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AbVWUacW
IQ RXWFURVVLQJ SODQWV D ODFN RI PDWLQJ SDUWQHUV DW UDQJH HGJHV RU UHVXOWLQJ IURP

NDU\RW\SLF FKDQJHV FDQ EH DOOHYLDWHG E\ D WUDQVLWLRQ WR VHOI-FRPSDWLELOLW\. HHUH ZH
GHWHUPLQH WKH JHQHWLFV RI WKLV WUDQVLWLRQ LQ GLSORLG SLEHULDQ ArabidopViV l\raWa DQG
DOORWHWUDSORLG A. kamchaWica. :H ILUVW SURYLGH FKURPRVRPH-OHYHO JHQRPH DVVHPEOLHV IRU
RQH SLEHULDQ DQG RQH NRUWK APHULFDQ VHOILQJ A. l\raWa DFFHVVLRQ, DQG WKHQ JLYH WKH
VWUXFWXUH RI D IXOO\ DVVHPEOHG S-ORFXV LQ WKH SLEHULDQ DFFHVVLRQ. :H WKHQ UHFRQVWUXFW WKH
HYHQWV OHDGLQJ WR WKH ORVV RI VHOI-LQFRPSDWLELOLW\ LQ SLEHULDQ A. l\raWa DQG GDWH LW WR a140
K\D, VKRZLQJ LW ZDV DQ LQGHSHQGHQW WUDQVLWLRQ WR VHOILQJ IURP WKDW RI NRUWK APHULFDQ A.
l\raWa. MRUHRYHU, XVLQJ ERWK A. l\raWa JHQRPHV ZH GHWHFW VHJUHJDWLQJ VWUXFWXUDO YDULDQWV
XS WR a2.4 ME LQ VL]H. FLQDOO\, ZH VKRZ WKDW WKLV VHOILQJ SLEHULDQ A. l\raWa OLQHDJH LV
SDUHQWDO WR DOORWHWUDSORLG A. kamchaWica DQG H[SODLQ WKH VHOILQJ RI WKH ODWWHU E\ WKH
GRPLQDQW ORVV-RI-IXQFWLRQ PXWDWLRQ LQ WKH S-ORFXV LQKHULWHG IURP A. l\raWa. TKLV VXJJHVWV
WKDW WUDQVLWLRQ WR VHOI-FRPSDWLELOLW\ LQ RQH RI WKH SDUHQWDO OLQHDJHV SURPRWHG WKH
HVWDEOLVKPHQW RI WKH QHZ DOORWHWUDSORLG A. kamchaWica.
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IQWURdXcWLRQ
MRVW aQgLRVSeUPV aUe heUPaShURdLWLc, ZLWh bRWh fePaOe aQd PaOe RUgaQV LQ Whe VaPe

fORZeU, aQd caQ WhXV aW OeaVW SRWeQWLaOO\ VeOf-feUWLOL]e. AOWhRXgh a WUaQVLWLRQ WR VeOfLQg SURYLdeV aQ
LPPedLaWe adYaQWage LQ Whe face Rf ORZ SRSXOaWLRQ deQVLW\, XVXaOO\ aW Whe edgeV Rf Whe VSecLeV
dLVWULbXWLRQ UaQge (LeYLQ 2012), LW LV LUUeYeUVLbOe aQd cRQVLdeUed aQ eYROXWLRQaU\ dead-eQd
(SWebbLQV 1957; W\aWW 1988). TR aYRLd LQbUeedLQg, dLffeUeQW UecRgQLWLRQ V\VWePV baVed RQ
SROOeQ±SLVWLO LQWeUacWLRQV eYROYed UeSeaWedO\ (ChaUOeVZRUWh eW aO. 2005; ZhaR eW aO. 2022).
AddLWLRQaOO\, VeYeUaO LQdeSeQdeQW WUaQVLWLRQV fURP RXWcURVVLQg WR VeOf-SROOLQaWLRQ haYe RccXUUed
WhURXgh Whe degUadaWLRQ Rf VXch UecRgQLWLRQ V\VWePV (ShLPL]X aQd TVXchLPaWVX 2015).

IQ BUaVVLcaceae, a VSRURSh\WLc VeOf-LQcRPSaWLbLOLW\ (SI) V\VWeP LV deWeUPLQed b\ Whe
S-ORcXV, ZheUe WZR PaLQ geQeV aUe OLQNed: The SCR geQe LV e[SUeVVed RQ Whe VXUface Rf SROOeQ
aQd VeUYeV aV a OLgaQd fRU Whe UeceSWRU NLQaVe SRK geQe, ZhLch LV e[SUeVVed RQ Whe VXUface Rf
VWLgPa (TaNa\aPa aQd IVRgaL 2005; NaVUaOOah 2019). A bUeaNdRZQ Rf SI aQd WUaQVLWLRQ WR VeOfLQg
RccXUV ZheQ UecRgQLWLRQ beWZeeQ SCR aQd SRK LV LPSaLUed. IQ RXWcURVVLQg AUabLdRSVLV
VSecLeV (e.g., A. O\UaWa, A. KaOOHUL, A. aUHQRVa) PRUe WhaQ 50 dLffeUeQW S haSORW\SeV caQ
VegUegaWe LQ a SRSXOaWLRQ (CaVWULc eW aO. 2008). ThLV dLYeUVLW\ LV eVVeQWLaO fRU a SI V\VWeP WR
fXQcWLRQ aQd haV beeQ PaLQWaLQed b\ fUeTXeQc\-deSeQdeQW baOaQcLQg VeOecWLRQ fRU RYeU 8 M\
(MabOe eW aO. 2003; CaVWULc aQd VeNePaQV 2004; MabOe eW aO. 2004; CaVWULc eW aO. 2008; LOaXUeQV
eW aO. 2008; Le VeYe eW aO. 2022). A dLSORLd RXWcURVVLQg LQdLYLdXaO caQ SRVVeVV WZR dLffeUeQW S
haSORW\SeV bXW, WR LQcUeaVe Whe chaQceV Rf UeSURdXcWLRQ, RQO\ RQe Rf WheP ZLOO be e[SUeVVed.
ThLV LV achLeYed b\ a VWURQg dRPLQaQce hLeUaUch\ aPRQg S haSORW\SeV. SXch a hLeUaUch\ LV
cRQdLWLRQed b\ dLffeUeQW WUaQV-acWLQg PLcURRNA SUecXUVRUV aQd WheLU WaUgeWV RQ UeceVVLYe S
haSORW\SeV. MLcURRNAV SURdXced RQ dRPLQaQW S haSORW\SeV VLOeQce Whe e[SUeVVLRQ Rf Whe SCR
geQe RQ UeceVVLYe S haSORW\SeV (TaUXWaQL eW aO. 2010; DXUaQd eW aO. 2014; FXMLL aQd TaNa\aPa
2018), LQcUeaVLQg Whe chaQceV fRU VXcceVVfXO PaWLQg LQ heWeUR]\gRXV RXWcURVVeUV.

The aQceVWUaO VWaWe LQ Whe AUabLdRSVLV geQXV LV RXWcURVVLQg. HRZeYeU, WheUe aUe VeYeUaO
VeOfLQg VSecLeV: Whe PRdeO VSecLeV A. WKaOLaQa, aQd bRWh aOORWeWUaSORLdV A. VXHcLca aQd A.
NaPcKaWLca. AfWeU SRO\SORLd fRUPaWLRQ, a Ne\ eaUO\ chaOOeQge LV Whe VcaUcLW\ Rf cRPSaWLbOe
NaU\RW\SeV fRU PaWLQg, aQd cRPSeWLWLRQ ZLWh eVWabOLVhed QeaUb\ dLSORLdV (LeYLQ 1975). AOWhRXgh
aXWRSRO\SORLd LQdLYLdXaOV ZLOO be cRPSaWLbOe ZLWh Whe XQUedXced (2Q) gaPeWeV Rf WheLU dLSORLd
SURgeQLWRUV, PRVW aOORSRO\SORLdV ZRXOd Qeed WR becRPe VeOf-cRPSaWLbOe WR SURSagaWe Ve[XaOO\. IQ
A. VXHcLca, Whe WUaQVLWLRQ WR VeOfLQg ZaV LPPedLaWe afWeU Whe cURVV beWZeeQ aQ A. WKaOLaQa ZLWh
QRQ-fXQcWLRQaO bXW dRPLQaQW S haSORW\SeV (TVXchLPaWVX eW aO. 2010) aQd aQ RXWcURVVLQg A.
aUHQRVa (NRYLNRYa eW aO. 2017). HRZeYeU, Whe VWaWXV Rf A. NaPcKaWLca LV OeVV cOeaU: LW RULgLQaWed
fURP cURVVeV beWZeeQ A. O\UaWa aQd A. KaOOHUL LQ EaVW AVLa (ShLPL]X eW aO. 2005; ShLPL]X-IQaWVXgL
eW aO. 2009; TVXchLPaWVX eW aO. 2012; PaaSe eW aO. 2018), bXW Whe VeOf-cRPSaWLbLOLW\ VWaWXV Rf Whe
SURgeQLWRU SRSXOaWLRQV LV XQNQRZQ. A. KaOOHUL LV aQ RbOLgaWe RXWcURVVeU, ZheUeaV A. O\UaWa LV
SUedRPLQaQWO\ RXWcURVVLQg ZLWh Whe RQO\ NQRZQ VeOfLQg SRSXOaWLRQV UeVWULcWed WR Whe GUeaW LaNeV
UegLRQ Rf NRUWh APeULca (MabOe eW aO. 2005; FR[e eW aO. 2010; GULffLQ aQd WLOOL 2014). SeOfLQg LQ A.
NaPcKaWLca LV PRVW SURbabO\ dULYeQ b\ ORVV Rf fXQcWLRQ Rf Whe SCR geQe RQ Whe A. O\UaWa
VXbgeQRPe ZLWh Whe dRPLQaQW S haSORW\Se (TVXchLPaWVX eW aO. 2012). HRZeYeU, VLQce Whe A.
O\UaWa VXbgeQRPe Rf A. NaPcKaWLca aQd VeOfLQg SRSXOaWLRQV Rf A. O\UaWa LQ NRUWh APeULca dR QRW
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aSSeaU cORVeO\ UeOaWed aQd beaU dLffeUeQW S haSORW\SeV, Whe RULgLQ Rf A. NaPcKaWLca aQd Whe
PechaQLVP Rf LWV WUaQVLWLRQ WR VeOfLQg haV UePaLQed aQ eQLgPa.

We dLVcRYeUed a SUeYLRXVO\ XQdeVcULbed VeOfLQg OLQeage Rf A. O\UaWa LQ SLbeULa UaQgLQg
beWZeeQ LaNe Ta\P\U aQd ChXNRWNa, acURVV QRUWh-ceQWUaO aQd eaVWeUQ RXVVLa. HeUe Ze fLUVW
SUeVeQW chURPRVRPe OeYeO aVVePbOLeV Rf a SLbeULaQ VeOfLQg A. O\UaWa aQd Whe UefeUeQce NRUWh
APeULcaQ VeOfLQg acceVVLRQ (HX eW aO. 2011), chaUacWeUL]e Whe geQRPLc aQd VWUXcWXUaO dLffeUeQceV
beWZeeQ WheP, aQd deVcULbe Whe S-ORcXV VWUXcWXUe aQd Whe PechaQLVP Rf Whe faLOXUe Rf
VeOf-LQcRPSaWLbLOLW\ LQ Whe SLbeULaQ VeOfLQg SRSXOaWLRQV. TheQ, e[SORULQg RYeUaOO geQeWLc
UeOaWedQeVV aQd Sh\ORgeQ\ aW Whe S-ORcXV, Ze VhRZ WhaW Whe SLbeULaQ VeOfLQg A. O\UaWa ZaV OLNeO\
a SURgeQLWRU Rf Whe aOORWeWUaSORLd A. NaPcKaWLca. TRgeWheU, RXU UeVXOWV e[SOaLQ Whe RULgLQ aQd
WUaQVLWLRQ WR VeOfLQg LQ Whe aOORWeWUaSORLd A. NaPcKaWLca.

ReVXOWV

GeQRPe aVVePbO\ Rf Whe VeOfLQg SLbeULaQ NT1 acceVVLRQ
We cROOecWed VeedV fURP WhUee A. O\UaWa SRSXOaWLRQV dXULQg aQ e[SedLWLRQ WR Whe YaNXWLa

UegLRQ LQ RXVVLa LQ Whe VXPPeU Rf 2019 (SXSSOePeQWaU\ DaWa 1), RQe Rf ZhLch (NT1) aSSeaUed
WR be VeOfLQg. NT1 VaPSOeV ZeUe cROOecWed RQ a VaQd\ LVOaQd LQ Whe cRXUVe Rf Whe LeQa ULYeU
(GPS cRRUdLQaWeV 66.80449, 123.46546; SXSSOePeQWaU\ FLgXUe 1a VhRZV a SLcWXUe Rf Whe
cROOecWLRQ VLWe). We QRWLced WhaW WheVe NT1 SOaQWV fRUPed ORQg fUXLWV ZheQ gURZQ LQ Whe
gUeeQhRXVe. We cRQfLUPed WhaW SROOeQ VXcceVVfXOO\ geUPLQaWed LQ a VeOfed NT1 acceVVLRQ aQd
Pade SROOeQ WXbeV, ZheUeaV aWWePSWed VeOf-SROOLQaWLRQ Rf aQ RXWcURVVLQg SOaQW fURP Whe NT8
SRSXOaWLRQ dLd QRW UeVXOW LQ SROOeQ WXbe gURZWh (SXSSOePeQWaU\ FLgXUe 2). We aOVR QRWLced WhaW
fORZeUV Rf Whe VeOfLQg NT1 acceVVLRQ aUe VXbVWaQWLaOO\ VPaOOeU cRPSaUed WR fORZeUV Rf
RXWcURVVLQg SOaQWV aQd aQRWheU VeOfLQg acceVVLRQ MN47 fURP NRUWh APeULca (SXSSOePeQWaU\ FLg
1b,c).

We e[WUacWed DNA fURP NT1 Oeaf WLVVXe aQd RbWaLQed 1,100,878 hLgh-fLdeOLW\ (HLFL)
PacBLR UeadV ZLWh N50 Uead OeQgWh Rf 14,161bS (WRWaO OeQgWh Rf UaZ Uead VeTXeQceV LV
a15,9GbS) fURP RQe SMRT ceOO RQ a PacBLR SeTXeO II. We aVVePbOed WhRVe UeadV XVLQg Whe
HLfLaVP (CheQg eW aO. 2021) LQWR 1,070 cRQWLgV ZLWh N50 Rf 5.508 MB. We VcaffROded WheVe
cRQWLgV fXUWheU aORQg Whe MN47 A. O\UaWa aVVePbO\ (HX eW aO. 2011) ZLWh RagTag (AORQge eW aO.
2019) UeachLQg chURPRVRPe-OeYeO ZLWh aQ N50 Rf 24.641Mb. We WheQ aVVeVVed cRPSOeWeQeVV
Rf Whe NT1 A. O\UaWa geQRPe aVVePbO\ XVLQg BUSCO aQd fRXQd 4,463 cRPSOeWe aQd
VLQgOe-cRS\ (97.1%), 88 cRPSOeWe aQd dXSOLcaWed (1.9%), 7 fUagPeQWed (0.2%), aQd 38 PLVVLQg
geQeV (0.8%) fURP Whe BUaVVLcaOeV_Rdb10 VeW. ReSeaWed VeTXeQceV cRPSRVed abRXW 49.9% Rf
Whe aVVePbO\. We aQQRWaWed 28,596 geQeV b\ WUaQVfeUULQg geQe aQQRWaWLRQ fURP Whe UefeUeQce
A. O\UaWa geQRPe (RaZaW eW aO. 2015) XVLQg LLfWRff (ShXPaWe aQd SaO]beUg 2020).

VaULRXV SaSeUV (LRQg eW aO. 2013; SORWWe eW aO. 2013; HeQU\ eW aO. 2014; BXUQV eW aO. 2021;
DXNLü aQd BRPbOLeV 2022) haYe UeSRUWed SRWeQWLaO aUWLfacWV LQ Whe UefeUeQce A. O\UaWa MN47
(YeUVLRQ 1 RU Y1) geQRPe aVVePbO\ (HX eW aO. 2011). OXU cRPSaULVRQ Rf Whe SLbeULaQ NT1 ZLWh
Whe MN47 Y1 A. O\UaWa UefeUeQce geQRPe LQdLcaWed PXOWLSOe VWUXcWXUaO YaULaQWV LQ Whe VaPe
geQRPLc UegLRQV aV WhRVe beWZeeQ Whe geQRPeV Rf MN47 Y1 aQd Whe A. aUHQRVa VXbgeQRPe Rf
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A. VXHcLca (FLg.1A), MN47 Y1 aQd CaSVHOOa UXbHOOa, aQd MN47 Y1 aQd a dLSORLd A. aUHQRVa
(SXSSOePeQWaU\ DaWa 2) (LRQg eW aO. 2013; SORWWe eW aO. 2013; BXUQV eW aO. 2021; DXNLü aQd
BRPbOLeV 2022). We cRQfLUPed Whe e[LVWeQce Rf VXch aUWLfacWV aQd cRUUecWed WheP WhURXgh ORQg
Uead DNA VeTXeQcLQg. SSecLfLcaOO\, Ze VeTXeQced Whe MN47 acceVVLRQ RQ RQe SMRT ceOO RQ a
PacBLR SeTXeO II, RbWaLQLQg 868,563 HLFL UeadV ZLWh N50 OeQgWh Rf 20,206 bS (WRWaO OeQgWh Rf UaZ
Uead VeTXeQceV LV a17,6GbS). We WheQ UeaVVePbOed Whe UefeUeQce geQRPe Rf MN47 A. O\UaWa
XVLQg a80[ cRYeUage Rf HLFL UeadV. CRQWLgV WRWaOOed 820 ZLWh aQ N50 Rf 23,506,252 bS,
LQdLcaWLQg WhaW fXOO chURPRVRPe aUPV ZeUe aVVePbOed aV VLQgOe cRQWLgV. The aVVePbOed cRQWLgV
VXPPed WR a244Mb. CRQWLgV ZeUe VcaffROded LQWR eLghW chURPRVRPeV XVLQg Whe geQRPeV Rf
MN47 Y1 aQd NT1 aV gXLdeV. The VcaffROded cRQWLgV aPRXQW WR a209Mb. CRPSOeWeQeVV Rf Whe
QeZ MN47 Y2 A. O\UaWa geQRPe aVVePbO\ b\ BUSCO ZaV 4,544 cRPSOeWe aQd VLQgOe-cRS\
(97.1%), 83 cRPSOeWe aQd dXSOLcaWed (1.8%), 8 fUagPeQWed (0.2%), aQd 44 PLVVLQg geQeV
(0.9%) fURP Whe BUaVVLcaOeV_Rdb10 VeW. The SOacePeQW aQd RULeQWaWLRQ Rf cRQWLgV LQ Whe
VcaffROdV ZeUe cRUUecWed XVLQg SUeYLRXVO\ SXbOLVhed HL-C daWa (ZhX eW aO. 2017) aQd b\ PaQXaO
e[aPLQaWLRQ Rf Whe ORQg UeadV (VHH MHWKRdV, SXSSOePeQWaU\ FLgV. 2-6).

OXU Ue-aVVePbOed ORQg Uead-baVed MN47 Y2 geQRPe cRQfLUPed Whe e[LVWeQce Rf Whe
e[SecWed aUWLfacWV LQ Whe MN47 Y1 geQRPe (FLgXUe 1, SXSSOePeQWaU\ FLgXUeV 3-7). IQWeUeVWLQgO\,
addLWLRQaO VegUegaWLQg LQYeUVLRQV LQ A. O\UaWa ZeUe cRQfLUPed b\ cRPSaULVRQ Rf Whe MN47 Y2
geQRPe aQd WhaW Rf NT1. Of WheVe LQYeUVLRQV, WhUee ZeUe QRW RbVeUYed XVLQg Whe SUeYLRXV
YeUVLRQ Rf Whe MN47 geQRPe, Whe PRVW QRWabOe Rf ZhLch LV RQ chURPRVRPe 1 aQd LV a2,4Mb LQ
VL]e. AOO Whe LdeQWLfLed LQYeUVLRQV beWZeeQ Whe geQRPeV cRPSaULVRQV aUe OLVWed LQ
SXSSOePeQWaU\ DaWa 2. IQYeUVLRQV beWZeeQ A. O\UaWa MN47 aQd NT1 acceVVLRQV aUe OLVWed LQ
SXSSOePeQWaU\ TabOe 1. IQ each geQRPe cRPSaULVRQ Ze LdeQWLfLed PXOWLSOe aOOeOeV Rf VWUXcWXUaO
YaULaQWV aW Whe eQd Rf chURPRVRPe 3. ThLV Pa\ be e[SOaLQed b\ Whe facW WhaW RQe Rf Whe
QXcOeROaU RUgaQL]eU UegLRQV (NORV) Rf A. O\UaWa LV ORcaWed aW Whe eQd Rf chURPRVRPe 3 (L\VaN eW
aO. 2006). We cRQfLUPed WhaW chURPRVRPe 3 cRQWaLQV a SaUWLaOO\ aVVePbOed NOR XVLQg BLAST.
OYeUaOO, Ze haYe aVVePbOed hLgh TXaOLW\ chURPRVRPe-OeYeO geQRPeV fRU WZR A. O\UaWa
acceVVLRQV, RQe Rf ZhLch beLQg Whe UefeUeQce A. O\UaWa geQRPe, aQd WhURXgh SaLUZLVe geQRPe
aOLgQPeQW Ze LdeQWLfLed VeYeUaO LQYeUVLRQV XS WR 2.4 Mb ORQg VegUegaWLQg LQ Whe VSecLeV.
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FLJXUH 1. SegUegaWLQg OaUge VWUXcWXUaO YaULaQWV LQ A. O\UaWa. (A) EOeYeQ OaUge LQYeUVLRQV (daUN
gUeeQ) beWZeeQ NRUWh APeULcaQ MN47 (daUN gUeeQ) aQd SLbeULaQ NT1 (daUN \eOORZ) A. O\UaWa aUe
aOVR RbVeUYed beWZeeQ MN47 aQd Whe A. aUHQRVa VXbgeQRPe Rf A. VXHcLca (bURZQ), bXW aUe QRW
RbVeUYed LQ Whe cRPSaULVRQ beWZeeQ NT1 aQd A. VXHcLca (SXSSOePeQWaU\ DaWa 2), ZhLch
VXggeVWV WheVe LQYeUVLRQV aUe OLNeO\ aUWLfacWV LQ Whe RULgLQaO MN47 aVVePbO\. (B) SegUegaWLQg
LQYeUVLRQV LQ A. O\UaWa RbVeUYed fROORZLQg Ue-aVVePbO\ b\ ORQg UeadV aQd PaQXaO cXUaWLRQ XVLQg
HL-C daWa Rf Whe NRUWh APeULcaQ MN47 geQRPe (WXUTXRLVe) aQd LWV aOLgQPeQW WR Whe SLbeULaQ
NT1 (daUN \eOORZ) A. O\UaWa geQRPe. FLYe LQYeUVLRQV WhaW aUe XQLTXe WR MN47 (Whe ORQgeVW beLQg
a2.4 Mb LQ VL]e) aUe hLghOLghWed LQ WXUTXRLVe.

BUeaNdRZQ Rf Whe SI V\VWeP LQ SLbeULaQ A. O\UaWa NT1
BRWh geQeV fOaQNLQg S-ORcXV (U-bR[ aQd ARK3) ZeUe aVVePbOed LQ a VLQgOe cRQWLg LQ Whe

HLFL aVVePbO\ befRUe aQ\ VcaffROdLQg, ZhLch VXggeVWV WhaW Whe eQWLUe a44.5Nb S-ORcXV Rf Whe NT1
acceVVLRQ ZaV fXOO\ aVVePbOed. We cRQfLUPed Whe cRPSOeWeQeVV Rf Whe S-ORcXV b\ PaSSLQg Whe
PacBLR UeadV bacN WR Whe aVVePbO\; cRYeUage ZaV eYeQ aORQg Whe S-ORcXV ZLWh QR gaSV
(SXSSOePeQWaU\ FLg. 8). BLAST aQaO\VLV Rf SRK aQd SCR VeTXeQceV fURP Whe NQRZQ S
haSORW\SeV (BRggV eW aO. 2009; TVXchLPaWVX eW aO. 2010; GXR eW aO. 2011; GRXbeW eW aO. 2012;
TVXchLPaWVX eW aO. 2012) UeYeaOed QR hLWV fRU SRK, aQd RQe hLW fRU SCR fURP Whe A. KaOOHUL S12
haSORgURXS (FLgXUe 2b). DXe WR ORQg-WeUP fUeTXeQc\-deSeQdeQW baOaQcLQg VeOecWLRQ RQ Whe
S-ORcXV LQ BUaVVLcaceae, UeOaWedQeVV beWZeeQ S haSORW\SeV dReV QRW fROORZ VSecLeV
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UeOaWedQeVV, VXch WhaW Whe cORVeVW VeTXeQceV WR A. KaOOHUL S12 (AhS12) aUe QRW RWheU A. KaOOHUL S
haSORW\SeV bXW UaWheU VSecLfLc S haSORW\SeV fURP A. O\UaWa S42 (AOS42) aQd A. NaPcKaWLca D
(AN-D) (TVXchLPaWVX eW aO. 2012). We SeUfRUPed eVWLPaWed a Sh\ORgeQ\ Rf Whe NQRZQ SCR
SURWeLQ VeTXeQceV (GXR eW aO. 2011; GRXbeW eW aO. 2012) aQd Whe PaQXaOO\ aQQRWaWed NT1 A.
O\UaWa SCR VeTXeQce fURP Whe BLAST UeVXOWV (FLgXUe 2a). AV e[SecWed, Whe SCR Sh\ORgeQ\ haV
a dLffeUeQW WRSRORg\ WhaQ Whe VSecLeV Sh\ORgeQ\, aV S haSORW\SeV aUe WUaQV-VSecLfLcaOO\ VhaUed
acURVV AUabLdRSVLV. The SCR Sh\ORgeQ\ cRQfLUPV WhaW Whe cORVeVW haSORW\Se WR Whe NT1 A. O\UaWa
S-ORcXV LV Whe S12 haSORW\Se fURP A. KaOOHUL (AhS12).

We cRPSaUed Whe VWUXcWXUeV Rf Whe AhS12 aQd NT1 S-ORcL (FLgXUe 2b) aQd cRQfLUPed Whe
abVeQce Rf SRK, (L.e. Whe fePaOe cRPSRQeQW Rf Whe VeOf-LQcRPSaWLbLOLW\ V\VWeP) ZhLch LV
VXffLcLeQW WR e[SOaLQ Whe VeOfLQg QaWXUe Rf Whe NT1 acceVVLRQ. We aOVR PaSSed VhRUW UeadV Rf Whe
NT1 acceVVLRQ WR Whe NT1 geQRPe aVVePbO\ SOXV VeTXeQce Rf Whe LQWacW AhS12 cRQWaLQLQg
SRK; aQd fRXQd QR UeadV PaSSed WR SRK (SXSSOePeQWaU\ FLg. 9C). ThLV SURYLdeV addLWLRQaO
cRQfLUPaWLRQ Rf a cRPSOeWe ORVV Rf SRK fURP Whe NT1 S-ORcXV. AQaO\]LQg Whe SCR SURWeLQ
VeTXeQceV PRUe cORVeO\, Ze aOVR QRWLced WhaW Whe NT1 SCR SURWeLQ haV ORVW RQe Rf Whe eLghW
cRQVeUYed c\VWeLQeV, ZhLch aUe LPSRUWaQW LQ SURWeLQ-fROdLQg aQd Whe UecRgQLWLRQ Rf Whe SCR
OLgaQd b\ Whe SRK UeceSWRU (KXVaba eW aO. 2001; MLVhLPa eW aO. 2003; TVXchLPaWVX eW aO. 2010).
ThLV VXggeVWV WhaW Whe SCR LV QRQ-fXQcWLRQaO LQ Whe NT1 A. O\UaWa acceVVLRQ. AOVR, Ze WeVWed fRU
e[SUeVVLRQ Rf SCR LQ Whe aQWheU Rf NT1 XVLQg RNAVeT daWa fURP fORZeU bXdV aQd dLd QRW deWecW
aQ\ WUaQVcULSW Rf Whe AhS12 SCR geQe (SXSSOePeQWaU\ FLg. 9A,B). HRZeYeU, VeTXeQce
cRPSaULVRQ Rf Whe SCR UegLRQ beWZeeQ AhS12 aQd NT1 VhRZed hLgh VLPLOaULW\ LQ Whe SURPRWeU
UegLRQ (SXSSOePeQWaU\ FLg. 9D) VXggeVWLQg abVeQce Rf PaMRU Ue-aUUaQgePeQWV WhaW cRXOd haYe
caXVed WhLV ORVV Rf e[SUeVVLRQ, \eW QXcOeRWLde VXbVWLWXWLRQV aW cULWLcaO VLWeV caQQRW be e[cOXded.
TR checN ZheWheU SCR LV LQdeed QRQ-fXQcWLRQaO aQd/RU QRW e[SUeVVed LQ NT1 acceVVLRQ Ze
SeUfRUPed a cURVV beWZeeQ aQ RXWcURVVLQg A. O\UaWa acceVVLRQ e[SUeVVLQg Whe VaPe AhS12
haSORgURXS aV PaWeUQaO SOaQW aQd NT1 SROOeQ, ZhLch UeVXOWed LQ cRPSaWLbOe UeacWLRQ ZLWh
VXcceVVfXO SROOeQ WXbe gURZWh (SXSSOePeQWaU\ FLgXUe 10).

AccRUdLQg WR Whe cOaVVLfLcaWLRQ Rf S haSORW\SeV, AhS12 beORQgV WR Whe PRVW dRPLQaQW
cOaVV aQd haV aQ VRNA SUecXUVRU ZhLch caQ VLOeQce Whe e[SUeVVLRQ Rf SCR geQeV RQ UeceVVLYe
S haSORW\SeV (DXUaQd eW aO. 2014). IQdeed, b\ BLAST aQaO\VLV, Ze fRXQd aQ VRNA SUecXUVRU
VeTXeQce LQ Whe NT1 S-ORcXV aVVePbO\ VLPLOaU WR Whe PLUS3 SUecXUVRU Rf A. KaOOHUL S12
haSORW\Se (DXUaQd eW aO. 2014), VXggeVWLQg cRQVeUYed dRPLQaQce cOaVV Rf A. O\UaWa S12.
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FLJXUH 2. S-ORcXV VWUXcWXUe Rf Whe SLbeULaQ NT1 VeOfLQg A. O\UaWa SRSXOaWLRQ. D) Ph\ORgeQeWLc WUee
Rf SCR SURWeLQV UeYeaOV cOXVWeULQg Rf NT1 SCR (gUeeQ) aQd AhS12. E) CRPSaULVRQ Rf Whe
S-ORcXV UegLRQ Rf Whe A. O\UaWa NT1 geQRPe aVVePbO\ ZLWh Whe A. KaOOHUL S12 haSORW\Se (DXUaQd
eW aO. 2014). LLQNV beWZeeQ S-ORcL aUe cRORUed accRUdLQg WR Whe BLAST VcRUeV fURP hLgheVW
(bOXe) WR ORZeVW (gUa\). SCR, SRK aQd fOaQNLQg U-bR[ aQd ARK3 geQeV haYe gUeeQ, RUaQge aQd
SXUSOe bRUdeUV, UeVSecWLYeO\. SRK geQeV aSSeaU WR be cRPSOeWeO\ abVeQW fURP Whe S-ORcXV Rf Whe
NT1 A. O\UaWa VeOfLQg acceVVLRQ. The RQO\ BLAST hLW WR SRK LV a VSXULRXV hLW WR ARK3 aV Whe\
bRWh eQcRde UeceSWRU-OLNe VeULQe/WhUeRQLQe NLQaVeV. F) PURWeLQ VeTXeQce aOLgQPeQW Rf S-ORcXV
SCR geQeV fURP A. KaOOHUL aQd A. O\UaWa, LQcOXdLQg NT1. OQe Rf Whe eLghWh cRQVeUYed c\VWeLQeV
LPSRUWaQW fRU VWUXcWXUaO LQWegULW\ haV beeQ ORVW fURP Whe NT1 SCR SURWeLQ.

PRSXOaWLRQ OeYeO Ue-VeTXeQcLQg VhRZV WhaW VeOfLQg SLbeULaQ A.
O\UaWa LV a SURgeQLWRU Rf A. NaPcKaWLca

The UePaLQLQg SOaQWV (QLQe LQ WRWaO) ZhLch Ze cROOecWed dXULQg Whe VaPe e[SedLWLRQ
(SXSSOePeQWaU\ DaWa 1) ZeUe VeTXeQced XVLQg IOOXPLQa NRYaSeT (150bSPE). AddLWLRQaOO\, Ze
VeTXeQced 10 heUbaULXP VaPSOeV Rf A. O\UaWa fURP Ta\P\U, YaNXWLa, KaPchaWNa aQd ChXNRWNa
daWLQg fURP 1958±2014 XVLQg Whe VaPe SOaWfRUP (See MeWhRdV aQd SXSSOePeQWaU\ DaWa 1). The
heUbaULXP VaPSOeV ZeUe RbWaLQed fURP Whe MRVcRZ UQLYeUVLW\ HeUbaULXP (SeUegLQ 2020). OXU
daWaVeW aOVR LQcOXded SUeYLRXVO\ SXbOLVhed ZhROe geQRPe UeVeTXeQcLQg daWa fURP Whe dLSORLd A.
O\UaWa VaPSOeV cROOecWed LQ Whe VaPe UegLRQ (NRYLNRYa eW aO. 2016) (SXSSOePeQWaU\ DaWa 1,
FLgXUe 3a) aQd EXURSeaQ A. O\UaWa VaPSOeV (TaNRX eW aO. 2021) aV RXWgURXSV, fRU a WRWaO Rf 18
VaPSOeV. AfWeU PaSSLQg aOO VaPSOeV WR Whe NT1 UefeUeQce geQRPe, Ze RbWaLQed RQ aYeUage 23[
cRYeUage fRU each LQdLYLdXaO (SXSSOePeQWaU\ DaWa 1).

TR deWeUPLQe ZheWheU PXOWLSOe VeOfLQg SRSXOaWLRQV PLghW e[LVW LQ Whe e[aPLQed
geRgUaShLc UegLRQ, Ze fLUVW caOcXOaWed Whe SeUceQW Rf heWeUR]\gRXV VLWeV fRU each
LQdLYLdXaO(SXSSOePeQWaU\ DaWa 1, FLgXUe 3a). TZR PRdeV RQ Whe heWeUR]\gRVLW\ OeYeOV ZeUe
aSSaUeQW LQ RXU A. O\UaWa daWaVeW, ZhLch Ze aVVLgQ aV VeOfLQg (a0.4%, LQdLcaWed ZLWh \eOORZ
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PaUNeUV) aQd RXWcURVVLQg (a0.9% ZLWhLQ A. O\UaWa VaPSOeV, LQdLcaWed b\ gUeeQ PaUNeUV). SXch
aVVLgQPeQW LV aOVR VXSSRUWed b\ RXU RbVeUYaWLRQV Rf Whe OLYe LQdLYLdXaOV gURZLQg LQ Whe
gUeeQhRXVe: NT1 SRSXOaWLRQV SURdXced VeedV ZLWhRXW cURVVeV, ZheUeaV NT8 aQd NT12
SRSXOaWLRQV dLd QRW. AOORWeWUaSORLd A. NaPcKaWLca cR-RccXULQg LQ Whe VaPe geRgUaShLcaO UegLRQ LV
aOVR VeOf-cRPSaWLbOe. TR eQVXUe WhaW QRQe Rf RXU A. O\UaWa VaPSOeV ZeUe PLVcOaVVLfLed, Ze
LQcOXded aOORWeWUaSORLd A. NaPcKaWLca VaPSOeV LQ Whe daWaVeW aQd PaSSed WheP LQ Whe VaPe Za\
WR Whe NT1 A. O\UaWa UefeUeQce ZLWhRXW VeSaUaWLQg VXbgeQRPeV. The PaMRULW\ Rf Whe SNPV LQ A.
NaPcKaWLca UeSUeVeQW dLYeUgeQW VLWeV beWZeeQ Whe WZR VXbgeQRPeV, ZhLch e[SOaLQV LWV hLgh
heWeUR]\gRVLW\ OeYeOV, cOeaUO\ dLVWLQcW fURP VeOfLQg A. O\UaWa VaPSOeV (FLgXUe 3).

We geQRW\Sed S-ORcL Rf aOO Whe VhRUW-Uead VeTXeQced acceVVLRQV LQ RXU daWaVeW b\ XVLQg
a geQRW\SLQg SLSeOLQe fRU dH QRYR dLVcRYeU\ Rf dLYeUgeQW aOOeOeV (GeQeWe eW aO. 2020). UVLQg bRWh
SCR aQd SRK VeTXeQceV aV Whe UefeUeQce aOOeOe daWabaVeV (GXR eW aO. 2011; GRXbeW eW aO.
2012; TaNRX eW aO. 2020) fRU Whe dLVcRYeU\ SLSeOLQe, Ze fRXQd WhaW aOO Whe ORZ-heWeUR]\gRVLW\
VaPSOeV PaWched Whe VaPe S-haSORgURXS ± AhS12 (FLg. 3b). ThLV VXggeVWV WhaW aOO Whe VeOfLQg
acceVVLRQV RULgLQaWed fURP Whe VaPe bUeaNdRZQ Rf VeOf-LQcRPSaWLbLOLW\ eYeQW. FRU each
RXWcURVVLQg LQdLYLdXaO Ze fLQd WZR dLffeUeQW SRK aOOeOeV, bXW RQO\ eLWheU RQe RU QR SCR aOOeOeV.
ThLV ORZeU QXPbeU Rf SCR aOOeOeV LV OLNeO\ dXe WR aQ LQcRPSOeWe SCR daWabaVe UaWheU WhaQ WheVe
geQeV beLQg abVeQW LQ RXWcURVVLQg LQdLYLdXaOV. IQWeUeVWLQgO\, VL[ RXW Rf VeYeQ VeOfLQg acceVVLRQV
(LQcOXdLQg Whe UefeUeQce NT1) VWLOO had SCR aQd QR SRK, ZheUeaV acceVVLRQ MW0079456 had
SRK aQd QR SCR. PURWeLQ aOLgQPeQW Rf WhLV SRK geQe ZLWh fXQcWLRQaO SRK Rf Whe VaPe
haSORgURXS (ANSRK-D) (TVXchLPaWVX eW aO. 2012) VhRZed WhaW aOO Whe VWUXcWXUaOO\ LPSRUWaQW
c\VWeLQeV aUe cRQVeUYed LQ MW0079456, VXggeVWLQg WhaW SRK LV SXWaWLYeO\ fXQcWLRQaO LQ
MW0079456 (SXSSOePeQWaU\ FLg. 11).
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FLJXUH 3. (A) MaS Rf VhRUW-Uead VeTXeQced SLbeULaQ A. O\UaWa (cLUcOeV) aQd A. NaPcKaWLca
(WULaQgOeV). LLYe A. O\UaWa acceVVLRQV QaPeV VWaUW ZLWh NT, heUbaULXP VaPSOe QaPeV VWaUW ZLWh
MW, a SUeYLRXVO\ SXbOLVhed VaPSOe Rf A. O\UaWa haV beeQ aVVLgQed Whe SRR SUefL[, aQd A.
NaPcKaWLca VaPSOeV VWaUW ZLWh SAMD. CRORUV LQdLcaWe heWeUR]\gRVLW\ SeU VaPSOe, caOcXOaWed b\
Whe SeUceQW Rf heWeUR]\gRXV VLWeV. (B) NeLghbRU-MRLQLQg WUee Rf SLbeULaQ A. O\UaWa acceVVLRQV ZLWh
heWeUR]\gRVLW\ aQd geQRW\Sed SCR VQd SRK aOOeOeV. (C) BeVW-fLW dePRgUaShLc PRdeO Rf
dLYeUgeQce aQd aV\PPeWULc PLgUaWLRQ beWZeeQ VeOfLQg aQd RXWcURVVLQg OLQeageV, ZLWh SaUaPeWeU
eVWLPaWeV (D) PULQcLSaO cRPSRQeQW aQaO\VLV RQ Whe WRWaO geQRPLc SNPV VhRZV WhaW VeOfLQg A.
O\UaWa LV geQeWLcaOO\ cORVeU WR A. NaPcKaWLca WhaQ Whe RXWcURVVLQg SRSXOaWLRQV RQ PC1.
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The RbVeUYaWLRQ WhaW aOO Whe SLbeULaQ VeOfLQg A. O\UaWa acceVVLRQV haYe Whe VaPe S
haSORW\Se VXggeVWV WhaW Whe\ RULgLQaWed fURP a VLQgOe bUeaNdRZQ Rf VeOf-LQcRPSaWLbLOLW\ eYeQW.
The caOcXOaWed WRWaO QXcOeRWLde dLYeUVLW\ LQ 10Nb ZLQdRZV fRU VeOfLQg A. O\UaWa haV a PeaQ YaOXe
Rf 0.11% (95% CI [0.105 ± 0.118]), ZhLch LV abRXW 7.5 WLPeV ORZeU cRPSaUed WR 0.84% (95% CI
[0.818 ± 0.87]) LQ Whe RXWcURVVLQg SLbeULaQ A. O\UaWa SRSXOaWLRQ. ThRXgh Whe VeOfLQg OLQeage LQ
SLbeULa OLNeO\ RULgLQaWed fURP a VLQgOe fRXQdeU, Whe MRLQW aOOeOe fUeTXeQc\ VSecWUXP beWZeeQ
VeOfLQg aQd RXWcURVVLQg SLbeULaQ A. O\UaWa VhRZV cRQVLdeUabOe aPRXQW Rf VhaUed SRO\PRUShLVP
(1,059,027 SNPV VhaUed, YV 394,906 SNPV SULYaWe WR Whe VeOfeU OLQeage; SXSSOePeQWaO FLgXUe
13). ThLV Pa\ be becaXVe Whe fRXQdeU ZaV a heWeUR]\gRXV RXWcURVVeU aQd a ceUWaLQ aPRXQW Rf
geQe fORZ dReV RccXU beWZeeQ WheVe OLQeageV, aV VeOf-cRPSaWLbLOLW\ dReV QRW SUeYeQW SOaQWV fURP
PaWLQg ZLWh RXWcURVVeUV.

TR fXUWheU LQYeVWLgaWe Whe UeOaWLRQVhLSV beWZeeQ VeOfLQg aQd RXWcURVVLQg SRSXOaWLRQV aQd
WR daWe Whe RULgLQ Rf Whe VeOf-LQcRPSaWLbLOLW\ bUeaNdRZQ, Ze LPSOePeQWed a VeULeV Rf
dePRgUaShLc PRdeOV LQ faVWVLPcRaO26 (E[cRffLeU eW aO. 2013). The beVW-fLW PRdeO LV VhRZQ (FLg.
3C), ZhLch LQcOXdeV dLYeUgeQce beWZeeQ VeOfeUV aQd RXWcURVVeUV ZLWh VXbVeTXeQW aV\PPeWULc
LQWURgUeVVLRQ beWZeeQ SRSXOaWLRQV. The eVWLPaWe Rf dLYeUgeQce WLPe (TDIV) LQ WhLV PRdeO LV
a140 Na (140,665, 95% CI 132,499 - 133,841). AOO WeVWed PRdeOV caQ be YLeZed LQ
SXSSOePeQWaU\ FLgXUe 13, ZLWh cRUUeVSRQdLQg SaUaPeWeUV LQ SXSSOePeQWaU\ TabOe 2 aQd LQSXW
fLOeV LQ SXSSOePeQWaU\ DaWa 3.

AOORWeWUaSORLd A. NaPcKaWLca RULgLQaWed PXOWLSOe WLPeV fURP dLffeUeQW fRXQdLQg SaLUV Rf A.
O\UaWa aQd A. KaOOHUL LQ EaVW AVLa (DaUW eW aO. 2004; ShLPL]X eW aO. 2005; ShLPL]X-IQaWVXgL eW aO.
2009; SchPLcNO eW aO. 2010; NRYLNRYa eW aO. 2018). The PRVW fUeTXeQW S haSORW\Se LQ A.
NaPcKaWLca LQheULWed fURP A. O\UaWa LV AN-D, ZhLch PaWcheV AhS12 (TVXchLPaWVX eW aO. 2012),
Whe VaPe haSORW\Se Ze fRXQd LQ Whe VeOfLQg SLbeULaQ A. O\UaWa SRSXOaWLRQV. The Sh\ORgeQ\ Rf Whe
fLUVW e[RQ Rf SRK fURP A. NaPcKaWLca, VeOfLQg SLbeULaQ A. O\UaWa, RXWcURVVLQg A. O\UaWa aQd A.
KaOOHUL VhRZV WhaW VeOfLQg A. O\UaWa LV PRVW cORVeO\ UeOaWed WR A. NaPcKaWLca (SXSSOePeQWaU\ FLg.
12A). The SULQcLSaO cRPSRQeQW aQaO\VLV baVed RQ 10,423,108 bLaOOeOLc SNPV VXggeVWV aQ RYeUaOO
cORVeU geQRPe UeOaWedQeVV beWZeeQ SLbeULaQ VeOfLQg A. O\UaWa aQd A. NaPcKaWLca cRPSaUed WR
SLbeULaQ RXWcURVVLQg A. O\UaWa aQd A. NaPcKaWLca (FLgXUe 3D). ThLV LV aOVR VeeQ LQ Whe
hLeUaUchLcaO cOXVWeULQg aQaO\VLV, ZheUe VeOfLQg SLbeULaQ A. O\UaWa SRSXOaWLRQV aUe Whe cORVeVW WR A.
NaPcKaWLca (SXSSOePeQWaU\ FLg. 12B).

DLVcXVVLRQ
We haYe fRXQd SUeYLRXVO\ XQdeVcULbed VeOfLQg SRSXOaWLRQV Rf A. O\UaWa LQ SLbeULa, ZhLch

RULgLQaWed LQdeSeQdeQWO\ fURP Whe NRUWh APeULcaQ VeOfLQg A. O\UaWa. SLbeULaQ VeOfLQg SRSXOaWLRQV
PaWch RQO\ RQe S haSORW\Se AhS12 (AOS42), ZheUeaV WUaQVLWLRQ WR VeOfLQg LQ Whe NRUWh APeULcaQ
SRSXOaWLRQV aW Whe GUeaW LaNeV LV aVVRcLaWed ZLWh haSORgURXSV AhS1 (AOS1), AhS31 (AOS19) aQd
AhS29 (AOS13) (HX eW aO. 2011; MabOe eW aO. 2017). The dLffeUeQce LQ haSORW\SeV aVVRcLaWed ZLWh
VeOfLQg OLQeageV LQ SLbeULa aQd NRUWh APeULca VXSSRUWV WheLU LQdeSeQdeQW RULgLQ. A WUaQVLWLRQ WR
VeOfLQg LV RfWeQ aVVRcLaWed ZLWh chaQgeV LQ fORZeU PRUShRORg\ (SLcaUd aQd LeQhaUd 2011;
TVXchLPaWVX aQd FXMLL 2022) ZhLch Ze RbVeUYed LQ Whe SLbeULaQ bXW QRW LQ Whe NRUWh APeULcaQ
VeOfLQg acceVVLRQV (SXSSOePeQWaU\ FLg. 1B-D). The OacN Rf VR-caOOed ³VeOfLQg V\QdURPe´ LQ Whe

10

.CC-BY 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted June 27, 2022. ; https://doi.org/10.1101/2022.06.24.497443doi: bioRxiv preprint 

https://paperpile.com/c/yXaybu/JClX
https://paperpile.com/c/yXaybu/4SFg+UOYV+paBQ+japy+Nk2Z
https://paperpile.com/c/yXaybu/4SFg+UOYV+paBQ+japy+Nk2Z
https://paperpile.com/c/yXaybu/G7bg
https://paperpile.com/c/yXaybu/Myrp+VFuA
https://paperpile.com/c/yXaybu/DiOs+7Tgp
https://paperpile.com/c/yXaybu/DiOs+7Tgp
https://doi.org/10.1101/2022.06.24.497443
http://creativecommons.org/licenses/by/4.0/


OaWWeU ZaV deVcULbed SUeYLRXVO\ (CaUOeLaO eW aO. 2017). TUaQVLWLRQ WR VeOfLQg LQ Whe NRUWh APeULcaQ
A. O\UaWa SURbabO\ haSSeQed afWeU RU dXULQg cRORQL]aWLRQ Rf Whe aUea, aURXQd a10 K\a (CaUOeLaO eW
aO. 2017), ZhLch LV PXch PRUe UeceQW cRPSaUed WR RXU eVWLPaWeV Rf Whe SLbeULaQ VeOfeU a140
K\a. SLPLOaUO\, LQ Whe RXWcURVVLQg VSecLeV LHaYHQZRUWKLa aOabaPLca, WZR LQdeSeQdeQW VeOfLQg
OLQeageV haYe beeQ deVcULbed, ZLWh Whe ROdeU RQe (a150 K\a) VhRZLQg aQ RbYLRXV VeOfLQg
V\QdURPe ZheUeaV Whe PRVW UeceQW VeOfLQg OLQeage (a48 K\a) dLd QRW (BXVch eW aO. 2011).

SeOfLQg acceVVLRQV caQ be cRQVLdeUed QaWXUaO LQbUed OLQeV ZhLch aUe eVSecLaOO\ XVefXO LQ
geQRPLcV, aV aVVePbO\ Rf WheLU geQRPeV LV QRW cRPSOLcaWed b\ ORQg heWeUR]\gRXV VWUeWcheV. SR
faU, RQO\ RQe VeOfLQg acceVVLRQ (MN47) Rf A. O\UaWa fURP NRUWh APeULca haV beeQ fXOO\ aVVePbOed
aQd VeUYeV aV a UefeUeQce fRU WheVe VSecLeV (HX eW aO. 2011). HRZeYeU, ZhLOe a VLQgOe UefeUeQce
geQRPe SURYLdeV a XVefXO UeVRXUce fRU VhRUW-Uead Ue-VeTXeQcLQg-baVed SRSXOaWLRQ geQeWLc
VWXdLeV (NRYLNRYa eW aO. 2016; The 1001 GeQRPeV CRQVRUWLXP 2016), UefeUeQce bLaV LV aQ
LQcUeaVLQgO\ UecRgQL]ed SURbOeP. UVLQg ORQg aQd SUR[LPLW\-OLgaWLRQ UeadV Ze aVVePbOed
hLgh-TXaOLW\ geQRPeV Rf Whe SLbeULaQ VeOfLQg A. O\UaWa acceVVLRQ NT1 aQd Ue-aVVePbOed NRUWh
APeULcaQ A. O\UaWa MN47 acceVVLRQ. We fRXQd fLYe LQYeUVLRQV UaQgLQg fURP 0.3 WR 2.4 Mb LQ
OeQgWh LQ beWZeeQ WheVe LQdeSeQdeQWO\ eYROYed VeOfLQg acceVVLRQV (FLg. 1, SXSSOePeQWaU\ TabOe
1). LaUge geQRPLc VWUXcWXUaO UeaUUaQgePeQWV, eVSecLaOO\ LQYeUVLRQV, caQ SUeYeQW chURPRVRPaO
SaLULQg aQd dULYe UeSURdXcWLYe LVROaWLRQ aQd VSecLaWLRQ (RLeVebeUg 2001; SWeYLVRQ eW aO. 2011;
McGaXgh aQd NRRU 2012; A\aOa eW aO. 2013; JeffaUeV eW aO. 2017). IQ WheVe cLUcXPVWaQceV VeOfLQg
SURbabO\ LQcUeaVeV WROeUaQce WR VXch UeaUUaQgePeQWV aQd caQ eYeQ SURPRWe WheLU fL[aWLRQ. FRU
e[aPSOe, NaU\RW\SLc chaQgeV fURP 8 WR 5 chURPRVRPeV LQ A. WKaOLaQa aUe OLQNed WR a WUaQVLWLRQ
WR VeOf-cRPSaWLbLOLW\ aW abRXW 500 K\a (DXUYaVXOa eW aO. 2017). A. O\UaWa WUaQVLWLRQV WR VeOfLQg aUe
PRUe UeceQW bXW aUe cRQVLVWeQW ZLWh WhLV RbVeUYaWLRQ. IQWeUeVWLQgO\, Whe LQYeUVLRQV fRXQd ZLWhLQ A.
WKaOLaQa (JLaR aQd SchQeebeUgeU 2020; GReO aQd SchQeebeUgeU 2022) aQd ZLWhLQ A. O\UaWa (WhLV
VWXd\) aUe cRPSaUabOe LQ VL]e: XS WR 2.5 Mb aQd 2.4 Mb UeVSecWLYeO\. HRZeYeU, WR fXOO\
cRUURbRUaWe WhaW VeOfLQg geQRPeV aUe PRUe WROeUaQW WR OaUge VWUXcWXUaO UeaUUaQgePeQWV RQe PXVW
cRPSaUe Whe UeVXOWV WR Whe RXWcURVVLQg geQRPeV ZhLch aUe QRW \eW aYaLOabOe aW cRPSaUabOe
TXaOLW\ becaXVe heWeUR]\gRVLW\ UeQdeUV WheP haUdeU WR aVVePbOe.

CRQWURO Rf VeOfLQg b\ Whe S-ORcXV LQ AUabLdRSVLV LV OaUgeO\ deWeUPLQed b\ WZR geQeV, Whe
PaOe SCR aQd fePaOe SRK, UecRPbLQaWLRQ beWZeeQ ZhLch OeadV WR ORVV Rf fXQcWLRQ. MXOWLSOe
WUaQVSRVabOe aQd UeSeaWed eOePeQWV SRSXOaWe S-ORcL, aQd WheLU ORZ hRPRORg\ acURVV
S-haSORW\SeV heOSV WR SUeYeQW UecRPbLQaWLRQ beWZeeQ dLffeUeQW haSORW\SeV LQ heWeUR]\gRXV
LQdLYLdXaOV (NaVUaOOah 2005). The OeQgWh Rf Whe S-ORcXV caQ Ueach XS WR 100 Nb, ZhLch PaNeV LW
e[WUePeO\ haUd WR aVVePbOe ZLWh VhRUW UeadV. OXU ORQg-Uead-baVed geQRPe aVVePbO\ Rf A.
O\UaWa NT1 cRQWaLQV a fXOO\-aVVePbOed S-ORcXV (FLgXUe 2), LQ ZhLch Ze PaQXaOO\ aQQRWaWed SCR
b\ BLAST aQaO\VLV Rf aOO NQRZQ SCR VeTXeQceV LQ AUabLdRSVLV. The SRK geQe ZaV abVeQW
fURP RXU aVVePbO\. MaSSLQg Rf Whe VhRUW UeadV fURP Whe A. O\UaWa NT1 acceVVLRQ WR A. KaOOHUL
AhS12 VeTXeQce Rf Whe VaPe haSORW\Se aOVR dLd QRW \LeOd aQ\ cRYeUage Rf Whe SRK geQe
(SXSSOePeQWaU\ FLg. 4), VR Ze cRQcOXde WhaW SRK ZaV ORVW fURP Whe NT1 geQRPe. HRZeYeU, WhLV
dReV QRW SURYe WhaW Whe ORVV Rf SRK LV Whe caXVaO PXWaWLRQ OeadLQg WR VeOfLQg, aV Whe SCR SURWeLQ
Rf NT1 A. O\UaWa aSSeaUV WR haYe ORVW a fXQcWLRQaOO\ LPSRUWaQW c\VWeLQe UeVLdXe (KXVaba eW aO.
2001; MLVhLPa eW aO. 2003; TVXchLPaWVX eW aO. 2010), aQd Pa\ haYe ORVW e[SUeVVLRQ LQ fORZeU
bXdV. GeQRW\SLQg Rf Whe S-ORcXV LQ RWheU VeOfLQg A. O\UaWa acceVVLRQV UeYeaOV WhaW aOO Rf WheP
VhaUe Whe VaPe S-haSORW\Se 12, ZhLch VXggeVWV WheLU VhaUed RULgLQ. MRUeRYeU, RQe Rf Whe VeOfLQg
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A. O\UaWa acceVVLRQV haV SRK, ZhLch aSSeaUV VWUXcWXUaOO\ LQWacW baVed RQ Whe fLUVW e[RQ
(SXSSOePeQWaU\ FLgXUe 11), bXW VeePV WR OacN SCR (acceVVLRQ QXPbeU MW0079456, FLgXUe 3).
ThLV e[cOXdeV Whe SRVVLbLOLW\ WhaW Whe LQLWLaO caXVe Rf Whe WUaQVLWLRQ WR VeOfLQg ZaV fePaOe-dULYeQ
aQd VXggeVWV WhaW Whe ORVV Rf RQe c\VWeLQe fURP Whe SCR SURWeLQ VeTXeQce, RU ORVV Rf
e[SUeVVLRQ, WULggeUed VeOfLQg LQ SLbeULaQ A. O\UaWa.

MRUeRYeU, RXU UeVXOWV VhRZ WhaW SLbeULaQ VeOfLQg A. O\UaWa cRQWULbXWed WR Whe RULgLQ Rf Whe
aOORWeWUaSORLd A. NaPcKaWLca RU WhaW Whe\ VhaUed a cRPPRQ VeOfLQg aQceVWRU. We e[SORUed Whe
UeOaWLRQVhLSV aPRQg aOO SLbeULaQ A. O\UaWa acceVVLRQV ZLWh A. NaPcKaWLca XVLQg PCA aQd
hLeUaUchLcaO cOXVWeULQg. PULQcLSaO cRPSRQeQWV aQaO\VLV (FLg 3D) VhRZV WhaW A. NaPcKaWLca
cOXVWeUV cORVeO\ WR VeOf-cRPSaWLbOe SLbeULaQ A. O\UaWa RQ PC1, ZhLch LV cRQVLVWeQW ZLWh Whe VLVWeU
UeOaWLRQVhLS beWZeeQ A. NaPcKaWLca aQd VeOf-cRPSaWLbOe A. O\UaWa LQ Whe QeLghbRU MRLQLQg WUee
(SXSSOePeQWaU\ FLgXUe 6A). A WUee Rf A. O\UaWa aQd A. NaPcKaWLca acceVVLRQV ZhLch VhaUe Whe
AhS12 haSORW\Se (baVed RQ e[RQ 1 Rf Whe SRK geQe; FLgXUe 6B), VhRZV VeOf-cRPSaWLbOe A.
O\UaWa acceVVLRQ LV QeVWed ZLWhLQ a cOade Rf A. NaPcKaWLca acceVVLRQV, SURYLdLQg fXUWheU VXSSRUW
fRU WheLU VhaUed RULgLQ. FXUWheUPRUe, RXU dePRgUaShLc PRdeOLQg VXggeVWV Whe SLbeULaQ VeOfLQg
OLQeage RULgLQaWed aSSUR[LPaWeO\ 140N\a, SULRU WR Whe eVWabOLVhPeQW Rf A. NaPcKaWLca, ZhLch ZaV
eVWLPaWed b\ (PaaSe eW aO. 2018) aW aSSUR[LPaWeO\ 137N\a. ThXV LW LV SOaXVLbOe WhaW aW OeaVW RQe
Rf Whe PXOWLSOe SRO\SORLd RULgLQV Rf A. NaPcKaWLca LQcOXded WhLV VeOfLQg SLbeULaQ A. O\UaWa OLQeage
aV a SaUeQWaO geQRPe dRQRU.

BecaXVe SRK LQ Whe A. O\UaWa VXbgeQRPe Rf A. NaPcKaWLca (AN-D, VaPe haSORW\Se aV
AhS12 aQd AOS42) LV fXQcWLRQaO (TVXchLPaWVX eW aO. 2012), Ze cRQcOXde WhaW Whe cRPPRQ
aQceVWRU Rf A. NaPcKaWLca aQd VeOf-cRPSaWLbOe SLbeULaQ A. O\UaWa had a QRQ-fXQcWLRQLQg SCR.
OXU UeVXOWV VhRZ WhaW LQdeed, SCR fURP Whe NT1 acceVVLRQ LV QRW UecRgQLVed b\ a fXQcWLRQaO
SRK Rf Whe VaPe haSORgURXS fURP NT8.4-24 acceVVLRQ (SXSSOePeQWaU\ FLg. 10). WheWheU Whe
LQLWLaO ORVV-Rf-fXQcWLRQ LQ Whe SCR SURWeLQ ZaV dXe WR a ORVV Rf a VWUXcWXUaOO\ LPSRUWaQW c\VWeLQe
UeVLdXe (FLgXUe 2C) RU a ORVV Rf e[SUeVVLRQ (SXSSOePeQWaU\ FLg. 9A-B) LV XQcOeaU. TUaQVLWLRQLQg
WR VeOfLQg WhURXgh degUadaWLRQ Rf PaOe VSecLfLcLW\ geQe LV cRQVLVWeQW ZLWh Whe UecXUUeQW SaWWeUQ LQ
Whe eYROXWLRQ Rf VeOf-cRPSaWLbLOLW\ (UeYLeZed LQ (ShLPL]X aQd TVXchLPaWVX 2015). AQ S-haSORW\Se
ZLWh QRQ-fXQcWLRQaO SCR aQd fXQcWLRQaO SRK ZLOO SURdXce SROOeQ Rf hLgheU fLWQeVV, aV LW ZLOO be
cRPSaWLbOe ZLWh aOO RWheU S-haSORW\SeV LQcOXdLQg LWVeOf. IQ cRQWUaVW, a S-haSORW\Se ZLWh a
fXQcWLRQaO SCR aQd a QRQ-fXQcWLRQaO SRK ZLOO SURdXce SROOeQ WhaW ZLOO be VeOf-cRPSaWLbOe bXW
LQcRPSaWLbOe ZLWh Whe fUacWLRQ Rf Whe SRSXOaWLRQ caUU\LQg Whe VaPe, aObeLW fXOO\ fXQcWLRQaO,
S-haSORW\Se. PLVWLOV ZLWh a QRQ-fXQcWLRQaO SRK dR QRW haYe a hLgheU fLWQeVV XQOeVV SROOeQ
aYaLOabLOLW\ LV YeU\ OLPLWed, PaNLQg fL[aWLRQ Rf Whe PaOe-dULYeQ VeOfLQg PRUe OLNeO\ (TVXchLPaWVX
aQd ShLPL]X 2013).

A SUeYLRXV VWXd\ VhRZed WhaW VeOf-cRPSaWLbLOLW\ LQ A. NaPcKaWLca ZaV PaOe (SCR)-dULYeQ
LQ Whe PRUe dRPLQaQW S-haSORW\Se LQheULWed fURP A. O\UaWa (Ah12/AO42/AN-D) (TVXchLPaWVX eW aO.
2012). OXU UeVXOWV add QXaQce WR WhLV VWRU\ b\ VhRZLQg WhaW A. O\UaWa ZaV aOUead\ VeOfLQg ZheQ LW
cRQWULbXWed WR Whe aOORWeWUaSORLd A. NaPcKaWLca LQ a cURVV ZLWh A. KaOOHUL, UaWheU WhaQ VeOfLQg
eYROYLQg ZLWhLQ aOORSRO\SORLd A. NaPcKaWLca. ThLV PeaQV WhaW Whe WUaQVLWLRQ WR VeOfLQg LQ A.
NaPcKaWLca ZaV PRVW OLNeO\ LPPedLaWe. SLPLOaU e[aPSOeV ZheUe a dRPLQaQW ORVV-Rf-fXQcWLRQ
PXWaWLRQ LQ RQe Rf Whe SURgeQLWRUV facLOLWaWed WUaQVLWLRQ WR VeOfLQg LQ aOORWeWUaSORLdV e[LVW LQ A.
VXHcLca (NRYLNRYa eW aO. 2017), CaSVHOOa bXUVa-SaVWRULV (BachPaQQ eW aO. 2021) aQd BUaVVLca
QaSXV (ONaPRWR eW aO. 2007; KLWaVhLba aQd NaVUaOOah 2014). IW VhRXOd be QRWed WhaW bRWh
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SURgeQLWRUV Rf A. NaPcKaWLca aOVR cR-e[LVW LQ EXURSe ZLWhRXW fRUPLQg RWheU aOORWeWUaSORLdV
(COaXVV aQd KRch 2006; SchPLcNO eW aO. 2010), aOWhRXgh LW LV SRVVLbOe WR cUeaWe VXch aQ
LQWeUVSecLfLc cURVV (SaUUeW eW aO. 2009). BRWh A. O\UaWa aQd A. KaOOHUL LQ EXURSe aUe VWULcWO\
RXWcURVVLQg. BaVed RQ WheVe RbVeUYaWLRQV, Ze VSecXOaWe WhaW aOORWeWUaSORLd eVWabOLVhPeQW LQ
BUaVVLcaceae UeTXLUeV RQe VeOf-cRPSaWLbOe SaUeQW ZLWh a dRPLQaQW ORVV-Rf-fXQcWLRQ haSORW\Se.

MaWeULaOV aQd MeWhRdV

POaQW cROOecWLRQ aQd gURZWh
We cROOecWed VeedV fURP LQdLYLdXaO SOaQWV fURP WhUee SRSXOaWLRQV LQ SLbeULa (NT1, NT8 aQd
NT12): WhUee LQdLYLdXaOV fURP NT1 (NT1_1, NT1_2, NT1_3), fRXU fURP NT8 (NT8_1, NT8_2,
NT8_3, NT8_4) aQd WZR fURP NT12 (NT12_1, NT12_2). CROOecWed VeedV ZeUe gURZQ LQ Whe
gUeeQhRXVe aW 21�C, XQdeU 16 hRXUV Rf OLghW SeU da\ XQWLO a fXOO URVeWWe ZaV fRUPed, afWeU ZhLch
SOaQWV ZeUe PRYed WR RSeQ fUaPeV RXWVLde RQ Whe gURXQdV Rf Whe Ma[ POaQcN IQVWLWXWe fRU POaQW
BUeedLQg ReVeaUch LQ CRORgQe, GeUPaQ\. We gUeZ VeYeUaO VeedV SeU cROOecWed bag Rf VeedV
fURP LQdLYLdXaO SOaQWV, each ZaV gLYeQ aQ addLWLRQaO QXPbeU e[WeQVLRQ (e.g., NT1_1B1,
NT1_1B2, eWc.). IQ WhLV ZRUN Ze RQO\ XVed Whe SOaQWV ZLWh OaVW e[WeQVLRQ 1.

PROOeQ WXbe VWaLQLQg
AOPRVW PaWXUe fORZeU bXdV ZeUe RSeQed aQd, afWeU UePRYLQg Whe aQWheUV, PaQXaOO\ SROOLQaWed.
PLVWLOV ZeUe cROOecWed 2±3 hRXUV afWeU SROOLQaWLRQ, fL[ed fRU 1.5 hRXUV LQ 10% aceWLc acLd LQ
eWhaQRO aQd VRfWeQed LQ 1 M NaOH RYeUQLghW. BefRUe VWaLQLQg, Whe WLVVXe ZaV ZaVhed WhUee
WLPeV LQ KPO4 bXffeU (SH 7.5). FRU VWaLQLQg Ze VXbPeUged Whe WLVVXe LQ 0.01% aQLOLQe bOXe fRU
10±20 PLQXWeV. AfWeU WhaW, SLVWLOV ZeUe WUaQVfeUUed WR VOLdeV LQWR PRXQWLQg PedLa aQd RbVeUYed
XQdeU UV OLghW (LX 2011).

LRQg-Uead VeTXeQcLQg
DNA e[WUacWLRQ, OLbUaU\ SUeSaUaWLRQ aQd ORQg-Uead VeTXeQcLQg Rf Whe NT1 aQd MN47 A. O\UaWa
acceVVLRQV ZeUe SeUfRUPed b\ Whe Ma[ POaQcN-GeQRPe-ceQWUe CRORgQe, GeUPaQ\
(hWWSV://PSgc.PSLS].PSg.de/hRPe/). HLgh PROecXOaU ZeLghW DNA ZaV LVROaWed fURP 1.5 g
PaWeULaO ZLWh a NXcOeRBRQd HMW DNA NLW (MacheUe\ NageO). QXaOLW\ ZaV aVVeVVed ZLWh a
FEMTOSXOVe deYLce (AgLOeQW) aQd TXaQWLW\ PeaVXUed b\ a QXaQWXV fOXRURPeWeU (PURPega). HLFL
OLbUaULeV ZeUe WheQ SUeSaUed accRUdLQg WR Whe PaQXaO "PURcedXUe & ChecNOLVW - PUeSaULQg HLFL
SMRTbeOO� LLbUaULeV XVLQg SMRTbeOO E[SUeVV TePSOaWe PUeS KLW 2.0" ZLWh aQ LQLWLaO DNA
fUagPeQWaWLRQ b\ g-TXbeV (CRYaULV) aQd fLQaO OLbUaU\ VL]e VeOecWLRQ RQ BOXePLSSLQ (Sage
ScLeQce). SL]e dLVWULbXWLRQ ZaV agaLQ cRQWUROOed b\ FEMTOSXOVe (AgLOeQW). SL]e-VeOecWed
OLbUaULeV ZeUe WheQ VeTXeQced RQ a SeTXeO II deYLce ZLWh BLQdLQg KLW 2.0 aQd SeTXeO II
SeTXeQcLQg KLW 2.0 fRU 30 h (PacLfLc BLRVcLeQceV).

ShRUW-Uead VeTXeQcLQg
POaQW PaWeULaO ZaV SURceVVed LQ WZR dLffeUeQW Za\V, LQdLcaWed b\ W\Se I aQd II LQ SXSSOePeQWaU\
WabOe 1.
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T\Se I: heUbaULXP PaWeULaO ZaV e[WUacWed LQ a dedLcaWed cOeaQ-URRP facLOLW\ (AQcLeQW DNA
LabRUaWRU\, DeSaUWPeQW Rf AUchaeRORg\, UQLYeUVLW\ Rf CaPbULdge). The Oab haV VWULcW eQWU\ aQd
VXUface decRQWaPLQaWLRQ SURWRcROV, aQd QR QXcOeLc acLdV aUe aPSOLfLed LQ Whe Oab. FRU each
acceVVLRQ, Oeaf aQd/RU VWeP WLVVXe ZaV SOaced LQ a 2 PL WXbe ZLWh 2 WXQgVWeQ caUbLde beadV aQd
gURXQd WR a fLQe SRZdeU XVLQg a QLageQ TLVVXe L\VeU. Each baWch Rf e[WUacWLRQV LQcOXded a
QegaWLYe e[WUacWLRQ cRQWURO (LdeQWLcaO bXW ZLWhRXW WLVVXe). DNA ZaV e[WUacWed XVLQg Whe DNeaV\
POaQW MLQL KLW (QLageQ). LLbUaULeV SUeSaUaWLRQ aQd VeTXeQcLQg ZeUe SeUfRUPed b\ NRYRgeQe
LTD (UK). SeTXeQcLQg OLbUaULeV ZeUe geQeUaWed XVLQg NEBNe[W� DNA LLbUaU\ PUeS KLW fROORZLQg
PaQXfacWXUeU'V UecRPPeQdaWLRQV aQd LQdLceV ZeUe added WR each VaPSOe. The geQRPLc DNA LV
UaQdRPO\ fUagPeQWed WR a VL]e Rf 350bS b\ VheaULQg, WheQ DNA fUagPeQWV ZeUe eQd SROLVhed,
A-WaLOed, aQd OLgaWed ZLWh Whe NEBNe[W adaSWeU fRU IOOXPLQa VeTXeQcLQg, aQd fXUWheU PCR
eQULched b\ P5 aQd LQde[ed P7 ROLgRV. The PCR SURdXcWV ZeUe SXULfLed (AMPXUe XP V\VWeP)
aQd UeVXOWLQg OLbUaULeV ZeUe aQaO\]ed fRU VL]e dLVWULbXWLRQ b\ AgLOeQW 2100 BLRaQaO\]eU aQd
TXaQWLfLed XVLQg UeaO-WLPe PCR.

T\Se II:
GeQRPLc DNA ZaV LVROaWed ZLWh Whe "NXcOeRMag� POaQW '' NLW fURP MacheUe\ aQd NageO (D�UeQ,
GeUPaQ\) RQ Whe KLQgFLVheU 96POe[ deYLce (TheUPR) ZLWh SURgUaPV SURYLded b\ MacheUe\ aQd
NageO. RaQdRP VaPSOeV ZeUe VeOecWed fRU a TXaOLW\ cRQWURO WR eQVXUe LQWacW DNA aV a VWaUWLQg
SRLQW fRU OLbUaU\ SUeSaUaWLRQ. TPaVe-baVed OLbUaULeV ZeUe SUeSaUed aV RXWOLQed b\ (RRZaQ eW aO.
2019) RQ a ScLcORQe (PeUNLQEOPeU) URbRWLc deYLce. ShRUW-Uead (PE 150bS) VeTXeQcLQg ZaV
SeUfRUPed b\ NRYRgeQe LTD (UK), XVLQg a NRYaSeT 6000 S4 fORZ ceOO IOOXPLQa V\VWeP.

TUaQVcULSWRPe VeTXeQcLQg
We XVed WhUee fOaVh-fUR]eQ RSeQ fORZeUV Rf Whe A. O\UaWa NT1 acceVVLRQ aV LQSXW PaWeULaO fRU
RNA aQd VRNA VeTXeQcLQg. RNA ZaV e[WUacWed b\ Whe RNeaV\ POaQW KLW (QLageQ) LQcOXdLQg aQ
RQ-cROXPQ DNaVe I WUeaWPeQW. QXaOLW\ ZaV aVVeVVed b\ AgLOeQW BLRaQaO\VeU aQd Whe aPRXQW
ZaV caOcXOaWed b\ aQ RNA-VSecLfLc NLW fRU QXaQWXV (PURPega). AQ IOOXPLQa-cRPSaWLbOe OLbUaU\
ZaV SUeSaUed ZLWh Whe NEBNe[W� UOWUa� II RNA LLbUaU\ PUeS KLW fRU IOOXPLQa � aQd fLQaOO\
VeTXeQced RQ a HLSeT 3000 aW Whe Ma[ POaQcN-GeQRPe-ceQWUe CRORgQe.

PacBLR dH QRYR aVVePbO\ aQd aQQRWaWLRQ Rf NT1 aQd MN47 A. O\UaWa acceVVLRQV
RaZ PacBLR UeadV Rf NT1 ZeUe aVVePbOed XVLQg HLfLaVP aVVePbOeU (CheQg eW aO. 2021) LQ Whe
defaXOW PRde, chRRVLQg Whe SULPaU\ cRQWLg gUaSh aV RXU UeVXOWLQg aVVePbO\. The cRPSOeWeQeVV
Rf RXU aVVePbO\ ZaV aVVeVVed XVLQg BUSCO (SeSSe\ eW aO. 2019) ZLWh BUaVVLcaOeV_Rdb10 VeW.
ReSeaWed VeTXeQceV ZeUe PaVNed XVLQg ReSeaWMaVNeU (SPLW eW aO. 2013-2015) ZLWh Whe
PeUged OLbUaULeV Rf ReSBaVe A. WKaOLaQa UeSeaWV aQd NT1 A. O\UaWa UeSeaWV, ZhLch Ze PRdeOed
ZLWh ReSeaWMRdeOeU (SPLW aQd HXbOe\ 2008-2015). TheQ, aQQRWaWLRQ fURP Whe UefeUeQce MN47
geQRPe (RaZaW eW aO. 2015) ZaV WUaQVfeUUed WR RXU NT1 UeSeaW-PaVNed aVVePbO\ b\ XVLQg
LLfWRff (ShXPaWe aQd SaO]beUg 2020). CRQWLgV ZeUe UeRUdeUed accRUdLQg WR WheLU aOLgQPeQW WR Whe
UefeUeQce chURPRVRPeV aQd XSdaWed geQe aQd UeSeaW aQQRWaWLRQV XVLQg RagTag (AORQge eW aO.
2019) LQ Whe VcaffROdLQg PRde ZLWhRXW cRUUecWLRQ. AVVePbO\ Rf MN47 PacBLR UeadV ZaV dRQe
XVLQg Whe HLfLaVP aVVePbOeU ZLWh Whe VaPe SaUaPeWeUV.
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HLC VeTXeQcLQg Rf NT1 A. O\UaWa acceVVLRQ
A chURPaWLQ-caSWXUe OLbUaU\ Rf Whe NT1 A. O\UaWa acceVVLRQ ZaV SUeSaUed b\ Whe Ma[
POaQcN-GeQRPe-ceQWUe CRORgQe, GeUPaQ\. We fROORZed Whe DRYeWaLO� OPQL-C� KLW VWaUWLQg
ZLWh 0.5 g Rf fUeVh ZeLghW aV LQSXW. LLbUaULeV ZeUe TXaQWLfLed aQd TXaOLW\ aVVeVVed b\ caSLOOaU\
eOecWURShRUeVLV (AgLOeQW TaSeVWaWLRQ) aQd WheQ VeTXeQced aW Whe NRYRgeQe LWd (UK), XVLQg a
NRYaSeT IOOXPLQa V\VWeP.

MaSSLQg Rf HL-C UeadV fRU Whe A. O\UaWa acceVVLRQV NT1 aQd MN47
TR YaOLdaWe Whe aVVePbOed VcaffROdV Rf A. O\UaWa, Ze XVed SUR[LPLW\-OLgaWLRQ VhRUW Uead HL-C daWa.
FRU NT1, HL-C UeadV ZeUe PaSSed WR Whe UeSeaW-PaVNed NT1 geQRPe aVVePbO\, XVLQg Whe
PaSSLQg SLSeOLQe SURSRVed b\ Whe PaQXfacWXUeU
(hWWSV://RPQL-c.UeadWhedRcV.LR/eQ/OaWeVW/LQde[.hWPO). The DRYeWaLO OPQL-C SURceVVLQg SLSeOLQe LV
baVed RQ BWA (LL aQd DXUbLQ 2009), SaLUWRROV (hWWSV://gLWhXb.cRP/PLUQ\Oab/SaLUWRROV) aQd
JXLceUWRROV (DXUaQd eW aO. 2016). We PaSSed Whe HL-C UeadV fRU MN47 (UeOeaVed SUeYLRXVO\
(ZhX eW aO. 2017)) WR a UeSeaW PaVNed MN47 geQRPe (HX eW aO. 2011) aQd WR a UeSeaW PaVNed
YeUVLRQ Rf Whe QeZO\ aVVePbOed MN47 geQRPe (LQ WhLV SaSeU) XVLQg HLCUP (YeUVLRQ 0.6.1)
(WLQgeWW eW aO. 2015). The aVVePbOLeV ZeUe PaQXaOO\ e[aPLQed XVLQg JXLcebR[ (RRbLQVRQ eW aO.
2018). PORWV Rf Whe HLC cRQWacW PaWUL[ ZeUe Pade XVLQg Whe fXQcWLRQ hLcPORWMaWUL[ fURP
HLCE[SORUeU (WROff eW aO. 2020) (YeUVLRQ 3.7.2).

S\QWeQ\ aQaO\VLV Rf A. O\UaWa, A. VXHcLca aQd C. UXbHOOa geQRPeV
S\QWeQ\ aQaO\VLV ZaV dRQe b\ SeUfRUPLQg aQ aOO-agaLQVW-aOO BLASTS VeaUch XVLQg Whe CDS
VeTXeQceV Rf bRWh geQRPeV. We XVed S\QMaS (HaXg-BaOW]eOO eW aO. 2017), a WRRO fURP Whe
RQOLQe SOaWfRUP CRGe, ZLWh Whe defaXOW SaUaPeWeUV fRU DAGChaLQeU. The QXRWa AOLgQ aOgRULWhP
ZaV XVed WR decLde RQ Whe V\QWeQLc deSWh, ePSOR\LQg Whe defaXOW SaUaPeWeUV. S\QWeQLc bORcNV
ZeUe QRW PeUged. The UeVXOWV ZeUe YLVXaOL]ed XVLQg Whe R (YeUVLRQ 4.1.2) OLbUaU\ µcLUcOL]e¶
(YeUVLRQ 0.4.13), aV ZeOO aV XVLQg SORWVU (YeUVLRQ 0.5.3) (GReO aQd SchQeebeUgeU 2022) fRU Whe
VXSSOePeQWaU\ fLgXUeV.

VaOLdaWLRQ Rf VWUXcWXUaO YaULaQWV beWZeeQ NT1 aQd MN47 A. O\UaWa acceVVLRQV
TR YaOLdaWe Whe LQYeUVLRQV (SXSSOePeQWaU\ TabOe 1) Ze XVed PacBLR, HL-C daWa aQd V\QWeQ\
aQaO\VLV UeVXOWV. GXLded b\ V\QWeQ\ aQaO\VeV, Ze fLUVW LdeQWLfLed LQYeUVLRQ bUeaNSRLQWV. TheQ, Ze
LQYeVWLgaWed Whe ORQg Uead PaS aW WheVe UegLRQV aQd eLWheU cRQfLUPed WheLU cRQWLgXLW\ RU
PaQXaOO\ fOLSSed Whe geQRPLc UegLRQ, fROORZed b\ aQRWheU URXQd RU ORQg Uead PaS LQYeVWLgaWLRQ
(SXSSOePeQWaU\ FLg [). TR PaS Whe PacBLR HLFL UeadV Ze XVed WLQQRZPaS (JaLQ eW aO. 2020).
AV Whe OaVW VWeS, Ze aQaO\]ed Whe HL-C cRQWacW PaSV LQ Whe VaPe UegLRQV WR VhRZ WhaW WheUe LV
QR eYLdeQce fRU aOWeUQaWLYe geQRPe aVVePbO\ cRQfLgXUaWLRQV (SXSSOePeQWaU\ FLgXUe 2-6).

A. O\UaWa NT1 S-ORcXV geQRW\SLQg aQd PaQXaO aQQRWaWLRQ
We PaQXaOO\ aQQRWaWed Whe S-ORcXV LQ RXU LQLWLaO aVVePbO\ befRUe Whe UefeUeQce-gXLded
UeRUdeULQg aQd VcaffROdLQg. IQ Whe WUaQVfeUUed aQQRWaWLRQ UeVXOWLQg fURP LLfWRff (ShXPaWe aQd
SaO]beUg 2020) Ze fRXQd bRWh Rf Whe fOaQNLQg geQeV (U-bR[ aQd ARK3) LQ Whe VaPe cRQWLg. The
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fLQaO cRRUdLQaWeV Rf Whe S-ORcXV LQ Whe NT1 aVVePbO\ RQ VcaffROd 7 aUe 9,291,658bS WR
9,336,246bS. The OeQgWh Rf Whe aVVePbOed NT1 A. O\UaWa S-ORcXV LQcOXdLQg bRWh fOaQNLQg geQeV
LV abRXW 44.5KbS. We PaSSed PacBLR ORQg UeadV bacN WR Whe aVVePbOed NT1 geQRPe XVLQg
PLQLPaS2 (LL 2018) ZLWh defaXOW SaUaPeWeUV LQ RUdeU WR PaNe VXUe WhaW WheUe aUe QR RbYLRXV
gaSV LQ cRYeUage RU bUeaN SRLQWV (SXSSOePeQWaU\ FLg. 8). SLPLOaUO\ WR ZhaQg eW aO. (ZhaQg eW aO.
2019), Ze bOaVWed Whe SRK aQd SCR VeTXeQceV fURP aOO Whe NQRZQ S-haSORW\SeV acURVV
AUabLdRSVLV aQd CaSVHOOa WR Whe A. O\UaWa NT1 S-ORcXV, fLQdLQg a VLQgOe hLW aW Whe SCR geQe fURP
Whe AhS12 haSORgURXS. We cRQVWUXcWed a cRPSaUaWLYe VWUXcWXUe SORW Rf A. O\UaWa NT1 aQd A.
KaOOHUL S12 (GeQbaQN acceVVLRQ KJ772374) S-ORcL (FLg. 2b) XVLQg Whe R OLbUaU\ geQRPORWR (GX\
eW aO. 2010). We aOLgQed SCR SURWeLQ VeTXeQceV XVLQg MAFFT ZLWh defaXOW SaUaPeWeUV aQd
eVWLPaWed a Sh\ORgeQeWLc WUee ZLWh Ra[ML (SWaPaWaNLV 2014) XVLQg Whe BLOSUM62 VXbVWLWXWLRQ
PRdeO aQd YLVXaOL]ed Whe aOLgQPeQW (FLg. 2c) XVLQg JaOYLeZ2 (WaWeUhRXVe eW aO. 2009). The
Sh\ORgeQeWLc WUee ZaV YLVXaOL]ed XVLQg R SacNage ³aSe´ (PaUadLV eW aO. 2004). TR checN fRU
SUeVeQce Rf VRNA SUecXUVRU VeTXeQceV LQ Whe A. O\UaWa NT1 S-ORcXV, Ze e[WUacWed VRNA
SUecXUVRU UegLRQV fURP A. KaOOHUL S-ORcXV aVVePbOLeV SXbOLVhed b\ DXUaQd eW aO. (2014) aQd
SeUfRUPed BLASTQ VeaUch Rf WheLU VeTXeQceV agaLQVW RXU aVVePbO\. TR geQRW\Se S haSORW\SeV
LQ Whe VaPSOeV UeVeTXeQced ZLWh Whe VhRUW UeadV, Ze XVed Whe S-ORcXV geQRW\SLQg SLSeOLQe
NGSgeQRW\S fURP (GeQeWe eW aO. 2020). IQ RUdeU WR checN fRU e[SUeVVLRQ Rf SCR LQ Whe aQWheU Rf
NT1 Ze aOVR XVed Whe NGSgeQRW\S SLSeOLQe RQ RNA-VeT daWa fURP fORZeU bXdV, XVLQg a
UefeUeQce daWabaVe ZLWh SXbOLVhed VeTXeQceV Rf SCR, aQd Whe SCR SaUaORg AL3G38610
e[SUeVVed LQ aQWheUV aV a SRVLWLYe cRQWURO.

ShRUW Uead PaSSLQg, YaULaQW caOOLQg, aQd YaULaQW aQQRWaWLRQ
We fLUVW fLOWeUed Whe VhRUW SaLUed-eQd UeadV (150bS) fRU adaSWeU cRQWaPLQaWLRQ XVLQg bbdXN.Vh
VcULSW fURP BBMaS (38.20) (BXVhQeOO 2014) ZLWh Whe fROORZLQg SaUaPeWeUV VeWWLQgV: NWULP=U N=23
PLQN=11 hdLVW=1 WbR WSe TWULP=UO WULPT=15 PLQOeQ=70. TheQ Ze PaSSed Whe UeadV WR Whe MN47
aQd NT1 A. O\UaWa geQRPe ZLWh bZa PeP (0.7.17) (LL aQd DXUbLQ 2009), PaUNLQg VhRUWeU VSOLW
UeadV aV VecRQdaU\ (-M SaUaPeWeU). We PaUNed SRWeQWLaOO\ PCR dXSOLcaWed UeadV ZLWh SLcaUd
MaUNDXSOLcaWeV (hWWS://bURadLQVWLWXWe.gLWhXb.LR/SLcaUd/), VRUWed aQd LQde[ed Whe baP fLOe ZLWh
VaPWRROV (LL eW aO. 2009). TR caOO YaULaQWV, Ze XVed Whe HaSORW\SeCaOOeU aOgRULWhP fURP GATK
(McKeQQa eW aO. 2010) (3.8). We WheQ UaQ GeQRW\SeGVCF fURP GATK LQcOXdLQg QRQ-YaULaQW
VLWeV RQ Whe eQWLUe VaPSOe VeW WR geQeUaWe a Ycf. TR eVWLPaWe heWeUR]\gRVLW\ OeYeOV fRU VaPSOeV
PaSSed WR MN47, Ze caOcXOaWed Whe SURSRUWLRQ Rf heWeUR]\gRXV VLWeV ZLWhLQ aOO Whe cRQfLdeQWO\
caOOed VLWeV.

TUee eVWLPaWLRQ
GHQRPH-ZLdH SNP WUHH
We fLOWeUed Whe Ycf geQeUaWed abRYe WR LQcOXde RQO\ bLaOOeOLc SNPV, ZhLch UeVXOWed LQ 10,423,108
SNPV. We fXUWheU fLOWeUed WhLV daWaVeW WR LQcOXde RQO\ SLbeULaQ A. O\UaWa aQd aQ RXWgURXS
(e[cOXdLQg A. NaPcKaWLca fURP WhLV SRUWLRQ). TheVe daWa ZeUe Uead LQWR R (YeUVLRQ) aQd fURP
WheP Ze eVWLPaWed a QeLghbRU-MRLQLQg WUee XVLQg Whe QM fXQcWLRQ. We WheQ YLVXaOL]ed Whe
QeLghbRU-MRLQLQg WUee aV a cOadRgUaP XVLQg ggWUee (cLWe) aQd aQQRWaWed Whe WLSV ZLWh aVVRcLaWed
daWa.
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SRK WUHH
We aVVePbOed SaUWLaO SRK VeTXeQceV fURP SLbeULaQ A. O\UaWa aQd A. NaPcKaWLNa acceVVLRQV
baVed RQ VhRUW-Uead VeTXeQcLQg daWa XVLQg Whe aVVePbO\ VWeS Rf Whe S-ORcXV geQRW\SLQg
SLSeOLQe NGSgeQRW\S (GeQeWe eW aO. 2020), aOLgQed WheP ZLWh MAFFT (KaWRh aQd SWaQdOe\
2013), eVWLPaWed a Pa[LPXP OLNeOLhRRd Sh\ORgeQ\ XVLQg RaXML (SWaPaWaNLV 2014) aQd
YLVXaOL]ed Whe WUee XVLQg R OLbUaU\ ³aSe´ (PaUadLV eW aO. 2004).

PCR LdHQWLILcaWLRQ RI AKS12 KaSORW\SH
FRU DNA e[WUacWLRQ, 1cP Rf Oeaf PaWeULaO ZaV fUR]eQ LQ OLTXLd QLWURgeQ aQd gURXQd WR a SRZdeU.
We added 400 �O UOWUaFaVWPUeS BXffeU WR Whe SRZdeUed WLVVXe, WheQ PL[ed, YRUWe[ed, aQd fLQaOO\
VSXQ fRU fLYe PLQXWeV aW 5000 USP. We WheQ WRRN 300 �O Rf Whe VXSeUQaWaQW, added 300 �O
LVRSURSaQRO, aQd PL[ed b\ LQYeUVLRQ. We agaLQ VSXQ fRU fLYe PLQXWeV aW 5000 USP, WheQ
dLVcaUded Whe VXSeUQaWaQW aQd dULed 10-30 PLQXWeV aW 37�C.  The SeOOeW ZaV UeVXVSeQded LQ
200 �O 1[TE aQd VWRUed aW 4�C. We aPSOLfLed Whe AhSRK12 aOOeOe b\ PCR XVLQg 1.5 �O Rf DNA
VROXWLRQ aQd SUeYLRXVO\ SXbOLVhed SULPeUV (fRUZaUd ATCATGGCAGTGGAACACAG, UeYeUVe
CAAATCAGACAACCCGACCC) (RXggLeUR eW aO. 2008). We UaQ 35 c\cOeV cRQVLVWLQg Rf 30 V aW
94�C, 30 V aQQeaOLQg aW 56.8�C, aQd a 40 V e[WeQVLRQ aW 72�C. We YLVXaOL]ed PCR SURdXcWV YLa
geO eOecWURShRUeVLV XVLQg 1.5% agaURVe geO ZLWh GeOGUeeQ� QXcOeLc acLd VWaLQ (SXSSOePeQWaU\
fLgXUe). AcceVVLRQV LdeQWLfLed ZLWh SRK 12 (NT8.4-24) aQd ZLWhRXW SRK 12 (NT8.4-20) ZeUe
XVed LQ cURVVeV (SXSSOePeQWaU\ FLgXUe 8b-d).

PULQcLSaO cRPSRQeQWV aQaO\VLV
FRU PCA, Ze XVed Whe VeW Rf 10,423,108 bLaOOeOLc SNPV VhaUed b\ SLbeULaQ A. O\UaWa aQd A.
NaPcKaWLca, UePRYLQg aQ\ VLWeV ZLWh PLVVLQg daWa. We WheQ SeUfRUPed a SULQcLSaO cRPSRQeQWV
aQaO\VLV LQ R XVLQg Whe SUcRPS fXQcWLRQ Rf Whe µVWaWV¶ SacNage aQd SORWWed Whe fLUVW aQd VecRQd
SULQcLSaO cRPSRQeQWV XVLQg ggSORW2 (WLcNhaP 2016).

DePRgUaShLc PRdeOLQg
We caOcXOaWed QXcOeRWLde dLYeUVLW\ XVLQg aOO bLaOOeOLc aQd QRQ-YaULaQW VLWeV LQ 10Nb

ZLQdRZV ZLWh cXVWRP VcULSW XSORaded WR gLWhXb (hWWSV://gLWhXb.cRP/QRYLNRYaOab/VeOfLQg_AO\UaWa)
CRQfLdeQce LQWeUYaOV fRU Whe PedLaQ Rf Whe dLVWULbXWLRQ ZeUe caOcXOaWed XVLQg Whe baVLc bRRWVWUaS
PeWhRd LQ Whe R SacNage µbRRW¶.

TR SUeSaUe aQ XQfROded MRLQW aOOeOe fUeTXeQc\ VSecWUXP Rf Whe VeYeQ VeOf-cRPSaWLbOe
acceVVLRQV aQd Whe WeQ VeOf-LQcRPSaWLbOe acceVVLRQV, Ze fLUVW fLOWeUed RXW PLVVLQg daWa fURP Whe
SNP-RQO\ Ycf aQd WheQ fLUVW SROaUL]ed LW XVLQg a EXURSeaQ A. O\UaWa acceVVLRQ aV aQ RXWgURXS (WR
deWeUPLQe aQceVWUaO YV deULYed SNPV). FROORZLQg NRUdbRUg & DRQQeOO\ ((NRUdbRUg aQd DRQQeOO\
1997)) Ze e[cOXded VLWeV heWeUR]\gRXV LQ Whe VeOfLQg SRSXOaWLRQ aQd WUeaWed VeOfeUV aV haSORLd.
We WheQ geQeUaWed Whe MRLQW aOOeOe fUeTXeQc\ VSecWUXP XVLQg eaV\SFS
(hWWSV://gLWhXb.cRP/LVaacRYeUcaVW/eaV\SFS). EaV\SFS SURdXceV RXWSXW Uead\ fRU XVe LQ
faVWVLPcRaO2 (fVc26) (E[cRffLeU eW aO. 2013; E[cRffLeU eW aO. 2021) , ZhLch Ze WheQ XVed fRU
dePRgUaShLc PRdeOLQg. We WeVWed WhUee PRdeOV fRU Whe RULgLQ Rf VeOf-cRPSaWLbLOLW\ LQ SLbeULaQ A.
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O\UaWa, (A) VLPSOe dLYeUgeQce, (B) dLYeUgeQce ZLWh V\PPeWULcaO LQWURgUeVVLRQ (PLgUaWLRQ) (C)
dLYeUgeQce ZLWh aV\PPeWULcaO LQWURgUeVVLRQ.

FRU each PRdeO, Ze LQLWLaWed 50 faVWVLPcRaO2 UXQV. We WheQ chRVe Whe beVW UXQ fRU each
PRdeO (Whe UXQ ZLWh Whe beVW OLNeOLhRRd VcRUeV) aQd fURP WhaW beVW UXQ caOcXOaWed Whe ALNaNe
IQfRUPaWLRQ CULWeULRQ fRU Whe PRdeO. AfWeU VeOecWLQg Whe PRdeO ZLWh Whe beVW AIC VcRUe, Ze XVed
Whe Pa[LPXP OLNeOLhRRd SaUaPeWeU fLOe WR geQeUaWe 200 SVeXdR RbVeUYaWLRQV Rf MRLQW SFS fRU
bRRWVWUaSSLQg. FRU each Rf Whe 200 SVeXdR RbVeUYaWLRQV, Ze LQLWLaWed 50 faVWVLPcRaO2 UXQV, WheQ
VeOecWed Whe beVW UXQ fRU each PRdeO baVed RQ OLNeOLhRRd VcRUeV aV abRYe. The UeVXOWLQg
SaUaPeWeU eVWLPaWeV fURP Whe 200 UeSOLcaWeV ZeUe XVed WR caOcXOaWe Whe 95% cRQfLdeQce
LQWeUYaOV LQ R. SLWe fUeTXeQc\ VSecWUa aQd RWheU faVWVLPcRaO2 LQSXW fLOeV (.WSO aQd .eVW) caQ be
fRXQd LQ SXSSOePeQWaU\ DaWa 3.

AcNQRZOedgePeQWV
We WhaQN Whe Ma[ POaQcN-GeQRPe-ceQWUe CRORgQe (hWWS://PSgc.PSLS].PSg.de/hRPe/) fRU
SeUfRUPLQg VhRUW- aQd ORQg- Uead OLbUaULeV aQd PacBLR VeTXeQcLQg LQ WhLV VWXd\. We WhaQN Whe
cXUaWRU Rf Whe MRVcRZ UQLYeUVLW\ HeUbaULXP (MW) - AOe[e\ SegeULQ fRU SURYLdLQg A. O\UaWa
VaPSOeV fRU VeTXeQcLQg. We WhaQN VLQceQW CaVWULc aQd MaWhLeX GeQeWe fRU VhaULQg Whe
XS-WR-daWe SRK daWabaVe fRU Whe S-ORcXV geQRW\SLQg SLSeOLQe. We WhaQN JR OVbRUQ, UQLYeUVLW\
Rf CaPbULdge, fRU aVVLVWLQg ZLWh Whe heUbaULXP e[WUacWLRQV. FLeOd UeVeaUch ZaV VXSSRUWed b\ Whe
AXVWULaQ ScLeQce FXQd (FWF gUaQW P30208-B-29) aQd heOd ZLWhLQ Whe VWaWe aVVLgQPeQW Rf Whe
PaSaQLQ IQVWLWXWe fRU BLRORg\ Rf IQOaQd WaWeUV RXVVLaQ AcadeP\ Rf ScLeQceV (WhePe
121051100099-5).

DaWa aYaLOabLOLW\
The UaZ IOOXPLQa VhRUW UeadV fRU Whe 12 Ue-VeTXeQced VaPSOeV XVed LQ WhLV VWXd\ haYe beeQ
VXbPLWWed WR Whe ENA daWabaVe XQdeU Whe SURMecW QXPbeU PRJEB50329 (ERP134897).
IQdLYLdXaO acceVVLRQ QaPeV aUe OLVWed LQ Whe SXSSOePeQWaU\ DaWa1. RaZ PacBLR HLFL UeadV Rf
NT1 aQd MN47, HL-C UeadV Rf NT1, RNAVeT UeadV Rf NT1, aQd Whe geQRPe aVVePbO\ aQd
aQQRWaWLRQ Rf A. O\UaWa NT1 aQd MN47 haYe beeQ VXbPLWWed WR ENA daWabaVe XQdeU Whe VaPe
SURMecW QXPbeU PRJEB50329 (ERP134897).
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SXSSOePeQWaU\ MaWeULaOV

SXSSOePeQWaU\ DaWa 1. LLVW Rf VeTXeQced aQd aQaO\]ed A. O\UaWa acceVVLRQV

SXSSOePeQWaU\ DaWa 2. LLVW Rf aOO SRVVLbOe LQYeUVLRQV beWZeeQ A. O\UaWa NT1, MN47Y1, MN47Y2,
A. VXHcLca aQd C. UXbHOOa.

SXSSOePeQWaU\ DaWa 3: IQSXW fLOeV XVed fRU dePRgUaShLc PRdeOLQg

SXSSOePeQWaU\ TabOe 1. IQYeUVLRQV beWZeeQ A. O\UaWa NT1 aQd MN47Y2, aV UeSRUWed b\ CRGe
S\QPaS afWeU cRQfLUPaWLRQ XVLQg HL-C aQd e[aPLQaWLRQ Rf ORQg UeadV PaSSLQg (Vee
SXSSOePeQWaU\ FLg. 3-7).

A. l\raWa - MN47 Y2 VWDUW HQG OHQJWK A. l\raWa - NT1 VWDUW HQG OHQJWK

chU 1 14625309 17069605 2444296 chU 1 17471724 14410341 3061383

chU 3 22131279 24228593 2097314 chU 3 26447300 24296296 2151004

chU 4 18459828 18815810 355982 chU 4 19135397 18871811 263586

chU 6 17833645 19172561 1338916 chU 6 19669769 18509483 1160286

chU 2 4890607 5375291 484684 chU 2 4823531 4397789 425742
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Supplementary Table 2. Demographic parameter estimates. 
Models correspond to Supplementary Figure 13. Parameters estimated by Fastsimcoal26. Model with lowest AIC score highlighted in gray, with 95% 
confidence interval shown.  Additional details (.tpl and .est files) in Data Supplement 3. 

Corresponding 
model in 

Supplemental 
figure 13

Parameter estimates

NPOP1 NPOP2 NANC TDIV migr12 migr21 MaxEstLhood deltaL AIC

A 20,894 189,622 286,394 62,323 - - -15413165.6 3051174.4 30826339.2

B 21,092 204,004 265,858 139,479 8.60E-07 - -15380333.8 3018342.6 30760677.6

C 15,133 218,939 260,034 140,665 5.67E-07 1.90E-06 -15373338.2 3011347.0 30746688.5

2.5% 15,099 214,977 266,628 132,499 5.34E-07 1.86E-06 - - -

97.5% 15,275 216,125 268,515 133,841 5.48E-07 1.92E-06
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SXSSOePeQWaU\ FLgXUe 1. (A) PhRWR Rf Whe cROOecWLRQ VLWe Rf Whe NT1 acceVVLRQ, VhRZLQg Whe
QaWXUaO habLWaW Rf A. O\UaWa RQ aQ LVOaQd LQ Whe cRXUVe Rf Whe LeQa RLYeU. FORZeUV Rf SLbeULaQ
VeOfLQg NT1 (B) aUe cOeaUO\ VPaOOeU LQ VL]e cRPSaUed WR NRUWh APeULcaQ VeOfLQg MN47 (C) aQd
RXWcURVVLQg SLbeULaQ (D) A. O\UaWa acceVVLRQV gURZLQg LQ Whe gUeeQhRXVe.
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SXSSOePeQWaU\ FLgXUe 2. PROOeQ WXbe VWaLQLQg cRQfLUPLQg VeOf-cRPSaWLbLOLW\ Rf Whe NT1. (A)
UQSROOLQaWed VWLgPa. (B) SeOf-cRPSaWLbOe UeacWLRQ: SROOeQ WXbe gURZWh RQ VWLgPa Rf A. O\UaWa NT1
fORZeU afWeU VeOf-SROOLQaWLRQ. (C) SeOf-LQcRPSaWLbOe UeacWLRQ LQ RXWcURVVLQg acceVVLRQ afWeU
VeOf-SROOLQaWLRQ: SROOeQ RQ Whe WRS Rf Whe VWLgPa. (D) CRPSaWLbOe UeacWLRQ: SROOeQ WXbe gURZWh LQ
RXWcURVVLQg A. O\UaWa acceVVLRQ afWeU cURVV-SROOLQaWLRQ.
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SXSSOePeQWaU\ FLgXUe 3. VaOLdaWLRQ Rf aQ LQYeUVLRQ RQ chURPRVRPe 1 beWZeeQ A. O\UaWa NT1
aQd MN47 acceVVLRQV. a) S\QWeQ\ aQd UeaUUaQgePeQW SORW Rf chURPRVRPe 1. (b,d) IGV
VQaSVhRW VhRZLQg PacBLR HLFL UeadV Rf MN47 PaSSed WR MN47 Y2 aVVePbO\ aURXQd LQYeUVLRQ
bUeaNSRLQWV (SXSSOePeQWaU\ TabOe 1, fLUVW URZ). (c,e) IGV VQaSVhRW VhRZLQg PacBLR HLFL UeadV
Rf NT1 PaSSed WR Whe NT1 aVVePbO\ aURXQd LQYeUVLRQ bUeaNSRLQWV (SXSSOePeQWaU\ TabOe 1, fLUVW
URZ). The cRQWLQXLW\ Rf Whe ORQg UeadV PaSSed LQ (b-e) VXggeVWV Whe LQfeUUed LQYeUVLRQ LV UeaO.
The UeVXOWV Rf Whe HL-C cRQWacW PaSV Rf MN47 (f) aQd NT1 (g) VhRZ WhaW a PaMRULW\ Rf Whe SaLUed
UeadV aUe PaSSed LQ cLV, agaLQ YaOLdaWLQg Whe LQYeUVLRQ. The cRORUV RQ Whe HL-C heaWPaSV (f,g)
cRUUeVSRQd WR Whe deQVLW\ Rf Whe SaLUed UeadV fURP ORZ (daUN bOXe) WR hLgh (\eOORZ). The WULaQgOe
PaUNeUV LQ (a-g) LQdLcaWe Whe VWaUW (bOXe WULaQgOe) aQd Whe VWRS (gUeeQ WULaQgOe) Rf LQYeUVLRQ.
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SXSSOePeQWaU\ FLgXUe 4. VaOLdaWLRQ Rf aQ LQYeUVLRQ RQ chURPRVRPe 2 beWZeeQ A. O\UaWa NT1
aQd MN47 acceVVLRQV. a) S\QWeQ\ aQd UeaUUaQgePeQW SORW Rf chURPRVRPe 2. b) IGV VQaSVhRW
VhRZLQg PacBLR HLFL UeadV Rf MN47 PaSSed WR MN47 Y2 aVVePbO\ aURXQd LQYeUVLRQ
bUeaNSRLQWV (SXSSOePeQWaU\ TabOe 1, VecRQd URZ). c) IGV VQaSVhRW VhRZLQg PacBLR HLFL UeadV
Rf NT1 PaSSed WR Whe NT1 aVVePbO\ aURXQd LQYeUVLRQ bUeaNSRLQWV (SXSSOePeQWaU\ TabOe 1,
VecRQd URZ). The cRQWLQXLW\ Rf Whe ORQg UeadV PaSSed LQ (b-c) VXggeVWV Whe LQfeUUed LQYeUVLRQ LV
UeaO. The UeVXOWV Rf Whe HL-C cRQWacW PaSV Rf MN47 (d) aQd NT1 (e) VhRZ WhaW a PaMRULW\ Rf Whe
SaLUed UeadV aUe PaSSed LQ cLV, agaLQ YaOLdaWLQg Whe LQYeUVLRQ. The cRORUV RQ Whe HL-C heaWPaSV
(d,e) cRUUeVSRQd WR Whe deQVLW\ Rf Whe SaLUed UeadV fURP ORZ (daUN bOXe) WR hLgh (\eOORZ). The
WULaQgOe PaUNeUV LQ (a-e) LQdLcaWe Whe VWaUW (bOXe WULaQgOe) aQd Whe VWRS (gUeeQ WULaQgOe) Rf
LQYeUVLRQ.
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SXSSOePeQWaU\ FLgXUe 5. VaOLdaWLRQ Rf aQ LQYeUVLRQ RQ chURPRVRPe 3 beWZeeQ A. O\UaWa NT1
aQd MN47 acceVVLRQV. a) S\QWeQ\ aQd UeaUUaQgePeQW SORW Rf chURPRVRPe 3. (b,d) IGV
VQaSVhRW VhRZLQg PacBLR HLFL UeadV Rf MN47 PaSSed WR MN47 Y2 aVVePbO\ aURXQd LQYeUVLRQ
bUeaNSRLQWV (SXSSOePeQWaU\ TabOe 1, WhLUd URZ). (c,e) IGV VQaSVhRW VhRZLQg PacBLR HLFL UeadV
Rf NT1 PaSSed WR Whe NT1 aVVePbO\ aURXQd LQYeUVLRQ bUeaNSRLQWV (SXSSOePeQWaU\ TabOe 1,
WhLUd URZ). The cRQWLQXLW\ Rf Whe ORQg UeadV PaSSed LQ (b-e) VXggeVWV Whe LQfeUUed LQYeUVLRQ LV
UeaO. The UeVXOWV Rf Whe HL-C cRQWacW PaSV Rf MN47 (f) aQd NT1 (g) VhRZ WhaW a PaMRULW\ Rf Whe
SaLUed UeadV aUe PaSSed LQ cLV, agaLQ YaOLdaWLQg Whe LQYeUVLRQ. The cRORUV RQ Whe HL-C heaWPaSV
(f,g) cRUUeVSRQd WR Whe deQVLW\ Rf Whe SaLUed UeadV fURP ORZ (daUN bOXe) WR hLgh (\eOORZ). The
WULaQgOe PaUNeUV LQ (a-g) LQdLcaWe Whe VWaUW (bOXe WULaQgOe) aQd Whe VWRS (gUeeQ WULaQgOe) Rf
LQYeUVLRQ.
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SXSSOePeQWaU\ FLgXUe 6. VaOLdaWLRQ Rf aQ LQYeUVLRQ RQ chURPRVRPe 4 beWZeeQ A. O\UaWa NT1
aQd MN47 acceVVLRQV. a) S\QWeQ\ aQd UeaUUaQgePeQW SORW Rf chURPRVRPe 4. b) IGV VQaSVhRW
VhRZLQg PacBLR HLFL UeadV Rf MN47 PaSSed WR MN47 Y2 aVVePbO\ aURXQd LQYeUVLRQ
bUeaNSRLQWV (SXSSOePeQWaU\ TabOe 1, fRXUWh URZ). c) IGV VQaSVhRW VhRZLQg PacBLR HLFL UeadV Rf
NT1 PaSSed WR Whe NT1 aVVePbO\ aURXQd LQYeUVLRQ bUeaNSRLQWV (SXSSOePeQWaU\ TabOe 1, fRXUWh
URZ). The cRQWLQXLW\ Rf Whe ORQg UeadV PaSSed LQ (b-c) VXggeVWV Whe LQfeUUed LQYeUVLRQ LV UeaO.
The UeVXOWV Rf Whe HL-C cRQWacW PaSV Rf MN47 (d) aQd NT1 (e) VhRZ WhaW a PaMRULW\ Rf Whe SaLUed
UeadV aUe PaSSed LQ cLV, agaLQ YaOLdaWLQg Whe LQYeUVLRQ. The cRORUV RQ Whe HL-C heaWPaSV (d,e)
cRUUeVSRQd WR Whe deQVLW\ Rf Whe SaLUed UeadV fURP ORZ (daUN bOXe) WR hLgh (\eOORZ). The WULaQgOe
PaUNeUV LQ (a-e) LQdLcaWe Whe VWaUW (bOXe WULaQgOe) aQd Whe VWRS (gUeeQ WULaQgOe) Rf LQYeUVLRQ.
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SXSSOePeQWaU\ FLgXUe 7. VaOLdaWLRQ Rf aQ LQYeUVLRQ RQ chURPRVRPe 6 beWZeeQ A. O\UaWa NT1
aQd MN47 acceVVLRQV. a) S\QWeQ\ aQd UeaUUaQgePeQW SORW Rf chURPRVRPe 6. (b,d) IGV
VQaSVhRW VhRZLQg PacBLR HLFL UeadV Rf MN47 PaSSed WR MN47 Y2 aVVePbO\ aURXQd LQYeUVLRQ
bUeaNSRLQWV (SXSSOePeQWaU\ TabOe 1, fLfWh URZ). (c,e) IGV VQaSVhRW VhRZLQg PacBLR HLFL UeadV
Rf NT1 PaSSed WR Whe NT1 aVVePbO\ aURXQd LQYeUVLRQ bUeaNSRLQWV (SXSSOePeQWaU\ TabOe 1, fLfWh
URZ). The cRQWLQXLW\ Rf Whe ORQg UeadV PaSSed LQ (b-e) VXggeVWV Whe LQfeUUed LQYeUVLRQ LV UeaO.
The UeVXOWV Rf Whe HL-C cRQWacW PaSV Rf MN47 (f) aQd NT1 (g) VhRZ WhaW a PaMRULW\ Rf Whe SaLUed
UeadV aUe PaSSed LQ cLV, agaLQ YaOLdaWLQg Whe LQYeUVLRQ. The cRORUV RQ Whe HL-C heaWPaSV (f,g)
cRUUeVSRQd WR Whe deQVLW\ Rf Whe SaLUed UeadV fURP ORZ (daUN bOXe) WR hLgh (\eOORZ). The WULaQgOe
PaUNeUV LQ (a-g) LQdLcaWe Whe VWaUW (bOXe WULaQgOe) aQd Whe VWRS (gUeeQ WULaQgOe) Rf LQYeUVLRQ.
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SXSSOePeQWaU\ FLgXUe 8. IGV (RRbLQVRQ eW aO. 2011) VQaSVhRW VhRZLQg UaZ PacBLR HLFL
ORQg-Uead cRYeUage aORQg Whe aVVePbOed S-ORcXV LQ NT1 A. O\UaWa acceVVLRQ, RQ ScaffROd 7.
ARK3 aQd U-bR[ fOaQNLQg geQeV aUe PaUNLQg Whe WZR eQdV Rf Whe S-ORcXV, SCR geQe LV SUeVeQW,
SRK LV PLVVLQg, PLUS3 SUecXUVRU LV aQQRWaWed PaQXaOO\. NR gaSV LQ Whe ORQg Uead PaSSLQg
VXggeVWV Whe cRPSOeWeQeVV Rf Whe S-ORcXV aVVePbO\.
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SXSSOePeQWaU\ FLgXUe 9. IGV VQaSVhRW Rf Whe A. O\UaWa NT1 VhRUW UeadV fURP RNA-VeT RQ fORZeU
bXdV PaSSLQg WR (A) Whe AhS12 SCR VeTXeQce, (B) Whe AL3G38610 SCR SaUaORg, VeUYLQg aV
SRVLWLYe cRQWURO. The UeVXOWV VXggeVW abVeQce Rf e[SUeVVLRQ Rf Whe SCR geQe LQ NT1, aOWhRXgh
LQVXffLcLeQW VeTXeQcLQg deSWh caQQRW be UXOed RXW. (C) IGV VQaSVhRW Rf Whe A. O\UaWa NT1 VhRUW
UeadV PaSSLQg WR Whe cRPbLQed UefeUeQce Rf NT1 geQRPe (ZLWh abVeQW SRK) aQd AhS12
VeTXeQce ZLWh AhSRK12. The abVeQce Rf UeadV PaSSLQg WR AhSRK12 cRQfLUPV Whe ORVV Rf SRK
fURP Whe NT1 A. O\UaWa geQRPe. (D) VLVWa SORW cRPSaULQg Whe SCR UegLRQ ZLWhLQ Whe S-ORcXV Rf
Ah12 fURP AUabLdRSVLV KaOOHUL (XVed aV a UefeUeQce) ZLWh WhaW Rf NT1. SWURQg VLPLOaULW\ LV
RbVeUYed LQ Whe SURPRWeU UegLRQ VXggeVWLQg Whe abVeQce Rf PaMRU UeaUUaQgePeQWV WhaW cRXOd
haYe Oed WR ORVV Rf e[SUeVVLRQ.
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SXSSOePeQWaU\ fLgXUe 10. (A) GeO SLcWXUe ZLWh PCR SURdXcWV aQd 1Nb+ OaddeU LdeQWLf\LQg
acceVVLRQV ZLWh AhSRK12 (WZR SRVLWLYe baQdV ZLWh e[SecWed VL]e Rf 360 bS). The VaPSOe LQ Whe
PLddOe (NT8.4-24) ZaV XVed fRU cURVVeV ZLWh NT1 (B) aQd aQRWheU RXWcURVVLQg acceVVLRQ
ZLWhRXW AhSRK12 (RQ Whe ULghW, NT8.4-20) ZaV XVed LQ (D). (B) NT8.4-24 (SRK12) Ƃ [ NT1
(SCR12) ƃ = cRPSaWLbOe. ThLV VXggeVWV WhaW SCR12 LQ NT1 LV QRW UecRgQLVed b\ SRK12 aW
NT8-4-24 aQd WheUefRUe SCR12 LQ NT1 LV QRW fXQcWLRQaO. (C) NT8.4-24 (SRK12) Ƃ [ NT8.4-24
(SCR12) ƃ = LQcRPSaWLbOe. SeUYeV aV a QegaWLYe cRQWURO aQd cRQfLUPV WhaW NT8.4-24 acceVVLRQ
LV aQ RbOLgaWe RXWcURVVeU aQd SRK LV fXQcWLRQaO LQ NT8.4-24. (D) NT8.4-20 (QRW SRK12) Ƃ [
NT8.4-24 (SCR12) ƃ = cRPSaWLbOe. SeUYeV aV a SRVLWLYe cRQWURO.
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SXSSOePeQWaU\ FLgXUe 11. PURWeLQ VeTXeQce aOLgQPeQW Rf Whe fLUVW e[RQ Rf SRK geQe fURP Whe
MW0079456 acceVVLRQ ZLWh ANSRK-D (TVXchLPaWVX eW aO. 2012). AOO Whe VWUXcWXUaOO\ LPSRUWaQW
c\VWeLQeV aUe UeWaLQed (hLghOLghWed \eOORZ) VXggeVWLQg fXQcWLRQaO LQWegULW\ Rf Whe SURWeLQ.
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SXSSOePeQWaU\ FLgXUe 12. (A) Ph\ORgeQeWLc WUee ZLWh fLUVW e[RQV Rf SRK VeTXeQceV fURP A.
O\UaWa AOSRK42 aQd A. NaPcKaWLca (ANSRK-D) URRWed RQ A. KaOOHUL AhSRK12. NRWe WhaW
AOSRK42, ANSRK-D aQd AhSRK12 aUe PePbeUV Rf Whe VaPe haSORgURXS, ZhLch LV ROdeU WhaQ
AUabLdRSVLV VSecLeV. S-ORcL Sh\ORgeQ\ beWZeeQ haSORgURXSV dReV QRW fROORZ VSecLeV Sh\ORgeQ\,
bXW LW fROORZV Whe VSecLeV Sh\ORgeQ\ ZLWhLQ haSORgURXSV. SRKV Rf SLbeULaQ VeOfLQg aQd
RXWcURVVLQg A. O\UaWa aUe PRUe VLPLOaU WR SRK VeTXeQceV fURP A. NaPcKaWLca WhaQ WR EXURSeaQ
A. O\UaWa ZLWh Whe VaPe haSORgURXS. The VeTXeQceV Rf AhSRK12 (GRXbeW eW aO. 2012), AOSRK42
(CaVWULc eW aO. 2008) aQd ANSRK-D (TVXchLPaWVX eW aO. 2012) ZeUe SXbOLVhed SUeYLRXVO\. (B)
HLeUaUchLcaO cOXVWeULQg Rf SLbeULaQ A. O\UaWa acceVVLRQV ZLWh A. NaPcKaWLca baVed RQ
ZhROe-geQRPe VeTXeQceV. S\PbROV LQdLcaWLQg VSecLeV (cLUcOeV fRU A. O\UaWa aQd WULaQgOeV fRU A.
NaPcKaWLca) aQd heWeUR]\gRVLW\ OeYeOV (\eOORZ - ORZ, gUeeQ - PedLXP aQd SXUSOe - hLgh)
cRUUeVSRQd WR FLgXUe 3.

32

.CC-BY 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted June 27, 2022. ; https://doi.org/10.1101/2022.06.24.497443doi: bioRxiv preprint 

https://paperpile.com/c/yXaybu/LErS
https://paperpile.com/c/yXaybu/c6Bn
https://paperpile.com/c/yXaybu/G7bg
https://doi.org/10.1101/2022.06.24.497443
http://creativecommons.org/licenses/by/4.0/


SXSSOePeQWaU\ FLgXUe 13. MRdeOV aSSOLed fRU dePRgUaShLc PRdeOLQg ZLWh faVWVLPcRaO2.
(A) DLYeUgeQce Rf VeOf-cRPSaWLbOe aQd VeOf-LQcRPSaWLbOe SRSXOaWLRQV, ZLWhRXW geQe fORZ beWZeeQ
WheP. (B) MRdeO A SOXV eTXaO bLdLUecWLRQaO geQe fORZ (PLgUaWLRQ) beWZeeQ VeOf-cRPSaWLbOe aQd
VeOf-LQcRPSaWLbOe OLQeageV. (C) MRdeO B bXW ZLWh aV\PPeWULc geQe fORZ (PLgUaWLRQ) beWZeeQ
VeOf-cRPSaWLbOe aQd VeOf-LQcRPSaWLbOe OLQeageV. (D) UQfROded 2D SFS Rf VeOfeUV aQd RXWcURVVeUV.
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