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AbVWracW 
MXWaWiRQV aUe Whe VRXUce Rf geQeWic YaUiaWiRQ aQd a SUeUeTXiViWe fRU eYROXWiRQ. DeVSiWe WheiU 
fXQdaPeQWaO iPSRUWaQce, hRZeYeU, WheiU UaUiW\ PaNeV WheP e[SeQViYe aQd difficXOW WR deWecW, 
Zhich haV OiPiWed RXU abiOiW\ WR PeaVXUe Whe e[WeQW WR Zhich PXWaWiRQaO SURceVVeV YaU\ ZiWhiQ 
aQd beWZeeQ VSecieV. HeUe, Ze XVe Whe 1011 ​SaccKaURP\cHV cHUHYLVLaH ​ cROOecWiRQ WR PeaVXUe 
YaUiaWiRQ Rf PXWaWiRQ UaWeV aQd VSecWUa aPRQg VWUaiQV iVROaWed fURP a YaUieW\ Rf QaWXUaO aQd 
hXPaQ-UeOaWed eQYiURQPeQWV. The PXWaWiRQ VSecWUa Rf YaUiaQWV VegUegaWiQg iQ diffeUeQW ​S. 
cHUHYLVLaH ​ SRSXOaWiRQV e[hibiW diffeUeQceV iQ Whe UeOaWiYe QXPbeUV Rf VSecific WUaQViWiRQ aQd 
WUaQVYeUViRQ W\SeV, a SaWWeUQ UePiQiVceQW Rf SUeYiRXVO\ RbVeUYed PXWaWiRQ VSecWUXP diffeUeQceV 
beWZeeQ SRSXOaWiRQV Rf hXPaQV, gUeaW aSeV, aQd Pice. SXch QaWXUaO YaUiaWiRQ iV WhRXghW WR 
UeYeaO hiVWRUicaO diffeUeQceV iQ Whe acWiYiW\ Rf SaUWicXOaU PXWaWiRQaO SURceVVeV, bXW iV aOVR 
SRWeQWiaOO\ cRPSOicaWed b\ RWheU fRUceV VXch aV adPi[WXUe, geQeWic dUifW, aQd VeOecWiRQ. IQ RUdeU 
WR diUecWO\ WeVW hRZ PXch Rf Whe RbVeUYed PXWaWiRQ VSecWUXP YaUiaWiRQ iV caXVed b\ heUiWabOe 
diffeUeQceV beWZeeQ e[WaQW VWUaiQV Rf ​S. cHUHYLVLaH ​, Ze deYeORSed aQ e[SeUiPeQWaO SiSeOiQe WR 
aVVa\ ​dH QRYR ​ PXWaWiRQ UaWeV aQd VSecWUa Rf iQdiYidXaO VWUaiQV, XViQg Whe UeSRUWeU geQe ​CAN1 ​. 
We fRXQd a 10-fROd UaQge Rf PXWaWiRQ UaWe YaUiaWiRQ aPRQg 16 haSORid VWUaiQV VXUYe\ed. WhiOe 
PaQ\ VWUaiQV e[hibiW ViPiOaU PXWaWiRQ VSecWUa, WZR UeOaWed VWUaiQV fURP Whe SaQeO¶V ³MRVaic beeU´ 
cOade, NQRZQ aV AEQ aQd AAR, VhaUe a diVWiQcWiYe PXWaWiRQ VSecWUXP eQUichPeQW fRU C>A 
PXWaWiRQV. ThiV C>A eQUichPeQW fRXQd WhURXgh RXU e[SeUiPeQWaO SiSeOiQe PiUURUV aQ eQUichPeQW 
Rf C>A PXWaWiRQV iQ UaUe YaUiaQWV VegUegaWiQg WhURXghRXW Whe geQRPeV Rf AEQ aQd AAR aV ZeOO 
aV addiWiRQaO MRVaic beeU VWUaiQV. We dedXce WhaW a PaMRU a[iV Rf ​S. cHUHYLVLaH ​ PXWaWiRQ 
VSecWUXP YaUiaWiRQ iV OiNeO\ dUiYeQ b\ RQe RU PRUe QaWXUaOO\ RccXUUiQg PXWaWRU aOOeOeV ZhRVe 
acWiRQ iV PeaVXUabOe iQ a cRQWUROOed OabRUaWRU\ eQYiURQPeQW. 

InWrodXcWion 
MXWaWiRQV aUe a dRXbOe-edged VZRUd. AW Whe PROecXOaU OeYeO, Whe\ XVXaOO\ aUiVe aV a 
VSRQWaQeRXV cRQVeTXeQce Rf DNA UeSOicaWiRQ eUURUV RU daPage aQd aUe Whe XOWiPaWe caXVe Rf 
geQeWic diVeaVeV ​(Nei, 1983; CURZ, 1997; AQWRQaUaNiV aQd BecNPaQQ, 2006; SebaW ​HW aO.​, 2007; 
IRVVifRY ​HW aO.​, 2014)​. AOO RUgaQiVPV haYe eYROYed cRPSOe[ PechaQiVPV fRU NeeSiQg PXWaWiRQ 
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UaWeV ORZ aQd VafegXaUdiQg WheiU geQeWic iQfRUPaWiRQ aV iW iV SaVVed fURP geQeUaWiRQ WR 
geQeUaWiRQ ​(BecNPaQ aQd LReb, 1993; EiVeQ aQd HaQaZaOW, 1999)​; iQ PXOWiceOOXOaU RUgaQiVPV, 
WheVe PechaQiVPV aOVR VafegXaUd VRPaWic WiVVXeV fURP PXWaWiRQV WhaW caQ caXVe caQceU aQd 
age-UeOaWed decOiQe ​(AOe[aQdURY ​HW aO.​, 2013; LReb, 2016; RiVTXeV aQd KeQQed\, 2018)​. A ORZ 
PXWaWiRQ UaWe iV eVVeQWiaO fRU ORQg-WeUP SRSXOaWiRQ VXUYiYaO, aQd Whe OaUgeU aQd PRUe cRPSOe[ a 
geQRPe iV, Whe ORZeU Whe PXWaWiRQ UaWe PXVW be WR SUeYeQW deOeWeUiRXV PXWaWiRQV fURP aUiViQg 
faVWeU WhaQ QaWXUaO VeOecWiRQ caQ eOiPiQaWe WheP ​(EigeQ, 1971; DUaNe, 1991; SXQg, AcNeUPaQ, ​HW 
aO.​, 2012; AcRVWa ​HW aO.​, 2015)​. OYeU ORQg WiPe VcaOeV, hRZeYeU, PXWaWiRQV aOVR VeUYe aV Whe UaZ 
PaWeUiaO fRU eYROXWiRQ. AOWhRXgh beQeficiaO PXWaWiRQV aUe UaUe RccXUUeQceV, Whe\ aUe eVVeQWiaO fRU 
Whe acTXiViWiRQ Rf QRYeO SheQRW\SeV aQd adaSWaWiRQV ​(GRPSeO ​HW aO.​, 2005; McGUegRU ​HW aO.​, 
2007)​.  
 
A OaUge bRd\ Rf WheRU\ haV beeQ ZUiWWeQ WR deVcUibe hRZ QaWXUaO VeOecWiRQ PighW acW RQ Whe 
PXWaWiRQ UaWe WR baOaQce WheVe beQeficiaO aQd deOeWeUiRXV effecWV ​(SWXUWeYaQW, 1937; KiPXUa, 
1967; Leigh, 1970; JRhQVRQ, 1999; AQdUp aQd GRdeOOe, 2006; SXQg, AcNeUPaQ, ​HW aO.​, 2012)​. 
OQe SUedicWiRQ iV WhaW RUgaQiVPV OiYiQg iQ PRUe chaQgeabOe eQYiURQPeQWV PighW eYROYe higheU 
PXWaWiRQ UaWeV WhaQ RUgaQiVPV OiYiQg iQ PRUe VWabOe eQYiURQPeQWV, aVVXPiQg WhaW Whe 
eQYiURQPeQW deWeUPiQeV ZheWheU a higheU UaWe Rf beQeficiaO PXWaWiRQV iV OiNeO\ WR cRXQWeUbaOaQce 
a higheU UaWe Rf deOeWeUiRXV PXWaWiRQV. ThiV SUedicWiRQ haV beeQ bRUQe RXW iQ OabRUaWRU\ eYROXWiRQ 
e[SeUiPeQWV, ZheUe PXWaWRU SheQRW\SeV VRPeWiPeV ePeUge iQ SRSXOaWiRQV WhaW aUe fRUced WR 
WROeUaWe chaOOeQgiQg cRQdiWiRQV ​(TeQaiOORQ ​HW aO.​, 2016; GRRd ​HW aO.​, 2017)​ aQd PXWaWRU VWUaiQV aUe 
RfWeQ RbVeUYed WR WaNe RYeU chePRVWaW SRSXOaWiRQV b\ SURdXciQg beQeficiaO PXWaWiRQV aW a higheU 
UaWe WhaQ cRPSeWiQg QRQ-PXWaWRU VWUaiQV ​(ChaR aQd CR[, 1983)​. HRZeYeU, iW iV OeVV cOeaU hRZ 
PXch PXWaWiRQ UaWe YaUiaWiRQ e[iVWV ZiWhiQ aQd beWZeeQ QaWXUaO SRSXOaWiRQV, aQd if VXch YaUiaWiRQ 
e[iVWV, ZheWheU iW iV PaiQWaiQed b\ QaWXUaO VeOecWiRQ. The ³dUifW baUUieU h\SRWheViV´ SUedicWV WhaW 
PXWaWRU aOOeOeV ZiOO XVXaOO\ be deOeWeUiRXV becaXVe Whe\ SURdXce PRUe daPagiQg PXWaWiRQV WhaQ 
beQeficiaO RQeV, bXW WhaW PXWaWRU aOOeOeV ZiWh UeOaWiYeO\ VPaOO effecWV Pa\ SeUViVW iQ SRSXOaWiRQV 
becaXVe Whe\ aUe QRW deOeWeUiRXV eQRXgh WR be efficieQWO\ eOiPiQaWed ​(L\Qch ​HW aO.​, 2016)​. 
 
AOWhRXgh Qe[W-geQeUaWiRQ VeTXeQciQg haV UaSidO\ iQcUeaVed RXU abiOiW\ WR PeaVXUe Whe geQeWic 
YaUiaWiRQ WhaW cXUUeQWO\ e[iVWV ZiWhiQ SRSXOaWiRQV, Whe e[WeQW Rf PXWaWiRQ UaWe YaUiaWiRQ iV VWiOO PRUe 
difficXOW aQd e[SeQViYe WR PeaVXUe. OQe Rf Whe RUigiQaO PeWhRdV fRU PeaVXUiQg PXWaWiRQ UaWeV iV 
Whe LXUia-DeObU�cN fOXcWXaWiRQ aVVa\ ​(LXUia aQd DeObU�cN, 1943; LaQg aQd MXUUa\, 2008; GRX, 
BORRP aQd KUXgO\aN, 2019)​, iQ Zhich a SRSXOaWiRQ Rf PicURRUgaQiVPV iV aOORZed WR gURZ cORQaOO\ 
fRU a cRQWUROOed OeQgWh Rf WiPe, WheQ chaOOeQged ZiWh a fRUP Rf aUWificiaO VeOecWiRQ WhaW NiOOV PRVW 
ceOOV e[ceSW fRU WhRVe WhaW haYe haSSeQed WR acTXiUe VSecific UeViVWaQce PXWaWiRQV. The 
PXWaWiRQ UaWe caQ WheQ be caOcXOaWed fURP Whe QXPbeU Rf cRORQieV WhaW PaQage WR gURZ afWeU WhiV 
aUWificiaO VeOecWiRQ iV iPSRVed.  
 
ThRXgh fOXcWXaWiRQ aVVa\V aUe aQ eOegaQW aQd efficieQW Za\ fRU PeaVXUiQg Whe PXWaWiRQ UaWeV Rf 
VSecific UeSRUWeU geQeV, Whe UeVXOWV aUe SRWeQWiaOO\ VeQViWiYe WR Whe UeSRUWeU geQe beiQg XVed aQd 
ZheUe iW iV ORcaWed ZiWhiQ Whe geQRPe ​(LaQg aQd MXUUa\, 2008, 2011)​; iQ addiWiRQ, Whe\ aUe QRW 
aSSOicabOe WR PXOWiceOOXOaU RUgaQiVPV. TheVe dUaZbacNV haYe PRWiYaWed Whe deYeORSPeQW Rf 
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QeZeU PeWhRdV WhaW WaNe adYaQWage Rf high-WhURXghSXW VeTXeQciQg, VXch aV PXWaWiRQ 
accXPXOaWiRQ (MA) aVVa\V iQ Zhich a OabRUaWRU\ SRSXOaWiRQ iV VeUiaOO\ bRWWOeQecNed fRU PaQ\ 
geQeUaWiRQV, eOiPiQaWiQg PRVW effecWV Rf QaWXUaO VeOecWiRQ aQd aOORZiQg PXWaWiRQV WR be diUecWO\ 
cRXQWed b\ VeTXeQciQg aW Whe eQd Rf Whe e[SeUiPeQW. MA VWXdieV haYe beeQ XVed WR eVWiPaWe 
PXWaWiRQ UaWeV iQ a Zide YaUieW\ Rf RUgaQiVPV ​(L\Qch ​HW aO.​, 2008; KeighWOe\ ​HW aO.​, 2009; ZhX ​HW 
aO.​, 2014; FaUORZ ​HW aO.​, 2015; ShaUS ​HW aO.​, 2018; WaQg ​HW aO.​, 2019)​. HRZeYeU, iW iV 
OabRU-iQWeQViYe WR PaiQWaiQ MA OiQeageV fRU eQRXgh geQeUaWiRQV WR PeaVXUe a ORZ PXWaWiRQ UaWe 
accXUaWeO\, Zhich haV OiPiWed Whe feaVibiOiW\ Rf PeaVXUiQg YaUiabiOiW\ Rf PXWaWiRQ UaWeV ZiWhiQ 
VSecieV. 
 
AQ aOWeUQaWiYe VRXUce Rf iQfRUPaWiRQ abRXW PXWaWiRQaO SURceVVeV iV geQeWic YaUiaWiRQ aPRQg 
UeOaWed iQdiYidXaOV ZhR VhaUe cRPPRQ aQceVWRUV. PRO\PRUShic ViWeV aUe eaVieU aQd cheaSeU WR 
diVcRYeU WhaQ QeZ PXWaWiRQV, ViQce Whe\ aUe SUeVeQW aW a higheU deQViW\ ZiWhiQ Whe geQRPe aQd 
RfWeQ VhaUed aPRQg VeYeUaO iQdiYidXaOV. MiQiQg SRO\PRUShiVPV fRU iQfRUPaWiRQ abRXW PXWaWiRQ 
UaWeV caQ be difficXOW ViQce WheiU abXQdaQce iV affecWed b\ geQeWic dUifW aQd QaWXUaO VeOecWiRQ 
(ScaOO\ aQd DXUbiQ, 2012; SpgXUeO, W\PaQ aQd PU]eZRUVNi, 2014; ZhX, SheUORcN aQd PeWURY, 
2017)​, bXW deVSiWe WheVe OiPiWaWiRQV, Whe\ haYe SURYided VXUSUiViQgO\ VWURQg eYideQce fRU Whe 
e[iVWeQce Rf hiVWRUicaO chaQgeV WR Whe PXWaWiRQ VSecWUXP, PeaQiQg Whe WeQdeQc\ Rf PXWaWiRQV WR 
RccXU PRVW RfWeQ iQ ceUWaiQ QXcOeRWide cRQWe[WV ​(HZaQg aQd GUeeQ, 2004)​. IQ hXPaQV, fRU 
e[aPSOe, EXURSeaQV aQd SRXWh AViaQV haYe a VigQificaQWO\ higheU SURSRUWiRQ Rf TCC>TTC 
PXWaWiRQV WhaQ RWheU hXPaQ gURXSV ​(HaUUiV, 2015; HaUUiV aQd PUiWchaUd, 2017)​, a SaWWeUQ WhaW iV 
difficXOW WR e[SOaiQ ZiWhRXW a UeceQW SRSXOaWiRQ-VSecific iQcUeaVe iQ Whe UaWe Rf WhiV W\Se Rf 
PXWaWiRQ. ThiV SaWWeUQ PighW haYe beeQ caXVed b\ eiWheU a geQeWic PXWaWRU RU aQ eQYiURQPeQWaO 
PXWageQ, bXW iV QRW e[SOicabOe b\ Whe acWiRQ Rf VeOecWiRQ RU dUifW RU aQ\ RWheU SURceVV WhaW 
PRdXOaWeV Whe UeWeQWiRQ RU ORVV Rf geQeWic YaUiaWiRQ. 
 
PRO\PRUShiVP daWa haV UeYeaOed WhaW each hXPaQ SRSXOaWiRQ aQd gUeaW aSe VSecieV aSSeaUV WR 
haYe a diVWiQcWiYe WUiSOeW PXWaWiRQ VSecWUXP, Zhich iPSOieV WhaW geQeWic aQd/RU eQYiURQPeQWaO 
PXWaWRUV OiNeO\ ePeUge UeOaWiYeO\ RfWeQ aQd acW ZiWhiQ ORcaOi]ed SRSXOaWiRQV WR iQcUeaVe PXWaWiRQ 
UaWeV iQ VSecific VeTXeQce cRQWe[WV ​(HaUUiV aQd PUiWchaUd, 2017; GROdbeUg aQd HaUUiV, 2019)​. 
HRZeYeU, ideQWif\iQg WheVe h\SRWheWicaO PXWaWRUV iV a chaOOeQgiQg SURSRViWiRQ, QRW OeaVW becaXVe 
VRPe SRSXOaWiRQ-VSecific VigQaWXUeV VXch aV Whe hXPaQ TCC>TTC eQUichPeQW aSSeaU WR be 
UeOicV Rf PXWaWRUV WhaW aUe QR ORQgeU acWiYe. A UeceQW VWXd\ Rf ​dH QRYR ​ PXWaWiRQV iQ diYeUVe 
hXPaQ faPiOieV fRXQd VRPe eYideQce Rf PXWaWiRQ UaWe YaUiaWiRQ beWZeeQ hXPaQ SRSXOaWiRQV 
(KeVVOeU ​HW aO.​, 2020)​, bXW aUgXed WhaW PRVW Rf WhiV YaUiaWiRQ ZaV dUiYeQ b\ Whe eQYiURQPeQW 
UaWheU WhaQ geQeWicV. GiYeQ WhaW hXPaQV fURP diffeUeQW SRSXOaWiRQV WeQd WR be bRUQ aQd UaiVed iQ 
diffeUeQW eQYiURQPeQWV, iW iV e[WUePeO\ chaOOeQgiQg WR deWeUPiQe Whe degUee WR Zhich geQeWicV 
aQd/RU Whe eQYiURQPeQW aUe UeVSRQVibOe fRU YaUiaWiRQ Rf Whe UaWeV aQd VSecWUXP Rf ​dH QRYR 
PXWaWiRQV accXPXOaWiQg ZiWhiQ hXPaQ SRSXOaWiRQV WRda\. 
 
MRUe iV NQRZQ abRXW Whe geQeWic aUchiWecWXUe Rf PXWageQeViV iQ PRdeO RUgaQiVPV, iQcOXdiQg Whe 
ViQgOe-ceOOed RUgaQiVP ​SaccKaURP\cHV cHUHYLVLaH,​ ZheUe iW iV WUacWabOe WR diVeQWaQgOe geQeWic 
PXWaWRU effecWV fURP eQYiURQPeQWaO RQeV b\ accXPXOaWiQg PXWaWiRQV RQ diffeUeQW geQeWic 
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bacNgURXQdV iQ cRQWUROOed OabRUaWRU\ eQYiURQPeQWV ​(HXaQg ​HW aO.​, 2003; HeUU ​HW aO.​, 2011; LaQg, 
PaUVRQV aQd GaPPie, 2013; SeUeUR ​HW aO.​, 2014; SWiUOiQg ​HW aO.​, 2014)​. MaQ\ ​S. cHUHYLVLaH 
PXWaWRU aOOeOeV haYe beeQ diVcRYeUed XViQg geQeWic VcUeeQV, Zhich iQYROYe cUeaWiQg OibUaUieV Rf 
aUWificiaO PXWaQWV iQ Whe Oab aQd deWeUPiQiQg Zhich RQeV haYe high PXWaWiRQ UaWeV ​(SWiUOiQg ​HW aO.​, 
2014)​. MXWaWiRQ UaWeV caQ be eOeYaWed b\ XS WR a WhRXVaQd-fROd iQ OiQeV ZheUe DNA SURRfUeadiQg 
aQd UeSaiU caSabiOiWieV aUe aUWificiaOO\ NQRcNed RXW ​(HeUU ​HW aO.​, 2011; LaQg, PaUVRQV aQd 
GaPPie, 2013; SeUeUR ​HW aO.​, 2014)​, aQd TXaQWiWaWiYe WUaiW ORci ZiWh PRUe PRdeVW effecWV haYe 
beeQ fRXQd WR XQdeUOie a fiYe-fROd UaQge Rf PXWaWiRQ UaWe YaUiaWiRQ aPRQg a feZ QaWXUaO ​S. 
cHUHYLVLaH ​VWUaiQV ​(GRX, BORRP aQd KUXgO\aN, 2019)​. A PRUe cRPSOe[ PXWaWRU SheQRW\Se haV 
beeQ RbVeUYed aV a UeVXOW Rf eSiVWaViV beWZeeQ WZR iQcRPSaWibOe aOOeOeV fRXQd aV QaWXUaO 
YaUiaWiRQ iQ Whe PiVPaWch UeSaiU geQeV ​MLH1 ​aQd ​PMS1 ​, aOWhRXgh Whe QaWXUaO iVROaWeV iQ Zhich 
WheVe aOOeOeV aUe fRXQd aSSeaU WR haYe acTXiUed cRPSeQVaWRU\ YaUiaQWV WhaW VXSSUeVV WhiV 
PXWaWRU SheQRW\Se ​(AUgXeVR ​HW aO.​, 2003; HecN ​HW aO.​, 2006; BXi ​HW aO.​, 2017; RaghaYaQ ​HW aO.​, 
2018)​. 
 
MiOd eQYiURQPeQWaO VWUeVVRUV, VXch aV high VaOW aQd eWhaQRO, caQ aOVR aOWeU Whe PXWaWiRQ UaWe Rf 
S. cHUHYLVLaH ​ OabRUaWRU\ VWUaiQV ​(LiX aQd ZhaQg, 2019; VRRUdecNeUV ​HW aO.​, 2020)​. The VaPe 
eQYiURQPeQWaO SeUWXUbaWiRQV caQ caXVe deWecWabOe chaQgeV WR Whe ​S. cHUHYLVLaH ​PXWaWiRQ 
VSecWUXP. The PXWaWiRQ VSecWUXP haV aOVR beeQ RbVeUYed WR deSeQd RQ ZheWheU ​S. cHUHYLVLaH 
iV UeSOicaWiQg iQ a haSORid RU diSORid VWaWe ​(ShaUS ​HW aO.​, 2018)​. IQ addiWiRQ eQYiURQPeQWaO 
PXWageQV, PRUe cRPSOe[ SORid\, aQd geQeWic PXWaWiRQ UaWe PRdifieUV cRXOd aOO cRQceiYabO\ affecW 
Whe PXWaWiRQ VSecWUXP Rf QaWXUaO YaUiaWiRQ aV iW accXPXOaWeV. HRZeYeU, QR VWXd\ WR RXU 
NQRZOedge haV ORRNed aW ZheWheU aQ\ PXWaWiRQaO VigQaWXUeV PeaVXUed iQ Whe OabRUaWRU\ aUe 
caSabOe Rf e[SOaiQiQg QaWXUaO PXWaWiRQ VSecWUXP YaUiaWiRQ RbVeUYed iQ SRO\PRUShiVP daWa fURP 
a PRdeO VSecieV.  
 
ReceQWO\, cRPSUeheQViYe VaPSOiQg effRUWV haYe SURdXced a cROOecWiRQ Rf 1011 QaWXUaO iVROaWeV Rf 
S. cHUHYLVLaH ​ ​(PeWeU ​HW aO.​, 2018)​. ThiV iV a XQiTXeO\ SRZeUfXO V\VWeP cRQWaiQiQg abXQdaQW 
QaWXUaO YaUiaWiRQ WhaW accXPXOaWed ZiWhiQ QaWXUaO eQYiURQPeQWV dXUiQg Whe UeceQW aQd aQcieQW 
eYROXWiRQ Rf ​S. cHUHYLVLaH ​, aQd Whe SaQeO iV aOVR aPeQabOe fRU e[SeUiPeQWaO accXPXOaWiRQ Rf 
PXWaWiRQV RYeU OabRUaWRU\ gURZWh. MaQ\ geQeWic SRO\PRUShiVPV diffeUeQWiaWe WheVe VWUaiQV, aQd 
WheVe aUe UeOicV Rf PXWaWiRQV WhaW accXPXOaWed RYeU PaQ\ geQeUaWiRQV RQ diYeUgeQW geQeWic 
bacNgURXQdV adaSWed WR diYeUVe eQYiURQPeQWaO cRQdiWiRQV, UaQgiQg fURP fRUeVWV WR beYeUage 
feUPeQWaWiRQ SiSeOiQeV. BRWh eQYiURQPeQWaO PXWageQV aQd geQeWic PXWaWRUV Pa\ haYe cUeaWed 
diffeUeQceV aPRQg Whe PXWaWiRQ VSecWUa Rf WheVe 1011 VWUaiQV, bXW RQO\ geQeWicaOO\ deWeUPiQed 
PXWaWiRQ VSecWUXP diffeUeQceV VhRXOd haYe Whe SRWeQWiaO WR be UeSURdXced iQ Whe VSecWUa Rf 
PXWaWiRQV accXPXOaWed iQ a cRQWUROOed Oab eQYiURQPeQW.  
 
We h\SRWheVi]ed WhaW \eaVW VWUaiQV ZiWh RXWO\iQg VSecWUa Rf QaWXUaO SRO\PRUShiVPV aUe PRUe 
OiNeO\ WR haYe diVWiQcW ​dH QRYR ​ PXWaWiRQ VSecWUa WhaQ VWUaiQV ZhRVe SRO\PRUShiVPV haYe 
iQdiVWiQgXiVhabOe PXWaWiRQ VSecWUa. The VaPe h\SRWheViV XQdeUOieV SUeYiRXV iQfeUeQceV Rf ​dH 
QRYR ​ PXWaWiRQ VSecWUXP YaUiaWiRQ fURP SRO\PRUShiVP daWa ​(HaUUiV, 2015; HaUUiV aQd PUiWchaUd, 
2017; DXPRQW, 2019; GROdbeUg aQd HaUUiV, 2019)​, bXW ZaV QRW diUecWO\ WeVWabOe iQ aQ\ SUeYiRXVO\ 
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aQaO\]ed VSecieV. MXWaWiRQ accXPXOaWiRQ e[SeUiPeQWV haYe VhRZQ WhaW aVcRP\ceWe aQd 
baVidiRP\ceWe \eaVW haYe diVWiQcW PXWaWiRQ VSecWUa deVSiWe haYiQg ViPiOaU RYeUaOO PXWaWiRQ UaWeV 
(LRQg ​HW aO.​, 2016)​, bXW VXch cRPSaUiVRQV haYe QRW beeQ SeUfRUPed RQ PRUe cORVeO\ UeOaWed 
\eaVW VWUaiQV. TR eQabOe VXch diUecW WeVWiQg fRU Whe fiUVW WiPe aW higheU WhURXghSXW iQ ​S. 
cHUHYLVLaH,​ Ze deVcUibe a QeZ LXUia-DeObU�cN-baVed aVVa\ WhaW efficieQWO\ PeaVXUeV Whe VSecWUa 
Rf ​dH QRYR ​ PXWaWiRQV iQ haSORid VWUaiQV XViQg SRROed aPSOicRQ VeTXeQciQg. We WheQ XVe WhiV 
aVVa\ WR ideQWif\ VWUaiQV ZiWh UeSURdXcibO\ PeaVXUabOe PXWaWRU SheQRW\SeV WhaW e[SOaiQ Whe 
VSecWUXP biaVeV Rf WheVe VWUaiQV¶ SRO\PRUShiVPV. SRPe SURSRUWiRQ Rf QaWXUaO PXWaWiRQ VSecWUXP 
YaUiaWiRQ PighW QRW be UeSURdXcibOe iQ Whe Oab if iW iV dUiYeQ b\ eQYiURQPeQWaO PXWageQV, 
biRiQfRUPaWic aUWifacWV, RU e[WiQcW geQeWic PXWaWRUV, bXW RXU aVVa\ haV Whe SRWeQWiaO WR ideQWif\ 
Zhich gUadieQWV Rf PXWaWiRQ VSecWUXP YaUiaQce aUe dUiYeQ b\ e[WaQW geQRW\Sic diffeUeQceV. 

ReVXlWV 

The mXWaWion VpecWrXm of naWXral YariaWion in ​S. cerevisiae 

TR PeaVXUe Whe PXWaWiRQ VSecWUXP Rf geQeWic YaUiaWiRQ SUeVeQW iQ Whe 1011 ​S. cHUHYLVLaH ​ QaWXUaO 
iVROaWeV ​(PeWeU ​HW aO.​, 2018)​, Ze SROaUi]ed ViQgOe QXcOeRWide SRO\PRUShiVPV XViQg Whe RXWgURXS 
S. SaUadR[XV​ ​(YXe ​HW aO.​, 2017)​, WheQ cOaVVified WheP iQWR WZR WUaQViWiRQ W\SeV aQd fRXU 
WUaQVYeUViRQ W\SeV baVed RQ WheiU aQceVWUaO aQd deUiYed aOOeOeV. CORVeO\ UeOaWed VWUaiQV ZeUe 
e[cOXded WR aYRid RYeUUeSUeVeQWaWiRQ Rf ceUWaiQ gURXSV (MaWeUiaOV aQd MeWhRdV). We caOcXOaWed 
Whe SURSRUWiRQ Rf each PXWaWiRQ W\Se aPRQg Whe deUiYed aOOeOeV SUeVeQW iQ each iQdiYidXaO VWUaiQ, 
XWiOi]iQg aOO deUiYed YaUiaQWV SUeVeQW beORZ 50% fUeTXeQc\. IQ RUdeU WR PiQiPi]e biaV fURP 
aQceVWUaO aOOeOe PiVideQWificaWiRQ, Ze e[cOXded VWUaiQV ZiWh e[WeQViYe, SUe-dRcXPeQWed 
iQWURgUeVViRQ fURP ​S. SaUadR[XV​ ​(PeWeU ​HW aO.​, 2018)​. PUiQciSaO cRPSRQeQW aQaO\ViV (PCA) RQ 
WheVe iQdiYidXaO PXWaWiRQ VSecWUa UeYeaOV WhaW VWUaiQV fURP Whe VaPe SRSXOaWiRQ WeQd WR haYe 
PRUe ViPiOaU PXWaWiRQ VSecWUa WhaQ PRUe diVWaQWO\ UeOaWed VWUaiQV (FigXUe 1A, SXSSOePeQWaU\ 
TabOe S1). SRPe Rf WhiV VWUXcWXUe diVaSSeaUV ZheQ SNPV aUe VXbVaPSOed WR eOiPiQaWe 
dRXbOe-cRXQWiQg Rf YaUiaQWV WhaW aUe VhaUed aPRQg PXOWiSOe VWUaiQV (SXSSOePeQWaU\ FigXUe S1), 
bXW VeYeUaO cOadeV aSSeaU aV cRQViVWeQW RXWOieUV iQ bRWh aQaO\VeV, iQcOXdiQg Whe AfUicaQ beeU aQd 
EXURSeaQ ZiQe VWUaiQV. The cRPSacW aUchiWecWXUe Rf Whe \eaVW geQRPe PaNeV iW iQfeaVibOe WR 
e[cOXde cRdiQg UegiRQV aQd cRQVeUYed UegiRQV, bXW a PCA cRQVWUXcWed XViQg RQO\ V\QRQ\PRXV 
SURWeiQ-cRdiQg YaUiaQWV UecaSiWXOaWeV ViPiOaU PC VWUXcWXUeV iQfeUUed XViQg aOO SRO\PRUShiVPV 
SaVViQg TXaOiW\ fiOWeUV (SXSSOePeQWaU\ FigXUe S2).  
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FigXUe 1. MXWaWiRQ VSecWUa Rf QaWXUaO iVROaWeV Rf ​S. cHUHYLVLaH 

PUiQciSaO cRPSRQeQW aQaO\ViV Rf VegUegaWiQg PXWaWiRQ VSecWUXP YaUiaWiRQ fURP a VXbVeW Rf Whe 1011 \eaVW VWUaiQV. ​A ​.                 
MXWaWiRQ VSecWUXP PCA Rf aOO QaWXUaO YaUiaQWV XQdeU 50% deUiYed aOOeOe fUeTXeQc\. Each VWUaiQ¶V PXWaWiRQ VSecWUXP                
hiVWRgUaP iV SURMecWed aV a ViQgOe SRiQW, cRORUed WR iQdicaWe iWV SRSXOaWiRQ Rf RUigiQ ​(PeWeU ​HW aO.​, 2018)​. The iQVeW                    
VXPPaUi]eV Whe ORadiQgV Rf Whe fiUVW aQd VecRQd SUiQciSaO cRPSRQeQW YecWRUV. ​B ​. MXWaWiRQ VSecWUXP PCA Rf UaUe                 
YaUiaQWV (deUiYed aOOeOe cRXQW 2-4). SiQgOeWRQ YaUiaQWV aUe e[cOXded WR PiQiPi]e Whe iPSacW Rf VeTXeQciQg eUURU.                
SWUaiQV aSSeaUiQg PRUe WhaQ 1.8 VWaQdaUd deYiaWiRQV fURP Whe RUigiQ aORQg bRWh PC1 aQd PC2 aUe OabeOed ZiWh WheiU                   
VWUaiQ QaPeV.  
 
FigXUe 1A VhRZV WhaW Whe TaiZaQeVe aQd AfUicaQ beeU SRSXOaWiRQV aUe RXWOieUV aORQg PC1. AV 
VeeQ fURP Whe SUiQciSaO cRPSRQeQW ORadiQgV, WheVe WZR gURXSV PaiQO\ diffeU fURP Whe UeVW iQ Whe 
UeOaWiYe SURSRUWiRQV Rf Whe WZR WUaQViWiRQ W\SeV (A>G aQd C>T): TaiZaQeVe VWUaiQV aUe eQUiched 
fRU C>T PXWaWiRQV ZhiOe AfUicaQ beeU VWUaiQV aUe eQUiched fRU A>G PXWaWiRQV. IQ cRQWUaVW, PC2 
VeSaUaWeV Whe PaMRUiW\ Rf RWheU SRSXOaWiRQV, VXch aV hXPaQ-aVVRciaWed VWUaiQV iVROaWed fURP 
ZiQe, daiU\, aQd biReWhaQRO SURdXcWiRQ, aORQg a gUadieQW Rf YaU\iQg WUaQViWiRQ/WUaQVYeUViRQ UaWiR.  
 
AOWhRXgh VWUaiQV fURP Whe VaPe SRSXOaWiRQ WeQd WR cOXVWeU WRgeWheU, WhiV WUeQd iV OeVV SURQRXQced 
iQ Whe 1011 ​S. cHUHYLVLaH ​ geQRPeV WhaQ iQ SUeYiRXVO\ UeSRUWed PXWaWiRQ VSecWUXP PCAV Rf 
hXPaQV, gUeaW aSeV, aQd Pice ​(HaUUiV aQd PUiWchaUd, 2017; DXPRQW, 2019; GROdbeUg aQd HaUUiV, 
2019)​. ThaW beiQg Vaid, RQe PeWhRdRORgicaO diffeUeQce fURP WheVe SUeYiRXV VWXdieV iV WhaW Ze 
RQO\ SaUWiWiRQ Whe \eaVW PXWaWiRQ VSecWUa iQWR Vi[ baVic W\SeV (A>C, A>G, eWc.) UaWheU WhaQ Whe 96 
WUiQXcOeRWide-baVed W\SeV XVed iQ aQaO\VeV Rf YeUWebUaWe PXWaWiRQ VSecWUa, a cRQceVViRQ WR Whe 
VPaOO Vi]e Rf Whe \eaVW geQRPe. We fRXQd WhaW Whe WUiQXcOeRWide PXWaWiRQ VSecWUa Rf \eaVW e[hibiW 
ViPiOaU PCA VWUXcWXUe (SXSSOePeQWaU\ FigXUe S3), bXW WhaW Whe VSaUViW\ Rf \eaVW WUiSOeW VSecWUa 
aSSeaUV WR OiPiW WheiU XWiOiW\.  
 
FigXUe 1B VhRZV a PCA Rf UaUe YaUiaQW PXWaWiRQ VSecWUa fURP Whe VaPe cROOecWiRQ Rf VWUaiQV 
XVed iQ 1A. We defiQe UaUe YaUiaQWV aV WhRVe ZiWh deUiYed aOOeOe cRXQWV Rf 2, 3, aQd 4 aQd 
e[cOXde ViQgOeWRQV WR PiQiPi]e Whe iPSacW Rf VeTXeQciQg eUURU. TheVe VSecWUa aUe QRiVieU WhaQ 
Whe VSecWUa cRPSXWed fURP YaUiaQWV XS WR 50% fUeTXeQc\, bXW aUe SRWeQWiaOO\ PRUe OiNeO\ WR 
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UefOecW UeceQWO\ acWiYe PXWaWiRQaO SURceVVeV. WhiOe WheVe QRiVieU VSecWUa e[hibiW OeVV cOXVWeUiQg 
b\ SRSXOaWiRQ WhaQ WhRVe iQ FigXUe 1A, a VXbVeW Rf VWUaiQV fURP VeYeUaO gURXSV aSSeaU aV 
RXWOieUV. FRU e[aPSOe, a feZ Mi[ed RUigiQ aQd MRVaic beeU VWUaiQV aUe RXWOieUV aORQg a C>A 
PXWaWiRQ gUadieQW, aQd AfUicaQ beeU aQd FUeQch daiU\ VWUaiQV VeSaUaWe RXW aORQg aQ A>G 
PXWaWiRQ gUadieQW. FRU cRPSOeWeQeVV, Ze aOVR e[aPiQed PXWaWiRQ VSecWUa Rf ViQgOeWRQ YaUiaQWV 
aORQe (MaWeUiaOV aQd MeWhRdV), Zhich aUe Whe \RXQgeVW PXWaWiRQV aPRQg SRO\PRUShiVPV 
(SXSSOePeQWaU\ FigXUe S4). IW UeVePbOeV Whe PCA Rf QRQ-ViQgOeWRQ UaUe YaUiaQWV, e[ceSW WhaW 
C>A PXWaWiRQ YaUiaWiRQ e[SOaiQV a OaUgeU YaUiaWiRQ aQd becRPeV Whe PC1 a[iV.  
 
SeYeUaO SUeYiRXV VWXdieV haYe fRXQd a SX]]OiQg diVcUeSaQc\ beWZeeQ Whe VSecWUa Rf ​dH QRYR 
PXWaWiRQV aQd SRO\PRUShiVPV iQ ​S. cHUHYLVLaH ​: SRO\PRUShiVPV haYe a WUaQViWiRQ-WR-WUaQVYeUViRQ 
(WV/WY) UaWiR aURXQd 3, cRPSaUed WR RQO\ 1 fRU ​dH QRYR ​ PXWaWiRQV ​(AgieU aQd FiVcheU, 2012; ZhX, 
SheUORcN aQd PeWURY, 2017)​. OXU aQaO\ViV Rf Whe 1011 VWUaiQ cROOecWiRQ UeSOicaWeV WhiV fiQdiQg 
(SXSSOePeQWaU\ FigXUe S5). We aOVR UeSOicaWe Whe SUiRU fiQdiQg WhaW ViQgOeWRQV aQd higheU 
fUeTXeQc\ YaUiaQWV haYe QeaUO\ ideQWicaO WV/WY UaWiRV, bXW WhaW ViQgOeWRQV iQfeUUed WR be \RXQg 
baVed RQ WheiU SUeVeQce RQ ORQg VhaUed haSORW\SeV haYe a ORZeU WV/WY UaWiR VRPeZhaW cORVeU WR 
WhaW Rf QeZ PXWaWiRQV (SXSSOePeQWaU\ FigXUe S5).  

A Vcalable e[perimenWal pipeline for meaVXring mXWaWion raWeV and VpecWra 

IQ RUdeU WR WeVW ZheWheU aQ\ Rf Whe PXWaWiRQ VSecWUXP diffeUeQceV eYideQW fURP QaWXUaO YaUiaWiRQ 
iQ diffeUeQW ​S. cHUHYLVLaH ​ VWUaiQV aUe dUiYeQ b\ e[WaQW geQeWic PechaQiVPV WhaW iQcUeaVe Whe UaWeV 
Rf VSecific PXWaWiRQ W\SeV, Ze VeW RXW WR PeaVXUe VeYeUaO VWUaiQV¶ ​dH ​ ​QRYR ​PXWaWiRQ VSecWUa aQd 
UaWeV e[SeUiPeQWaOO\. TR WhiV eQd, Ze deYeORSed aQ e[SeUiPeQWaO SiSeOiQe XViQg Whe UeSRUWeU 
geQe ​CAN1 ​. TUadiWiRQaO UeSRUWeU geQe fOXcWXaWiRQ aVVa\V RQO\ eVWiPaWe Whe RYeUaOO UaWe Rf 
PXWaWiRQV, bXW Ze iQWURdXced aQ e[WUa VWeS WhaW XWiOi]eV IOOXPiQa VeTXeQciQg Rf SRROed aPSOicRQV 
deUiYed fURP ​CAN1 ​ PXWaQWV WR eVWiPaWe each VWUaiQ¶V PXWaWiRQ VSecWUXP aV ZeOO.  
 
The geQe ​CAN1 ​ eQcRdeV a WUaQVSRUW SURWeiQ WhaW iPSRUWV aUgiQiQe aQd aUgiQiQe aQaORgV iQWR 
\eaVW ceOOV fURP Whe VXUURXQdiQg gURZWh Pedia. ThiV PeaQV WhaW VWUaiQV ZiWh a fXQcWiRQaO ​CAN1 
WUaQVSRUWeU aUe VeQViWiYe WR SRiVRQiQg b\ Whe aUgiQiQe aQaORg caQaYaQiQe, ZhiOe a ViQgOe 
ORVV-Rf-fXQcWiRQ PXWaWiRQ caQ UeQdeU VXch ceOOV abOe WR VXUYiYe RQ caQaYaQiQe Pedia ​(WheOaQ, 
GRcNe aQd MaQQe\, 1979)​. PRiVRQiQg a cXOWXUe ZiWh caQaYaQiQe iV WhXV a YeU\ efficieQW PeWhRd 
WR VeOecW fRU ceOOV ZiWh SRiQW PXWaWiRQV iQ ​CAN1 ​. A OiPiWaWiRQ Rf WhiV PeWhRd iV WhaW iW RQO\ ZRUNV 
RQ geQRPeV WhaW cRQWaiQ e[acWO\ RQe fXQcWiRQaO cRS\ Rf ​CAN1 ​, ViQce caQaYaQiQe UeViVWaQce iV 
UeceVViYe. ThiV PeaQV WhaW iW caQQRW be XVed WR PeaVXUe PXWaWiRQ UaWeV iQ diSORid RU SRO\SORid 
VWUaiQV diUecWO\, Zhich XQfRUWXQaWeO\ iQcOXde Whe TaiZaQeVe VWUaiQV aQd AfUicaQ beeU VWUaiQV WhaW 
aUe PCA RXWOieUV iQ FigXUe 1A. HRZeYeU, 133 Rf Whe 1011 VWUaiQV aUe haSORid, OeaYiQg PaQ\ 
VWUaiQV Rf iQWeUeVW WhaW aUe aPeQabOe WR Whe aVVa\, iQcOXdiQg VeYeUaO RXWOieUV iQ Whe UaUe YaUiaQW 
PCA (FigXUe 1B). 
 
A VchePaWic RYeUYieZ Rf RXU e[SeUiPeQWaO VeWXS iV VhRZQ iQ FigXUe 2. FiUVW, Ze eVWiPaWed 
PXWaWiRQ UaWeV XViQg eVWabOiVhed fOXcWXaWiRQ aVVa\ PeWhRdRORg\ ​(LaQg aQd MXUUa\, 2008; GRX, 
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BORRP aQd KUXgO\aN, 2019)​, Zhich iQYROYeV SOaWiQg PXOWiSOe iQdeSeQdeQW cXOWXUeV fURP each 
VWUaiQ beiQg iQYeVWigaWed. We WheQ SicNed a ViQgOe cRORQ\ fURP each SOaWed cXOWXUe aQd gUeZ iW WR 
VaWXUaWiRQ iQ caQaYaQiQe-cRQWaiQiQg Pedia. We WheQ VeOecWed PXWaQWV RbVeUYed WR gURZ iQ 
cXOWXUe WR ViPiOaU VaWXUaWiRQ deQViW\ aQd SRROed WheP iQ eTXaO SURSRUWiRQV WR giYe each PXWaQW a 
URXghO\ eTXaO fUeTXeQc\ iQ Whe SRRO. IQdiYidXaO SRROV Rf PXWaQWV fURP each VWUaiQ ZeUe WheQ 
VXbMecWed WR PCR aPSOificaWiRQ Rf ​CAN1 ​ fROORZed b\ IOOXPiQa VeTXeQciQg. IQdiYidXaO PXWaQWV 
ZeUe caOOed fURP Whe VeTXeQciQg SRROV XViQg a cXVWRPi]ed SiSeOiQe (MaWeUiaOV aQd MeWhRdV). 
MXWaWiRQV cROOecWed fURP diffeUeQW SRROV Rf Whe VaPe VWUaiQ ZeUe cRPbiQed WR caOcXOaWe Whe 
VWUaiQ¶V PXWaWiRQ VSecWUXP. We aiPed WR cROOecW URXghO\ 300 PXWaQWV SeU VWUaiQ, eQRXgh WR 
deWecW PXWaWiRQ VSecWUXP diffeUeQceV Rf Whe PagQiWXde eVWiPaWed fURP SRO\PRUShiVP daWa iQ 
VeYeUaO Rf Whe 1011 geQRPeV SRSXOaWiRQV.  
 
 

 
FigXUe 2. SchePaWic RYeUYieZ Rf Whe e[SeUiPeQWaO SiSeOiQe 

OYeUYieZ Rf Whe e[SeUiPeQWaO SiSeOiQe XVed WR eVWiPaWe Whe PXWaWiRQ UaWe aQd VSecWUXP fRU each VWUaiQ XViQg Whe                  
UeSRUWeU geQe ​CAN1 ​. FiUVW, PXWaWiRQ UaWeV ZeUe eVWiPaWed XViQg fOXcWXaWiRQ aVVa\V. IQdeSeQdeQW PXWaQWV ZeUe WheQ               
SRROed aQd VeTXeQced WR eVWiPaWe Whe PXWaWiRQ VSecWUXP Rf each VWUaiQ.  
 
PRROiQg PXWaQWV acURVV caQaYaQiQe Pedia cXOWXUeV befRUe VeTXeQciQg aOORZed XV WR efficieQWO\ 
eVWiPaWe PXWaWiRQ VSecWUa aW VcaOe, \ieOdiQg PeaVXUePeQWV Rf PaQ\ iQdiYidXaO PXWaWiRQV SeU 
OibUaU\ SUeS. HRZeYeU, SRROiQg WRR PaQ\ PXWaQWV dXUiQg WhiV VWeS cRXOd haYe Whe SRWeQWiaO WR 
cRPSURPiVe Whe SiSeOiQe¶V accXUac\ b\ SXWWiQg Whe fUeTXeQc\ Rf each PXWaWiRQ WRR cORVe WR Whe 
e[SecWed fUeTXeQc\ Rf IOOXPiQa VeTXeQciQg eUURUV. TR WeVW fRU WhiV faiOXUe PRde, Ze 
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SaQgeU-VeTXeQced 38 iQdeSeQdeQW PXWaQWV geQeUaWed XViQg Whe Oab VWUaiQ LCTL1 
(SEY6211-MATɑ). AfWeU SRROiQg WheVe 38 PXWaQWV, Ze SeUfRUPed WZR UeSOicaWe OibUaU\ SUeSV aQd 
IOOXPiQa-VeTXeQced bRWh XViQg RXU VWaQdaUd SURcedXUe. SaQgeU VeTXeQciQg ideQWified 37 
PXWaQWV ZiWh ViQgOe QXcOeRWide PXWaWiRQV SOXV RQe cRQWaiQiQg WZR adMaceQW PXWaWiRQV 
(SXSSOePeQWaU\ TabOe S3). We e[SecW each Rf WheVe PXWaWiRQV, Zhich VhRXOd be SUeVeQW aW a 
fUeTXeQc\ Rf abRXW 1/38 iQ Whe SRROed cXOWXUe, WR be eaViO\ diVWiQgXiVhabOe fURP IOOXPiQa 
VeTXeQciQg eUURUV WhaW RccXU aW a UaWe Rf OeVV WhaQ 1% SeU baVe.  
 
TR ideQWif\ ​bRQa ILdH ​ PXWaWiRQV fURP each IOOXPiQa VeTXeQciQg SRRO, Ze deYeORSed a SiSeOiQe 
deVigQed WR caOO PXWaWiRQV SUeVeQW aW RU abRYe aQ e[SecWed fUeTXeQc\ WhaW iV iQYeUVeO\ 
SURSRUWiRQaO WR Whe QXPbeU Rf PXWaQWV beiQg SRROed. IQ RUdeU WR PiQiPi]e faOVe SRViWiYe PXWaWiRQ 
caOOV iQWURdXced b\ VeTXeQciQg eUURUV, Ze e[cOXded ORZ cRYeUage UegiRQV ORcaWed aW Whe eQdV Rf 
Whe aPSOicRQV (MaWeUiaOV aQd MeWhRdV). We aOVR ideQWified PXOWiQXcOeRWide PXWaWiRQV (MNMV) 
baVed RQ Whe cR-RccXUUeQce Rf YaUiaWiRQ RQ Whe VaPe UeadV ​(AYeURf ​HW aO.​, 2000; SchUideU, 
HRXUPR]di aQd HahQ, 2011)​, VeSaUaWiQg WheVe cRPSOe[ PXWaWiRQV fURP ViQgOe baVe 
VXbVWiWXWiRQV aQd VPaOO iQdeOV. WheQ Ze WeVWed WhiV IOOXPiQa VeTXeQciQg SiSeOiQe RQ Whe VaPe 
PXWaQW SRRO WhaW Ze SUeYiRXVO\ SaQgeU VeTXeQced, Ze deWecWed 37 Rf Whe 38 PXWaWiRQV 
ideQWified b\ SaQgeU VeTXeQciQg, PiVViQg RQO\ RQe PXWaWiRQ WhaW RccXUUed aW Whe eQd Rf Whe 
aPSOicRQ ORcaWed RXWVide RXU SiSeOiQe¶V caOOabOe UegiRQ. A VecRQd IOOXPiQa VeTXeQciQg UeSOicaWe 
PeaVXUed RQO\ 36 Rf WheVe PXWaWiRQV, PiVViQg RQe addiWiRQaO WUXe PXWaWiRQ. NeiWheU IOOXPiQa 
UeSOicaWe SURdXced aQ\ faOVe SRViWiYeV, YeUif\iQg WhaW Whe SiSeOiQe iV accXUaWe eQRXgh WR SeUPiW 
SRROiQg Rf XS WR 40 ​CAN1​ PXWaQWV befRUe each OibUaU\ SUeS.  

MXWaWion raWe YariaWion among haploid naWXral iVolaWeV 

We XVed RXU SiSeOiQe WR PeaVXUe PXWaWiRQ UaWeV aQd VSecWUa iQ 16 haSORid VWUaiQV fURP a Zide 
YaUieW\ Rf eQYiURQPeQWV (SXSSOePeQWaU\ TabOe S2). WheUeYeU SRVVibOe, Ze VeOecWed WZR eXSORid 
VWUaiQV SeU cOade ZiWhRXW aQ\ cRS\ QXPbeU YaUiaWiRQ aW Whe VcaOe Rf ZhROe chURPRVRPe aUPV. 
We aOVR VeOecWed WZR Oab VWUaiQV, LCTL1 aQd LCTL2, WR XVe aV cRQWUROV, ViQce WheiU PXWaWiRQ 
UaWeV ZeUe SUeYiRXVO\ PeaVXUed. The PXWaWiRQ UaWe Rf LCTL1 ZaV PeaVXUed XViQg a 
geQRPe-Zide PXWaWiRQ accXPXOaWiRQ aVVa\ b\ ShaUS eW aO. ​(2018)​, ZhiOe Whe PXWaWiRQ UaWe Rf 
LCTL2 (GIL 104, a deUiYaWiYe Rf W303) ZaV PeaVXUed b\ LaQg eW aO. ​(2008)​ XViQg a ​CAN1 
fOXcWXaWiRQ aVVa\. TZR addiWiRQaO VWUaiQV fURP Whe 1011 cROOecWiRQ, AAA aQd ACS, ZeUe VeOecWed 
becaXVe WheiU PXWaWiRQ UaWeV had beeQ SUeYiRXVO\ PeaVXUed iQ aQRWheU VWXd\ ​(GRX, BORRP aQd 
KUXgO\aN, 2019)​.  
 
We RbVeUYed a WeQ-fROd UaQge Rf PXWaWiRQ UaWe YaUiaWiRQ iQ ​CAN1 ​ aPRQg Whe VWUaiQV Ze 
VXUYe\ed: fURP 2.1⨉10 ​-7​ WR 2.1⨉10 ​-6​ caQaYaQiQe UeViVWaQce PXWaWiRQV SeU geQe SeU ceOO diYiViRQ 
(FigXUe 3). ThiV UaQge Rf YaUiaWiRQ iV OaUgeU WhaQ Whe fiYe-fROd UaQge Rf PXWaWiRQ UaWe YaUiaWiRQ 
fRXQd aPRQg Vi[ ​S. cHUHYLVLaH ​ VWUaiQV iQ a UeceQW VWXd\ ​(GRX, BORRP aQd KUXgO\aN, 2019)​. AOO 
eVWiPaWeV fURP diffeUeQW UeSOicaWeV Rf Whe VaPe VWUaiQ ZeUe geQeUaOO\ cRQViVWeQW ZiWh each RWheU, 
WhRXgh WhUee VWUaiQV (ACS, LCTR2, aQd AAR) VhRZed cORVe WR a 2-fROd diffeUeQce beWZeeQ RXU 
higheVW aQd ORZeVW PXWaWiRQ UaWe PeaVXUePeQWV. ThiV iV ZiWhiQ Whe PaUgiQ Rf eUURU RbVeUYed iQ 
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SUeYiRXVO\ SXbOiVhed fOXcWXaWiRQ aVVa\V SeUfRUPed aW OaUge VcaOe ​(GRX, BORRP aQd KUXgO\aN, 
2019)​. APRQg Whe WhUee VWUaiQV (LCTL2, AAA, aQd ACS) ZiWh SUeYiRXVO\ SXbOiVhed PXWaWiRQ UaWe 
PeaVXUePeQWV, RXU UeVXOWV faOO ZiWhiQ a 1.5-fROd UaQge Rf WhRVe eVWiPaWeV, ZiWh QR SaUWicXOaU 
WUeQd Rf XSZaUd RU dRZQZaUd biaV.  
 
We QRWiced WhaW AAR aQd AEQ, Whe WZR VWUaiQV ZiWh Whe higheVW PXWaWiRQ UaWeV, fRUPed OaUgeU 
cRORQieV dXUiQg Whe fi[ed dXUaWiRQ Rf Whe e[SeUiPeQWaO gURZWh SeUiRd cRPSaUed WR PaQ\ Rf Whe 
RWheU VWUaiQV WeVWed. ThiV VXggeVWV WhaW AAR aQd AEQ haYe eiWheU XQXVXaOO\ high gURZWh UaWeV 
RU XQXVXaOO\ OaUge ceOO Vi]eV. ThiV PRWiYaWed XV WR WeVW fRU cRUUeOaWiRQ beWZeeQ Whe PXWaWiRQ UaWeV 
Ze PeaVXUed aQd VWUaiQ-VSecific gURZWh UaWeV UeSRUWed iQ Whe OiWeUaWXUe ​(PeWeU ​HW aO.​, 2018)​, bXW 
RYeUaOO, Ze fRXQd QR VigQificaQW cRUUeOaWiRQ beWZeeQ WheVe aWWUibXWeV (​R​2​<0.001; ​S ​=0.95) 
(SXSSOePeQWaU\ FigXUe S6). 
 
We RbVeUYed WhaW VWUaiQV fURP Whe MRVaic beeU, SaNe, AfUicaQ SaOP ZiQe, aQd AViaQ 
feUPeQWaWiRQ cOadeV e[hibiWed higheU PXWaWiRQ UaWeV WhaQ haYe beeQ SUeYiRXVO\ UeSRUWed fRU aQ\ 
QaWXUaO ​S. cHUHYLVLaH ​ VWUaiQV. The WZR VWUaiQV ZiWh Whe higheVW PXWaWiRQ UaWeV, URXghO\ 10-fROd 
higheU WhaQ WhaW Rf Whe cRQWURO VWUaiQ LCTL1, ZeUe AAR aQd AEQ, bRWh fURP Whe MRVaic beeU 
cOade. WhiOe WhiV iV PiOdeU WhaQ VRPe PXWaWRU SheQRW\SeV WhaW haYe beeQ aUWificiaOO\ geQeUaWed iQ 
Whe Oab, WR RXU NQRZOedge, QR cRPSaUabO\ high PXWaWiRQ UaWe haV beeQ SUeYiRXVO\ UeSRUWed iQ a 
QaWXUaO iVROaWe Rf ​S. cHUHYLVLaH ​, ZiWh Whe e[ceSWiRQ Rf Whe VSRUe deUiYaWiYeV Rf Whe iQcRPSaWibOe 
cMLH1-NPMS1 ​ diSORid QaWXUaO iVROaWe ​(RaghaYaQ ​HW aO.​, 2018)​.  
 

 
 

FigXUe 3. HaSORid QaWXUaO iVROaWeV e[hibiW a 10-fROd UaQge Rf PXWaWiRQ UaWe YaUiaWiRQ 
MXWaWiRQ UaWe YaUiaWiRQ PeaVXUed aPRQg haSORid QaWXUaO iVROaWeV XViQg RXU ​CAN1 UeSRUWeU geQe LXUia-DeObU​�cN              
fOXcWXaWiRQ aVVa\V. SWUaiQV aUe VhRZQ RUdeUed b\ WheiU PeaQ PXWaWiRQ UaWeV. MXWaWiRQ UaWeV fRU each VWUaiQ ZeUe                 
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eVWiPaWed XViQg aW OeaVW WZR UeSOicaWeV, each eVWiPaWe UeSUeVeQWed heUe b\ a dRW. A VWaQdaUd bR[SORW VSaQV Whe                  
iQWeUTXaUWiOe cRQfideQce iQWeUYaO Rf SRVVibOe PXWaWiRQ UaWeV fRU each VWUaiQ.  

A naWXral mXWaWor phenoW\pe ZiWh a diVWincWiYe mXWaWion VpecWrXm  

We ideQWified a WRWaO Rf 5571 ​CAN1 ​PXWaWiRQV acURVV aOO VWUaiQV, iQcOXdiQg 4561 SRiQW PXWaWiRQV, 
837 iQdeOV (SXSSOePeQWaU\ TabOe S4), aQd 173 PXOWiQXcOeRWide PXWaWiRQV (MNMV) 
(SXSSOePeQWaU\ TabOe S5-S6). 90% Rf Whe RbVeUYed iQdeOV aUe ViQgOe baVe-SaiU iQdeOV (754 RXW 
Rf 837), aQd fRU ViPSOiciW\ Ze iQcOXded RQO\ ViQgOe baVe-SaiU iQdeOV aORQg ZiWh SRiQW PXWaWiRQV 
ZheQ UeSRUWiQg each VWUaiQ¶V PXWaWiRQ VSecWUXP.  
 
TZR Rf Whe ​4561 SRiQW PXWaWiRQV RccXUUed aW VWUaiQ-VSecific QRQ-UefeUeQce ViWeV. The UePaiQiQg 
4559 PXWaWiRQV cRQViVWed Rf UeSeaWed RbVeUYaWiRQV Rf RQO\ 727 XQiTXe PXWaWiRQV aW 476 
SRViWiRQV iQ ​CAN1 ​. GiYeQ WhaW each PXWaWiRQ ZaV RbVeUYed aQ aYeUage Rf 6.2 WiPeV, iW iV OiNeO\ 
WhaW RXU daWaVeW cRQWaiQV eYeU\ SRVVibOe PXWaWiRQ WhaW caXVeV ​CAN1 ​ WR ORVe fXQcWiRQaOiW\. We 
RbVeUYed 2676 PiVVeQVe PXWaWiRQV, 1866 QRQVeQVe PXWaWiRQV aQd RQO\ 17 V\QRQ\PRXV 
PXWaWiRQV. TheVe V\QRQ\PRXV PXWaWiRQV Pade XS OeVV WhaQ 0.37% Rf Whe WRWaO SRiQW PXWaWiRQV 
RbVeUYed; ViQce WheVe aUe XQOiNeO\ WR haYe caXVed ​CAN1 ​ WR ORVe fXQcWiRQaOiW\, Whe\ aUe OiNeO\ 
VeTXeQciQg eUURUV RU hiWchhiNeUV WhaW RccXUUed iQ ceOOV cRQWaiQiQg RWheU iQacWiYaWiQg PXWaWiRQV iQ 
CAN1 ​. ThiV ORZ V\QRQ\PRXV PXWaWiRQ UaWe fXUWheU dePRQVWUaWeV Whe accXUac\ Rf RXU SiSeOiQe.  
 
TR RXU NQRZOedge, Whe OaUgeVW SUeYiRXV ​CAN1 ​ fOXcWXaWiRQ aVVa\ iQ ​S. cHUHYLVLaH ​ RbVeUYed SRiQW 
PXWaWiRQV aW MXVW 102 diVWiQcW SRViWiRQV (LaQg aQd MXUUa\ 2008). We RbVeUYed 100 Rf WheVe 
PXWaQW ViWeV iQ addiWiRQ WR 376 addiWiRQaO PXWaQW ViWeV QRW SUeYiRXVO\ NQRZQ WR abURgaWe ​CAN1 
fXQcWiRQ ​. APRQg Whe WZR PXWaWiRQV RbVeUYed b\ LaQg aQd MXUUa\ WhaW aUe PiVViQg fURP RXU 
daWaVeW, RQe iV ORcaWed QeaU Whe eQd Rf Whe ​CAN1 ​aPSOicRQ iQ a UegiRQ Ze e[cOXde dXe WR 
iQVXfficieQW VeTXeQciQg cRYeUage iQ PRVW VWUaiQV. The RWheU ViWe iV Whe ORcaWiRQ Rf a PXWaWiRQ 
chaQgiQg Whe aQWicRdRQ ³CTA´ WR ³TTA,´ Zhich iV V\QRQ\PRXV aQd WhXV QRW OiNeO\ WR haYe 
affecWed ​CAN1 ​ fXQcWiRQ.  
 
MNMV aUe cRPSOe[ PXWaWiRQ eYeQWV WhaW cUeaWe PXOWiSOe QeaUb\ VXbVWiWXWiRQV RU iQdeOV aW RQce, 
OiNeO\ aV a UeVXOW Rf eUURU-SURQe OeViRQ b\SaVV ​(AYeURf ​HW aO.​, 2000; SchUideU, HRXUPR]di aQd 
HahQ, 2011; SWRQe ​HW aO.​, 2012; HaUUiV aQd NieOVeQ, 2014)​, aQd Ze ZeUe abOe WR diVWiQgXiVh WheP 
fURP iQdeSeQdeQW VeWV Rf SRiQW PXWaWiRQV b\ ORRNiQg fRU Whe SUeVeQce Rf PXOWiSOe PXWaWiRQV RQ 
Whe VaPe IOOXPiQa UeadV (MaWeUiaOV aQd MeWhRdV). We eVWiPaWe WhaW 3.1% Rf aOO PXWaWiRQV aUe 
MNMV, ViPiOaU WR Whe 2.6% UeSRUWed iQ a ViQgOe VWUaiQ bacNgURXQd ​(LaQg aQd MXUUa\, 2008)​. 
MRVW Rf RXU VWUaiQV haYe ViPiOaU UaWiRV Rf MNMV WR ViQgOe baVe-SaiU PXWaWiRQV, e[ceSW fRU a feZ 
RXWOieUV (FigXUe 4A). FRU e[aPSOe, AAB haV diVSURSRUWiRQaWeO\ PRUe MNMV (FigXUe 4A aQd 
SXSSOePeQWaU\ FigXUe S7) ZhiOe AAR aQd AEQ haYe ORZeU UaWiRV Rf MNMV WR ViQgOe baVe-SaiU 
PXWaWiRQV.  
 
We SeUfRUPed h\SeUgeRPeWUic WeVWV WR deWeUPiQe ZheWheU Whe PXWaWiRQ VSecWUa Ze PeaVXUed 
fURP Whe WZR cRQWURO Oab VWUaiQV LCTL1 aQd LCTL2 ZeUe diVWiQcW fURP WhRVe PeaVXUed fURP 
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haSORid QaWXUaO iVROaWeV aQd fURP Whe VSecWUXP PeaVXUed fURP Whe VaPe LCTL2 VWUaiQ b\ LaQg 
eW aO. ​(2008)​ (MaWeUiaOV aQd MeWhRdV). We fRXQd Whe VSecWUa Rf SRiQW PXWaWiRQV Ze PeaVXUed 
fURP Whe Oab VWUaiQV LCTL1 aQd LCTL2 WR be VWaWiVWicaOO\ iQdiVWiQgXiVhabOe fURP Whe VSecWUa 
LaQg, eW aO. ​(2008)​ RbWaiQed XViQg SaQgeU VeTXeQciQg Rf caQaYaQiQe-UeViVWaQW PXWaQWV (​S ​= 0.82 
fRU LCTL1 aQd ​S ​= 0.087 fRU LCTL2). WiWh iQdeOV iQcOXded, RXU LCTL1 VSecWUXP aSSeaUV 
VigQificaQWO\ diffeUeQW fURP WhaW Rf LaQg eW aO. ​(2008)​ (​S ​= 0.0012, BRQfeUURQi cRUUecWed ​S ​-YaOXe: 
0.042), bXW Whe LCTL2 VSecWUa UePaiQ iQdiVWiQgXiVhabOe ZiWh iQdeOV iQcOXded (​S ​= 0.0054, 
BRQfeUURQi cRUUecWed ​S ​-YaOXe: 0.189).  
 

 
FigXUe 4. ​dH QRYR ​PXWaWiRQ UaWe aQd VSecWUa iQ QaWXUaO iVROaWeV 

A ​. SiQgOe QXcOeRWide PXWaWiRQ UaWeV SORWWed agaiQVW MNM UaWeV acURVV VWUaiQV. TheVe UaWeV ZeUe caOcXOaWed b\ 
PXOWiSO\iQg Whe PeaQ PXWaWiRQ UaWe eVWiPaWed XViQg ​CAN1 ​ b\ Whe SURSRUWiRQ Rf PXWaWiRQV iQ each VWUaiQ PeaVXUed WR 
be eiWheU ViQgOe-QXcOeRWide PXWaWiRQV RU MNMV. HeUe, ViQgOe QXcOeRWide PXWaWiRQV iQcOXde bRWh ViQgOe baVe SaiU 
VXbVWiWXWiRQV aQd iQdeOV. ​B ​. MXWaWiRQ VSecWUa iQ AEQ aQd AAR VhRZ VigQificaQW eQUichPeQW Rf C>A PXWaWiRQV 
cRPSaUed WR Whe cRQWURO Oab VWUaiQ LCTL1. OQO\ ViQgOe baVe-SaiU iQdeOV ZeUe XVed WR geQeUaWe WheVe cRXQWV. ​C ​. A PCA 
Rf Whe VaPe VWUaiQV¶ ​dH QRYR ​PXWaWiRQ VSecWUa cRPSaUed WR Whe PXWaWiRQ VSecWUXP UeSRUWed iQ ​(LaQg aQd MXUUa\, 
2008)​.  
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The Oab VWUaiQ LCTL1 aSSeaUV WR haYe a PXWaWiRQ VSecWUXP WhaW iV UeSUeVeQWaWiYe Rf PRVW 
QaWXUaO iVROaWeV (FigXUe 4C, SXSSOePeQWaU\ FigXUe S8-S9). UViQg BRQfeUURQi cRUUecWed ​S ​-YaOXeV 
WR deWeUPiQe VigQificaQce, Ze fRXQd Whe VWUaiQV AAA, ACS, AGM, AHH, AHC, AEF, ADF, ACM, 
AGR, AAI, aQd AAB WR haYe PXWaWiRQ VSecWUa WhaW aUe VWaWiVWicaOO\ iQdiVWiQgXiVhabOe fURP WhaW Rf 
LCTL1. We fRXQd WhaW CEV aQd AFH aUe diVWiQgXiVhed RQO\ b\ WheiU high SURSRUWiRQV Rf 
iQVeUWiRQV. ADN VhRZed VigQificaQW bXW VXbWOe diYeUgeQce fURP LCTL1 iQ Whe VSecWUXP Rf ViQgOe 
QXcOeRWide YaUiaQWV (SXSSOePeQWaU\ FigXUe S8-S9). IQ cRQWUaVW, Ze PeaVXUed VWUiNiQgO\ diYeUgeQW 
PXWaWiRQ VSecWUa fURP AEQ (​S ​ < 1e-4) aQd AAR (​S ​ < 1e-4), Whe WZR VWUaiQV ZiWh 10-fROd higheU 
PXWaWiRQ UaWeV WhaQ LCTL1. BRWh VWUaiQV aSSeaU highO\ eQUiched fRU C>A PXWaWiRQV cRPSaUed WR 
LCTL1 (FigXUe 4B). The VWUaiQ AAR¶V PXWaWiRQ UaWe eVWiPaWeV aSSeaU VRPeZhaW biPRdaO (FigXUe 
3), bXW C>A PXWaWiRQV aUe cRQViVWeQWO\ eQUiched iQ UeSOicaWe SRROV ZiWh bRWh ORZeU aQd higheU 
eVWiPaWed PXWaWiRQ UaWeV. The PaiQ VSecWUXP diffeUeQce beWZeeQ Whe WZR PXWaWiRQ UaWe PRdeV 
aSSeaUV WR be a VPaOO diffeUeQce iQ Whe C>G PXWaWiRQ SURSRUWiRQ (SXSSOePeQWaU\ FigXUe S10).  

Concordance of Whe C>A mXWaWor phenoW\pe beWZeen inheriWed YariaWion and ​de novo 
mXWaWion VpecWra 

IQ bRWh AEQ aQd AAR, Whe SURSRUWiRQ Rf C>A PXWaWiRQV ZaV PeaVXUed WR be eOeYaWed QeaUO\ 
3-fROd abRYe Whe SURSRUWiRQ Rf C>A PXWaWiRQV iQ LCTL1 aQd ViPiOaU VWUaiQV (FigXUe 4B). 
RePaUNabO\, WhiV C>A eQUichPeQW aSSeaUV VXfficieQW WR e[SOaiQ Whe SOacePeQW Rf AEQ aQd AAR 
aV UaUe YaUiaQW PXWaWiRQ VSecWUXP RXWOieUV WhaW Ze SUeYiRXVO\ VaZ iQ FigXUe 1B, Zhich ZaV 
cRPSXWed fURP SRO\PRUShiVPV VaPSOed geQRPe-Zide, QRW MXVW ZiWhiQ ​CAN1 ​. BRWh VWUaiQV haYe 
UaUe YaUiaQW VSecWUa WhaW aUe diVSOaced fURP Whe SRSXOaWiRQ QRUP aORQg a SUiQciSaO cRPSRQeQW 
YecWRU SRiQWiQg iQ Whe diUecWiRQ Rf iQcUeaVed C>A eQUichPeQW. TheVe VWUaiQV¶ high PXWaWiRQ UaWe, 
C>A-heaY\ ​dH QRYR ​ PXWaWiRQ VSecWUXP, aQd cRQcRUdaQW C>A-heaY\ UaUe YaUiaQW VSecWUXP aOO 
SRiQW WR Whe cRQcOXViRQ WhaW WheVe MRVaic beeU VWUaiQV diVSOa\ a QaWXUaOO\-RccXUUiQg geQeWicaOO\ 
eQcRded PXWaWRU SheQRW\Se. 
 
TR aVVeVV ZheWheU Whe C>A eQUichPeQW SheQRW\Se RbVeUYed iQ AAR aQd AEQ iV OiNeO\ VhaUed 
ZiWh aQ\ Rf Whe 1011 VWUaiQV fRU Zhich Ze OacN PXWaWiRQ VSecWUXP PeaVXUePeQWV, Ze UaQNed aOO 
1011 VWUaiQV (e[cOXdiQg cORVe UeOaWiYeV) accRUdiQg WR Whe C>A eQUichPeQW Rf WheiU UaUe YaUiaQWV 
(gORbaO aOOeOe cRXQW OeVV WhaQ 5). We fRXQd WhaW SACE_YAG aQd BRM, Whe WZR VWUaiQV cORVeVW WR 
AAR aQd AEQ iQ Whe gORbaO, QeighbRU-MRiQiQg Sh\ORgeQ\, cOXVWeUed ZiWh AAR aQd AEQ iQ haYiQg 
high C>A fUacWiRQV ZiWhiQ Whe WRS 5% iQ Whe daWaVeW. The UeVW Rf Whe WRS-UaQNiQg 5% Rf Whe VWUaiQV 
e[hibiW VRPe Sh\ORgeQeWic cOXVWeUiQg, bXW QR RWheUV faOO ZiWhiQ Whe MRVaic beeU cOade (FigXUe 5C). 
IQVWead, Whe\ aUe VRPeZhaW diVSeUVed acURVV WZR OaUge, diYeUVe cOadeV NQRZQ aV ³MRVaic 
UegiRQ 3´ aQd Whe ³Mi[ed RUigiQ´ cOade. We aOVR XVed a bRRWVWUaSSiQg PeWhRd WR fiQd VWUaiQV ZiWh 
eQUiched C>A fUacWiRQV, XViQg aQ ePSiUicaO ​S ​-YaOXe WhUeVhROd Rf 0.05. MaQ\ Rf Whe VaPe VWUaiQV 
aUe RXWOieUV iQ bRWh WeVWV, iQcOXdiQg Whe fRXU MRVaic beeU VWUaiQV (SXSSOePeQWaU\ FigXUe S11). 
The Sh\ORgeQeWic cOXVWeUiQg Rf C>A UaUe YaUiaQW eQUichPeQW VXggeVWV WhaW PXOWiSOe cOadeV Pa\ 
be geQeWicaOO\ SUediVSRVed WRZaUd accXPXOaWiQg UeOaWiYeO\ higheU UaWeV Rf WhiV PXWaWiRQ W\Se.  
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BaVed RQ Whe SaWWeUQ Rf C>A eQUichPeQW RbVeUYed iQ Whe UaUe SRO\PRUShiVP daWa, Ze 
h\SRWheVi]ed WhaW a VhaUed PXWaWRU aOOeOe ZaV UeVSRQVibOe fRU Whe SaWWeUQ Rf C>A eQUichPeQW 
SUeVeQW iQ Whe fRXU-VWUaiQ cOade cRQViVWiQg Rf AAR, AEQ, BRM, aQd SACE_YAG (FigXUe 5A,B). 
IQ WheVe VWUaiQV, UaUeU YaUiaQWV aUe QRWabO\ C>A-eQUiched, bXW higheU fUeTXeQc\ YaUiaQWV e[hibiW 
ZeaNeU eQUichPeQW WhaW decOiQeV WRZaUd Whe C>A fUacWiRQ PRUe W\SicaO Rf RWheU VWUaiQV. IQ 
cRQWUaVW, Whe fRXU VWUaiQV PRVW cORVeO\ UeOaWed WR AAR, AEQ, BRM, aQd SACE_YAG iQ Whe 
Sh\ORgeQ\ e[hibiW a cRQViVWeQWO\ ORZeU C>A fUacWiRQ WhaW dReV QRW YaU\ ZiWh aOOeOe fUeTXeQc\ 
(FigXUe 5B). The cRQcRUdaQW eQUichPeQW Rf C>A PXWaWiRQV iQ UaUe SRO\PRUShiVPV aQd ​dH QRYR 
PXWaWiRQV fURP Whe VaPe VWUaiQV VXggeVWV WhaW WhiV C>A eQUichPeQW iV geQeWicaOO\ deWeUPiQed 
aQd iV QRW VSecific WR Whe ​CAN1 ​ ORcXV bXW haV affecWed Whe eQWiUe geQRPe dXUiQg Whe UeceQW 
hiVWRU\ Rf WhiV cOade.  
 
ThUee Rf Whe fRXU C>A-eQUiched PRVaic beeU VWUaiQV, AAR, AEQ, aQd SACE_YAG, aUe aOO 
haSORid deUiYaWiYeV Rf Whe diSORid ​SaccKaURP\cHV ​cHUHYLVLaH ​ YaU dLaVWaWLcXV ​VWUaiQ ​ ​CBS 1782, 
Zhich ZaV ​iVROaWed ​iQ 1952 ​ fURP VXSeU-aWWeQXaWed beeU ​(AQdUeZV aQd GiOOiOaQd, 1952)​. AEQ aQd 
AAR diffeU aW URXghO\ 14,000 YaUiaQW ViWeV (Whe PediaQ SaiUZiVe geQeWic diVWaQce iQ Whe 1011 
VWUaiQV iV 64,000) aQd SACE_YAG diffeUV fURP AEQ aQd AAR aW abRXW 11,000 ViWeV each, dXe WR 
Whe high OeYeO Rf heWeUR]\gRViW\ iQ Whe SaUeQWaO diSORid VWUaiQ. The fRXUWh VWUaiQ ZiWh aQ eOeYaWed 
C>A PXWaWiRQ fUacWiRQ, BRM, iV deUiYed fURP aQ iQdeSeQdeQW VRXUce: iW ZaV iVROaWed iQ 1988 
fURP a caVVaYa fORXU facWRU\ iQ BUa]iO ​(LaOXce ​HW aO.​, 1988)​. BRM diffeUV aW 14,000-17,000 ViWeV 
fURP Whe abRYe PeQWiRQed WhUee VWUaiQV. 
 
AOWhRXgh defiQiWiYeO\ ideQWif\iQg Whe geQeWic YaUiaQWV UeVSRQVibOe fRU C>A eQUichPeQW iQ AEQ aQd 
AAR iV be\RQd Whe VcRSe Rf WhiV ZRUN, Ze VcaQQed fRU QRQVeQVe aQd PiVVeQVe PXWaWiRQV iQ a 
OiVW Rf 158 caQdidaWe geQeV. TR fRUPXOaWe WhiV OiVW, Ze cRPbiQed geQeV NQRZQ WR SOa\ UROeV iQ 
DNA UeSOicaWiRQ aQd UeSaiU ZiWh geQeV WhaW ZeUe SUeYiRXVO\ ideQWified WR haUbRU PXWaWRU aOOeOeV 
WhURXgh geQeWic VcUeeQV (SXSSOePeQWaU\ TabOe S7) ​(BRiWeX[ aQd JiQNV-RRbeUWVRQ, 2013; SWiUOiQg 
HW aO.​, 2014)​. NR caQdidaWe SUePaWXUe VWRS cRdRQV ZeUe fRXQd WR be bRWh SUeVeQW iQ AAR aQd 
AEQ aQd UaUe (MAF<0.05) iQ Whe WRWaO SRSXOaWiRQ. HRZeYeU, Ze ideQWified 40 ViWeV ZiWh aW OeaVW 
RQe UaUe QRQ-V\QRQ\PRXV aOOeOe (MAF<0.05) VhaUed beWZeeQ bRWh AEQ aQd AAR aQd abVeQW 
fURP Whe RWheU haSORid VWUaiQV WhaW Ze e[SeUiPeQWaOO\ fRXQd WR haYe QRUPaO PXWaWiRQ VSecWUa 
(SXSSOePeQWaU\ TabOe S8).  
 
OQe Rf WheVe PiVVeQVe YaUiaQWV faOOV ZiWhiQ ​OGG1 ​, a geQe eQcRdiQg a gO\cRV\OaVe Ne\ WR Whe 
R[idaWiYe VWUeVV UeVSRQVe WhaW VSecificaOO\ e[ciVeV 8-R[R-G. ​OGG1 ​ QXOO PXWaQWV aUe NQRZQ WR 
e[SeUieQce high C>A PXWaWiRQ UaWeV ​(ShRcNOe\ ​HW aO.​, 2013)​ aQd a WeQ-fROd RYeUaOO iQcUeaVe iQ 
PXWaWiRQ UaWe cRPSaUed WR VWaQdaUd Oab VWUaiQV ​(Ni, MaUViVchN\ aQd KRORdQeU, 1999)​. HRZeYeU, 
Whe QaWXUaO YaUiaQW Ze ideQWified iQ ​OGG1 ​iV SUeVeQW QRW RQO\ iQ Whe fRXU MRVaic beeU VWUaiQV 
eQUiched fRU C>A UaUe YaUiaQWV, bXW iV aOVR SUeVeQW iQ WZR RWheU VWUaiQV, AQH aQd AAQ, ZhRVe 
UaUe YaUiaQWV aUe QRW C>A-eQUiched. A cORVe e[aPiQaWiRQ Rf PXWaWiRQ VSecWUXP fURP UaUe 
YaUiaQWV UeYeaOed WhaW AQH Pa\ haYe a C>A eQUichPeQW SheQRW\Se WhaW iV PaVNed b\ a high 
UaWe Rf C>T PXWaWiRQV (SXSSOePeQWaU\ FigXUe S12). NR eYideQce Rf C>A eQUichPeQW ZaV fRXQd 
iQ AAQ. ThiV cRXOd iPSO\ WhaW eiWheU Whe caQdidaWe YaUiaQW iQ ​OGG1 ​ iV PaVNed b\ RQe RU PRUe 
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addiWiRQaO eSiVWaWic YaUiaQWV iQ Whe RWheU WZR VWUaiQV RU WhaW iW iV QRW UeVSRQVibOe fRU Whe RbVeUYed 
PXWaWRU SheQRW\Se. FXUWheU VWXd\ ZiOO be UeTXiUed WR deWeUPiQe Whe geQeWic aUchiWecWXUe Rf Whe 
RbVeUYed PXWaWRU SheQRW\Se, Zhich PighW be caXVed b\ YaUiaWiRQ aW PXOWiSOe ORci.  
 

 
 

FigXUe 5. EQUichPeQW Rf C>A PXWaWiRQV iQ UaUe QaWXUaO YaUiaQWV 
A.​ Ph\ORgeQ\ Rf AEQ, AAR, aQd cORVeO\ UeOaWed MRVaic beeU VWUaiQV ​B.​ TRS SaQeO: The C>A UaWiR aV a fXQcWiRQ Rf 
PiQRU aOOeOe cRXQW iQ MRVaic beeU VWUaiQV WhaW aUe cORVeO\ UeOaWed WR AEQ aQd AAR. C>A UaWiRV iQ SRO\PRUShiVPV aUe 
caOcXOaWed acURVV aOOeOe cRXQW (AC) biQV ZiWh cXWRffV Rf 2, 4, 6, aQd 8. WheQ cRPSXWiQg aOOeOe cRXQWV, cORVeO\-UeOaWed 
VWUaiQV aUe e[cOXded, aQd each VWUaiQ iV UeSUeVeQWed aV a diSORid iQ geQRW\Se. BRWWRP SaQeO: WRWaO QXPbeU Rf YaUiaQWV 
iQ each AC biQ. ​C. ​Ph\ORgeQ\ Rf Whe 1011 cROOecWiRQ ZiWh VWUaiQV iQ Whe WRS 5% Rf C>A fUacWiRQ VhRZQ iQ Ued.  
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DiVcXVVion 
TR RXU NQRZOedge, WhiV iV RQe Rf Whe fiUVW VWXdieV WR V\VWePaWicaOO\ e[SORUe Whe UaWeV aQd VSecWUa 
Rf PXWaWiRQaO SURceVVeV aPRQg ​S. cHUHYLVLaH ​QaWXUaO iVROaWeV. UViQg SRO\PRUShiVP daWa, Ze fiQd 
WhaW Whe PXWaWiRQ VSecWUXP Rf ​S. cHUHYLVLaH ​ e[hibiWV Uich, PXOWidiPeQViRQaO YaUiaWiRQ. B\ 
PeaVXUiQg ​dH QRYR ​PXWaWiRQ VSecWUa iQ a UeSUeVeQWaWiYe VeW Rf haSORid QaWXUaO VWUaiQV, Ze 
ideQWif\ a QaWXUaOO\ RccXUUiQg geQeWicaOO\ eQcRded PXWaWRU SheQRW\Se WhaW aSSeaUV WR be dUiYiQg 
aW OeaVW RQe diPeQViRQ Rf Whe PXWaWiRQ VSecWUXP YaUiaWiRQ SUeVeQW iQ Whe SRO\PRUShiVP daWa.  
 
AOWhRXgh Whe PXWaWiRQ VSecWUXP YaUiaWiRQ Ze UeSRUW heUe iV UePiQiVceQW Rf RbVeUYed PXWaWiRQ 
VSecWUXP YaUiaWiRQ aPRQg hXPaQV, gUeaW aSeV, aQd OabRUaWRU\ PRXVe VWUaiQV, Ze QRWe WhaW 
PXWaWiRQ VSecWUXP diYeUgeQce aPRQg VXbSRSXOaWiRQV Rf ​S. cHUHYLVLaH​ aSSeaUV QRiVieU WhaQ Whe 
VeSaUaWiRQ SUeYiRXVO\ RbVeUYed aPRQg SRSXOaWiRQV aQd VSecieV Rf YeUWebUaWeV. WhiOe iW iV 
SRVVibOe WR iQfeU a hXPaQ geQRPe¶V cRQWiQeQWaO gURXS Rf RUigiQ XViQg iWV PXWaWiRQ VSecWUXP 
aORQe, Whe VaPe iV QRW WUXe Rf aQ ​S. cHUHYLVLaH​ geQRPe. SeYeUaO facWRUV, Zhich aUe QRW PXWXaOO\ 
e[cOXViYe, PighW XQdeUOie WhiV diffeUeQce. OQe iV Whe SUeVeQce Rf SeUYaViYe geQe fORZ beWZeeQ ​S. 
cHUHYLVLaH ​ cOadeV ​(LiWi ​HW aO.​, 2009; SchacheUeU ​HW aO.​, 2009; PeWeU ​HW aO.​, 2018)​. AQRWheU facWRU iV 
Whe VPaOO Vi]e Rf Whe ​S. cHUHYLVLaH ​ geQRPe; each VWUaiQ haV WZR RUdeUV Rf PagQiWXde feZeU 
deUiYed aOOeOeV WhaQ PRVW YeUWebUaWe geQRPeV haYe. ThiV daWa VSaUViW\ UeQdeUV iQdiYidXaO 
PXWaWiRQ VSecWUXP PeaVXUePeQWV UeOaWiYeO\ QRiV\ aQd OiPiWV RXU abiOiW\ WR deWecW hRZ fOaQNiQg 
baVe SaiUV affecW Whe PXWaWiRQ UaWe Rf each ViWe iQ Whe geQRPe.  
 
WhiOe geQe fORZ aQd daWa VSaUViW\ PighW be UeVSRQVibOe fRU Whe UeOaWiYeO\ PRdeVW PagQiWXde Rf 
PXWaWiRQ VSecWUXP diYeUgeQce beWZeeQ PRVW VWUaiQV Rf ​S. cHUHYLVLaH ​, iW iV aOVR SRVVibOe WhaW 
DNA UeSOicaWiRQ aQd UeSaiU aUe iQWUiQVicaOO\ PRUe XQifRUP iQ ​S. cHUHYLVLaH ​ WhaQ iQ YeUWebUaWeV, 
SeUhaSV becaXVe Rf Whe gUeaWeU efficieQc\ Rf VeOecWiRQ agaiQVW ZeaNO\ deOeWeUiRXV PXWaWRU aOOeOeV 
iQ a XQiceOOXOaU RUgaQiVP WhaW e[iVWV aW OaUge effecWiYe SRSXOaWiRQ Vi]eV aQd RfWeQ UeSURdXceV 
aVe[XaOO\. AVe[XaO UeSURdXcWiRQ VhRXOd WheRUeWicaOO\ iQcUeaVe Whe efficieQc\ Rf VeOecWiRQ agaiQVW 
PXWaWRU aOOeOeV becaXVe deOeWeUiRXV YaUiaQWV cUeaWed b\ Whe PXWaWRU caQQRW UecRPbiQe RQWR 
RWheU geQeWic bacNgURXQdV; RQ Whe RWheU haQd, iW caQ aOVR OiPiW Whe efficieQc\ Rf VeOecWiRQ agaiQVW 
iQdiYidXaO deOeWeUiRXV PXWaWiRQV b\ SeUPaPeQWO\ WeWheUiQg WheP WR SaUWicXOaU geQeWic 
bacNgURXQdV. FXUWheU PeaVXUePeQWV Rf PXWaWiRQ VSecWUXP YaUiaWiRQ ZiWhiQ RWheU VSecieV ZiOO be 
Qeeded WR deWeUPiQe ZheWheU Whe VWabiOiW\ RbVeUYed heUe iV iQdeed chaUacWeUiVWic Rf XQiceOOXOaU 
eXNaU\RWeV. If PXWaWiRQ VSecWUa WeQd WR be VWabOe ZiWhiQ VSecieV WhaW haYe ORZ PXWaWiRQ UaWeV 
aQd VWURQg VeOecWiRQ agaiQVW PXWaWiRQ UaWe PRdifieUV, Ze PighW e[SecW WR Vee eYeQ OeVV PXWaWiRQ 
VSecWUXP YaUiaWiRQ aPRQg SRSXOaWiRQV Rf ciOiaWeV OiNe ​PaUaPHcLXP​ aQd ​THWUaK\PHQa ​, ZhRVe 
PXWaWiRQ UaWeV aUe VXbVWaQWiaOO\ ORZeU WhaQ WhaW Rf ​S. cHUHYLVLaH ​ ​(SXQg, TXcNeU, ​HW aO.​, 2012; 
LRQg ​HW aO.​, 2016)​. 
 
MaQ\ TXeVWiRQV abRXW PXWaWiRQ VSecWUXP YaUiaWiRQ ZiWh ​S. cHUHYLVLaH ​ aQd RWheU VSecieV UePaiQ 
XQUeVROYed aQd SUeVeQW iPSRUWaQW aYeQXeV fRU fXWXUe ZRUN. OQe RbYiRXV XQNQRZQ iV Whe ideQWiW\ 
Rf Whe geQe RU geQeV UeVSRQVibOe fRU Whe PXWaWRU SheQRW\Se deWecWed iQ AEQ aQd AAR. IW iV aOVR 
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XQcOeaU ZheWheU UaUe SRO\PRUShiVPV iQ Whe Mi[ed RUigiQ aQd MRVaic UegiRQ 3 cOadeV aUe 
eQUiched fRU C>A PXWaWiRQV dXe WR Whe VaPe geQeWic PechaQiVPV acWiYe iQ AEQ aQd AAR. 
OWheU geQeV PighW XQdeUOie Whe PXWaWiRQ VSecWUXP diffeUeQceV RbVeUYed aPRQg RWheU VWUaiQV, 
WhRXgh RXU aQaO\VeV VXggeVW WhaW VRPe PXWaWiRQ VSecWUXP gUadieQWV WhaW dRPiQaWe Whe cRPPRQ 
YaUiaWiRQ PCA aUe XQOiNeO\ WR be e[SOaiQed b\ e[WaQW PXWaWRUV. OQe VXch gUadieQW iV Whe A>G 
eQUichPeQW iQ Whe AfUicaQ beeU \eaVW cOade, Zhich iV OeVV SURQRXQced iQ RXU UaUe YaUiaQW PCA 
(FigXUe 1B) cRPSaUed WR RXU PCA e[WUacWed fURP YaUiaWiRQ Rf aOO fUeTXeQcieV (FigXUe 1A). ThiV iV 
VRPeZhaW UePiQiVceQW Rf Whe fUeTXeQc\ diVWUibXWiRQ Rf Whe TCC>TTC PXWaWiRQ ³SXOVe´ WhaW 
diVWiQgXiVheV EXURSeaQV aQd SRXWh AViaQV fURP RWheU hXPaQ SRSXOaWiRQV, aQd Pa\ VXggeVW 
WhaW Whe AfUicaQ beeU A>G eQUichPeQW ZaV caXVed b\ aQ e[WiQcW PXWaWRU aOOeOe RU a PXWageQ 
fRXQd iQ a SaVW eQYiURQPeQW.  
 
NaWXUaO VeOecWiRQ PighW cRQWUibXWe WR Whe PXWaWiRQ VSecWUXP YaUiaWiRQ ZiWhiQ ​S. cHUHYLVLaH ​ if 
ceUWaiQ PXWaWiRQ W\SeV aUe PRUe RfWeQ beQeficiaO WhaQ RWheUV aQd if VXch aV\PPeWUieV YaU\ 
beWZeeQ SRSXOaWiRQV. HRZeYeU, Ze QRWe WhaW PRVW Rf Whe gUadieQW VWUXcWXUe RbVeUYed iQ RXU 
aQaO\VeV caQ be UeSURdXced ZiWh V\QRQ\PRXV PXWaWiRQV aORQe, PeaQiQg WhaW VeOecWiRQ iV 
XQOiNeO\ WR e[SOaiQ PXch Rf Whe QaWXUaO \eaVW PXWaWiRQ VSecWUXP YaUiaWiRQ Ze RbVeUYe. 
 
The C>A PXWaWiRQV eQUiched iQ AEQ, AAR, aQd WheiU UeOaWiYeV PighW be a VigQaWXUe Rf R[idaWiYe 
VWUeVV daPage; VXch PXWaWiRQV aUe a NQRZQ VigQaWXUe Rf Whe UeSaiU Rf 8-R[RgXaQiQe OeViRQV, 
Zhich iV cRQViVWeQW ZiWh a caXVaO UROe fRU WheVe VWUaiQV¶ PiVVeQVe VXbVWiWXWiRQ iQ Whe R[idaWiYe 
VWUeVV UeVSRQVe geQe ​OGG1 ​. AW Whe VaPe WiPe, C>A PXWaWiRQV dR QRW cRPSUiVe aOO Rf Whe 
10-fROd e[ceVV Rf PXWaWiRQV PeaVXUed iQ AEQ aQd AAR cRPSaUed WR VWaQdaUd Oab VWUaiQV. 
CRPSaUed WR LCTL1, Whe UaWiR Rf C>A PXWaWiRQV WR C>T PXWaWiRQV iV eOeYaWed 3.61-fROd iQ AEQ 
aQd 3.33-fROd iQ AAR, Zhich iV OeVV WhaQ Whe 10-fROd RYeUaOO eOeYaWiRQ Rf Whe PXWaWiRQ UaWe iQ 
WheVe VWUaiQV. TheVe PXWaWiRQ daWa iPSO\ WhaW aOO PXWaWiRQ W\SeV haYe higheU UaWeV iQ AEQ aQd 
AAR cRPSaUed WR RWheU ​S. cHUHYLVLaH ​ VWUaiQV, QRW MXVW C>A. FXUWheU ZRUN ZiOO be UeTXiUed WR WeVW 
WhiV cOaiP aQd YeUif\ ZheWheU Whe C>A eQUichPeQW aQd bURad-VSecWUXP PXWaWiRQ UaWe iQcUeaVe 
aUe dUiYeQ b\ Whe VaPe biRchePicaO PechaQiVP. 
 
A SRWeQWiaO OiPiWaWiRQ Rf RXU aVVa\ iV WhaW Ze PeaVXUe PXWaWiRQ VSecWUa XViQg RQO\ PiVVeQVe RU 
QRQVeQVe PXWaWiRQV WhaW diVUXSW fXQcWiRQaOiW\ Rf ​CAN1 ​, Zhich PighW accXPXOaWe diffeUeQWO\ WhaQ 
PXWaWiRQV Rf Whe VaPe W\SeV iQ RWheU UegiRQV Rf Whe geQRPe. ThaW beiQg Vaid, Whe 2676 aQd 
1866 PiVVeQVe aQd QRQVeQVe PXWaWiRQV iQ RXU daWaVeW cRQWaiQ QXPeURXV iQVWaQceV Rf aOO Vi[ 
PXWaWiRQ W\SeV WhaW cRPSUiVe RXU VXPPaU\ PXWaWiRQ VSecWUXP. MRUeRYeU, PXWaWiRQ VSecWUa 
aVceUWaiQed fURP ​CAN1​ aUe cRQViVWeQWO\ ViPiOaU WR Whe VSecWUa PeaVXUed iQ MA e[SeUiPeQWV, 
ZiWh MXVW a VOighW eQUichPeQW Rf PXWaWiRQV aW GC ViWeV (SXSSOePeQWaU\ FigXUe S13).  
 
IQ VXPPaU\, Whe UeVXOWV SUeVeQWed iQ WhiV SaSeU SURYide Whe PRVW diUecW eYideQce WR daWe WhaW 
eXNaU\RWic PXWaWiRQ VSecWUa aUe YaUiabOe ZiWhiQ VSecieV ​(HaUUiV, 2015; HaUUiV aQd PUiWchaUd, 
2017; DXPRQW, 2019; GROdbeUg aQd HaUUiV, 2019)​. IW haV beeQ SURSRVed WhaW Whe beVW 
e[SOaQaWiRQ fRU VXch PXWaWiRQ VSecWUXP heWeURgeQeiW\ iV Whe fUeTXeQW ePeUgeQce Rf QeaUO\ 
QeXWUaO PXWaWRU aOOeOeV WhaW WXUQ RYeU UaSidO\ aV a cRQVeTXeQce Rf ZeaN SXUif\iQg VeOecWiRQ RQ 
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Whe PXWaWiRQ UaWe. OXU ​dH QRYR ​ PXWaWiRQ VSecWUXP PeaVXUePeQWV SURYide Whe fiUVW e[SeUiPeQWaO 
YeUificaWiRQ Rf WhiV cOaiP, VhRZiQg WhaW aW OeaVW RQe PXWaWiRQaO VigQaWXUe ZhRVe acWiYiW\ YaUieV 
aPRQg QaWXUaO \eaVW VWUaiQV iV OiNeO\ caXVed b\ aQ e[WaQW PXWaWRU aOOeOe.  
 
AOWhRXgh RXU UeVXOWV VhRZ WhaW Whe PXWaWiRQ VSecWUXP biaV VhaUed b\ ceUWaiQ MRVaic beeU \eaVW 
iV geQeWicaOO\ eQcRded, iW iV ZRUWh QRWiQg WhaW WhiV C>A gUadieQW iV QRW Whe SUiQciSaO a[iV Rf 
PXWaWiRQ VSecWUXP YaUiaWiRQ iQ Whe 1011 \eaVW geQRPeV WhaW Ze cRPSXWed fURP aOO YaUiaQWV 
(FigXUe 1A). IW UePaiQV WR be VeeQ hRZ PaQ\ RWheU PXWaWRU RU aQWiPXWaWRU aOOeOeV PighW e[iVW 
ZiWhiQ WhiV VWUaiQ cROOecWiRQ aQd WR ZhaW e[WeQW Whe\ caQ e[SOaiQ Whe PXWaWiRQ VSecWUXP YaUiaWiRQ 
RbVeUYed aPRQg VWUaiQV fURP diffeUeQW eQYiURQPeQWV. A bURadeU TXeVWiRQ VWiOO iV ZheWheU Whe 
fRUceV WhaW cUeaWed ​S. cHUHYLVLaH ​¶V PXWaWiRQ VSecWUXP YaUiaWiRQ aUe ViPiOaU WR Whe fRUceV WhaW 
VhaSed Whe diVWiQcWiYe PXWaWiRQ VSecWUa Rf diffeUeQW hXPaQ SRSXOaWiRQV aQd gUeaW aSe VSecieV. If 
Ze caQ ideQWif\ Whe geQeV WhaW XQdeUOie QaWXUaO \eaVW PXWaWRU SheQRW\SeV VXch aV Whe RQe 
deVcUibed iQ WhiV VWXd\, iW ZiOO OiNeO\ be PRUe VWUaighWfRUZaUd WR WeVW WheVe geQeV fRU PXWaWRU 
acWiYiW\ iQ hXPaQV aQd RWheU VSecieV WhaQ WR diVcRYeU PXWaWRU aOOeOeV Yia aQ\ NiQd Rf agQRVWic 
geQRPe VcaQ.  

AcknoZledgemenWV 
We ZRXOd OiNe WR WhaQN aOO PePbeUV Rf Whe HaUUiV aQd DXQhaP OabV fRU heOSfXO cRPPeQWV aQd 
diVcXVViRQV. We WhaQN NaWhaQieO ShaUS aQd GUeg LaQg fRU VhaUiQg VWUaiQV. We aOVR WhaQN 
JRVeSh SchacheUeU fRU VhaUiQg Whe 1011 VWUaiQ cROOecWiRQ ZiWh Whe DXQhaP Oab. P.J ZaV 
VXSSRUWed b\ a BXUURXghV WeOOcRPe FXQd CaUeeU AZaUd aW Whe ScieQWific IQWeUface aZaUded WR 
K.H. K.H. acNQRZOedgeV addiWiRQaO VXSSRUW fURP a SeaUOe SchROaUVhiS, a SORaQ ReVeaUch 
FeOORZVhiS, a PeZ BiRPedicaO SchROaUVhiS, aQd NaWiRQaO IQVWiWXWe Rf GeQeUaO MedicaO ScieQceV 
GUaQW 1R35GM133428-01. A.J.H ZaV VXSSRUWed b\ Whe NaWiRQaO IQVWiWXWe fRU GeQeUaO MedicaO 
ScieQceV (NIH/NIGMS R01GM118854). ​A.R.O. ZaV VXSSRUWed b\ Whe NaWiRQaO HXPaQ GeQRPe 
ReVeaUch IQVWiWXWe Rf Whe NIH XQdeU aZaUd T32 HG00035. The UeVeaUch Rf M.J.D. ZaV 
VXSSRUWed b\ NIH/NIGMS aZaUd P41 GM103533 aQd a FacXOW\ SchROaU gUaQW fURP Whe HRZaUd 
HXgheV MedicaO IQVWiWXWe.​ The cRQWeQW iV VROeO\ Whe UeVSRQVibiOiW\ Rf Whe aXWhRUV aQd dReV QRW 
QeceVVaUiO\ UeSUeVeQW Whe RfficiaO YieZV Rf Whe BXUURXghV WeOOcRPe FXQd, Whe KiQVhiS 
FRXQdaWiRQ, Whe SORaQ FRXQdaWiRQ, Whe PeZ ChaUiWabOe TUXVW, HHMI, Whe NIH RU NIGMS. 

MaWerialV and MeWhodV 

VarianW filWering and mXWaWion PCA anal\ViV 

We fiOWeUed Whe RUigiQaO YaUiaQWV fURP Whe 1011 ​S. cHUHYLVLaH ​ cROOecWiRQ ​(PeWeU ​HW aO.​, 2018)​ b\ 
iQcOXdiQg biaOOeOic SNPV ZiWh OeVV WhaQ 20% PiVViQg geQRW\SeV. We UeVWUicWed WR UegiRQV iQ Whe 
geQRPeV ZheUe UeadV caQ be XQiTXeO\ PaSSed (³PUegiRQV_100_aQQRW_2011.bed´ fURP ​(JXbiQ 
HW aO.​, 2014)​) aQd e[cOXded UeSeaW-PaVNed UegiRQV. CORVeO\ UeOaWed VWUaiQV (SaiUZiVe geQeWic 
diVWaQce OeVV WhaQ 8000) aUe e[cOXded fURP Whe 1011 daWaVeW. SiQgOeWRQV ZeUe e[cOXded ZheQ 
cRXQWiQg iQdiYidXaO PXWaWiRQV iQ FigXUe 1 WR PiQiPi]e Whe iPSacW Rf VeTXeQciQg eUURUV. SWUaiQV 
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ZiWh e[WeQViYe iQWURgUeVViRQ fURP ​S. SaUadR[XV ​(cOade 2, 9, 10 fURP ​(PeWeU ​HW aO.​, 2018)​) ZeUe 
e[cOXded iQ RUdeU WR PiQiPi]e biaV fURP eUURUV iQ Whe iQfeUeQce Rf aQceVWUaO aQd deUiYed aOOeOeV. 
AQceVWUaO VWaWeV Rf PXWaWiRQV ZeUe iQfeUUed XViQg fiYe ​S. SaUadR[XV​ VeTXeQceV ​(YXe ​HW aO.​, 
2017)​, aOigQed WR Whe ​S. cHUHYLVLaH ​UefeUeQce geQRPe R64-1-1 XViQg OaVW] Y1.04.00 ​(HaUUiV, 
2007)​. OQO\ ViWeV WhaW aUe fi[ed iQ fRXU RXW Rf fiYe VWUaiQV ZeUe iQfeUUed WR be Whe aQceVWUaO aOOeOeV, 
aQd RWheU ViWeV ZeUe igQRUed. WheQ cRPSXWiQg Whe PXWaWiRQ VSecWUa Rf VWUaiQV fURP YaUiaQWV fRU 
FigXUe 1A, each iQdiYidXaO VWUaiQ ZaV aVVXPed WR be diSORid, ZiWh hRPR]\gRXV deUiYed aOOeOeV 
cRXQWed ZiWh WZice Whe ZeighW aV heWeUR]\gRXV deUiYed aOOeOeV. WheQ cRXQWiQg UaUe YaUiaQWV, 
hRPR]\gRXV deUiYed aOOeOeV ZeUe giYeQ Whe VaPe ZeighWV aV heWeUR]\gRXV deUiYed aOOeOeV.  
 
TR fXUWheU PiQiPi]e cRQfRXQdiQg Rf Whe PXWaWiRQ VSecWUXP b\ aQceVWUaO aOOeOe PiVideQWificaWiRQ, 
RQO\ YaUiaQWV ZiWh deUiYed aOOeOe fUeTXeQc\ OeVV WhaQ 0.5 ZeUe XVed. VaUiaQWV WhaW SaVVed aOO 
fiOWeUiQg cUiWeUia ZeUe XVed WR cRPSXWe a QRUPaOi]ed PXWaWiRQ VSecWUXP hiVWRgUaP fRU each 
iQdiYidXaO VWUaiQ. WheQ SeUfRUPiQg PCAV, QR PRUe WhaQ 30 VWUaiQV fURP each SRSXOaWiRQ ZeUe 
UaQdRPO\ VaPSOed WR PiQiPi]e biaV fURP XQeYeQ VaPSOiQg. The VaPe VWUaiQV ZeUe XVed WR 
geQeUaWe PCA SORWV iQ SXSSOePeQWaU\ FigXUeV S1-S4 (SXSSOePeQWaU\ TabOe S1), e[ceSW WhaW 
VWUaiQV ZiWh feZeU WhaQ 8 ViQgOeWRQV RU UaUe YaUiaQWV ZeUe fXUWheU e[cOXded ZheQ geQeUaWiQg 
SXSSOePeQWaU\ FigXUe S4 aQd FigXUe 1B. OXU defiQiWiRQ Rf ViQgOeWRQV YaUied aV a fXQcWiRQ Rf 
SORid\ (SXSSOePeQWaU\ FigXUe S4-S5): IQ haSORidV aQd hRPR]\gRXV diSORidV (aV defiQed iQ 
(PeWeU ​HW aO.​, 2018)​), a ViQgOeWRQ ZiOO be fi[ed iQ Whe VWUaiQ ZheUe iW RccXUV (UeSUeVeQWed aV 
hRPR]\gRXV), bXW iQ RWheU W\SeV Rf VWUaiQV, a ViQgOeWRQ iV UeTXiUed WR be heWeUR]\gRXV. IQ aOO 
caVeV, a ViQgOeWRQ iV a YaUiaQW SUeVeQW iQ RQO\ a ViQgOe VWUaiQ. 

FlXcWXaWion aVVa\V and VeqXencing  

We SeUfRUPed fOXcWXaWiRQ aVVa\V accRUdiQg WR aQ eVWabOiVhed SURWRcRO ​(LaQg, 2018)​ ZiWh Whe 
fROORZiQg PRdificaWiRQV: 4𝜇O Rf RYeUQighW iQRcXOaQW ZaV diOXWed iQ 40PO SC-AUgiQiQe+2% GOXcRVe 
Pedia. 50𝜇O Rf Whe diOXWed cXOWXUeV ZeUe diVWUibXWed iQ 96-ZeOO URXQd-bRWWRP SOaWeV (CRVWaU 3788) 
fRU each VWUaiQ. POaWeV ZeUe VeaOed ZiWh BUeaWhe-EaV\ VeaOiQg PePbUaQe (SigPa Z380059). 
SC-AUgiQiQe-SeUiQe+CaQaYaQiQe (60 Pg/OiWeU L-caQaYaQiQe) OPQi SOaWeV (NXQc OPQiTUa\ 
242811) ZeUe XVed aQd dUied fRU 2-4 da\V iQ a 30℃ iQcXbaWRU befRUe XViQg. DeSeQdiQg RQ Whe 
VWUaiQV, 50𝜇O Rf cXOWXUe ZeUe diOXWed RQe- WR fRXU-fROd ZheQ SOaWiQg RQ Whe OPQi SOaWeV, eiWheU WR 
UedXce Whe bacNgURXQd RU WR aYRid gURZWh Rf WRR PaQ\ PXWaQW cRORQieV. AfWeU SOaWiQg, Whe SOaWeV 
ZeUe dUied aQd WheQ iQcXbaWed aW 30℃ fRU 48 hRXUV. IQdeSeQdeQW PXWaQWV fURP VeSaUaWe 
cXOWXUeV ZeUe iQRcXOaWed iQWR 200𝜇O SC-AUgiQiQe-SeUiQe+60Pg/LiWeU CaQaYaQiQe+2% GOXcRVe 
Pedia, aQd WheQ gURZQ WR VaWXUaWiRQ RYeU a43 hRXUV aW 30℃ ZiWh VhaNiQg. OSWicaO deQViWieV 
(ODV) ZeUe PeaVXUed afWeU iQcXbaWiRQ, aQd RQO\ PXWaQWV WhaW Ueached ViPiOaU VaWXUaWiRQ ODV 
ZeUe SRROed (150XO each) WR achieYe eTXaO SURSRUWiRQV. GeQRPic DNA fURP each SRRO ZaV 
e[WUacWed XViQg Whe HRffPaQ WiQVWRQ SURWRcRO ​(HRffPaQ aQd WiQVWRQ, 1987)​. ​CAN1​ ZaV WheQ 
PCR aPSOified XViQg SXbOiVhed SUiPeUV ​(LaQg aQd MXUUa\, 2008)​ ZiWh 15 c\cOeV. TZR 
iQdeSeQdeQW 25𝜇O PCR UeacWiRQV ZeUe WheQ SRROed aQd cOeaQed XS ZiWh a Z\PR COeaQ & 
CRQceQWUaWRU KiW (D4004). SeTXeQciQg OibUaUieV ZeUe SUeSaUed XViQg Whe Ne[WeUa XT DNA 
LibUaU\ PUeSaUaWiRQ KiW ZiWh cXVWRPi]ed iQdiceV. SeTXeQciQg UXQV ZiWh 75 RU 150 bS SaiUed-eQd 
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UeadV ZeUe SeUfRUPed XViQg aQ IOOXPiQa Ne[WSeT 550 VeTXeQceU (RaZ UeadV XSORaded WR SRA 
aUe SeQdiQg).  

CalcXlaWion of mXWaWion raWeV  

The USaOYadRU SacNage ​(ZheQg, 2017)​ ZaV XVed WR eVWiPaWe Whe QXPbeU Rf PXWaWiRQ eYeQWV (​P​) 
iQ each fOXcWXaWiRQ aVVa\ XViQg Pa[iPXP OiNeOihRRd XQdeU Whe Lea-CRXOVRQ PRdeO ​(LXUia aQd 
DeObU�cN, 1943; Lea aQd CRXOVRQ, 1949; Ma, G. Vh. SaQdUi aQd SaUNaU, 1992)​. The WRWaO QXPbeU 
Rf ceOOV (​NW​) ZaV PeaVXUed b\ cRXQWiQg cRORQieV Veeded ZiWh diOXWiRQV Rf ceOOV RQ YPD SOaWeV 
ZiWh diOXWiRQV UaQgiQg fURP 1:10,000 WR 1:40,000. The UaWe Rf ORVV-Rf-fXQcWiRQ PXWaWiRQV SeU 
CAN1 ​ geQe SeU ceOO diYiViRQ ZaV eVWiPaWed WR be ​P/NW​.  

MXWaWion calling 

SeTXeQciQg UeadV ZeUe fiUVW PaSSed XViQg bRZWie Y2.2.3 ​(LaQgPead aQd SaO]beUg, 2012)​ WR Whe 
SceU3 S288C UefeUeQce ​CAN1 ​ PCR fUagPeQW VeTXeQce XViQg SUiPeUV deVigQed b\ LaQg eW aO 
(2008)​. MXWaWiRQ cRRUdiQaWeV ZeUe WheUefRUe caOOed UeOaWiYe WR Whe VWaUW Rf Whe ​CAN1​ aPSOicRQ. 
AdaSWeUV ZeUe WUiPPed XViQg Whe SURgUaP WUiP_gaORUe Y0.6.6 ​(KUXegeU, QR daWe)​ aQd SaiUed-eQd 
UeadV ZeUe PeUged XViQg SeaU Y0.9.11 ​(ZhaQg ​HW aO.​, 2014)​. The cRPPaQd `faVWT_TXaOiW\_fiOWeU 
-T 20 -S 94` ZaV XVed WR UePRYe ORZ TXaOiW\ UeadV befRUe UXQQiQg bRZWie. A MAPQ cXWRff Rf 40 
ZaV XVed fRU SNPV aQd a cXWRff Rf 20 ZaV XVed fRU iQdeOV. P\VaPVWaWV Y1.1.2  ​(MiOeV, QR daWe) 
ZaV XVed WR cRPSXWe Whe fUeTXeQcieV Rf aOO SRVVibOe aOOeOeV aW each baVe SaiU. SiWeV ZiWh Uead 
deSWh OeVV WhaQ 200 RU ZiWh OeVV WhaQ 40% cRYeUage Rf Whe aPSOicRQ ZeUe e[cOXded. AfWeU Whe 
fiUVW URXQd Rf PaSSiQg, ViWeV WhaW ZeUe fi[ed iQ each VWUaiQ ZeUe caOOed aQd cRPSaUed WR Whe 
SNPV iQ Whe 1011 cROOecWiRQ WR cRQfiUP VWUaiQ ideQWiW\. We WheQ SeUfRUPed a VecRQd URXQd Rf 
Uead PaSSiQg XViQg Whe VaPe SiSeOiQe e[ceSW WhaW each VWUaiQ¶V UeadV ZeUe PaSSed WR a 
VWUaiQ-VSecific ​CAN1 ​ UefeUeQce VeTXeQce. 
 
FRU each VeTXeQciQg SRRO, Ze OeW ​N​ be Whe QXPbeU Rf PXWaQWV WhaW ZeUe SRROed SUiRU WR 
VeTXeQciQg. NRQ-UefeUeQce aOOeOeV ZiWh fUeTXeQcieV beWZeeQ 0.65 ⨉ 1/​N​ aQd 0.95 ZeUe iQcOXded 
aV eYideQce Rf PXWaWiRQV, diVcaUdiQg aOOeOeV beORZ WhiV fUeTXeQc\ UaQge aV OiNeO\ WR be 
VeTXeQciQg eUURUV aQd aOOeOeV abRYe WhiV fUeTXeQc\ UaQge aV OiNeO\ WR be VWUaiQ-VSecific SNPV. 
AdMaceQW iQdeOV ZeUe PeUged if WheiU fUeTXeQcieV diffeUed b\ OeVV WhaQ 10%). MNMV ZeUe 
ideQWified iQ each SRRO b\ fiUVW fOaggiQg SaiUV Rf PXWaWiRQV RccXUUiQg aW ViPiOaU fUeTXeQcieV (SOXV 
RU PiQXV 9%) ZiWhiQ 10bS Rf RQe aQRWheU aQd WheQ YeUif\iQg Whe cRe[iVWeQce Rf Whe WZR 
PXWaWiRQV RQ aW OeaVW 70% Rf Whe SaiUed-eQd UeadV ZheUe aW OeaVW RQe Rf Whe WZR PXWaWiRQV 
aSSeaUV. CRPSOe[ MNMV cRQWaiQiQg WhUee RU PRUe YaUiaQWV ZeUe ideQWified b\ PeUgiQg MNMV 
WhaW VhaUe a SNP iQ cRPPRQ. TR RbWaiQ ViQgOe QXcOeRWide PXWaWiRQ cRXQWV aQd iQdeO cRXQWV, 
PXWaWiRQV WhaW aUe SaUW Rf MNMV ZeUe fiUVW e[cOXded fURP each SRRO. The cRRUdiQaWeV Rf each 
PXWaWiRQ ZeUe cRQYeUWed bacN fURP ​CAN1​-VSecific cRRUdiQaWeV WR geQRPic SRViWiRQV. PRiQW 
PXWaWiRQV ZeUe fXUWheU aQQRWaWed XViQg VEP ​(McLaUeQ ​HW aO.​, 2016)​ WR fXUWheU caWegRUi]e iQWR 
PiVVeQVe, QRQVeQVe RU V\QRQ\PRXV PXWaWiRQ W\SeV.  
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AOOeOe fUeTXeQcieV ZeUe XVed WR eVWiPaWe Whe PXOWiSOiciW\ Rf each PXWaQW aV fROORZV: FiUVW, Whe 
PeaQ aQd VWaQdaUd deYiaWiRQ Rf aOO PXWaQW aOOeOe fUeTXeQcieV ZeUe caOcXOaWed fURP each SRRO. 
Each aOOeOe fUeTXeQc\ PRUe WhaQ WZR VWaQdaUd deYiaWiRQV abRYe Whe PeaQ ZaV WheQ WUaQVOaWed 
iQWR a PXWaWiRQ cRXQW b\ diYidiQg iW b\ Whe PeaQ aOOeOe fUeTXeQc\ aQd WheQ URXQdiQg WR Whe 
QeaUeVW iQWegeU. MXWaWiRQV ZiWh fUeTXeQcieV OeVV WhaQ WZR VWaQdaUd deYiaWiRQV abRYe Whe PeaQ 
aUe aVVXPed WR be PXWaWiRQV ZiWh cRXQW 1.  

SWaWiVWicall\ qXanWif\ing mXWaWion VpecWrXm differenWiaWion 

TR cRPSaUe Whe PXWaWiRQ VSecWUa beWZeeQ VWUaiQV, PXWaWiRQV ZeUe fiUVW cOaVVified aV RQe Rf Whe 6 
geQeUaO cOaVVeV Rf baVe-VXbVWiWXWiRQV (A>C, A>G, A>T, C>A, C>G, C>T) RU aV ViQgOe baVe-SaiU 
iQVeUWiRQV RU deOeWiRQV. ​We WheQ cRPSaUed Whe PXWaWiRQ VSecWUa Rf Whe WZR cRQWURO VWUaiQV LCTL1 
aQd LCTL2 WR aOO RWheU haSORid iVROaWeV aV ZeOO aV RQe VSecWUXP SXbOiVhed b\ LaQg eW aO ​(2008) 
(a WRWaO Rf 35 WeVWV) XViQg a SaiUZiVe h\SeUgeRPeWUic WeVW ​(AdaPV aQd SNRSeN, 1987)​, a cXVWRP 
S\WhRQ VcUiSW ​(TUac\ ​HW aO.​, 2020)​. IQ Whe fiUVW URXQd Rf WhiV WeVW, Whe SaiUed PXWaWiRQ cRXQWV ZeUe 
aUUaQged iQ a 2 [ 8 cRQWiQgeQc\ WabOe. TR WeVW Whe QXOO h\SRWheViV WhaW Whe WZR PXWaWiRQ VSecWUa 
aUe Whe VaPe, Whe h\SeUgeRPeWUic SURbabiOiW\ Rf Whe RbVeUYed WabOe ZaV caOcXOaWed aQd 
cRPSaUed WR Whe h\SeUgeRPeWUic SURbabiOiWieV Rf 10,000 UaQdRP WabOeV ZiWh Whe VaPe URZ aQd 
cROXPQ WRWaOV. The QXPbeU Rf UaQdRP WabOeV ZiWh a higheU h\SeUgeRPeWUic SURbabiOiW\ WhaQ Whe 
RbVeUYed SURYideV aQ eVWiPaWe Rf Whe ​S​-YaOXe.​ We XVed Whe cRQVeUYaWiYe BRQfeUURQi cRUUecWiRQ 
WR cRPSXWe Whe VigQificaQce cXWRff (0.05/35=0.001429). A VecRQd VeW Rf BRQfeUURQi-cRUUecWed 
S-​YaOXeV ZaV caOcXOaWed afWeU e[cOXdiQg iQdeOV WR fRUP a 2 [ 6 cRQWiQgeQc\ WabOe. TheVe ​S-​YaOXeV 
ZeUe XVed WR deWeUPiQe hRZ PaQ\ Rf Whe VigQificaQW PXWaWiRQ VSecWUXP diffeUeQceV ZeUe dUiYeQ 
b\ Whe iQdeO caWegRU\ (SXSSOePeQWaU\ FigXUe S8, S9).  
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