV aQd SRQdV aV a 

fXQcWiRQ Rf A) WePSeUaWXUe (�C) aQd B) SH. R= 2/(1+2) î 100. OQO\ VaPSOeV ZheUe 1 

aQd/RU 2 ZeUe deWecWed aUe UeSUeVeQWed (Vee TabOe S1). SH YaOXeV iQ VaOiQe SRQdV fURP 

GXadeORXSe ZeUe URXgh eVWiPaWeV baVed RQ SH SaSeU aQd ZeUe WhXV QRW cRQVideUed. 

 

TabOe S1. ChaUacWeUiVWicV Rf Whe VXUface VediPeQW VaPSOeV iQYeVWigaWed. 
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