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AEVWUDFW 
PRSXODWLRQ-VFDOH JHQHWLF VWXGLHV FDQ LGHQWLI\ GUXJ WDUJHWV DQG DOORZ GLVHDVH ULVN WR EH 
SUHGLFWHG ZLWK UHVXOWLQJ EHQHILW IRU PDQDJHPHQW RI LQGLYLGXDO KHDOWK ULVNV DQG 
V\VWHP-ZLGH DOORFDWLRQ RI KHDOWK FDUH GHOLYHU\ UHVRXUFHV.  AOWKRXJK SRSXODWLRQ-VFDOH 
SURMHFWV DUH XQGHUZD\ LQ PDQ\ SDUWV RI WKH ZRUOG, JHQHWLF YDULDWLRQ EHWZHHQ SRSXODWLRQ 
JURXSV PHDQV WKDW DGGLWLRQDO SURMHFWV DUH ZDUUDQWHG.  SRXWK AVLD KDV D SRSXODWLRQ 
ZKRVH JHQHWLFV LV WKH OHDVW FKDUDFWHUL]HG RI DQ\ RI WKH ZRUOG¶V PDMRU SRSXODWLRQV.  HHUH 
ZH GHVFULEH GHQRPHAVLD VWXGLHV WKDW FKDUDFWHUL]H SRSXODWLRQ VWUXFWXUH LQ SRXWK AVLD 
DQG WKDW FUHDWH WRROV IRU HFRQRPLFDO DQG DFFXUDWH JHQRW\SLQJ DW SRSXODWLRQ-VFDOH.  PULRU 
ZRUN RQ SRSXODWLRQ VWUXFWXUH FKDUDFWHUL]HG LVRODWHG SRSXODWLRQ JURXSV, WKH UHOHYDQFH RI 
ZKLFK WR ODUJH-VFDOH VWXGLHV RI GLVHDVH JHQHWLFV LV XQFOHDU. FRU RXU VWXGLHV ZH XVHG 
ZKROH JHQRPH VHTXHQFH LQIRUPDWLRQ IURP 4,807 LQGLYLGXDOV UHFUXLWHG LQ WKH KHDOWK FDUH 
GHOLYHU\ V\VWHPV RI PDNLVWDQ, IQGLD DQG BDQJODGHVK WR HQVXUH UHOHYDQFH WR 
SRSXODWLRQ-VFDOH VWXGLHV RI GLVHDVH JHQHWLFV. :H FRPELQHG WKLV ZLWK :GS GDWD IURP 
927 LQGLYLGXDOV IURP LVRODWHG SRXWK AVLDQ SRSXODWLRQ JURXSV, DQG GHYHORSHG D FXVWRP 
SNP DUUD\ (FDOOHG SARGAM) WKDW LV RSWLPL]HG IRU IXWXUH KXPDQ JHQHWLF VWXGLHV LQ SRXWK 
AVLD. :H ILQG HYLGHQFH IRU KLJK UDWHV RI UHSURGXFWLYH LVRODWLRQ, HQGRJDP\ DQG 
FRQVDQJXLQLW\ WKDW YDU\ DFURVV WKH VXEFRQWLQHQW DQG WKDW OHDG WR OHYHOV RI KRPR]\JRVLW\ 
WKDW DSSURDFK 100 WLPHV WKDW VHHQ LQ RXWEUHG SRSXODWLRQV. :H GHVFULEH IRXQGHU HIIHFWV 
WKDW LQFUHDVH WKH SRZHU WR DVVRFLDWH IXQFWLRQDO YDULDQWV ZLWK GLVHDVH SURFHVVHV DQG WKDW 
PDNH SRXWK AVLD D XQLTXHO\ SRZHUIXO SODFH IRU SRSXODWLRQ-VFDOH JHQHWLF VWXGLHV. 

FRXQdeU effecWV aQd SRSXOaWLRQ bRWWOeQecNV UedXce Whe QXPbeU Rf LQdLYLdXaOV fURP Whe 
SaVW WhaW cRQWULbXWe WR SUeVeQW da\ geQeWLc dLYeUVLW\.  The VhLfWV LQ aOOeOe fUeTXeQcLeV WhaW 
UeVXOW haYe cRQWULbXWed WR PaQ\ LPSRUWaQW dLVcRYeULeV LQ VWXdLeV Rf IceOaQdLc, AVhNeQa]L, 
FLQQLVh, APLVh aQd RWheU fRXQdeU RU bRWWOeQecNed SRSXOaWLRQV ​1-4​.  The hLVWRULcaO eYeQWV 
WhaW haYe SURdXced geQeWLc dULfW LQ WheVe SRSXOaWLRQV aUe UecRgQL]abOe aQd Whe geQeWLc 
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cRQVeTXeQceV caQ be effecWLYeO\ PRdeOed.  SWXdLeV Rf SRSXOaWLRQ VWUXcWXUe LQ SRXWh 
AVLa haYe deVcULbed SaWWeUQV Rf geQeWLc dULfW aV fRXQdeU effecWV ​5​ bXW WheUe LV OLWWOe 
eYLdeQce WhaW UedXcWLRQV LQ SRSXOaWLRQ VL]e haYe beeQ a VLgQLfLcaQW facWRU LQ SURdXcLQg 
SUeVeQW da\ SRSXOaWLRQ VWUXcWXUe. EQdRgaP\ (L.e., PaUULageV WhaW aUe UeVWULcWed WR a 
SaUWLcXOaU gURXS RU caVWe) LV hRZeYeU ZeOO UecRgQL]ed LQ SRXWh AVLa ​6​ aQd caQ, WhURXgh 
effecWLYe UeSURdXcWLYe LVROaWLRQ, SURdXce fRXQdeU effecWV b\ UedXcLQg ​HIIHFWLYH​ SRSXOaWLRQ 
VL]e.  AW RQe e[WUePe LV cRQVaQgXLQeRXV SaUWQeULQg bXW WheUe aUe PaQ\ SRVVLbOe 
UeSURdXcWLYe SaWWeUQV WhaW caQ be deVcULbed aV eQdRgaP\, aQd LW LV QRW SRVVLbOe WR 
XVefXOO\ SUedLcW aOO Rf Whe SRVVLbOe effecWV RQ geQeWLc YaULaWLRQ.  EPSLULcaO deVcULSWLRQ Rf 
SRSXOaWLRQ VWUXcWXUe aV LW SUeVeQWV WR Whe heaOWh caUe deOLYeU\ V\VWeP haV beeQ OacNLQg 
bXW LV cULWLcaO LQ RUdeU WR effLcLeQWO\ deVLgQ aQd caUU\ RXW hXPaQ geQeWLc VWXdLeV aW 
SRSXOaWLRQ VcaOe.  AW Whe VaPe WLPe, WRROV fRU accXUaWe aQd ecRQRPLcaO geQRW\SLQg, aOVR 
QeceVVaU\ fRU SRSXOaWLRQ VcaOe geQRW\SLQg, haYe beeQ OacNLQg fRU SRXWh AVLaQV.  UVed 
WRgeWheU, a cOeaU deVcULSWLRQ Rf SRSXOaWLRQ VWUXcWXUe aQd ecRQRPLcaO geQRW\SLQg WRROV 
caQ XQORcN Whe WUePeQdRXV SRWeQWLaO Rf hXPaQ geQeWLcV LQ SRXWh AVLa fRU dLVcRYeULeV 
WhaW LOOXPLQaWe dLVeaVe SURceVVeV aQd aOORZ SUedLcWLRQ Rf dLVeaVe ULVN LQ SRXWh AVLaQV. 

7KH GAVP2 GDWD VHW 
We dLYLded VaPSOeV fURP Whe heaOWh caUe deOLYeU\ V\VWePV Rf SRXWh AVLa (LQfRUPaOO\ 
caOOed µPedLcaO cRhRUWV¶) LQWR WhUee UegLRQaO gURXSV: PaNLVWaQL (PAK), SRXWh IQdLaQ (SOI) 
aQd BeQgaOL (BNG).  We cRPbLQed WheVe VaPSOeV ZLWh SUeYLRXVO\ SXbOLVhed 
geQRPeV​7-12​ aQd addLWLRQaO VaPSOeV Ze VeTXeQced fURP LVROaWed SRXWh AVLaQ 
SRSXOaWLRQ gURXSV WR cUeaWe Whe GeQRPeAVLa PhaVe 2 (GAVP2) daWa VeW.  We WheQ XVed 
a VWaQdaUd SLSeOLQe fRU Uead PaSSLQg aQd YaULaQW caOOLQg, VWaUWLQg fURP Whe UaZ VeTXeQce 
daWa Rf aOO Rf Whe VaPSOeV.  AfWeU VWaQdaUd TXaOLW\ cRQWURO fLOWeUV aQd UePRYaO Rf RQe 
LQdLYLdXaO fURP each fLUVW-degUee UeOaWLYe SaLU, Ze RbWaLQed a VeW Rf 6,443 hLgh-cRYeUage 
geQRPeV (aYeUage 25[) fRU dRZQVWUeaP aQaO\VeV (SXSSOePeQWaU\ TabOe 1).  Of WheVe, 
5,734 geQRPeV ZeUe Rf SRXWh AVLaQ aQceVWU\, ZLWh PedLcaO cRhRUW VL]eV Rf 1,810, 1,363 
aQd 1,634 UeVSecWLYeO\ fRU Whe PaNLVWaQL, SRXWh IQdLaQ aQd BeQgaOL gURXSV.  BaVLc 
LQfRUPaWLRQ RQ SNPV aQd aOOeOe fUeTXeQcLeV aUe aYaLOabOe fURP Whe GeQRPeAVLa 
cRQVRUWLXP ZebVLWe (​hWWSV://ZZZ.geQRPeaVLa100N.RUg​), ZhLOe a cRPSXWaWLRQaOO\ ShaVed 
YeUVLRQ Rf Whe daWa caQ be XVed aV a UefeUeQce SaQeO fRU LPSXWaWLRQ XVLQg Whe MLchLgaQ 
IPSXWaWLRQ SeUYeU (​hWWSV://LPSXWaWLRQVeUYeU.VSh.XPLch.edX/LQde[.hWPO​).  The eVWLPaWed 
QRQ-UefeUeQce dLVcRUdaQce UaWe fRU dXSOLcaWe VaPSOeV fRXQd LQ bRWh Whe GAVP2 aQd 
1000 GeQRPeV PURMecW daWa VeWV LV 1.61 * 10​-4​ (SXSSOePeQWaU\ TabOe 2). 

PRSXODWLRQ VWUXFWXUH 
We XVed VWaQdaUd aSSURacheV VXch aV F ​ST​, PCA​13​, AdPL[WXUe​14​ aQd UMAP​15​ (UQLfRUP 
MaQLfROd ASSUR[LPaWLRQ aQd PURMecWLRQ) fRU TXaOLWaWLYeO\ aVVeVVLQg SRSXOaWLRQ VWUXcWXUe 
LQ RXU VWXd\ (FLg. 1,​ SXSSOePeQWaU\ FLgXUeV 1-4​)  IQ Whe UMAP SORW Rf SRXWh AVLaQ 
VaPSOeV, Ze fLQd a cOeaU dLVWLQcWLRQ beWZeeQ BeQgaOL, PaNLVWaQL aQd SRXWh IQdLaQ gURXSV 
WhaW URXghO\ PLUURUV geRgUaSh\ (FLg. 1a)  WheQ Ze fXUWheU ]RRP LQ RQ each Rf WheVe 
WhUee UegLRQV, Ze fLQd WhaW UMAP caQ VeSaUaWe LQdLYLdXaOV LQWR VPaOOeU caVWe aQd 
cXOWXUe-baVed VXbgURXSV (FLg. 1b-d)  IQ SaUWLcXOaU, VLQce RXU VaPSOeV LQcOXde bRWh 
PedLcaO cRhRUWV (VaPSOed fURP SaUWLcXOaU UegLRQV ZLWhRXW UegaUd WR caVWe) aQd fRcXVed 
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VaPSOLQg Rf SaUWLcXOaU caVWe aQd OaQgXage gURXSV, Ze caQ RfWeQ UeOLabO\ aVVLgQ caVWe 
(FLg. 1d) RU VXbgURXS (FLg. 1b) OabeOV WR LQdLYLdXaOV baVed VROeO\ RQ WheLU geQeWLc 
PaNeXS. 

IQ BLUbhXP, WeVW BeQgaO, Ze haYe VeOf-UeSRUWed SRSXOaWLRQ gURXS LdeQWLW\ (e.g. 
WULbe, caVWe aQd/RU VXb-caVWe) fRU RYeU haOf Rf Whe LQdLYLdXaOV LQ RXU VWXd\.  FLgXUe 1c 
VhRZV WhaW VRPe cOeaUO\ UeSRUWed SRSXOaWLRQ gURXS LdeQWLWLeV aUe geQeWLcaOO\ dLVWLQcW, 
VXch aV Whe SaQWhaO, Ba\eQ aQd BUahPLQ, ZhLOe RWheUV aUe QRW, OLNe Whe SadgRSe aQd 
Ka\aVWha.  AQ adPL[WXUe SORW Rf BLUbhXP aQd BaQgOadeVhL VaPSOeV ZLWh K = 4 SURYLdeV 
a VLPLOaU SLcWXUe (FLg. 1e), ZLWh SaQWhaO, Ba\eQ aQd KROX aSSeaULQg WR be ZeOO-defLQed 
geQeWLc gURXSV, ZhLOe PRVW LQdLYLdXaOV fURP Whe RWheU gURXSV aUe eVWLPaWed WR be 
adPL[ed.  The cOXVWeULQg Rf Whe SaQWhaO, Ba\eQ aQd KROX UefOecWV LQcUeaVed geQeWLc dULfW 
dXe WR VRPe cRPbLQaWLRQ Rf LVROaWLRQ, eQdRgaP\ aQd cRQVaQgXLQLW\.  IW LV ZeOO 
eVWabOLVhed WhaW Whe LQcUeaVed dULfW LQ fRXQdeU SRSXOaWLRQV LQ geQeUaO aQd SRXWh AVLaQ 
gURXSV LQ SaUWLcXOaU eQabOe XQLTXe RSSRUWXQLWLeV fRU geQeWLc UeVeaUch​5,16​.  APRQg Whe 
RWheU gURXSV, Ze QRWe WhaW WheUe LV a cOeaU dLVWLQcWLRQ LQ AdPL[WXUe eVWLPaWeV beWZeeQ 
BaQgOadeVhLV aQd geQeUaO caVWe LQdLYLdXaOV fURP BLUbhXP (ZhR LQcOXde a VXbVWaQWLaO 
QXPbeU Rf BeQgaOL MXVOLPV).  SLQce PaUWLWLRQ (beWZeeQ IQdLa aQd ZhaW ZaV WheQ EaVW 
PaNLVWaQ) haSSeQed WRR UeceQWO\ WR caXVe V\VWePaWLc VXbVeTXeQW geQeWLc dLffeUeQceV, 
RXU UeVXOWV VXggeVW WhaW Whe UeVLdeQWV Rf BaQgOadeVh aUe a QRQ-UaQdRP VXbVeW Rf Whe 
MXVOLPV WhaW ZeUe OLYLQg LQ BeQgaO LQ Whe PLd-20​Wh​ ceQWXU\. 
 
EQGRJDP\ DQG FRQVDQJXLQLW\ 
EQdRgaP\ aQd cRQVaQgXLQLW\ Oead WR aQ e[ceVV Rf hRPR]\gRXV geQRW\SeV RYeU Whe 
e[SecWaWLRQV fURP UaQdRP-PaWLQg.  We caOcXOaWed Whe UaWLR Rf Whe RbVeUYed QXPbeU Rf 
UaUe hRPR]\gRXV geQRW\SeV RYeU Whe e[SecWed QXPbeU, bLQQed b\ PLQRU aOOeOe 
fUeTXeQc\ (MAF), fRU SRXWh IQdLaQ (SOI), PaNLVWaQL (PAK) aQd BeQgaOL (BNG) VaPSOeV 
(FLg. 2a).  FRU cRPSaULVRQ ZLWh Whe SaWWeUQV Rf geQeWLc YaULaWLRQ LQ aQ RVWeQVLbO\ RXWbUed 
SRSXOaWLRQ, Ze aOVR LQcOXded Whe VaPe UeVXOWV fRU 1,442 XQUeOaWed TaLZaQeVe (TWN) 
geQRPeV.  FRU aOO fRXU gURXSV, Ze RbVeUYe aQ LQcUeaVLQg e[ceVV Rf UaUe hRPR]\gRWeV 
ZLWh VPaOOeU MAF.  ThLV SaWWeUQ LV VWURQgeVW LQ Whe SRXWh IQdLaQ aQd PaNLVWaQL gURXSV, 
PRdeUaWe LQ Whe BeQgaOL gURXS, aQd ZeaN LQ Whe TaLZaQeVe, aQd UefOecWV Whe VWUeQgWh Rf 
QRQ-UaQdRP PaWLQg ZLWhLQ each gURXS. 

FRXQdeU eYeQWV RU​ ​SRSXOaWLRQ bRWWOeQecNV WhaW RccXUUed LQ Whe dLVWaQW SaVW caQ 
dUaPaWLcaOO\ LQcUeaVe Whe UaWe Rf hRPR]\gRVLW\, bXW ZLWh WUacW OeQgWhV decUeaVLQg RYeU 
LQcUeaVLQg QXPbeUV Rf LQWeUYeQLQg geQeUaWLRQV.  EQdRgaP\ aQd cRQVaQgXLQLW\ bRWh 
SURdXce e[ceVV hRPR]\gRVLW\, bXW LQ Whe OaWWeU Whe e[ceVV hRPR]\gRVLW\ SULPaULO\ 
RccXUV LQ ORQg UXQV Rf hRPR]\gRVLW\ (ROH).  TR deWeUPLQe Whe UeOaWLYe effecWV Rf 
eQdRgaP\ aQd cRQVaQgXLQLW\ RQ SaWWeUQV Rf hRPR]\gRVLW\ ZLWhLQ RXU SRXWh AVLaQ 
cRhRUWV, Ze deYeORSed a QRYeO PeWhRd fRU eVWLPaWLQg Whe degUee Rf SaUeQWaO UeOaWedQeVV 
Rf aQ LQdLYLdXaO baVed RQ Whe RbVeUYed QXPbeUV aQd OeQgWhV Rf ORQg (e.g., >10 cM) 
ROHV.  The PeWhRd caWegRUL]ed aQ LQdLYLdXaO¶V SaUeQWV aV 2​Qd​ degUee UeOaWLYeV (e.g., 
XQcOe aQd QLece), 3​Ud​ degUee UeOaWLYeV (e.g., 1​VW​ cRXVLQV), 4 ​Wh​ degUee UeOaWLYeV (e.g., 1​VW 
cRXVLQV RQce UePRYed), 5​Wh​ degUee UeOaWLYeV (e.g., 2​Qd​ cRXVLQV) RU XQUeOaWed (L.e., OeVV 
UeOaWed WhaQ 2​Qd​ cRXVLQV).  BRWh Whe SURSRUWLRQ Rf LQdLYLdXaOV LdeQWLfLed aV RXWbUed aQd 
Whe dLVWULbXWLRQ Rf cRQVaQgXLQeRXV LQdLYLdXaOV acURVV Whe UePaLQLQg fRXU caWegRULeV 
VhRZ VXbVWaQWLaO UegLRQaO YaULaWLRQ (FLg. 2b).  IQ SaUWLcXOaU, WheUe aSSeaUV WR be OeVV 
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cRQVaQgXLQLW\ aQd feZeU cORVeO\ UeOaWed SaUeQWaO SaLULQgV RQ aYeUage aPRQg Whe 
LQdLYLdXaOV LQ BNG (WeVW BeQgaO aQd BaQgOadeVh), cRPSaUed ZLWh Whe PedLcaO cRhRUWV 
fURP SOI (SRXWh IQdLa) aQd PAK (PaNLVWaQ).  ThLV SUeVXPabO\ UefOecWV V\VWePaWLc 
dLffeUeQceV LQ PaUULage SUacWLceV acURVV Whe dLffeUeQW UegLRQV.  IQWeUeVWLQgO\, 
VeOf-UeSRUWed cRQVaQgXLQLW\ LQ BLUbhXP VaPSOeV LV RQO\ PRdeVWO\ cRUUeOaWed ZLWh geQeWLc 
eVWLPaWeV Rf cRQVaQgXLQLW\ (SXSSOePeQWaU\ FLgXUe ​5 ​). 

TR aVVeVV ZheWheU cRQVaQgXLQLW\ b\ LWVeOf caQ e[SOaLQ Whe RbVeUYed e[ceVV Rf UaUe 
hRPR]\gRWeV, Ze VWUaWLfLed each UegLRQaO gURXS LQWR µLQbUed¶ aQd µRXWbUed¶ VXbgURXSV 
(ZheUe Whe fRUPeU UefeUUed WR LQdLYLdXaOV ZhRVe SaUeQWV ZeUe eVWLPaWed WR be 2​Qd​ RU 3 ​Ud 
degUee UeOaWLYeV).  We WheQ WabXOaWed Whe LQcUeaVe LQ UaUe hRPR]\gRWeV fRU each 
VXbgURXS (FLg. 2c aQd d).  We fLQd WhaW Whe LQbUed VXbgURXSV (FLg. 2c) haYe aV PXch aV 
600 fROd hLgheU OeYeOV Rf UaUe hRPR]\gRWeV abRYe e[SecWaWLRQ, 4-10 fROd abRYe Whe 
SRSXOaWLRQ gURXS aV a ZhROe aQd 13-30 WLPeV Whe OeYeO VeeQ LQ WheLU RXWbUed VXb-gURXS.  
IQWeUeVWLQgO\, eYeQ LQ Whe RXWbUed SRXWh AVLaQ VXb-gURXSV (FLg. 2d) OeYeOV Rf 
hRPR]\gRVLW\ caQ be aV PXch aV 3.8 fROd hLgheU WhaQ LQ TWN (HaQ ChLQeVe fURP 
TaLZaQ) LQdLYLdXaOV, SUeVXPabO\ dXe WR eQdRgaP\ aQd Whe UeVXOWLQg eQULchPeQW LQ 
dLVWaQW SaUeQWaO UeOaWLRQVhLSV fRU Whe LQdLYLdXaOV LQ RXU daWa VeW ZhLch RXU PeWhRdV ZeUe 
QRW abOe WR LdeQWLf\. 

E[ceVV hRPR]\gRVLW\ caXVed b\ cORVe SaUeQWaO UeOaWedQeVV LV VWUXcWXUed LQ ORQg 
UXQV Rf hRPR]\gRVLW\ (ROH).  We WabXOaWed Whe WRWaO OeQgWh Rf each LQdLYLdXaO¶V geQRPe 
cRQWaLQed LQ ROH ORQgeU WhaQ 1 cM, aQd SORWWed Whe dLVWULbXWLRQ Rf WhLV OeQgWh acURVV 
VeYeUaO SRXWh AVLaQ gURXSV, aORQg ZLWh HAN (HaQ ChLQeVe fURP ChLQa) aV aQ RXWbUed 
SRSXOaWLRQ fRU cRPSaULVRQ (FLg. 2d).  AOO Rf Whe SRXWh AVLaQ gURXSV haYe a WaLO Rf 
LQdLYLdXaOV ZLWh LQcUeaVed SURSRUWLRQ Rf ROH WhaW cRUUeVSRQdV ZLWh Whe LQdLYLdXaOV WhaW 
haYe SaUeQWV WhaW aUe cORVeO\ UeOaWed (FLg. 2e).  CRQVLVWeQW ZLWh WhLV LQWeUSUeWaWLRQ, 
VXbdLYLdLQg Whe PedLcaO cRhRUW VaPSOeV baVed RQ SaUeQWaO UeOaWedQeVV decRQYROXWeV 
Whe WaLO LQWR VeSaUaWe dLVWULbXWLRQV Rf ROH (FLg. 2f aQd SXSSOePeQWaU\ FLgXUe ​6 ​). 
 
LRVV RI FXQFWLRQ YDULDQWV 
TR aVVeVV Whe SRWeQWLaO fXQcWLRQaO effecWV Rf Whe hLgh OeYeOV Rf eQdRgaP\ aQd 
cRQVaQgXLQLW\ fRXQd ZLWhLQ SRXWh AVLa, Ze LdeQWLfLed SXWaWLYe LRVV Rf FXQcWLRQ (SLRF) 
YaULaQWV LQ RXU daWa VeW (Vee MeWhRdV).  FRU cRPSaULVRQ, Ze aOVR XVed aQ aQaORgRXV 
aQaO\VLV SLSeOLQe WR LdeQWLf\ SLRF YaULaQWV LQ QRQ-FLQQLVh EXURSeaQ (NFE) LQdLYLdXaOV 
fURP Whe geQRPe aggUegaWLRQ daWabaVe​17​ (gQRPAD).  TheUe aUe PRUe geQeV ZLWh SLRF 
YaULaQWV ZLWh fUeTXeQc\ > 0.1% fRXQd LQ SRXWh AVLa (SAS) WhaQ LQ NFE, aQd PRVW Rf 
WheVe geQeV aUe LQ Whe VeW Rf SLOF cRQWaLQLQg geQeV XQLTXe WR SAS (FLg. 3a).  TR 
YLVXaOL]e Whe fUeTXeQcLeV aQd geRgUaShLc dLVWULbXWLRQV Rf WheVe SLRF YaULaQWV, Ze 
cRQVWUXcWed heaW PaSV UeSUeVeQWLQg geQeV cRQWaLQLQg SLRF YaULaQWV, ZLWh ZaUPeU 
cRORUV LQdLcaWLQg hLgheU PLQRU aOOeOe fUeTXeQcLeV Rf SLRF YaULaQWV.  IQdLYLdXaO cOXVWeUV 
aUe VhRZQ fRU each VeW Rf SLOF cRQWaLQLQg geQeV WhaW aUe XQLTXe WR RU VhaUed beWZeeQ 
LQdLYLdXaO SRSXOaWLRQ gURXSV (FLg. 3b). The e[ceVV Rf SLOF cRQWaLQLQg geQeV WhaW LV 
VeeQ LQ SAS LV dLVWULbXWed faLUO\ eYeQO\ aPRQgVW PAK, BNG aQd SOI, cRQVLVWeQW ZLWh Whe 
Ldea WhaW WheVe aUe dLVWLQcW SRSXOaWLRQ gURXSV, each Rf ZhLch had fRXQdeU effecWV WhaW 
SXVhed LOF aQd RWheU fXQcWLRQaOO\ UeOeYaQW aOOeOeV WR hLgheU fUeTXeQcLeV WhaQ LV VeeQ LQ 
aQ RXWbUed SRSXOaWLRQ.  We aOVR VhRZ Whe VaPe heaW PaSV fRU hRPR]\gRXV SLRF 
YaULaQWV (L.e., hXPaQ µNQRcNRXWV¶) LQ SXSSOePeQWaU\ FLgXUe ​7 ​.  
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SLRF PXWaWLRQV aUe ZLdeO\ VWXdLed becaXVe Whe\ RfWeQ haYe SheQRW\SLc effecWV 
WhaW caQ eaVLO\ be WLed WR Whe fXQcWLRQ Rf a VSecLfLc geQe RU SaWhZa\.  We ORRNed aW WhUee 
geQeV ZheUe ORVV-Rf-fXQcWLRQ PXWaWLRQV aUe NQRZQ WR affecW bORRd OLSLd OeYeOV​18-20​ aQd 
YeULfLed WhaW LQdLYLdXaOV LQ RXU VWXd\ WhaW haYe SLRF YaULaQWV LQ WheVe geQeV haYe Whe 
e[SecWed effecWV RQ PeaVXUed LDL, WULgO\ceULde aQd HDL OeYeOV (FLg. 3c).  

A UecRgQL]ed beQefLW Rf VWXd\LQg SRXWh AVLaQ SRSXOaWLRQV LV Whe gUeaWeU 
SURbabLOLW\ Rf LdeQWLf\LQg LQdLYLdXaOV hRPR]\gRXV fRU SLRF aOOeOeV dXe WR Whe e[ceVV 
hRPR]\gRVLW\ caXVed b\ eQdRgaP\ aQd cRQVaQgXLQLW\. TR eYaOXaWe WhLV SRWeQWLaO 
e[SOLcLWO\ LQ RXU daWaVeW, Ze WabXOaWed Whe aYeUage QXPbeUV Rf UaUe (MAF < 0.01) 
hRPR]\gRXV SLRF PXWaWLRQV SeU LQdLYLdXaO (L.e., WhRVe SLRF PXWaWLRQV PRVW OLNeO\ WR be 
deOeWeULRXV), VWUaWLfLed b\ eVWLPaWed degUee Rf cRQVaQgXLQLW\ (FLg. 3d).  AV e[SecWed, 
LQcUeaVed cRQVaQgXLQLW\ LV aVVRcLaWed ZLWh aQ LQcUeaVed QXPbeU Rf WheVe UaUe, OLNeO\ 
haUPfXO PXWaWLRQV, VLPLOaU WR SUeYLRXV fLQdLQgV (cf. FLgXUe 1c LQ Uef. 21).  AV Whe degUee 
Rf cRQVaQgXLQLW\ LQcUeaVeV, WheVe PXWaWLRQV aUe PRUe OLNeO\ WR be fRXQd LQ ORQg ROH 
caXVed b\ UeceQW LQbUeedLQg (SXSSOePeQWaU\ FLgXUe ​8 ​). 

The SRSXOaWLRQ VWUXcWXUe ZLWhLQ SRXWh AVLa PaNeV Whe UegLRQ LdeaO fRU SURVSecWLYe 
VWXdLeV Rf ORVV-Rf-fXQcWLRQ PXWaWLRQV.  EYeQ UaUe SLRF YaULaQWV PLghW haYe aSSUecLabOe 
fUeTXeQc\ LQ SaUWLcXOaU UegLRQV RU caVWe gURXSV, ZhLch ZRXOd eQabOe fRcXVed UecUXLWLQg 
fRU fROORZ-XS fXQcWLRQaO VWXdLeV.  TR eYaOXaWe WhLV, Ze dLVSOa\ed Whe dLVWULbXWLRQ Rf 
LQdLYLdXaOV cRQWaLQLQg chaUacWeUL]ed LOF aOOeOeV RQ Whe UMAP SORWV deVcULbed 
SUeYLRXVO\ (FLg. 3e aQd SXSSOePeQWaU\ FLgXUe ​9 ​).  ChaUacWeUL]aWLRQ Rf ASRC3 LOF 
hRPR]\gRWeV haV eOXcLdaWed Whe Sh\VLRORgLcaO baVLV b\ ZhLch ASRC3 acWV WR UegXOaWe 
VeUXP WULgO\ceULdeV​21​. WLWhLQ SRXWh AVLa,  ASRC3 LOF caUULeUV aUe fRXQd SUedRPLQaQWO\ 
LQ PaNLVWaQL VXbSRSXOaWLRQV WhaW cOXVWeU ZLWh LQdLYLdXaOV fURP BaORchLVWaQ aQd SLQdh LQ 
Whe SRXWh Rf PaNLVWaQ  (FLg. 3e aQd 1b). 
 
7KH 6ARGAM GHQRW\SLQJ 6NP DUUD\ 
TR RSWLPL]e Whe effecWLYeQeVV Rf fXWXUe geQRW\Se-SheQRW\Se VWXdLeV LQ SRXWh AVLa, Ze 
ZRUNed ZLWh TheUPR FLVheU WR deVLgQ a cXVWRP SNP aUUa\ (SRXWh AVLaQ ReVeaUch 
GeQRW\SLQg AUUa\ fRU MedLcLQe, RU SARGAM) WhaW (L) SULRULWL]eV dLUecW geQRW\SLQg Rf 
NQRZQ RU SXWaWLYe SURWeLQ aOWeULQg YaULaQWV SUeVeQW aW a fUeTXeQc\ Rf 0.1% RU hLgheU LQ 
SAS SRSXOaWLRQV, aQd (LL) LV RSWLPL]ed fRU LPSXWaWLRQ Rf YaULaQWV dRZQ WR aQ SAS PLQRU 
aOOeOe fUeTXeQc\ Rf 0.1%.  TR hLghOLghW Whe fRUPeU feaWXUe, Ze WabXOaWed hRZ PaQ\ SLRF 
RU SUeVXPed daPagLQg PXWaWLRQV caQ be dLUecWO\ geQRW\Sed b\ Whe PRVW cRPPRQO\ 
XVed WechQRORg\ aW SUeVeQW, IOOXPLQa¶V GSA3 aUUa\ aQd b\ Whe SARGAM aUUa\ (FLg. 
4a-b, SXSSOePeQWaU\ FLgXUe ​10 ​).  IQ FLgXUe 4a aQd b, each SURWeLQ cRdLQg geQe LV 
UeSUeVeQWed b\ a VTXaUe LQ aQ aUUa\ Rf ​19,600​ VTXaUeV, ZLWh each VTXaUe cRORUed b\ Whe 
QXPbeU Rf deOeWeULRXV YaULaQWV caSWXUed b\ each aUUa\ aW each geQe.  The SARGAM 
aUUa\ dLUecWO\ geQRW\SeV SUeVXPed daPagLQg PXWaWLRQV fURP Whe YaVW PaMRULW\ (​74 ​%, 
Q=14,713) Rf QRQ-Uead WhURXgh SURWeLQ cRdLQg geQeV LQ EQVePbO (FLg. 4a), ZLWh a ​PeaQ 
cRYeUage Rf ​3.5​ PXWaWLRQV SeU geQe (Q=51,804).  IQ cRQWUaVW, Whe QXPbeU Rf daPagLQg 
PXWaWLRQV geQRW\Sed b\ Whe GSA3 aUUa\ LV PXch VPaOOeU (FLg. 4b), cRYeULQg MXVW ​26 ​% Rf 
geQeV (Q=5,100) ZLWh a ​PeaQ ​ cRYeUage Rf ​1.9​ PXWaWLRQV SeU geQe (Q=9,443).  The 
SARGAM aUUa\ WheUefRUe UeSUeVeQWV aQ LQe[SeQVLYe PeWhRd fRU VLPXOWaQeRXVO\ 
cRQdXcWLQg PaQ\ VSecLfLc geQeWLc WeVWV, ZhLOe aOVR aOORZLQg fRU VWaQdaUd hXPaQ geQeWLc 
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aSSOLcaWLRQV (e.g., geQRPe-ZLde aVVRcLaWLRQ VWXdLeV aQd/RU SRO\geQLc ULVN VcRUe 
caOcXOaWLRQV). 

SLQce Whe SARGAM aUUa\ deVLgQ XWLOL]ed Whe RbVeUYed SaWWeUQV Rf OLQNage 
dLVeTXLOLbULXP LQ WhRXVaQdV Rf SRXWh AVLaQ geQRPeV, Ze e[SecWed LW WR aOORZ fRU PRUe 
accXUaWe LPSXWaWLRQ Rf XQW\Sed geQRW\SeV LQ SRXWh AVLaQ VaPSOeV.  TR eYaOXaWe WhLV Ze 
cRPSaUed LPSXWaWLRQ accXUac\ beWZeeQ Whe SARGAM aQd GSA3 aUUa\V aQd fRXQd WhaW 
bRWh Whe SARGAM aUUa\ aQd Whe GAVP2 UefeUeQce SaQeO cRQWULbXWe WR hLgheU LPSXWaWLRQ 
accXUac\ (FLg. 4c).  TheVe UeVXOWV UeLQfRUce Zh\ Whe TXaOLW\ Rf aYaLOabOe geQRPLc 
UeVRXUceV LV a facWRU WhaW OLPLWV feaVLbLOLW\ aQd SRZeU Rf OaUge-VcaOe hXPaQ geQeWLc 
VWXdLeV LQ QRQ-EXURSeaQ SRSXOaWLRQV. 

PRO\JHQLF ULVN VFRUHV DQG WKH JHQHWLF DUFKLWHFWXUH RI FRPSOH[ WUDLWV 
We dePRQVWUaWe cOLQLcaO UeOeYaQce Rf Whe LPSURYed geQRW\SLQg aQd LPSXWaWLRQ WhURXgh 
aQ aSSOLcaWLRQ Rf cRURQaU\ aUWeU\ dLVeaVe (CAD) SRO\geQLc ULVN VcRUeV (PRS) LQ aQ 
LQdeSeQdeQW SRXWh AVLaQ cRhRUW (1800 caVeV, 1163 cRQWUROV) ZhLch ZeUe geQRW\Sed RQ 
Whe GSA3 aUUa\V​22​.  We LPSXWed Whe geQRW\SeV XVLQg Whe 1000 GeQRPeV aQd GAVP2 
SaQeOV aQd aSSOLed Whe aQceVWU\-adMXVWed geQRPe-ZLde PRS PRdeO fURP Uef. 22.  The 
UeVXOWV VhRZed a PaUNed LPSURYePeQW LQ Whe SUedLcWLYe SRZeU Rf Whe PRS, ZLWh aQ 
LPSURYed AUC (​0.638 ​ fRU GAVP2 YV. ​0.595​ fRU 1000 GeQRPeV).  The RddV UaWLRV Rf CAD 
fRU LQdLYLdXaOV LQ Whe WRS decLOeV (9Wh-10Wh) cRPSaUed WR WhRVe LQ Whe PLddOe decLOeV 
(5Wh-6Wh) aUe hLgheU LQ Whe GAVP2-baVed PRSV (OR​9Wh​ = 1.67; OR​10Wh​ = 2.43) aV 
cRPSaUed WR Whe 1000 GeQRPeV-baVed PRSV (OR​9Wh​ = 1.32; OR​10Wh​ = 1.83; FLg 4c). 
TheVe LPSURYed ORV aUe RQ SaU ZLWh WhRVe achLeYed fRU EXURSeaQ VaPSOeV ZLWh Whe 
aSSURSULaWe LPSXWaWLRQ SaQeO (HRC, UK10K, 1000 GeQRPeV), GWAS, aQd PRS PRdeO 
(UKB OR​9Wh​ = 1.51; OR​10Wh​ = 2.52; FLg 4c).  ThLV LPSURYed SeUfRUPaQce caQ be e[SOaLQed 
b\ Whe LPSURYed LPSXWaWLRQ accXUac\ aV ZeOO aV Whe LQcUeaVed QXPbeU Rf ZeOO-LPSXWed 
YaULaQWV (SXSSOePeQWaU\ TabOe ​3​). 

CRQFOXVLRQ 
SRXWh AVLaQ SRSXOaWLRQV SURYLde a ULch SRWeQWLaO fRU hXPaQ geQeWLc dLVcRYeU\ WhaW LV 
OaUgeO\ XQe[SORUed.  A SRSXOaWLRQ-VcaOe geQRW\SLQg SURMecW LQ SRXWh AVLa ZLOO RSeQ XS 
RSSRUWXQLWLeV WR e[SORUe dLVeaVe geQeWLcV LQ Za\V WhaW aUe LPSUacWLcaO RU LQfeaVLbOe LQ 
RWheU SRSXOaWLRQV.  NRWabO\, Whe dUaPaWLcaOO\ hLgheU UaWe Rf hRPR]\gRVLW\ WhaW LV fRXQd LQ 
SaUWV Rf SRXWh AVLa aOORZV hRPR]\gRXV ORVV Rf fXQcWLRQ effecWV WR be VWXdLed fRU PaQ\ 
geQeV WhaW caQQRW UeaOLVWLcaOO\ be acceVVed LQ RXWbUed SRSXOaWLRQV VXch aV WhRVe WhaW 
SUedRPLQaWe LQ EXURSe aQd EaVW AVLa ​17,23​. TUadLWLRQaOO\, hRPR]\gRXV geQe fXQcWLRQ haV 
beeQ e[SORUed WhURXgh faPLO\-baVed VWXdLeV, RfWeQ LQYROYLQg VeOf-LdeQWLfLed 
cRQVaQgXLQeRXV XQLRQV.  AOWhRXgh WhLV ZLOO cRQWLQXe WR be aQ effecWLYe Za\ WR caUU\ RXW 
fRcXVed VWXdLeV, a SRSXOaWLRQ-VcaOe daWaVeW LQ SRXWh AVLa ZLOO facLOLWaWe LdeQWLfLcaWLRQ Rf 
aSSURSULaWe faPLOLeV aQd ZLOO aOVR RSeQ XS QeZ RSSRUWXQLWLeV WR cRQVLdeU hRPR]\gRVLW\ 
LQ SRSXOaWLRQ-baVed aVVRcLaWLRQ aQaO\VeV.  AW Whe VaPe WLPe, WhLV daWaVeW ZLOO SURYLde 
Whe RSSRUWXQLW\ WR eYaOXaWe dLVeaVe aVVRcLaWLRQV ZLWh a QRYeO VeW Rf fXQcWLRQaO YaULaQWV, 
H.J.​ Whe XQLTXe VeW aQd OaUgeU VeW Rf SLRF aOOeOeV ZLWh fUeTXeQcLeV > 0.1% fRXQd LQ 
SRXWh AVLaQV aV cRPSaUed WR EXURSeaQV. The SARGAM geQRW\SLQg aUUa\ aQd Whe 
GAVP2 LPSXWaWLRQ UefeUeQce SaQeO aOORZ SRXWh AVLaQ geQRW\SeV WR be caSWXUed LQ aQ 
ecRQRPLcaO aQd effecWLYe PaQQeU. 
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PRSXOaWLRQ-baVed geQeWLc VWXdLeV haYe beeQ effecWLYeO\ caUULed RXW ZLWhLQ VLQgOe 
cRRUdLQaWed heaOWh-caUe deOLYeU\ V\VWePV VXch aV QaWLRQaO VLQgOe-Sa\eU V\VWePV. SRXWh 
AVLa SURYLdeV a dLffeUeQW VeW Rf chaOOeQgeV aQd a dLffeUeQW VeW Rf SRVVLbLOLWLeV.  IQ IQdLa LQ 
SaUWLcXOaU, SXSeU-VSecLaOW\ hRVSLWaOV, RUgaQL]ed WR deOLYeU heaOWh-caUe LQ a VSecLfLc 
dLVeaVe aUea LQ a Za\ WhaW WaNeV adYaQWage Rf Whe ecRQRPLeV Rf VcaOe SUeVeQWed b\ LWV 
OaUge SRSXOaWLRQ baVe, SUedRPLQaWe LQ ceUWaLQ PaUNeWV.  TheVe hRVSLWaOV caQ, LQ a 
dLVeaVe fRcXVed faVhLRQ, ULYaO Whe VcaOe Rf QaWLRQaO geQeUaO hRVSLWaO V\VWePV Rf VRPe 
cRXQWULeV.  ThXV ZhLOe, QaWLRQaO bLRbaQN V\VWePV dR QRW e[LVW LQ SRXWh AVLa aW SUeVeQW 
WhaW cRXOd SURYLde a fRXQdaWLRQ fRU a bURad cURVV-VecWLRQaO eYaOXaWLRQ Rf Whe geQeWLcV Rf 
dLVeaVe, Whe VcaOe aW ZhLch SaWLeQWV caQ be UecUXLWed ZLWhLQ VSecLfLc dLVeaVe aUeaV ZLOO 
aOORZ cOLQLcaOO\ UeOeYaQW daWaVeWV WR be cRQVWUXcWed WR a WRWaO VL]e WhaW LV XQUeaOLVWLc LQ 
PRVW SaUWV Rf Whe ZRUOd.  ThLV, SaLUed ZLWh Whe XQLTXe SRSXOaWLRQ VWUXcWXUe Rf SRXWh AVLa, 
SUeVeQWV a SRZeUfXO VeW Rf RSSRUWXQLWLeV fRU geQeWLc dLVcRYeU\ WhaW ZLOO LPSURYe heaOWh\ 
OLfe-VSaQ aURXQd Whe gORbe. 

MHWKRGV 

6DPSOHV 
We XWLOL]ed a cRPbLQaWLRQ Rf geQRPeV fURP SUeYLRXVO\ SXbOLVhed VWXdLeV ​7-12​, QeZO\ 
VeTXeQced geQRPeV fURP 1000 GeQRPeV PURMecW VaPSOeV, aQd QeZO\ VeTXeQced 
geQRPeV fURP VeYeUaO RQgRLQg geQeWLc VWXdLeV LQ SRXWh AVLa. FXUWheU LQfRUPaWLRQ RQ Whe 
VaPSOeV LV cRQWaLQed LQ SXSSOePeQWaU\ IQfRUPaWLRQ 1 aQd SXSSOePeQWaU\ TabOe 1. 

6HTXHQFLQJ, ILOWHULQJ, DOLJQPHQW DQG YDULDQW FDOOLQJ 
IOOXPLQa VhRUW UeadV ZeUe PaSSed WR Whe UefeUeQce geQRPe (bXLOd GRCh38) XVLQg 
BWA​24​. We WheQ XVed GATK4​25​ fRU baVe TXaOLW\ VcRUe UecaOLbUaWLRQ, LQdeO UeaOLgQPeQW, 
dXSOLcaWe UePRYaO, YaULaQW dLVcRYeU\ aQd MRLQW geQRW\SLQg, XVLQg Whe GATK BeVW 
PUacWLceV UecRPPeQdaWLRQV​26,27​. We WheQ UePRYed YaULaQWV WhaW ZeUe PRQRPRUShLc RU 
ZeUe QRW aQQRWaWed aV PASS, aQd cRQYeUWed geQRW\Se caOOV ZLWh geQRW\Se TXaOLW\ (GQ) 
VcRUe < 20 WR PLVVLQg daWa. FLQaOO\, Ze UePRYed aQ\ YaULaQWV ZLWh a PLVVLQg geQRW\Se 
UaWe Rf > 30%. 

CRPSDULVRQ ZLWK 1000 GHQRPHV DDWD 
We dRZQORaded JeQRW\Se caOOV fURP WKe KLJK-cRYeUaJe 1000 GeQRPeV PURMecW daWa 
fURP 
KWWS://fWS.1000JeQRPeV.ebL.ac.XN/YRO1/fWS/daWa_cROOecWLRQV/1000G_2504_KLJK_cRYeUaJe/
ZRUNLQJ/20190425_NYGC_GATK/. We WKeQ XVed WKe VaPe fLOWeUV aV deVcULbed abRYe, 
e[ceSW ZLWK a JeQRW\Se TXaOLW\ fLOWeU Rf � 40. TKeQ, fRU 22 LQdLYLdXaOV WKaW ZeUe 
VeTXeQced LQdeSeQdeQWO\ bXW ZeUe cRQWaLQed LQ bRWK RXU caOO VeW aQd WKe 1000 
GeQRPeV PURMecW (KLJK-cRYeUaJe) caOO VeW, Ze WabXOaWed WKe QRQ-UefeUeQce dLVcRUdaQce 
UaWe Rf WKe fLOWeUed JeQRW\Se caOOV LQ WKe WZR daWa VeWV. ReVXOWV aUe VXPPaUL]ed LQ 
SXSSOePeQWaU\ TabOe 2ࡈ. 

6DPSOH QC DQG LGHQWLILFDWLRQ RI 1​VW​ GHJUHH UHODWLYH SDLUV 
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We XVed KING​28​ WR LdeQWLf\ cORVe UeOaWLYeV LQ RXU daWa. We OabeOed SaLUV Rf LQdLYLdXaOV aV 
dXSOLcaWeV RU 1VW degUee UeOaWLYeV Lf Whe eVWLPaWed NLQVhLS cReffLcLeQWV ZeUe > 0.4 aQd 
[0.177, 0.4] UeVSecWLYeO\. We WheQ UePRYed VaPSOeV LQ Whe fROORZLQg RUdeU: 

1) AOO VaPSOeV ZLWh dXSOLcaWeV fURP aQRWheU SRSXOaWLRQ 
2) FRU UePaLQLQg dXSOLcaWe SaLUV LQ Whe VaPe SRSXOaWLRQ, Whe LQdLYLdXaO ZLWh PRUe 

PLVVLQg daWa 
3) IQdLYLdXaOV WhaW haYe PRUe WhaQ RQe 1VW degUee UeOaWLYe 
4) IQdLYLdXaOV ZLWh geQRW\Se caOOV aW < 90% Rf aOO SNPV 
5) FRU UePaLQLQg 1VW degUee UeOaWLYe SaLUV, Whe LQdLYLdXaO ZLWh PRUe PLVVLQg daWa 

AfWeU WhLV fLOWeULQg, Ze ZeUe OefW ZLWh 6,443 geQRPeV fRU dRZQVWUeaP aQaO\VeV. 
 
PKDVLQJ 
The cROOecWLRQ Rf 6,443 LQdLYLdXaOV deVcULbed abRYe ZaV cRPSXWaWLRQaOO\ ShaVed XVLQg 
eagOe2​29​, ZLWh Whe defaXOW RSWLRQV (ZhLch LQcOXdeV aOORZLQg eagOe2 WR LPSXWe VSRUadLc 
PLVVLQg geQRW\SeV). The GRCh38-baVed geQeWLc PaS Pade aYaLOabOe ZLWh Whe eagOe2 
dLVWULbXWLRQ ZaV XVed fRU Whe ShaVLQg. We aOVR XVed Whe VaPe ZRUNfORZ WR cRQVWUXcW a 
UefeUeQce SaQeO cRQVLVWLQg Rf RQO\ Whe SRXWh AVLaQ PedLcaO cRhRUWV, ZhLch ZaV XVed LQ 
Whe deVLgQ Rf Whe SARGAM aUUa\. 
 
PRSXODWLRQ VWUXFWXUH (FVW, PCA, 8MAP, DQG AGPL[WXUH) 
We XVed ​SOLQN​ YeUVLRQ 1.9 ​30​ WR cRQdXcW PULQcLSaO CRPSRQeQWV aQaO\VLV. We fLOWeUed 
SNPV WR haYe a MAF > 0.01, aQd LD-SUXQed XVLQg aQ U​2​ WhUeVhROd Rf 0.2. We WheQ 
cUeaWed PCA SORWV afWeU UePRYLQg Whe SUXQed SNPV ZLWh Whe ​YDULDQW-ZHLJKWV​ PRdLfLeU LQ 
SOLQN1.9​. TheVe aQaO\VeV ZeUe SeUfRUPed VeSaUaWeO\ fRU dLffeUeQW gURXSV Rf LQdLYLdXaOV 
afWeU Whe UePRYaO Rf 1VW degUee UeOaWLYe SaLUV aQd ORZ-cRYeUage VaPSOeV aV deVcULbed 
abRYe. 

UMAP SURMecWLRQ ZaV SeUfRUPed XVLQg Whe SURWRcRO aQd VcULSW SXbOLVhed b\ 
DLa]-PaSNRYLch aQd cROOeagXeV​31​. 15 SULQcLSaO cRPSRQeQWV ZeUe XVed WR geQeUaWe Whe 
WZR dLPeQVLRQaO UMAP SURMecWLRQ. BaVed RQ YLVXaOL]aWLRQ aQd VeSaUaWLRQ Rf NQRZQ 
SRSXOaWLRQ gURXSV LQ Whe BLUbhXP CRhRUW, Ze chRVe Whe Ne\ SaUaPeWeU VeWWLQgV aV 
fROORZV: QXPbeU Rf QeLghbRUV (NN) Rf 15 aQd PLQLPXP dLVWaQce (MD) Rf 0.5. 

The ADMIXTURE​14​ aQaO\VLV ZaV SeUfRUPed XVLQg VeUVLRQ 1.3.0 Rf Whe VRfWZaUe 
( ​hWWS://ZZZ.geQeWLcV.XcOa.edX/VRfWZaUe/adPL[WXUe​). We XVed SNPV ZLWh MAF > 0.01, 
ZLWh Whe caOO UaWe > 99.9%, aQd LD-SUXQed XVLQg a 50-SNP VOLdLQg ZLQdRZ aQd YaULaQce 
LQfOaWLRQ facWRU WhUeVhROd Rf 2. The QXPbeU Rf cRPSRQeQWV K ZaV RSWLPL]ed WR PLQLPL]e 
Whe cURVV-YaOLdaWLRQ eUURU XVLQg ChURPRVRPe 21. The RSWLPaO K fRU Whe BLUbhXP CRhRUW 
ZaV 4, bXW fRU Whe OaUgeU SRXWh AVLaQ aQd gORbaO VaPSOeV, Whe cURVV-YaOLdaWLRQ eUURU 
cRQWLQXed WR decUeaVe eYeQ fRU a OaUge K (K=40). ThXV, Ze chRVe WR SUeVeQW Whe UeVXOWV 
aW K=12 ZhLch LV Whe VaPe QXPbeU Rf cRPSRQeQWV XVed LQ Whe GeQRPeAVLa 100K PLORW 
VWXd\​12​. 

WeLU aQd CRcNeUhaP ZeLghWed F​ST​ eVWLPaWeV ZeUe caOcXOaWed XVLQg VCFWRROV​32 
VeUVLRQ 0.1.17. OQO\ MAF-fLOWeUed aQd LD-SUXQed PaUNeUV, aV deVcULbed abRYe, ZeUe 
XVed. SaPSOeV WhaW ZeUe UeOaWed RU dLd QRW SaVV QC ZeUe e[cOXded. 
 
RDUH KRPR]\JRWHV 
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FRU each SRSXOaWLRQ cRQVLdeUed, Ze VWUaWLfLed YaULaQWV accRUdLQg WR Whe MAF LQ Whe 
VSecLfLc SRSXOaWLRQ aQd WabXOaWed Whe QXPbeU Rf UaUe hRPR]\gRWeV aQd Whe e[SecWed 
QXPbeU Rf UaUe hRPR]\gRWeV fRU each MAF caWegRU\, aVVXPLQg UaQdRP PaWLQg. We 
WheQ fXUWheU VWUaWLfLed WheVe UeVXOWV (FLg. 2c-d) b\ cOaVVLf\LQg VRPe LQdLYLdXaOV aV ³LQbUed´ 
(L.e., RffVSULQg Rf 3 ​Ud​ degUee UeOaWLYeV RU cORVeU) RU ³RXWbUed´ (L.e., RffVSULQg Rf 6​Wh​ degUee 
UeOaWLYeV RU PRUe dLVWaQW), XVLQg Whe eVWLPaWLRQ SURceVV deVcULbed beORZ. 
 
RXQV RI HRPR]\JRVLW\ (ROH) 
We XVed PLINK YeUVLRQ 1.9​30​ WR LdeQWLf\ ROH LQ RXU daWa. We XVed Whe defaXOW 
SaUaPeWeU VeWWLQgV, e[ceSW fRU Whe fROORZLQg: 
 
--hRPR]\g --hRPR]\g-Nb 500 --hRPR]\g-ZLQdRZ-VQS 100 --hRPR]\g-ZLQdRZ-heW 2 
--hRPR]\g-ZLQdRZ-PLVVLQg 20 --Paf 0.001 
 
We WheQ cRQYeUWed Whe OeQgWhV Rf aOO ROHV LQWR geQeWLc dLVWaQceV, XVLQg a geQeWLc PaS 
fLUVW cUeaWed b\ AdaP AXWRQ aQd dRZQORaded fURP Whe BeagOe ZebVLWe aW 
hWWSV://bRcheW.gcc.bLRVWaW.ZaVhLQgWRQ.edX/beagOe/geQeWLc_PaSV/ 
We UeTXLUed ROHV WR haYe a PLQLPXP Sh\VLcaO OeQgWh Rf 500 Kb aQd a PLQLPXP 
geQeWLc dLVWaQce Rf 1 cM WR be LQcOXded LQ RXU aQaO\VeV. 
 
EVWLPDWLQJ WKH GHJUHH RI LQEUHHGLQJ 
We XVed a VXPPaU\ OLNeOLhRRd aSSURach fRU eVWLPaWLQg Whe degUee Rf LQbUeedLQg fURP 
aQ LQdLYLdXaO¶V ROH WUacWV. We fRcXVed RQ Whe ORQgeVW ROHV WR SURYLde beWWeU SRZeU fRU 
dLVWLQgXLVhLQg ROHV WhaW aULVe dXe WR eQdRgaP\ YeUVXV RQeV WhaW aULVe dXe WR YeU\ 
UeceQW LQbUeedLQg. SSecLfLcaOO\, Ze WabXOaWed (1) Whe QXPbeU Rf ROHV ORQgeU WhaQ 10 
cM, aQd (2) Whe VXP Rf Whe geQeWLc OeQgWhV Rf Whe 10 ORQgeVW ROHV fRU each LQdLYLdXaO. 
SLPXOaWLRQV VXggeVW WhaW WheVe WZR VXPPaULeV aUe PRUe LQfRUPaWLYe WhaQ RWheU, VLPLOaU 
VXPPaULeV baVed RQ Whe QXPbeU RU OeQgWh Rf Whe ORQgeVW ROH WUacWV (ReVXOWV QRW 
VhRZQ.) CRQcXUUeQWO\, Ze VLPXOaWed Whe dLVWULbXWLRQ Rf ROH OeQgWhV e[SecWed XQdeU 
YaULRXV degUeeV Rf LQbUeedLQg (Vee VecWLRQ dLUecWO\ beORZ), UaQgLQg fURP Whe RffVSULQg Rf 
2 ​Qd​ degUee UeOaWLYeV (e.g., XQcOe ± QLece) WR Whe RffVSULQg Rf 6​Wh​ degUee UeOaWLYeV (e.g., haOf 
2 ​Qd​ cRXVLQV). TheQ, fRU each LQdLYLdXaO, Ze eVWLPaWed Whe SURbabLOLW\ Rf RbVeUYLQg Whe WZR 
ROH VXPPaULeV (ZLWhLQ 1% fRU Whe 10 ORQgeVW ROHV) aV a fXQcWLRQ Rf Whe degUee Rf 
LQbUeedLQg. We WheQ aVVLgQed Whe degUee Rf LQbUeedLQg ZLWh Whe hLgheVW OLNeOLhRRd fRU 
each LQdLYLdXaO, WUeaWLQg 6​Wh​ degUee UeOaWLYeV WR be ³XQUeOaWed´.  
 
6LPXODWLQJ H[SHFWHG ROH VL]H GLVWULEXWLRQ XQGHU LQEUHHGLQJ 
We XWLOL]e Whe PRdeO Rf COaUN​33​ fRU VLPXOaWLQg Whe dLVWULbXWLRQ Rf aXWR]\gRXV VegPeQWV 
e[SecWed XQdeU a VSecLfLc degUee Rf LQbUeedLQg. SSecLfLcaOO\, Ze aVVXPe WhaW Whe 
geQeWLc OeQgWhV Rf chURPRVRPaO VegPeQWV LQheULWed fURP SaUWLcXOaU SaWeUQaO aQd 
PaWeUQaO aQceVWRUV fROORZV aQ e[SRQeQWLaO dLVWULbXWLRQ ZLWh PeaQ eTXaO WR 100 cM 
dLYLded b\ Whe WRWaO QXPbeU Rf geQeUaWLRQV LQ Whe SaWh fURP Whe SURbaQd bacN WR Whe 
SaUWLcXOaU aQceVWRUV. FRU e[aPSOe, fRU aQ LQdLYLdXaO ZhRVe SaUeQWV aUe 1VW cRXVLQV, 
WheUe aUe fRXU SaWeUQaO gUeaW gUaQdSaUeQWV (aQd WhXV eLghW WRWaO SaWeUQaO aXWRVRPaO 
chURPRVRPeV WhUee geQeUaWLRQV agR) aQd eLghW WRWaO PaWeUQaO aXWRVRPaO chURPRVRPeV 
WhaW cRXOd be LQheULWed aW aQ\ SaUWLcXOaU geQRPLc ORcaWLRQ. Of Whe 8 [ 8 = 64 SRVVLbOe 
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LQheULWaQce SaWWeUQV, fRXU UeVXOW LQ cRQVaQgXLQLW\. We PRdeO aQ aXWRVRPe¶V aQceVWU\ aV 
a VeULeV Rf bORcNV Rf aQceVWU\, each ZLWh geQeWLc OeQgWh e[SRQeQWLaOO\ dLVWULbXWed ZLWh 
PeaQ 100 / 6 cM, aQd ZLWh each bORcN haYLQg a 4 / 64 = 6.25% chaQce Rf beLQg 
aXWR]\gRXV. We WaNe Whe geQeWLc OeQgWhV Rf chURPRVRPeV fURP Whe RULgLQaO deCODE 
geQeWLc PaS​34​, aQd WabXOaWe Whe QXPbeU aQd VL]e dLVWULbXWLRQ Rf aXWR]\gRXV VegPeQWV 
RYeU 2 PLOOLRQ VLPXOaWLRQV fRU each degUee Rf cRQVaQgXLQLW\ cRQVLdeUed.  
 
LRVV RI FXQFWLRQ YDULDQWV 
A OLVW Rf hLgh-cRQfLdeQce LRVV-Rf-FXQcWLRQ (LRF) YaULaQWV, LQcOXdLQg fUaPeVhLfW, 
VSOLce-VLWe, QRQ-VeQVe, VWaUW-ORVV aQd VWRS-ORVV PXWaWLRQV, ZaV RbWaLQed XVLQg Whe 
fROORZLQg cULWeULa: 

Ɣ The LRF YaULaQWV VhRXOd be SUedLcWed aV hLgh-cRQfLdeQce (HC) fURP Whe LOFTEE 
SURgUaP​35 

Ɣ The LRF YaULaQWV PXVW faOO ZLWhLQ Whe hLgh-cRQfLdeQce UegLRQV defLQed b\ Whe 
GeQRPe-IQ-a-BRWWOe​36​ (GIAB) cRQVRUWLXP (YeUVLRQ - Y.3.3.2) 

Ɣ The LRF YaULaQWV caQQRW faOO LQ VegPeQWaO dXSOLcaWLRQ UegLRQV Rf Whe geQRPe 
(geQRPLcSXSeUDXSV) aV defLQed b\ Whe UCSC GeQRPe BURZVeU 

Ɣ The EQVePbO/GENCODE WUaQVcULSW ZLWh hLgheVW e[SUeVVLRQ aPRQg aOO Whe 
WUaQVcULSWV Rf Whe geQe ZaV UeWaLQed. The e[SUeVVLRQ YaOXe ZaV RbWaLQed fURP 
Whe GTE[ (GeQRW\Se-TLVVXe E[SUeVVLRQ) SURMecW (YeUVLRQ 8) aQd aYeUaged RYeU 
aOO PedLaQ WLVVXe e[SUeVVLRQV. 

 
 
BXUGHQ WHVW DQG DVVRFLDWLRQ WHVW 
 
We aQaO\]ed a WRWaO Rf 2,994 SRXWh IQdLaQ VaPSOeV fRU ZhLch Ze had e[RPe RU 
ZhROe-geQRPe VeTXeQce daWa aV ZeOO aV bORRd OLSLd OeYeO PeaVXUePeQWV.  SaPSOeV ZLWh 
e[WUePe bORRd OLSLd YaOXeV, defLQed aV YaOXeV RXWVLde Rf Q1 - 1.5 IQR/VTUW(Q) aQd Q3 + 
1.5 IQR/VTUW(Q), ZeUe UePRYed.  ​VaULaQW aQQRWaWLRQ ZaV caUULed RXW XVLQg Whe VaULaQW 
EffecW PUedLcWRU​37​ aQQRWaWed agaLQVW EQVePbO Y75​38​. ​ We cRQVLdeUed RQO\ Whe LRF 
YaULaQWV XVLQg Whe fLOWeUV deVcULbed abRYe. FXUWheU, Ze UePRYed VaPSOeV aQd YaULaQWV 
ZLWh SRRU caOO UaWeV (>5% QR caOOV) aQd RQO\ NeSW Whe YaULaQWV ZLWh MAF < 0.1. FRU each 
VaPSOe, Ze cRPbLQed Whe LRF YaULaQW dRVageV LQWR a VLQgOe bXUdeQ ZLWhLQ each geQe 
aQd UeVWULcWed Whe aQaO\VLV WR geQeV ZLWh aW OeaVW 3 LRF YaULaQW caUULeUV. AVVRcLaWLRQ 
aQaO\VeV Rf TXaQWLWaWLYe WUaLWV ZeUe SeUfURPed XVLQg OLQeaU UegUeVVLRQ RQ Whe bXUdeQ 
VcRUe ZLWh age aQd Ve[ aV cRYaULaWeV.  
 
6ARGAM DUUD\ GHVLJQ 
We SaUWQeUed ZLWh TheUPR FLVheU ScLeQWLfLc WR deYeORS a cXVWRP geQRW\SLQg aUUa\ XVLQg 
WheLU A[LRP SOaWfRUP.  The SARGAM (SRXWh AVLaQ ReVeaUch GeQRW\SLQg AUUa\ fRU 
MedLcLQe) aVVa\V a WRWaO Rf 639,029 SNPV, LQcOXdLQg 515,921 YaULaQWV chRVeQ WR 
RSWLPL]e LPSXWaWLRQ accXUac\ aV ZeOO aV 102,752 SXWaWLYeO\ fXQcWLRQaO YaULaQWV WhaW had 
a PLQRU aOOeOe fUeTXeQc\ Rf > 0.1% LQ RXU PedLcaO cRhRUWV.  The LPSXWaWLRQ-baVed SNPV 
ZeUe chRVeQ XVLQg aQ aOgRULWhP VLPLOaU WR Whe RQe deVcULbed b\ HRffPaQQ aQd 
cROOeagXeV​39​, baVed RQ Whe SRXWh AVLaQ PedLcaO cRhRUW ShaVed UefeUeQce SaQeO 
deVcULbed abRYe.  The LQLWLaO OLVW Rf SXWaWLYe fXQcWLRQaO YaULaQWV ZeUe RbWaLQed fURP a 
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YaULeW\ Rf VRXUceV, LQcOXdLQg WhLV SURMecW​, gQRPAD ​17​, Whe UK BLRbaQN​40​ aQd SURSeUO\ 
cRQVeQWed MedGeQRPe LQWeUQaO daWa​.  

We LQLWLaOO\ VWaUWed ZLWh a OaUgeU OLVW Rf ​924,667​ SNPV WhaW ZeUe aVVa\ed RQ WZR 
cXVWRP WeVW aUUa\V WhaW ZeUe WheQ XVed WR geQRW\Se 960 LQdLYLdXaOV fURP Whe GAVP2 
VWXd\ fRU TXaOLW\ cRQWURO SXUSRVeV.  We UePRYed SNPV WhaW cRXOd QRW be geQRW\Sed 
accXUaWeO\ aV ZeOO aV ORZ-SULRULW\ YaULaQWV WR aUULYe aW Whe fLQaO SARGAM aUUa\ deVLgQ.  
 
PRO\JHQLF RLVN 6FRUHV 
SRXWh AVLaQ VaPSOeV​ - We XVed Whe geQRW\Se daWa Rf 1,800 CAD caVeV aQd 1,163 
cRQWUROV aVVa\ed XVLQg IOOXPLQa GSA3 aUUa\ cRYeULQg PRUe WhaQ 600,000 geQRPe-ZLde 
PaUNeUV, aV UeSRUWed LQ Uef. 22. AOO Whe VaPSOeV had PRUe WhaQ 95% Rf Whe PaUNeUV 
VXcceVVfXOO\ geQRW\Sed.  We XVed BeagOe5.0​41​ WR LPSXWe aOO YaULaQWV ZLWh PLQRU aOOeOe 
cRXQW > 4, XVLQg eLWheU Whe 1000 GeQRPeV PURMecW PhaVe 3 daWa RU Whe GAVP2 UefeUeQce 
SaQeO deVcULbed abRYe.  The WRWaO QXPbeU Rf LPSXWed YaULaQWV ZeUe 24,154,211 aQd 
24,969,892 UeVSecWLYeO\.  We XVed Whe PaUNeUV UeSRUWed b\ Whe CaUdLRgUaPSOXVC4D 
cRQVRUWLXP​42​, aQd Whe PeWhRdV deVcULbed LQ Uef. 22 WR cRQVWUXcW SRO\geQLc ULVN VcRUeV. 

UK BLRbaQN EXURSeaQ VaPSOeV​ - We VeOecWed 2910 VaPSOeV fURP Whe UK 
BLRbaQN, cRPSULVLQg 1448 CAD caVeV aQd 1468 cRQWUROV haYLQg EXURSeaQ aQceVWU\. 
The caVeV ZeUe VeOecWed ZLWh ICD-9 cRdeV Rf 410.X, 411.0, 412.X, 429.79 RU ICD-10 
cRdeV Rf I21.X, I22.X, I23.X, I24.1, I25.2. We XVed Whe LPSXWed geQeWLc daWa fRU 
geQeUaWLRQ Rf SRO\geQLc ULVN VcRUeV. ThLV UeVeaUch ZaV cRQdXcWed XVLQg Whe UK BLRbaQN 
ReVRXUce XQdeU ASSOLcaWLRQ NXPbeU 42406. 
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FLJXUH OHJHQGV 
 
FLJXUH 1. FLQH-VFDOH SRSXODWLRQ VWUXFWXUH LQ WKH HHDOWK-FDUH GHOLYHU\ V\VWHP. 
UHIOHFWV JHRJUDSKLFDO ORFDWLRQV RI WKH VDPSOH VRXUFHV.​ UMAP ZaV UXQ RQ aOO 
VaPSOeV XVLQg Whe fLUVW 15 SULQcLSaO cRPSRQeQWV. ​D, ​IQ Whe SRXWh AVLaQ VXbVeW, VaPSOeV 
cOXVWeU LQWR WhUee PaMRU gURXSV b\ VaPSOe RULgLQV: PaNLVWaQ; SRXWh IQdLa; aQd WeVW 
BeQgaO aQd BaQgOadeVh. The X-a[LV (UMAP1) ZaV fOLSSed VR WhaW Whe VLPLOaULW\ beWZeeQ 
Whe gUaShLcaO SRVLWLRQ Rf Whe WhUee SRSXOaWLRQV aQd Whe PaS Rf SRXWh AVLa ZaV aSSaUeQW. 
E,​ ​F,​ SaPSOeV ZLWh deWaLOed ORcaWLRQV RU VeOf-UeSRUWed gURXS PePbeUVhLSV aUe VhRZQ WR 
VegUegaWe ZLWhLQ PaNLVWaQ aQd SRXWh IQdLa cOXVWeUV. APRQg Whe VaPSOeV fURP PaNLVWaQ 
aQd SRXWh IQdLa, VRPe VegUegaWe ZLWh UeceQW LPPLgUaQWV (e.g. BeQgaOLV aQd GXMaUaWLV) 
aQd hLVWRULcaO LPPLgUaQWV (e.g. LaPbadaV), UefOecWLQg Whe PeWURSROLWaQ QaWXUe Rf Whe 
UecUXLWPeQW ceQWeUV. ​G,​ SaPSOeV fURP BLUbhXP DLVWULcW, WeVW BeQgaO, haYe deWaLOed 
VeOf-UeSRUWed gURXS PePbeUVhLS LQfRUPaWLRQ. USSeU caVWeV, VchedXOed caVWeV, aQd 
VchedXOed WULbeV cOeaUO\ VegUegaWe, UefOecWLQg Whe hLVWRULcaO UeSURdXcWLYe LVROaWLRQ 
beWZeeQ WheVe gURXSV. Ba\eQ aQd SaQWhaO aUe WZR QRWabOe SRSXOaWLRQ LVROaWeV. ​H, 
ADMIXTURE aQaO\VLV Rf VaPSOeV fURP Whe BLUbhXP DLVWULcW VhRZV fRXU PaMRU 
cRPSRQeQWV. LabeOV aUe VeOf-UeSRUWed gURXS LdeQWLW\ ZLWh µgeQeUaO¶ deQRWLQg a OacN Rf 
VSecLfLed LdeQWLW\. 
PAK - PaNLVWaQ; BLR - BaQgaORUe; MAA - CheQQaL; COI - CRLPbaWRUe; BAN - 
BaQgOadeVh; BRB - BLUbhXP DLVWULcW, WeVW BeQgaO; LAM - LaPbada. FRU RWheU 3-OeWWeU 
cRdeV, Vee ​SXSSOePeQWaU\ TabOe 1​. 
 
FLJXUH 2.  HRPR]\JRVLW\ DQG LQEUHHGLQJ DFURVV GLIIHUHQW FRKRUWV. D, ​ ObVeUYed / 
e[SecWed SURSRUWLRQV Rf UaUe hRPR]\gRWeV, VWUaWLfLed b\ PLQRU aOOeOe fUeTXeQc\ aQd 
SRSXOaWLRQ. The e[SecWed YaOXeV aVVXPe UaQdRP PaWLQg. ​E,​ SWacNed baU chaUW VhRZLQg 
Whe eVWLPaWed degUee Rf LQbUeedLQg fRU LQdLYLdXaOV LQ Whe SRXWh AVLaQ PedLcaO cRhRUWV. ​F, 
SaPe aV LQ FLg. 2 bXW fRU µLQbUed¶ LQdLYLdXaOV (ZhRVe SaUeQWV aUe eVWLPaWed WR be 3Ud 
degUee UeOaWLYeV RU PRUe cORVeO\ UeOaWed) RQO\. ​G,​ SaPe aV LQ FLg. 2 bXW fRU µRXWbUed¶ 
LQdLYLdXaOV (ZhRVe SaUeQWV aUe eVWLPaWed WR be 6Wh degUee UeOaWLYeV RU PRUe dLVWaQWO\ 
UeOaWed) RQO\. ​H,​ RLdgeSORWV VhRZLQg Whe dLVWULbXWLRQ acURVV LQdLYLdXaOV Rf Whe WRWaO 
(geQeWLc) OeQgWh Rf Whe geQRPe cRQWaLQed LQ ROHV WhaW aUe aW OeaVW 1 cM LQ OeQgWh. ​I, 
RLdgeSORWV VhRZLQg Whe VWUaWLfLcaWLRQ Rf FLg. 2e¶V PAK SORW LQWR gURXSV ZLWh dLffeUeQW 
eVWLPaWed degUeeV Rf LQbUeedLQg. 

FLJXUH 3. LOF DOOHOHV D, ​NXPbeU Rf hLgh cRQfLdeQce ORVV Rf fXQcWLRQ geQeV fRXQd aW a 
PLQLPXP Rf 0.1% MAF LQ WheLU UeOaWLYe SRSXOaWLRQ fRU RYeUaOO QRQ-FLQQLVh EXURSeaQ 
(NFE), NFE aQd QRW LQ SAS (NFE UQLTXe), NFE aQd SAS (NFE & SAS), SAS aQd QRW 
NFE (SAS UQLTXe) aQd RYeUaOO fRU SAS. ​E, ​LRVV Rf fXQcWLRQ geQe VSace b\ SRSXOaWLRQ. 
Each VTXaUe UeSUeVeQWV a dLVWLQcW geQe aQd LV cRORUed b\ LWV Pa[LPXP AF ZLWhLQ Whe 
UeOaWLYe gURXS.  GeQeV aUe VeSaUaWed b\ gURXSV LQ ZhLch Whe\ aUe fRXQd (fURP WRS WR 
bRWWRP aQd WheQ OefW WR ULghW): NFE XQLTXe, NFE & SAS, PAK XQLTXe, PAK & SOI, PAK & 
BNG, aOO Rf SAS (PAK & SOI & BNG), SOI XQLTXe, BNG XQLTXe, aQd BNG & SAS.​ F, 
EffecWV Rf SLRF YaULaQWV RQ bORRd OLSLd PaUNeUV UeSOLcaWed Whe NQRZQ bLRORg\: ​PCSK9 
SLRFV aVVRcLaWed ZLWh decUeaVed LDL, ​ANGP7L3 ​ SLRFV aVVRcLaWed ZLWh decUeaVed 
WULgO\ceULde, aQd ​CE7P​ SLRF aVVRcLaWed ZLWh LQcUeaVed HDL. OQO\ VaPSOeV fURP SRXWh 
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IQdLa (BaQgaORUe aQd CheQQaL) ZeUe LQcOXded.​ G,​ MeaQ QXPbeU Rf hRPR]\gRXV SLRF 
YaULaQWV SeU LQdLYLdXaO, VWUaWLfLed b\ SRSXOaWLRQ aQd eVWLPaWed degUee Rf LQbUeedLQg. ​H, 
APOC3 ​ S.AUg19TeU aOOeOeV aUe fRXQd aW a hLgh fUeTXeQc\ aPRQg BaORchL aQd SLQdhL 
LQdLYLdXaOV fURP SRXWheUQ PaNLVWaQ. ThUee Rf Whe VeOf-UeSRUWed BaORchLV aQd SLQdhLV 
ZeUe heWeUR]\gRXV caUULeUV, bXW a OaUgeU QXPbeU Rf caUULeUV ZLWhRXW VeOf-UeSRUWed LdeQWLW\ 
ZeUe PaSSed WR Whe VaPe ORcXV RQ Whe UMAP SORW. 

FLJXUH 4. IPSURYHG GHQRW\SLQJ RI 6RXWK AVLDQ GHQRPHV D, ​GeQe VSace SORW Rf aOO 
SURWeLQ aOWeULQg aOOeOeV WhaW aUe dLUecWO\ geQRW\Sed XVLQg eLWheU Whe SARGAM RU Whe 
IOOXPLQa GSA3 aUUa\V.  PURWeLQ cRdLQg geQeV Rf Whe hXPaQ geQRPe aUe deSLcWed aV aQ 
aUUa\ Rf 19,600 VTXaUeV.  GeQeV ZhRVe YaULaQWV aUe geQRW\Sed aUe cRORUed WR LQdLcaWe 
Whe QXPbeU Rf geQe-VSecLfLc YaULaQWV WhaW aUe geQRW\Sed. ​E​, NRQ-UefeUeQce cRQcRUdaQce 
UaWe aV a fXQcWLRQ Rf SRXWh AVLaQ PLQRU aOOeOe fUeTXeQc\ fRU YaULaQWV LPSXWed XVLQg 
dLffeUeQW geQRW\SLQg aUUa\ aQd LPSXWaWLRQ UefeUeQce SaQeO cRPbLQaWLRQV.  ​F,​  IPSacW Rf 
LPSXWaWLRQ RQ PRO\geQLc RLVN ScRUe (PRS) caOcXOaWLRQ.  PRS ZeUe caOcXOaWed XVLQg 
LPSXWed geQRW\SeV fURP a CAD caVe-cRQWURO cRhRUW Rf 3,000 SRXWh AVLaQ LQdLYLdXaOV 
geQRW\Sed XVLQg Whe IOOXPLQa GSA3 aUUa\. The LQdLYLdXaOV ZeUe dLYLded LQWR 10 gURXSV 
baVed RQ decLOeV Rf PRS aQd RddV UaWLRV ZeUe caOcXOaWed fURP caVe-cRQWURO VWaWXV Rf 
Whe LQdLYLdXaOV LQ each gURXS. 
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Figure 1. Fine-scale population structure in the Health-care delivery system. UMAP was run 
on all samples using the first 15 principal components. a, In the South Asian subset, sam-
ples cluster into three major groups by sample origins: Pakistan; South India; and West 
Bengal and Bangladesh. The X-axis (UMAP1) was flipped along the vertical axis so that the 
parallel between the graphical position of the three populations and the map of South Asia 
was apparent. b, c, Samples with detailed locations or self-reported group memberships are 
shown to segregate within Pakistan and South India clusters. Among the samples from Pa-
kistan and South India, some segregate with recent immigrants (e.g. Bengalis and Gujara-
tis) and historical immigrants (e.g. Lambadas), reflecting the metropolitan nature of the re-
cruitment centers. d, Samples from Birbhum District, West Bengal, have detailed self-report-
ed group membership information. Upper castes, scheduled castes, and scheduled tribes 
clearly segregate, reflecting the historical reproductive isolation between these groups. 
Bayen and Santhal are two notable population isolates. e, ADMIXTURE analysis of samples 
from the Birbhum District shows four major components. Labels are self-reported group 
identity with “general” denoting a lack of specified identity. 
PAK - Pakistan; BLR - Bangalore; MAA - Chennai; COI - Coimbatore; BAN - Bangladesh; 
BRB - Birbhum District, West Bengal; LAM - Lambada. For other 3-letter codes, see Supple-
mentary Table XX.
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Figure 2  H
om

ozygosity and inbreeding in South Asian cohorts. a. O
bserved / expected proportions of rare hom

ozygotes, stratified 
by m

inor allele frequency and population. The expected values assum
e random

 m
ating. b. Stacked bar chart showing the estim

at-
ed degree of inbreeding for individuals in the South Asian m

edical cohorts. c. Sam
e as in panel a but calculated for “inbred” individ-

uals (whose parents are estim
ated to be 3rd degree relatives or m

ore closely related) only. d. Sam
e as in panel a but calculated for 

“outbred” individuals (whose parents are estim
ated to be 6th degree relatives or m

ore distantly related) only. e. Ridgeplots showing 
the distribution across individuals of the total (genetic) length of the genom

e contained in RO
Hs that are at least 1 cM

 in length. f. 
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Figure 3. Loss of function mutations a, Number of high confidence 
loss of function genes found at a minimum of 0.1% AF in their rela-
tive population: total found in non-Finnish European (NFE), found 
in NFE and not in SAS (NFE Unique), found in both NFE and SAS 
(NFE & SAS), found in SAS and not NFE (SAS Unique) and total 
found in SAS.  b, Loss of function gene space by population. Each 
square represents a distinct gene and is colored by its maximum 
AF within the relative group.  Genes are separated by groups in 
which they are found (from top to bottom and then left to right): 
NFE unique, NFE & SAS, PAK unique, PAK & SOI, PAK & BNG, all 
of SAS (PAK & SOI & BNG), SOI unique, BNG unique, and BNG & 
SAS. c, Effects of pLoF variants on blood lipid markers: PCSK9 
pLoFs associated with decreased LDL, ANGPTL3 pLoFs associat-
ed with decreased triglyceride, and CETP pLoF associated with 
increased HDL. Only samples from South India (Bangalore and 
Chennai) were included. d, Mean number of homozygous pLoF 
variants per individual, stratified by population and estimated 
degree of inbreeding. e, APOC3 p.Arg19Ter alleles are found at a 
high frequency among Balochi and Sindhi individuals in Southern 
Pakistan. Three of the identified Balochis and Sindhis were hetero-
zygous carriers, and a larger number of carriers without self-report-
ed identity were mapped to the same locus on the UMAP plot.
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