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TLWOH: TKH JHQRPLc baVLV RI HYROXWLRQaU\ GLIIHUHQWLaWLRQ aPRQJ KRQH\ bHHV 1 

RXQQLQJ WLWOH: HRQH\ bHH HYROXWLRQ 2 

 3 

AXWKRUV: BHUWUaQd FRXNV1,2, PKLOLSS BUaQd3,4, HXQJ N. NJX\HQ5, JacRb HHUPaQ1, FUaQcLVcR CaPaUa6, DaQLHO 4 

EQcH7,8, DaUUHQ E. HaJHQ9, KaWKaULQa J. HRII10,11, SWHIaQLH NacKZHLdH10, LaUV RRPRWK10, KLPbHUO\ K. O. 5 

WaOdHQ12, RRdHULc GXLJR6,13, MaULR SWaQNH10,11, GLXVHSSH NaU]LVL14, MaUN YaQdHOO8,15, HXJK M. RRbHUWVRQ12, 6 

NLNROaXV KRHQLJHU16, PaQXZaQ CKaQWaZaQQaNXO17, MLcKaHO C. ScKaW]18, KLP C. WRUOH\19, GHQH E. 7 

RRbLQVRQ12,20,21, CKULVWLQH G. EOVLN5,22,23, OOaY RXHSSHOO1,24,* 8 

 9 

AIILOLaWLRQV: 10 

1 DHSaUWPHQW RI BLRORJ\, UQLYHUVLW\ RI NRUWK CaUROLQa GUHHQVbRUR, USA 11 

2 IQVWLWXWH IRU EYROXWLRQ aQd BLRdLYHUVLW\, MROHcXOaU EYROXWLRQ aQd BLRLQIRUPaWLcV, WHVWIlOLVcKH WLOKHOPV-12 

UQLYHUVLWlW, GHUPaQ\ 13 

3 DHSaUWPHQW RI EYROXWLRQ aQd EcRORJ\, CHQWHU IRU PRSXOaWLRQ BLRORJ\, UQLYHUVLW\ RI CaOLIRUQLa DaYLV, USA 14 

4 LabRUaWRU\ RI NHXURSK\VLRORJ\ aQd BHKaYLRU, TKH RRcNHIHOOHU UQLYHUVLW\, USA 15 

5 MU IQVWLWXWH IRU DaWa ScLHQcH & IQIRUPaWLcV, UQLYHUVLW\ RI MLVVRXUL, USA 16 

6 CHQWUH IRU GHQRPLc RHJXOaWLRQ (CRG), TKH BaUcHORQa IQVWLWXWH RI ScLHQcH aQd THcKQRORJ\, SSaLQ 17 

7 ScKRRO RI FRUHVW RHVRXUcHV aQd CRQVHUYaWLRQ, UQLYHUVLW\ RI FORULda, USA 18 

8 DHSaUWPHQW RI HXPaQ GHQHWLcV, UQLYHUVLW\ RI UWaK, USA 19 

9 DHSaUWPHQW RI AQLPaO aQd FRRd ScLHQcHV, ONOaKRPa SWaWH UQLYHUVLW\, USA 20 

10 UQLYHUVLW\ RI GUHLIVZaOd, IQVWLWXWH IRU MaWKHPaWLcV aQd CRPSXWHU ScLHQcH, BLRLQIRUPaWLcV GURXS, GHUPaQ\ 21 

11 UQLYHUVLW\ RI GUHLIVZaOd, CHQWHU IRU FXQcWLRQaO GHQRPLcV RI MLcURbHV, GHUPaQ\ 22 

12 DHSaUWPHQW RI EQWRPRORJ\, UQLYHUVLW\ RI IOOLQRLV aW UUbaQa-CKaPSaLJQ, USA 23 
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13 UQLYHUVLWaW PRPSHX FabUa (UPF), SSaLQ 24 

14 NHZ YRUN GHQRPH CHQWHU, USA 25 

15 UWaK CHQWHU IRU GHQHWLc DLVcRYHU\, UQLYHUVLW\ RI UWaK, USA 26 

16 DHSaUWPHQW RI BHKaYLRUaO PK\VLRORJ\ aQd SRcLRbLRORJ\ (ZRRORJ\ II), UQLYHUVLW\ RI W�U]bXUJ, GHUPaQ\ 27 

17 EQYLURQPHQWaO ScLHQcH RHVHaUcK CHQWHU (ESRC) aQd DHSaUWPHQW RI BLRORJ\, FacXOW\ RI ScLHQcH, CKLaQJ 28 

MaL UQLYHUVLW\, TKaLOaQd 29 

18 DHSaUWPHQWV RI CRPSXWHU ScLHQcH aQd BLRORJ\, JRKQV HRSNLQV UQLYHUVLW\, USA 30 

19 DHSaUWPHQW RI MROHcXOaU aQd HXPaQ GHQHWLcV, HXPaQ GHQRPH SHTXHQcLQJ CHQWHU, Ba\ORU CROOHJH RI 31 

MHdLcLQH, USA 32 

20 CaUO R. WRHVH IQVWLWXWH IRU GHQRPLc BLRORJ\, UQLYHUVLW\ RI IOOLQRLV UUbaQa-CKaPSaLJQ, USA 33 

21 NHXURVcLHQcH PURJUaP, UQLYHUVLW\ RI IOOLQRLV aW UUbaQa-CKaPSaLJQ, USA 34 

22 DLYLVLRQ RI AQLPaO ScLHQcHV, UQLYHUVLW\ RI MLVVRXUL, USA 35 

23 DLYLVLRQ RI POaQW ScLHQcHV, UQLYHUVLW\ RI MLVVRXUL, USA 36 

24 DHSaUWPHQW RI BLRORJLcaO ScLHQcHV, UQLYHUVLW\ RI AObHUWa, CaQada 37 

KH\ZRUdV: ASLV, SLRNA SaWKZa\, HYROXWLRQ RI daQcH OaQJXaJH, adaSWaWLRQ WR PLJUaWLRQ, HXVRcLaOLW\, 38 

WUaQVSRVabOH HOHPHQWV, OLQHaJH-VSHcLILc JHQHV, cKHPRVHQVRU\ JHQHV, SRVLWLYH VHOHcWLRQ 39 

 40 

* CRUUHVSRQdLQJ AXWKRU 41 

PKRQH: (+1) 336-202-2349; FAX: (+1) 780-492-9234; EPaLO: ROaY@XaObHUWa.ca 42 

CW 405 BLRORJLcaO ScLHQcHV BXLOdLQJ, EdPRQWRQ, AB, T6G 2E9, CaQada 43 

  44 
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AbVWUacW 45 

IQ cRQWUaVW WR WKH ZHVWHUQ KRQH\ bHH, ASLV PHOOLIHUD, RWKHU KRQH\ bHH VSHcLHV KaYH bHHQ OaUJHO\ QHJOHcWHd 46 

dHVSLWH WKHLU LPSRUWaQcH aQd dLYHUVLW\. TKH JHQHWLc baVLV RI WKH HYROXWLRQaU\ dLYHUVLILcaWLRQ RI KRQH\ bHHV 47 

UHPaLQV OaUJHO\ XQNQRZQ. HHUH, ZH SURYLdH a JHQRPH-ZLdH cRPSaULVRQ RI WKUHH KRQH\ bHH VSHcLHV HacK 48 

UHSUHVHQWLQJ RQH RI WKH WKUHH VXbJHQHUa RI KRQH\ bHHV, QaPHO\ WKH dZaUI (ASLV IORUHD), JLaQW (A. GRUVDWD) aQd 49 

caYLW\-QHVWLQJ (A. PHOOLIHUD) KRQH\ bHHV ZLWK bXPbOHbHHV aV RXWJURXS. OXU aQaO\VHV UHVROYH WKH SK\ORJHQ\ RI 50 

KRQH\ bHHV ZLWK WKH dZaUI KRQH\ bHHV dLYHUJLQJ ILUVW. WH ILQd WKaW HYROXWLRQ RI LQcUHaVHd HXVRcLaO cRPSOH[LW\ 51 

LQ ASLV SURcHHdV YLa LQcUHaVHV LQ WKH cRPSOH[LW\ RI JHQH UHJXOaWLRQ, ZKLcK LV LQ aJUHHPHQW ZLWK SUHYLRXV 52 

VWXdLHV. HRZHYHU, WKLV SURcHVV VHHPV WR bH UHOaWHd WR SaWKZa\V RWKHU WKaQ WUaQVcULSWLRQaO cRQWURO. PRVLWLYH 53 

VHOHcWLRQ SaWWHUQV acURVV ASLV UHYHaO a WUadH-RII bHWZHHQ PaLQWaLQLQJ JHQRPH VWabLOLW\ aQd JHQHUaWLQJ JHQHWLc 54 

dLYHUVLW\, ZLWK a UaSLdO\ HYROYLQJ SLRNA SaWKZa\ OHadLQJ WR JHQRPHV dHSOHWHd RI WUaQVSRVabOH HOHPHQWV, aQd a 55 

UaSLdO\ HYROYLQJ DNA UHSaLU SaWKZa\ aVVRcLaWHd ZLWK KLJK UHcRPbLQaWLRQ UaWHV LQ aOO ASLV VSHcLHV. 56 

DLYHUVLILcaWLRQ ZLWKLQ ASLV LV accRPSaQLHd b\ SRVLWLYH VHOHcWLRQ LQ VHYHUaO JHQHV ZKRVH SXWaWLYH IXQcWLRQV 57 

SUHVHQW caQdLdaWH PHcKaQLVPV IRU OLQHaJH-VSHcLILc adaSWaWLRQV, VXcK aV PLJUaWLRQ, LPPXQLW\, aQd QHVWLQJ 58 

bHKaYLRU.   59 
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IQWURGXcWLRQ 60 

HRZ JHQRPHV dLYHUJH WR JLYH ULVH WR RUJaQLVPaO dLYHUVLW\ UHPaLQV RQH RI WKH PRVW IXQdaPHQWaO TXHVWLRQV LQ 61 

bLRORJ\. CRPSaUaWLYH IXQcWLRQaO JHQRPLcV KaV dUaVWLcaOO\ H[SaQdHd RXU NQRZOHdJH RQ WKH UHOaWLYH 62 

cRQWULbXWLRQV RI JHQHWLc QRYHOW\ aQd cR-RSWLRQ (JaVSHU HW aO. 2015; WaUQHU HW aO. 2019), VWUXcWXUaO aQd 63 

UHJXOaWRU\ LQQRYaWLRQ (DHSOaQcNH HW aO. 2016), aV ZHOO aV cLV- aQd WUaQV-UHJXOaWLRQ RI JHQH H[SUHVVLRQ (GUHHQ HW 64 

aO. 2019) WR SKHQRW\SLc dLYHUVLILcaWLRQ. AV a cRQVHTXHQcH, WKH JHQRW\SH-SKHQRW\SH PaS LV bHLQJ HOXcLdaWHd aW 65 

HYHU-LQcUHaVLQJ dHWaLO (ZKRX HW aO. 2020). IQ addLWLRQ WR bURad-VcaOH PacURHYROXWLRQaU\ VWXdLHV, Wa[RQ-VSHcLILc 66 

cRPSaUaWLYH JHQRPLcV LV JHQHUaWLQJ QRYHO LQVLJKWV, SaUWLcXOaUO\ ZLWK UHVSHcW WR VWUXcWXUaO JHQRPH HYROXWLRQ 67 

(FLJXHLUy HW aO. 2017; CKaYH] HW aO. 2019; SXQ HW aO. 2021).  68 

TKH HYROXWLRQ RI cRPSOH[ LQVHcW VRcLHWLHV UHSUHVHQWV RQH RI WKH PaMRU HYROXWLRQaU\ WUaQVLWLRQV 69 

(Ma\QaUd SPLWK aQd S]aWKPiU\ 1995). GHQRPLc VLJQaWXUHV RI WKLV WUaQVLWLRQ VKaUH IHZ cRPPRQaOLWLHV acURVV 70 

Wa[a, H[cHSW IRU aQ LQcUHaVH LQ JHQH UHJXOaWRU\ caSacLW\ (GadaX HW aO. 2012; SLPROa HW aO. 2013; THUUaSRQ HW aO. 71 

2014; KaSKHLP HW aO. 2015; HaUSXU HW aO. 2017; HaUULVRQ HW aO. 2018). IQ cRQWUaVW WR WKH PaMRU IRcXV RQ VWXd\LQJ 72 

WKH JHQRPLc baVHV RI WKH RULJLQ RI VRcLaOLW\ aQd aVVRcLaWHd WUaLWV, WKH PaLQWHQaQcH aQd dLYHUVLILcaWLRQ RI VRcLaO 73 

WUaLWV KaV UHcHLYHd OLPLWHd aWWHQWLRQ (SLPROa HW aO. 2013; JaVSHU HW aO. 2015; AUaXMR aQd AULaV 2021; SXQ HW aO. 74 

2021). 75 

HHUH, ZH XVH a cRPSaUaWLYH, OLQHaJH-VSHcLILc aSSURacK WR LdHQWLI\ JHQHWLc ORcL aVVRcLaWHd ZLWK 76 

HYROXWLRQaU\ adaSWaWLRQV XQdHUO\LQJ WKH RUJaQL]aWLRQ RI cRPSOH[ LQVHcW VRcLHWLHV LQ WKH HXVRcLaO KRQH\ bHH 77 

JHQXV ASLV. DXH WR LWV VcLHQWLILc aQd SUacWLcaO LPSRUWaQcH, WKH WHVWHUQ KRQH\ bHH ASLV PHOOLIHUD (L.) ZaV 78 

aPRQJ WKH ILUVW PHWa]RaQV ZLWK a cRPSOHWHd JHQRPH SURMHcW (WHLQVWRcN HW aO. 2006). IW KaV VLQcH VHUYHd aV a 79 

PRdHO IRU JHQRPLc VWXdLHV RI adaSWaWLRQ (WaOObHUJ HW aO. 2014), LQYaVLRQ (CaOIHH HW aO. 2020), aQd VRcLaO WUaLWV, 80 

VXcK aV caVWH dLIIHUHQWLaWLRQ (CKHQ HW aO. 2012), dLYLVLRQ RI OabRU (SPLWK HW aO. 2008), aQd RWKHU VRcLaO bHKaYLRUV 81 

(Za\Hd aQd RRbLQVRQ 2012).  82 

IQ addLWLRQ WR WKH caYLW\-QHVWLQJ A. PHOOLIHUD aQd cORVHO\ UHOaWHd VSHcLHV, WKH JHQXV ASLV cRQWaLQV WZR 83 

RWKHU OLQHaJHV, WKH dZaUI KRQH\ bHHV aQd JLaQW KRQH\ bHHV (RaIILXdLQ aQd CUR]LHU 2007). AOWKRXJK WKHLU 84 

HYROXWLRQaU\ RULJLQV aUH QRW cOHaU (KRWWKRII HW aO. 2013), aOO VSHcLHV VKaUH a VRcLaO OLIHVW\OH LQ cRPSOH[ VRcLHWLHV 85 
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ZLWK WKRXVaQdV RI ZRUNHUV aQd a VLQJOH, SRO\aQdURXV TXHHQ aQd QHVW LQ YHUWLcaO Za[ cRPb WR VWRUH IRRd aQd 86 

UaLVH bURRd (OOdUR\d aQd WRQJVLUL 2006). HRZHYHU, WKH WKUHH VXbJHQHUa H[KLbLW SURQRXQcHd dLIIHUHQcHV LQ 87 

bRd\ VL]H, cRORQ\ VL]H, PaWLQJ bHKaYLRU, caVWH dLYHUJHQcH, QHVWLQJ KabLWV, WKHUPRUHJXOaWRU\ abLOLW\, UHcUXLWPHQW 88 

daQcHV, aQd dHIHQVLYH aQd PLJUaWRU\ bHKaYLRUV (D\HU aQd SHHOH\ 1991; OOdUR\d aQd WRQJVLUL 2006; KRHQLJHU 89 

HW aO. 2010; HHSbXUQ aQd RadORII 2011; RXHSSHOO HW aO. 2011b). 90 

TKH JHQHWLc aUcKLWHcWXUH XQdHUO\LQJ WKH dLYHUVLILcaWLRQ RI WKH ASLV OLQHaJHV UHPaLQV OaUJHO\ XQNQRZQ. 91 

IQWUa-VSHcLILc VWXdLHV KaYH addUHVVHd WKH JHQHWLc baVLV RI VRPH NH\ VRcLaO WUaLWV, VXcK aV ZRUNHU RYaU\ VL]H aQd 92 

caVWH dLIIHUHQWLaWLRQ (CaUdRHQ HW aO. 2011; GUaKaP HW aO. 2011; CKHQ HW aO. 2012), daQcH OaQJXaJH (JRKQVRQ HW 93 

aO. 2002), aQd dHIHQVLYH bHKaYLRU (HXQW HW aO. 2007; AOaX[ HW aO. 2009) LQ A. PHOOLIHUD. HRZHYHU, LW LV XQcOHaU WR 94 

ZKaW H[WHQW WKH LdHQWLILHd JHQHWLc PHcKaQLVPV LQYROYHd LQ LQWUa-VSHcLILc YaULaWLRQ caQ H[SOaLQ WKH LQWHU-VSHcLILc 95 

dLIIHUHQWLaWLRQ aPRQJ ASLV VSHcLHV (DLHcNPaQQ HW aO. 2004). BURad cRPSaULVRQV LQ ASLV (SaUPa HW aO. 2007, 96 

2009) KaYH bHHQ KaPSHUHd b\ WKH OacN RI aYaLOabOH JHQRPLc UHVRXUcHV LQ VSHcLHV RWKHU WKaQ A. PHOOLIHUD 97 

(WHLQVWRcN HW aO. 2006; EOVLN HW aO. 2014) aQd WKH cORVHO\ UHOaWHd A. FHUDQD (PaUN HW aO. 2015), aOWKRXJK WKH 98 

JHQRPH RI A. GRUVDWD KaV UHcHQWO\ aOVR bHHQ SXbOLVKHd (OSSHQKHLP HW aO. 2020) aQd WaUJHWHd aQaO\VHV KaYH 99 

KHOSHd WR UHVROYH SaUWLcXOaU JHQH IaPLOLHV (HHObLQJ HW aO. 2017).  100 

HHUH, ZH SUHVHQW a cRPSUHKHQVLYH aQaO\VLV RI WKH PROHcXOaU HYROXWLRQ RI SURWHLQ-cRdLQJ JHQHV acURVV 101 

ASLV baVHd RQ KRPRORJRXV JHQH VHWV dHULYHd IURP JHQRPHV RI aOO WKUHH PaMRU KRQH\ bHH OLQHaJHV. AW WKH 102 

JHQRPH OHYHO, ZH UHcRQVWUXcW WKH SK\ORJHQHWLc UHOaWLRQVKLSV aPRQJ WKH ASLV OLQHaJHV aQd LdHQWLI\ NH\ WaUJHWV 103 

RI SRVLWLYH VHOHcWLRQ aVVRcLaWHd ZLWK VRcLaO cRPSOH[LW\, HcRORJLcaO VSHcLaOL]aWLRQ, aQd cKHPRVHQVaWLRQ, 104 

HOXcLdaWLQJ WKH JHQRPLc baVLV RI HYROXWLRQaU\ dLYHUVLILcaWLRQ ZLWKLQ KRQH\ bHHV. 105 

 106 

RHVXOWV 107 

HRQH\ bHH JHQRPHV aQG SK\ORJHQHWLc LQIHUHQcH 108 

WH LdHQWLILHd aOO VLQJOH-cRS\ RUWKRORJV bHWZHHQ WKH ZHVWHUQ KRQH\ bHH ASLV PHOOLIHUD, WKH dZaUI KRQH\ bHH A. 109 

IORUHD, aQd WKH JLaQW KRQH\ bHH A. GRUVDWD, ZLWK bXPbOHbHHV aV RXWJURXS. OXU aQaO\VLV LQcOXdHd WKH SXbOLVKHd 110 

JHQRPHV RI A. PHOOLIHUD (EOVLN HW aO. 2014) aQd BRPEXV LPSDWLHQV aQd B. WHUUHVWULV (Sadd HW aO. 2015). IQ 111 
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addLWLRQ, ZH VHTXHQcHd, aVVHPbOHd, aQd aQQRWaWHd WKH JHQRPHV RI A. IORUHD aQd A. GRUVDWD. TKLV SURdXcHd WZR 112 

KLJK-TXaOLW\ JHQRPH aVVHPbOLHV RI VLPLOaU OHQJWK aQd GC cRQWHQW (A. GRUVDWD: 230 Mb, N50: 732Nb, GC: 113 

32.5%; A. IORUHD: 229 Mb, N50: 2.86Mb, GC: 34.9%) bXW dLIIHUHQW cRQWLJXLW\ (A. GRUVDWD: VL]H RI VcaIIROdV: 114 

200 bS - 3.6 Mb, WRWaO cRXQW: 4040; A. IORUHD: VL]H RI VcaIIROdV: 500 bS - 9.6 Mb, WRWaO cRXQW: 6983), OLNHO\ 115 

H[SOaLQHd b\ dLIIHUHQcHV LQ UHSHWLWLYH VHTXHQcHV (A. GRUVDWD: 17.5%, 40.4 Mb; A. IORUHD: 14.3%, 32.9 Mb). 116 

EYHQ WKRXJK a QHZHU aVVHPbO\ IRU A. PHOOLIHUD KaV bHHQ SXbOLVKHd VLQcH RXU aQaO\VLV (WaOObHUJ HW aO. 2019) 117 

aQd RXU VHTXHQcLQJ aQd aVVHPbO\ VWUaWHJLHV IRU A. IORUHD aQd A. GRUVDWD KaYH bHHQ UHSOacHd b\ PRUH PRdHUQ 118 

aSSURacKHV (PKLOOLSS\ 2017), WKH JHQHUaWHd daWaVHWV SURYHd WR bH LQIRUPaWLYH aQd aSSURSULaWH IRU RXU 119 

VXbVHTXHQW aQaO\VHV: A KLJK OHYHO RI JHQH cRPSOHWHQHVV (A. GRUVDWD: 93.7%, A. IORUHD: 91.9%) ZaV cRQILUPHd 120 

b\ a BUSCO aQaO\VLV (SLPmR HW aO. 2015) ZLWK WKH K\PHQRSWHUa OLQHaJH daWaVHW.  121 

TKH JHQH VHWV IRU cRPSaULVRQ acURVV VSHcLHV (VHH MHWKRdV) ZHUH RI VLPLOaU VL]H aPRQJ aOO bHHV (FLJXUH 122 

1). A WRWaO RI 3,858 JHQHV ZHUH SUHVHQW LQ RQO\ a VLQJOH VSHcLHV (2,130 LQ A. IORUHD, 584 LQ A. GRUVDWD, aQd 1,144 123 

LQ A. PHOOLIHUD) aQd WKXV ZHUH caWHJRUL]Hd aV OLQHaJH-VSHcLILc. APRQJ WKH 1,506 JHQHV LdHQWLILHd aV KRPRORJV 124 

LQ RQO\ WZR VSHcLHV 570 ZHUH VKaUHd bHWZHHQ A. PHOOLIHUD aQd A. GRUVDWD (570), PRUH WKaQ HLWKHU VSHcLHV ZLWK 125 

A. IORUHD (386 aQd 550, UHVSHcWLYHO\). 15,182 JHQHV ZHUH VKaUHd aPRQJ aOO VSHcLHV ZLWK 9,310 bHORQJLQJ WR 126 

VLQJOH-cRS\ RUWKRORJ JURXSV (FLJXUH 1). TKH cRQcaWHQaWHd VLQJOH-cRS\ RUWKRORJV UHVXOWHd LQ aQ aOLJQPHQW RI 127 

4,680,591 aPLQR-acLdV, ZKLcK ZH XVHd WR UHVROYH WKH UHOaWLRQVKLSV aPRQJ WKH WKUHH KRQH\ bHH OLQHaJHV. WH 128 

UHcRYHUHd a KLJKO\ VXSSRUWHd SK\ORJHQ\ RI ASLV ZLWK WKH dZaUI KRQH\ bHHV aV RXWJURXS WR WKH RWKHU WZR 129 

OLQHaJHV (FLJXUH 1), aJUHHLQJ ZLWK SUHYLRXV ZRUN (RaIILXdLQ aQd CUR]LHU 2007).  130 
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FLJXUH 1 - PK\ORJHQHWLc, JHQRPLc aQd JHQH cRQWHQW cRPSaULVRQV RI 3 KRQH\ bHH VSHcLHV. FURP OHIW WR ULJKW: 

Ma[LPXP OLNHOLKRRd SK\ORJHQ\ bXLOW IURP 9310 cRQcaWHQaWHd VLQJOH-cRS\ RUWKRORJRXV SURWHLQV IURP 

VHTXHQcHd KRQH\bHHV aQd bXPbOHbHH RXWJURXS LQdLcaWHd WKaW A. IORUHD dLYHUJHd ILUVW IURP WKH PRVW UHcHQW 

cRPPRQ aQcHVWRU RI KRQH\ bHHV (aOO QRdHV 100% bRRWVWUaS VXSSRUWHd). A. IORUHD UHSUHVHQWV WKH dZaUI KRQH\ 

bHHV, ZKLOH A. PHOOLIHUD aQd A. GRUVDWD UHSUHVHQW WKH caYLW\ QHVWHUV aQd WKH JLaQW KRQH\ bHHV, UHVSHcWLYHO\. 

TUHH YLVXaOL]aWLRQ ZaV SHUIRUPHd XVLQJ JJWUHH (YX 2020). CLUcOHV UHSUHVHQW cRORQ\ VL]H UaQJHV ZLWK daUN 

JUH\ LQdLcaWLQJ WKH ORZHVW aQd OLJKW JUH\ WKH KLJKHVW cRORQ\ VL]H, WKH \HOORZ baUV dHSLcW WKH JHQRPH VL]H RI 

HacK VSHcLHV, aQd WKH UHd/bOXH baUV cRUUHVSRQd WR WKH aYHUaJH GC cRQWHQW RI WKH JHQRPH RI HacK VSHcLHV. 

AYHUaJH JHQRPH GC cRQWHQW dHcUHaVHV ZLWK LQcUHaVLQJ cRORQ\ VL]H. TKH ULJKWPRVW KRUL]RQWaO baU SORWV 

VKRZ WRWaO JHQH cRXQWV IRU HacK VSHcLHV SaUWLWLRQHd accRUdLQJ WR WKHLU RUWKRORJ\ SURILOHV. A. IORUHD SRVVHVVHd 

WKH JUHaWHVW QXPbHU RI OLQHaJH-VSHcLILc JHQHV IROORZHd b\ A. PHOOLIHUD. 
 131 

GHQRPH-ZLGH SaWWHUQV RI SRVLWLYH VHOHcWLRQ 132 

TR LdHQWLI\ SRVLWLYH VHOHcWLRQ WKaW acWHd RQ SURWHLQ cRdLQJ JHQHV dXULQJ WKH HYROXWLRQ RI KRQH\ bHHV, ZH XVHd 133 

WKH adaSWLYH bUaQcK-VLWH UaQdRP HIIHcWV OLNHOLKRRd (aBRSEL) PHWKRd LQ H\SK\ (KRVaNRYVN\ PRQd HW aO. 2019; 134 

SPLWK HW aO. 2015) RQ 8,115 VLQJOH-cRS\ RUWKRJURXSV (VHH MHWKRdV). WH LdHQWLILHd 149 VLQJOH-cRS\ RUWKRJURXSV 135 

(1.85%) ZLWK VLJQaOV RI SRVLWLYH VHOHcWLRQ LQ aW OHaVW RQH RI WKH IRXU bUaQcKHV aW a 10% IaOVH dLVcRYHU\ UaWH 136 

(FDR). PaWWHUQV RI SRVLWLYH VHOHcWLRQ ZHUH HTXaOO\ dLVWULbXWHd aPRQJ WKH WKUHH KRQH\ bHH VSHcLHV OLQHaJHV ZLWK 137 

a SURSRUWLRQ RI 0.49-0.60% RI aOO RUWKRJURXSV WHVWHd (SXSSOHPHQWaO TabOHV S1, S2). TKH baVaO ASLV bUaQcK, 138 

KRZHYHU, ZaV XQdHU SRVLWLYH VHOHcWLRQ LQ RQO\ 0.27% RI RUWKRJURXSV, UHSUHVHQWLQJ a VLJQLILcaQWO\ ORZHU 139 

SURSRUWLRQ LQ cRPSaULVRQ WR WKH WKUHH VSHcLHV bUaQcKHV (CKL-VTXaUHd WHVW: Ȥ2 = 10.48, dI = 3, S = 0.0149). TKLV 140 
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UHVXOW ZaV QRW dXH WR UHdXcHd SRZHU aVVRcLaWHd ZLWK VKRUW bUaQcKHV (AQLVLPRYa aQd YaQJ 2007) bHcaXVH WKH 141 

ASLV bUaQcK Kad aQ RYHUaOO LQcUHaVHd bUaQcK OHQJWK (MHaQ bUaQcK OHQJWK (� VWaQdaUd HUURU) RI ASLV: 0.37 � 142 

0.02, A. PHOOLIHUD: 0.06 � 0.0005, A. IORUHD: 0.05 � 0.0004, A. GRUVDWD: 0.04 � 0.0003; KUXVNaO-WaOOLV WHVW: Ȥ2 = 143 

3280, dI = 3, S < 2.2 î10-16) aQd RUWKRJURXS WHVW VcRUHV ZHUH SRVLWLYHO\ cRUUHOaWHd ZLWK WKH OHQJWK RI WKH WHVWHd 144 

bUaQcKHV (ORJ-OLNHOLKRRd UaWLR; SSHaUPaQ¶V cRUUHOaWLRQ ȡ=0.20, S < 2.2 î10-16). 145 

NH[W, ZH caWHJRUL]Hd HacK RUWKRJURXS b\ LWV KRPRORJ\ WR JHQHV ZLWK NQRZQ IXQcWLRQ LQ A. PHOOLIHUD, 146 

LQ RUdHU WR WHVW ZKHWKHU WKH LdHQWLILHd SaWWHUQV RI SRVLWLYH VHOHcWLRQ cRUUHOaWHd ZLWK NQRZQ IXQcWLRQV. 6,719 RI 147 

WKH 8,115 RUWKRJURXSV (82.8%) LQcOXdHd LQ WKH aQaO\VLV cRXOd bH caWHJRUL]Hd WKLV Za\, ZKLOH WKH IXQcWLRQ RI 148 

1,396 (17.2%) UHPaLQHd XQNQRZQ. TKH SURSRUWLRQ RI JHQHV ZLWK NQRZQ (83.1%) aQd XQNQRZQ (16.9%) 149 

IXQcWLRQ XQdHU SRVLWLYH VHOHcWLRQ dLd QRW dLIIHU IURP WKH RYHUaOO dLVWULbXWLRQ (CKL VTXaUH WHVW: Ȥ2 < 0.01, dI = 1, 150 

S = 1). HRZHYHU, JHQHV ZLWK XQNQRZQ IXQcWLRQ Kad a VLJQLILcaQWO\ KLJKHU PHdLaQ HYROXWLRQaU\ UaWH UaWLR 151 

(GN/GS(NQRZQ IXQcWLRQ) = 0.077, GN/GS(XQNQRZQ IXQcWLRQ) = 0.157; WLOcR[RQ RaQN SXP WHVW: W = 5.4 î 107, S < 2.2 î 10-16) 152 

cRPSaUHd WR WKRVH ZLWK a NQRZQ IXQcWLRQ. WKLOH WKLV UHVXOW LV QRW VXUSULVLQJ bHcaXVH JHQHV ZLWK KLJKHU 153 

dLYHUJHQcH UaWHV aUH PRUH dLIILcXOW WR aQQRWaWH baVHd RQ KRPRORJ\ WR JHQHV RI NQRZQ IXQcWLRQ, LW dRHV 154 

HPSKaVL]H WKH VLJQLILcaQcH RI VWXd\LQJ JHQHV RI XQNQRZQ IXQcWLRQ. 155 

MRVW RI WKH VLJQLILcaQW JHQH IaPLOLHV ZHUH IRXQd WR bH SRVLWLYHO\ VHOHcWHd LQ a VLQJOH bUaQcK, aOWKRXJK 156 

WKH IROORZLQJ ILYH ZHUH IRXQd WR bH SRVLWLYHO\ VHOHcWHd LQ WZR bUaQcKHV: PXVFOH P\RVLQ KHDY\ FKDLQ, ZKLcK LV 157 

LQYROYHd LQ PXVcOH cRQWUacWLRQ (HROPHV 2004; OdURQLW] aQd KROOPaU 2008), ZaV XQdHU SRVLWLYH VHOHcWLRQ LQ 158 

bRWK A. GRUVDWD aQd A. IORUHD; IRXU DQG D KDOI LIM GRPDLQV SURWHLQ 2, LQYROYHd LQ KHaUW SK\VLRORJ\ aQd PXVcOH 159 

IRUPaWLRQ (JRKaQQHVVHQ HW aO. 2006), ZaV XQdHU SRVLWLYH VHOHcWLRQ LQ bRWK A. GRUVDWD aQd PHOOLIHUD; VHULQH-ULFK 160 

DGKHVLQ IRU SODWHOHWV, ZKLcK SOa\V a UROH LQ cHOO adKHVLRQ (SaQcKH] HW aO. 2010), ZaV SRVLWLYHO\ VHOHcWHd LQ WKH 161 

ASLV bUaQcK aQd LQ A. IORUHD; aQd DOSKD-JOXFRVLGDVH 2 (APGCS2Į), ZKLcK LV LQYROYHd LQ JOXcRVH PHWabROLVP, 162 

aQd RQH addLWLRQaO RUWKRJURXS RI XQNQRZQ IXQcWLRQ ZHUH SRVLWLYHO\ VHOHcWHd LQ bRWK WKH ASLV bUaQcK aQd A. 163 

PHOOLIHUD. IQ WKH WKUHH VSHcLHV bUaQcKHV, aV ZHOO aV WKH aQcHVWUaO ASLV bUaQcK, VHYHUaO SRVLWLYHO\ VHOHcWHd JHQHV 164 

ZHUH LdHQWLILHd ZLWK a IXQcWLRQ LQ WKH UHJXOaWLRQ RI JHQH H[SUHVVLRQ, cHOO VLJQaOLQJ, aQd QHXUaO SURcHVVHV, aV 165 

ZHOO aV ZLWK aQ aVVRcLaWLRQ ZLWK UHVLVWaQcH aJaLQVW SaWKRJHQV aQd [HQRbLRWLcV (SXSSOHPHQWaO TabOHV S1, S2).  166 

 167 
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THVWV RI IXQcWLRQaO caWHJRU\ HQULcKPHQW 168 

TR LdHQWLI\ ZKHWKHU SRVLWLYH VHOHcWLRQ acURVV WKH KRQH\ bHH VSHcLHV TXaQWLWaWLYHO\ UHOaWHV WR SaUWLcXOaU 169 

IXQcWLRQV, ZH cOaVVLILHd JHQHV baVHd RQ WKHLU GHQH OQWRORJ\ (GO) aQQRWaWLRQ IURP A. PHOOLIHUD RUWKRORJV. 170 

UVLQJ SUMSTAT (RRX[ HW aO. 2014) ZLWK WKH WRSGO R SacNaJH (AOH[a HW aO. 2006) WR WHVW IRU JHQH VHW 171 

HQULcKPHQW, ZH LdHQWLILHd 51 VLJQLILcaQW IXQcWLRQaO caWHJRULHV, RI ZKLcK 45 ZHUH HQULcKHd aQd VL[ dHSOHWHd LQ 172 

JHQHV XQdHU SRVLWLYH VHOHcWLRQ aW 20% FDR. MRVW IXQcWLRQaO caWHJRULHV HQULcKHd ZLWK SRVLWLYHO\ VHOHcWHd JHQHV 173 

ZHUH XQLTXH IRU HacK bUaQcK, ZLWK WKH H[cHSWLRQ RI ³ATP-dHSHQdHQW PLcURWXbXOH PRWRU acWLYLW\´, ZKLcK ZaV 174 

VKaUHd aPRQJ WKH WKUHH ASLV VSHcLHV aQd ³PLWRcKRQdULaO WUaQVOaWLRQ-UHOaWHd IXQcWLRQV´, ZKLcK ZaV HQULcKHd LQ 175 

aOO bUaQcKHV bXW A. IORUHD (FLJXUH 2). IQ addLWLRQ, A. GRUVDWD aQd A. PHOOLIHUD VKaUHd VLPLOaU IXQcWLRQaO 176 

caWHJRULHV LQYROYHd LQ cHOOXOaU LRQ H[cKaQJH (SXSSOHPHQWaO TabOH S3). GO WHUPV dHSOHWHd RI SRVLWLYHO\ 177 

VHOHcWHd JHQHV ZHUH PRVWO\ IRXQd LQ WKH ASLV bUaQcK aQd ZHUH OLQNHd WR WKH UHJXOaWLRQ RI WUaQVcULSWLRQ (FLJXUH 178 

3). 179 

 
FLJXUH 2 ± FXQcWLRQaO caWHJRULHV HQULcKHd ZLWK JHQHV XQdHU SRVLWLYH VHOHcWLRQ LQ HacK KRQH\ bHH VSHcLHV 

aQd WKHLU PRVW UHcHQW cRPPRQ aQcHVWRU. GO WHUPV HQULcKHd LQ SRVLWLYHO\-VHOHcWHd JHQHV aUH dHSLcWHd aV 

VSKHUHV UHSUHVHQWLQJ WKH QXPbHU RI aQQRWaWHd JHQHV (VSKHUH VL]H) aQd WKH -ORJ10 RI WKHLU FDR (cRORU 

LQWHQVLW\). GO HQULcKPHQW VcRUHV, QRUPaOL]Hd b\ WKH QXPbHU RI aQQRWaWHd JHQHV, aUH LQdLcaWHd b\ WKH [-

a[LV. MRVW HQULcKHd GO WHUPV ZLWK SRVLWLYHO\ VHOHcWHd JHQHV caQ bH LQWHUSUHWHd aV adaSWaWLRQV WR ORQJ 
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dLVWaQcH PLJUaWLRQ aQd LQcUHaVHd cRORQ\ VL]H LQ A. GRUVDWD, cRORQ\ dHIHQVH LQ A. IORUHD, LPPXQLW\ LQ A. 

PHOOLIHUD, aQd TE VLOHQcLQJ aQd KLJK UHcRPbLQaWLRQ UaWHV LQ WKH baVaO ASLV OLQHaJH. BP = BLRORJLcaO PURcHVV, 

CC = CHOOXOaU CRPSRQHQW, MF = MROHcXOaU FXQcWLRQ. 

 180 

TKH ASLV bUaQcK UHYHaOHd 14 HQULcKHd GO caWHJRULHV LQcOXdLQJ WKH ³SLRNA PHWabROLc SURcHVV´ aQd 181 

³cHOOXOaU UHVSRQVH WR X-Ua\´. TKH IRUPHU cRXOd UHOaWH WR WKH SaUWLcXOaUO\ ORZ TE cRQWHQW RI KRQH\ bHHV 182 

(PHWHUVHQ HW aO. 2019) bHcaXVH SLRNAV VLOHQcH WUaQVSRVabOH HOHPHQWV (EUQVW HW aO. 2017), ZKLOH WKH OaWWHU PLJKW 183 

H[SOaLQ WKH KRQH\ bHHV¶ KLJK JHQRPLc UHcRPbLQaWLRQ UaWHV (RXHSSHOO HW aO. 2016) dXH WR LWV OLQN WR DNA dRXbOH 184 

VWUaQd bUHaNV (DSB) WKaW aUH UHTXLUHd WR LQLWLaWH UHcRPbLQaWLRQ (AJXLOHUa aQd GyPH]-GRQ]iOH] 2008). GO 185 

caWHJRULHV HQULcKHd LQ A. IORUHD LQcOXdHd ³KRUPRQH aQd JOXcXURQaWH PHWabROLVP´, aQd ³UHWLQaO SURWHLQV´. TKH 186 

GO caWHJRULHV ³JORPHUXOaU YLVcHUaO HSLWKHOLaO cHOO dLIIHUHQWLaWLRQ´, ³dRSaPLQH PHWabROLVP´, ³IOLJKW´, aQd 187 

³QHJaWLYH UHJXOaWLRQ RI DNA bLRV\QWKHVLV´ ZHUH HQULcKHd IRU SRVLWLYH VHOHcWLRQ LQ A. GRUVDWD. TKH A. PHOOLIHUD 188 

bUaQcK ZaV HQULcKHd LQ ³cKLWLQ PHWabROLVP´ aQd ³LQIOaPPaWRU\ UHVSRQVH´. 189 

 

FLJXUH 3 - FXQcWLRQaO caWHJRULHV dHSOHWHd RI JHQHV XQdHU SRVLWLYH VHOHcWLRQ LQ HacK KRQH\ bHH VSHcLHV aQd 

WKHLU PRVW UHcHQW cRPPRQ aQcHVWRU. SSKHUHV LQdLcaWH GO WHUPV dHSOHWHd RI SRVLWLYHO\-VHOHcWHd JHQHV, ZKHUH 

VL]H UHSUHVHQWV WKH QXPbHU RI aQQRWaWHd JHQHV aQd cRORU LQWHQVLW\ WKH VLJQLILcaQcH (-ORJ10 RI WKHLU FDR). TKH 

[-a[LV UHSUHVHQWV WKH QRUPaOL]Hd GO HQULcKPHQW VcRUH dLYLdHd b\ WKH QXPbHU RI aQQRWaWHd JHQHV. MRVW RI WKH 

GO WHUPV dHSOHWHd LQ JHQHV XQdHU SRVLWLYH VHOHcWLRQ aUH IRXQd LQ WKH baVaO ASLV bUaQcK aQd UHOaWH WR 

WUaQVcULSWLRQ IXQcWLRQV. NR dHSOHWHd GO WHUP ZaV IRXQd LQ A. GRUVDWD. BP = BLRORJLcaO PURcHVV, CC = 

CHOOXOaU CRPSRQHQW, MF = MROHcXOaU FXQcWLRQ. 
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 190 

OYHUOaS aQaO\VHV 191 

A cRPSaULVRQ RI JHQHV ZH LdHQWLILHd aV SRVLWLYHO\ VHOHcWHd ZLWK SXbOLVKHd OLVWV RI JHQHV RI IXQcWLRQaO 192 

VLJQLILcaQcH LQ ASLV LdHQWLILHd QXPHURXV RYHUOaSSLQJ JHQHV (SXSSOHPHQWaO TabOH S4) bXW dLd QRW UHYHaO aQ\ 193 

TXaQWLWaWLYHO\ VLJQLILcaQW RYHUOaS. NRQH RI RXU IRXU OLVWV (ASLV bUaQcK, A. IORUHD bUaQcK, A. GRUVDWD bUaQcK, aQd 194 

A. PHOOLIHUD bUaQcK) H[KLbLWHd VLJQLILcaQWO\ PRUH RYHUOaS WKaQ H[SHcWHd b\ cKaQcH ZLWK LQWHU-VSHcLILc 195 

dLIIHUHQcHV LQ bUaLQ JHQH H[SUHVVLRQ (SaUPa HW aO. 2007). TKHUH ZaV aOVR QR VLJQLILcaQW RYHUOaS ZLWK IXQcWLRQaO 196 

JHQH OLVWV LdHQWLILHd b\ LQWUa-VSHcLILc VWXdLHV, VXcK aV VHOHcWHd JHQHV ZLWKLQ A. PHOOLIHUD (WaOObHUJ HW aO. 2014) 197 

JHQHV LQYROYHd LQ A. PHOOLIHUD caVWH dHWHUPLQaWLRQ (CKHQ HW aO. 2012), ZRUNHU UHSURdXcWLRQ (CaUdRHQ HW aO. 198 

2011), ZRUNHU bHKaYLRUaO RQWRJHQ\ (WKLWILHOd HW aO. 2006; KKaPLV HW aO. 2015), aQd TXHHQ-ZRUNHU bUaLQ 199 

dLIIHUHQcHV (GUR]LQJHU HW aO. 2007). TKH OaUJHVW RYHUOaS (S = 0.0012) ZaV IRXQd bHWZHHQ JHQHV VHOHcWHd LQ WKH 200 

A. PHOOLIHUD bUaQcK aQd JHQHV LQ WKH PLdJXW WKaW ZHUH XS-UHJXOaWHd LQ A. PHOOLIHUD IRUaJHUV cRPSaUHd WR QXUVHV 201 

(JaVSHU HW aO. 2015) bXW cRUUHcWLQJ IRU WKH 72 LQdHSHQdHQW cRPSaULVRQV PadH WR WKLV SaUWLcXOaU daWa VHW aORQH 202 

UHQdHUHd WKH RYHUOaS QRQ-VLJQLILcaQW.  203 

TabOH 1 ± OYHUOaS RI SRVLWLYHO\ VHOHcWHd JHQHV ZLWK JHQHV SUHVHQW LQ QTL VWXdLHV. 204 

 205 

QTL 
BUaQcK 

ZLWK VLJQ RI 

VHOHcWLRQ 
RHISHT ID GHQH DHVcULSWLRQ ASiV PellifeUa 

KRPRORJ PXWaWLYH IXQcWLRQ 

SOQ1 A. GRUVDWD 102675389 IRUNKHad bR[ SURWHLQ P1-OLNH AMEL3B67976-RH 
VHUVaWLOH WUaQVcULSWLRQ 

IacWRU 
SOQ4 A. GRUVDWD 102679494 aUUHVWLQ dRPaLQ-cRQWaLQLQJ SURWHLQ 17-OLNH AMEL3B68030-RA UQNQRZQ 
SOQ4 A. GRUVDWD 102674786 LQWHUVHcWLQ-1-OLNH AMEL3B68033-RB NHXURQaO HQdRc\WRVLV 

ZRV1 A. GRUVDWD 102679612 d\QaPLQ AMEL3B62415-RB MHPbUaQH ILVVLRQLQJ LQ 

WKH QHUYRXV V\VWHP 
ZRV2 A. PHOOLIHUD 102653640 JOXWaPaWH UHcHSWRU 1 AMEL3B61681-RB NHXURWUaQVPLVVLRQ 
ZRV2 A. GRUVDWD 102677058 dHXbLTXLWLQaVH DESI2 AMEL3B61581-RA DHXbLTXLWLQaWLRQ 
ZRV2 A. IORUHD 100867905 XQcKaUacWHUL]Hd LOC100867905 AMEL3B61701-RA UQNQRZQ 

ZRV2 A. IORUHD 100863251 KLJK aIILQLW\ cAMP-VSHcLILc aQd IBMX-

LQVHQVLWLYH 3',5'-c\cOLc SKRVSKRdLHVWHUaVH 8 AMEL3B61641-RA IQWUacHOOXOaU VLJQaOLQJ 

ZRV3 A. PHOOLIHUD 726989 E3 XbLTXLWLQ-SURWHLQ OLJaVH OLVWHULQ AMEL3B62585-RA NHXURdHJHQHUaWLRQ 
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TKH SRVLWLYHO\ VHOHcWHd JHQHV ZHUH aOVR cRPSaUHd WR SRVLWLRQaO caQdLdaWHV LQ WKH cRQILdHQcH LQWHUYaOV 206 

RI SXbOLVKHd LQWUa-VSHcLILc TXaQWLWaWLYH WUaLW ORcL IRU WKH SROOHQ KRaUdLQJ V\QdURPH, VSHcLILcaOO\ IRUaJLQJ 207 

bHKaYLRU (SOQ1-4) aQd RYaU\ VL]H (ZRV1-5) (HXQW HW aO. 2007; GUaKaP HW aO. 2011; RXHSSHOO HW aO. 2011a). NLQH 208 

SRVLWLYHO\ VHOHcWHd JHQHV ZHUH ORcaWHd LQ WKHVH JHQRPH UHJLRQV. FLYH RI WKHVH JHQHV VKRZHd HYLdHQcH RI 209 

VHOHcWLRQ LQ WKH A. GRUVDWD bUaQcK aQd QRQH LQ WKH ASLV bUaQcK. KQRZQ IXQcWLRQV RI WKH JHQHV ZHUH dLYHUVH 210 

ZLWK a bLaV WRZaUdV IXQcWLRQV LQ WKH QHUYRXV V\VWHP (TabOH 1).  211 

LLQHaJH-VSHcLILc JHQHV 212 

LLQHaJH-VSHcLILc JHQHV KaYH UHcHLYHd LQcUHaVHd aWWHQWLRQ, dXH WR WKHLU SRWHQWLaO UROH LQ OLQHaJH- RU VSHcLHV-213 

VSHcLILc WUaLW HYROXWLRQ (SLPROa HW aO. 2013; JaVSHU HW aO. 2015). TR XQdHUVWaQd WKH UROH RI OLQHaJH-VSHcLILc JHQHV 214 

LQ WKH dLYHUVLILcaWLRQ RI KRQH\ bHHV, ZH SHUIRUPHd a JHQH-VHW-HQULcKPHQW aQaO\VLV b\ cRPSaULQJ GO WHUP 215 

aQQRWaWLRQV RI WKH OLQHaJH-VSHcLILc JHQHV (FLJXUH 1) WR RXU RUWKRJURXSV. TKH PaMRULW\ RI OLQHaJH-VSHcLILc JHQHV 216 

(1,994 LQ A. IORUHD (92.2%), 560 LQ A. GRUVDWD (95.2%), aQd 1,218 LQ A. PHOOLIHUD (91.5%)) cRXOd QRW bH 217 

caWHJRUL]Hd LQWR a IXQcWLRQaO JURXS QRU LQWR SUHYLRXVO\ cKaUacWHUL]Hd SURWHLQ IaPLOLHV (SXSSOHPHQWaO TabOH S5). 218 

AccRUdLQJO\, WKH GO aQaO\VLV UHYHaOHd RQO\ a IHZ HQULcKHd WHUPV IRU A. IORUHD aW 20% FDR, LQcOXdLQJ 219 

³caUbRK\dUaWH PHWabROLc SURcHVV´, ³K\dUROaVH acWLYLW\, K\dURO\]LQJ O-JO\cRV\O cRPSRXQdV´, aQd ³DNA 220 

LQWHJUaWLRQ´ (SXSSOHPHQWaO TabOH S5). AOWKRXJK QRW VLJQLILcaQWO\ HQULcKHd LQ WKH GO WHUP aQaO\VLV, WKH A. 221 

GRUVDWD JHQRPH cRQWaLQHd WZR OLQHaJH-VSHcLILc JHQHV UHOaWHd WR YLVLRQ, JHOVROLQ-OLNH aQd FDOSKRWLQ-OLNH aQd WKH 222 

A. PHOOLIHUD JHQRPH aOVR UHYHaOHd VHYHUaO OLQHaJH-VSHcLILc JHQHV RI LQWHUHVW (SXSSOHPHQWaO TabOH S5).  223 

 224 

CKHPRVHQVRU\ JHQH HYROXWLRQ 225 

CKHPRVHQVRU\ dLYHUVLILcaWLRQ LV LPSRUWaQW IRU LQVHcW HYROXWLRQ (McBULdH HW aO. 2014; BUaQd HW aO. 2020) bXW 226 

aXWRPaWHd aQQRWaWLRQ RI cKHPRVHQVRU\ JHQHV UHPaLQV SURbOHPaWLc. TKXV, ZH PaQXaOO\ aQQRWaWHd aQd aQaO\]Hd 227 

ILYH cKHPRVHQVRU\ JHQH IaPLOLHV LQYROYHd LQ ROIacWLRQ aQd JXVWaWLRQ: RdRUaQW bLQdLQJ SURWHLQV (OBPV), 228 

cKHPRVHQVRU\ SURWHLQV (CSPV), RdRUaQW UHcHSWRUV (ORV), JXVWaWRU\ UHcHSWRUV (GRV) aQd LRQRWURSLc UHcHSWRUV 229 

(IRV) (SiQcKH]-GUacLa HW aO. 2009; CURVHW HW aO. 2010). 230 
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TKH QXPbHU RI cKHPRVHQVRU\ JHQHV LQ A. GRUVDWD aQd A. IORUHD (SXSSOHPHQWaO TabOH S6) ZaV VLPLOaU 231 

WR WKH SUHYLRXVO\ dHVcULbHd JHQH VHWV LQ A. PHOOLIHUD IRU aOO cKHPRVHQVRU\ JHQH IaPLOLHV (BUaQd aQd RaPtUH] 232 

2017; KaUSH HW aO. 2016; RRbHUWVRQ aQd WaQQHU 2006), ZLWK a OaUJH QXPbHU RI 1:1:1 RUWKRORJRXV JHQHV 233 

bHWZHHQ WKH WKUHH VSHcLHV (IURP 66% LQ ORV WR 100% LQ CSPV aQd IRV). AddLWLRQaOO\, ZH IRXQd cRQVHUYaWLRQ 234 

RI JHQHV, VXcK aV WKH 9-ODA UHcHSWRU JHQH OR11, acURVV VSHcLHV. WKLOH ZH dLd QRW dHWHcW aQ\ YaULaWLRQ LQ 235 

CSPV aQd IRV acURVV WKH KRQH\ bHHV, OBPV, ORV, aQd GRV YaULHd LQ WKH QXPbHU RI JHQHV, UHYHaOLQJ JaLQV aQd 236 

ORVVHV (FLJXUH 4, SXSSOHPHQWaO FLJV. S1, S2). TKH PRVW YaULabOH cOadHV LQ aOO WKUHH RI WKHVH JHQH IaPLOLHV, 237 

SUHYLRXVO\ LdHQWLILHd aV VSHcLILc WR KRQH\ bHHV LQ cRPSaULVRQ WR RWKHU cRUbLcXOaWH bHHV (BUaQd aQd RaPtUH] 238 

2017), ZHUH VLPLOaU LQ QXPbHUV IRU aOO WKUHH VSHcLHV aQaO\]Hd bXW UHYHaOHd cRPSOH[ SK\ORJHQHWLc UHOaWLRQVKLSV, 239 

LQcOXdLQJ WKH OR 9-H[RQ VXbIaPLO\. 240 

IQ addLWLRQ WR WKHVH SaWWHUQV VKaUHd aPRQJ JHQH IaPLOLHV, ZH IRXQd WKaW WKH QXPbHU RI GRV LQ WKH 241 

QHZO\ aQQRWaWHd A. IORUHD aQd A. GRUVDWD JHQRPHV dLIIHUHd VXbVWaQWLaOO\ IURP A. PHOOLIHUD. PUHYLRXV 242 

aQQRWaWLRQV RI WKH A. PHOOLIHUD JHQRPH UHSRUWHd a WRWaO RI 15 GR JHQHV LQcOXdLQJ 11 IXQcWLRQaO aQd 4 243 

SVHXdRJHQL]Hd cRSLHV (RRbHUWVRQ aQd WaQQHU 2006; SPLWK HW aO. 2011). IQ addLWLRQ WR VLQJOH cRSLHV IRU HacK RI 244 

WKH IXQcWLRQaO GRV NQRZQ IURP A. PHOOLIHUD, ZH LdHQWLILHd 19 aQd 15 GRV LQ A. GRUVDWD aQd A. IORUHD, 245 

UHVSHcWLYHO\ (FLJXUH 4). OI WKHVH, 8 aQd 2 ZHUH OLNHO\ SVHXdRJHQHV, UHVSHcWLYHO\, aQd aOO RI WKHVH GRV IRUPHd a 246 

PRQRSK\OHWLc cOadH ZLWK WKH WKUHH SUHYLRXVO\ dHVcULbHd X, Y, aQd Z A. PHOOLIHUD SVHXdRJHQHV (FLJXUH 4). 247 

SHYHUaO RI WKH XYZ-KRPRORJRXV GRV VKRZHd 1:1 KRPRORJ\ bHWZHHQ A. GRUVDWD aQd A. IORUHD, aV ZHOO aV WKH 248 

A. PHOOLIHUD SVHXdRJHQHV. A UHaQQRWaWLRQ RI WKH A. PHOOLIHUD GR JHQH IaPLO\ LQcOXdLQJ WKH SUHYLRXVO\ 249 

UHSRUWHd >50 IUaJPHQWHd GR SVHXdRJHQHV (RRbHUWVRQ aQd WaQQHU 2006), UHcRQVWUXcWHd aOO NQRZQ IXQcWLRQaO 250 

GRV aQd 88 addLWLRQaO VHTXHQcHV ZLWK KRPRORJ\ WR WKH X, Y, aQd Z GR SVHXdRJHQHV. SL[ RI 11 GRV ZLWK a 251 

OHQJWK RI aW OHaVW 300 aPLQR acLdV cRQWaLQHd SUHPaWXUH VWRS cRdRQV, ZKLOH WKH RWKHU 5 UHSUHVHQW QHZ, 252 

SRWHQWLaOO\ IXQcWLRQaO GRV.  253 

 254 
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FLJXUH 4 ± GXVWaWRU\ UHcHSWRU (GR) JHQH IaPLO\ SK\ORJHQ\ LQcOXdLQJ QHZO\ aQQRWaWHd JHQHV RI WKUHH KRQH\ 

bHH VSHcLHV. TKH Ma[LPXP LLNHOLKRRd WUHH cRQWaLQHd WZR cOadHV, RQH LQcOXdLQJ a VLQJOH RUWKRORJ RI aOO 

SXWaWLYHO\ IXQcWLRQaO GRV SUHYLRXVO\ dHVcULbHd LQ A. PHOOLIHUD (KLJKOLJKWHd LQ RUaQJH) LQ HacK VSHcLHV (bOXH: 

A. GRUVDWD, JUH\: A. IORUHD), aQd WKH XYZ cOadH (VXSSRUWHd ZLWK 99% bRRWVWUaS VXSSRUW) SUHYLRXVO\ WKRXJKW 

WR bH HQWLUHO\ SVHXdRJHQL]Hd (RRbHUWVRQ aQd WaQQHU 2006, Sadd HW aO. 2015). FLYH QHZO\ LdHQWLILHd IXOO-

OHQJWK GRV IRU A. PHOOLIHUD aUH KLJKOLJKWHd LQ SLQN, VRPH RI ZKLcK aUH aPRQJ WKH QHZO\ LdHQWLILHd XYZ 

GRV (4 LQ A. PHOOLIHUD, 15 LQ A. IORUHD, aQd 19 LQ A. GRUVDWD). AOO GR JURXSLQJV RXWVLdH WKH XYZ cOadH 

KaYH KLJK bRRWVWUaS VXSSRUW (VHH SXSSOHPHQWaO FLJXUH S2 IRU H[acW VXSSRUW YaOXHV), KLJKOLJKWLQJ 

 Cold Spring Harbor Laboratory Press on July 18, 2021 - Published by genome.cshlp.orgDownloaded from 

http://genome.cshlp.org/
http://www.cshlpress.com


15 
 

WKH cRQVHUYaWLRQ RI GR JHQH QXPbHU LQ WKLV JURXS acURVV ASLV. IQ addLWLRQ WR >50 VPaOO IUaJPHQWV 

ZLWK KRPRORJ\ WR GRV (OLJKW JUHHQ, RQO\ A. PHOOLIHUD IUaJPHQWV VKRZQ), ZH QHZO\ LdHQWLILHd a QXPbHU RI 

IXOO-OHQJWK JHQHV LQ WKH XYZ cOadH, aOO RI ZKLcK aUH VXSSRUWHd b\ JHQH H[SUHVVLRQ daWa LQ A. PHOOLIHUD. TKH 

IUaJPHQWV aUH LQcOXdHd KHUH IRU WR UHSUHVHQW aOO RI RXU UHVXOWV, aOWKRXJK WKH GR SK\ORJHQ\ LV PXcK cOHaUHU 

ZLWKRXW WKHP (SXSSOHPHQWaO FLJXUH S2). WLWK 16 WR 26 SXWaWLYHO\ IXQcWLRQaO GRV SHU VSHcLHV, KRQH\ bHHV 

aUH VLPLOaU WR RWKHU cRUbLcXOaWH bHHV (BUaQd aQd RaPLUH] 2017), VXJJHVWLQJ WKaW WKH VHQVH RI WaVWH LQ KRQH\ 

bHHV LV PRUH VRSKLVWLcaWHd WKaQ SUHYLRXVO\ WKRXJKW. 

 255 

TR YaOLdaWH SRWHQWLaO IXQcWLRQaOLW\ RI WKH QHZO\ dHVcULbHd GRV, ZH YLVXaOL]Hd JHQH PRdHOV aORQJ ZLWK RNA-256 

VHT WUacNV LQ WKH A. PHOOLIHUD ASROOR bURZVHU (DXQQ HW aO. 2019) aYaLOabOH aW WKH H\PHQRSWHUa GHQRPH 257 

DaWabaVH (EOVLN HW aO. 2016). FRXU RI WKH GR JHQH PRdHOV ZHUH VXSSRUWHd b\ RNA-VHT UHadV VSaQQLQJ 258 

SUHdLcWHd H[RQ-LQWURQ bRXQdaULHV, LQdLcaWLQJ WKH\ aUH acWLYHO\ WUaQVcULbHd aQd WKXV IXQcWLRQaO UHcHSWRUV. TKH 259 

RQO\ QRYHO IXOO-OHQJWK GR ZLWKRXW H[SUHVVLRQ VXSSRUW ZaV KLJKO\ VLPLOaU WR GR13, ZKLcK ZaV aOVR SUHVHQW LQ 260 

WKH JHQRPHV RI A. GRUVDWD aQd A. IORUHD aQd KaV NQRZQ RUWKRORJV LQ VHYHUaO RWKHU cRUbLcXOaWH bHHV (BUaQd aQd 261 

RaPtUH] 2017), VXJJHVWLQJ LW LV a cRQVHUYHd IXQcWLRQaO GR aV ZHOO. SHYHUaO RI WKH VPaOOHU IUaJPHQWV ZHUH aOVR 262 

VXSSRUWHd b\ H[SUHVVLRQ daWa, VXJJHVWLQJ WKaW WKH\ PLJKW bH SaUW RI cRdLQJ JHQHV WKaW aUH QRW ZHOO aVVHPbOHd. 263 

IQdHHd, aOO bXW RQH RI WKH QHZO\ LdHQWLILHd GR VHTXHQcHV ZHUH ORcaWHd RQ VPaOO VcaIIROdV QRW aVVLJQHd WR 264 

OLQNaJH JURXSV (µUQ¶-VcaIIROdV) aQd JHQH PRdHOV ZHUH RIWHQ WUXQcaWHd aW WKH HQd RI a VcaIIROd. AccRUdLQJO\, LW 265 

LV OLNHO\ WKaW WKH addLWLRQaO 5 GRV ZH LdHQWLILHd IRU A. PHOOLIHUD aUH aQ XQdHUHVWLPaWLRQ RI WKH UHaO QXPbHU RI 266 

KRQH\ bHH-VSHcLILc GRV LQ WKH XYZ-VXbIaPLO\ (BUaQd aQd RaPtUH] 2017). 267 

 268 

DLVcXVVLRQ 269 

FLQH-VcaOH cRPSaUaWLYH JHQRPLc aQaO\VHV OHad WR a bHWWHU XQdHUVWaQdLQJ RI WKH PROHcXOaU baVLV RI VSHcLHV 270 

dLYHUVLILcaWLRQ aQd LQcUHaVHd UHVROXWLRQ RI JHQRPLc IHaWXUH HYROXWLRQ. OXU JHQRPH-ZLdH aQaO\VLV UHYHaOV 271 

LQcUHaVHd SRVLWLYH VHOHcWLRQ SUHVVXUH dXULQJ WKH dLYHUVLILcaWLRQ RI WKH WKUHH KRQH\ bHH OLQHaJHV aIWHU WKH 272 

dLYHUJHQcH RI ASLV IURP LWV PRVW UHcHQW cRPPRQ aQcHVWRU ZLWK BRPEXV. OXU UHVXOWV SaUaOOHO SUHYLRXV aQaO\VHV 273 

WKaW LQdLcaWH accHOHUaWHd HYROXWLRQ dXULQJ WKH dLYHUVLILcaWLRQ RI VSHcLHV ZLWKLQ a IaPLO\ (NHYadR HW aO. 2016; 274 

TROOLV HW aO. 2018; VLaQQa HW aO. 2020), VXJJHVWLQJ a cRPPRQ HYROXWLRQaU\ SaWWHUQ. WH aOVR ILQd HYLdHQcH IRU 275 

 Cold Spring Harbor Laboratory Press on July 18, 2021 - Published by genome.cshlp.orgDownloaded from 

http://genome.cshlp.org/
http://www.cshlpress.com


16 
 

VHOHcWLRQ IRU VHTXHQcH cKaQJHV LQ H[LVWLQJ SURWHLQ cRdLQJ UHJLRQV aQd HYROXWLRQaU\ WXUQ-RYHU RI JHQHV, VLPLOaU 276 

WR a JHQRPLc VWXd\ RI WKH UadLaWLRQ RI cORVHO\ UHOaWHd bXPbOH bHHV (SXQ HW aO. 2021). TKHVH WZR VRXUcHV RI 277 

HYROXWLRQaU\ cKaQJH Pa\ bH LPSRUWaQW LQ bHH VRcLaO HYROXWLRQ LQ addLWLRQ WR UHJXOaWRU\ dLYHUVLILcaWLRQ 278 

(KaSKHLP HW aO. 2015). PUacWLcaOO\, UaSLd HYROXWLRQaU\ dLYHUJHQcH Pa\ QRW bH HaV\ WR dLVWLQJXLVK IURP 279 

HYROXWLRQ RI QRYHO JHQHV, XQOHVV VXIILcLHQW VLPLOaULW\ UHPaLQV WR dLVWLQJXLVK RUWKRORJV IURP SaUaORJV aV LQ RXU 280 

PaQXaO ASLV cKHPRUHcHSWRU aQaO\VHV. WH bHOLHYH WKaW RXU H[WHQVLYH VHaUcK IRU Wa[RQRPLcaOO\ UHVWULcWHd JHQHV 281 

UHVXOWHd LQ XQUHaOLVWLcaOO\ KLJK HVWLPaWHV RI QRYHO JHQHV bHcaXVH WKH PaMRULW\ RI WKHVH JHQHV KaYH RQO\ VXSSRUW 282 

IURP RQH SUHdLcWLRQ PHWKRd. HRZHYHU, WKH ILQdLQJV VXJJHVW WKH H[LVWHQcH RI aW OHaVW VRPH addLWLRQaO VSHcLHV-283 

VSHcLILc JHQHV ZLWKLQ ASLV WKaW dHVHUYH IXUWKHU VWXd\.  284 

WH dLd QRW LdHQWLI\ VLJQLILcaQW RYHUOaS bHWZHHQ WKH JHQHV IRXQd WR bH SRVLWLYHO\ VHOHcWHd aPRQJ 285 

VSHcLHV aQd JHQHV WKaW dHWHUPLQH LQWUa-VSHcLILc YaULaWLRQ LQ NH\ WUaLWV RI KRQH\ bHHV, ZKLcK ZH SUHdLcWHd baVHd 286 

RQ WKH K\SRWKHVLV WKaW SKHQRW\SLc SOaVWLcLW\ LV a PaLQ dULYHU RI ASLV dLYHUVLILcaWLRQ (WHVW-EbHUKaUd 2003; 287 

KaSKHLP HW aO. 2020). IQ cRQWUaVW WR WKH VWaUN SKHQRW\SLc dLIIHUHQcHV RI KRQH\ bHHV WR WKHLU cORVHVW 288 

cRQWHPSRUaU\ UHOaWLYHV, UHOaWLYHO\ IHZ JHQHV ZHUH LdHQWLILHd aV SRVLWLYHO\ VHOHcWHd LQ WKH VKaUHd HYROXWLRQ RI 289 

aOO KRQH\ bHHV (baVaO ASLV bUaQcK) cRPSaUHd WR WKH QXPbHU RI SRVLWLYHO\ VHOHcWHd JHQHV dHWHcWHd acURVV 290 

bUaQcKHV ZLWKLQ ASLV (VSHcLHV bUaQcKHV). AOWKRXJK ZH OacN a cRPSUHKHQVLYH H[SOaQaWLRQ IRU WKH UHOaWLYHO\ ORZ 291 

QXPbHU RI SRVLWLYHO\ VHOHcWHd JHQHV, LW LV SOaXVLbOH WKaW HYROXWLRQ aW WKLV VWaJH ZaV PRUH VWURQJO\ dULYHQ b\ 292 

JHQH UHJXOaWRU\ cKaQJHV (KaSKHLP HW aO. 2015) RU WKH aSSHaUaQcH RI ASLV-VSHcLILc JHQHV.  293 

IQ addLWLRQaO WR WKH cRPSXWaWLRQaO SUHdLcWLRQ RI addLWLRQaO JHQHV, RXU PaQXaO aQaO\VLV cRUUHcWHd 294 

SUHYLRXV UHVXOWV RI ORZ QXPbHUV RI GR JHQHV LQ KRQH\ bHHV (11 GRV, RRbHUWVRQ aQd WaQQHU 2006): WH ZHUH 295 

abOH WR LdHQWLI\ 22, 26, aQd 16 cRPSOHWH GR JHQHV LQ A. GRUVDWD, A. IORUHD, aQd A. PHOOLIHUD, UHVSHcWLYHO\, aLdHd 296 

b\ aQ XSdaWHd JHQRPH aVVHPbO\ IRU A. PHOOLIHUD (EOVLN HW aO. 2014). TKLV LQcUHaVH RI IXOO-OHQJWK GRV LQ A. 297 

PHOOLIHUD b\ aOPRVW 50% LV SUHVXPabO\ VWLOO aQ XQdHUHVWLPaWH dXH WR ORZ TXaOLW\ VHTXHQcH aVVHPbO\ RI WKH 298 

UHVSHcWLYH SaUWV RI WKH JHQRPH. TKXV, WKH VHQVH RI WaVWH LQ KRQH\ bHHV Pa\ bH PRUH VRSKLVWLcaWHd WKaQ 299 

SUHYLRXVO\ WKRXJKW (WULJKW HW aO. 2010). FXUWKHUPRUH, WKH XYZ-VXbIaPLO\, ZKLcK LV RQO\ IRXQd LQ ASLV 300 

(aOWKRXJK RQH LQVWaQcH KaV bHHQ UHSRUWHd IURP BRPEXV WHUUHVWULV (Sadd HW aO. 2015)), UHYHaOHd cRPSOH[ 301 

HYROXWLRQaU\ d\QaPLcV VXJJHVWLQJ aQ HYROXWLRQaU\ KLVWRU\ RI JXVWaWRU\ IXQcWLRQV VSHcLILc WR KRQH\ bHHV. 302 
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TRJHWKHU, WKLV PaNHV WKH XYZ-VXbIaPLO\ aQ LQWHUHVWLQJ WaUJHW WR XQdHUVWaQd WKH HYROXWLRQ RI cKHPRVHQVRU\ 303 

caSabLOLWLHV LQ KRQH\ bHHV.  304 

 305 

TKH HYROXWLRQ RI ASiV VXSSRUWV SUHYLRXV VWXGLHV RQ WKH PROHcXOaU baVLV RI LQcUHaVHG VRcLaO cRPSOH[LW\ 306 

TKH ULVH RI HXVRcLaOLW\ LQ LQVHcWV KaV bHHQ OLQNHd ZLWK aQ LQcUHaVHd caSacLW\ RI JHQH UHJXOaWLRQ aQd WKH UaSLd 307 

HYROXWLRQ RI cKHPRUHcHSWRUV, dHVSLWH WKH VPaOO QXPbHU RI IaVW-HYROYLQJ JHQHV VKaUHd aPRQJ HXVRcLaO LQVHcWV 308 

(WRRdaUd HW aO. 2007; SLPROa HW aO. 2013; THUUaSRQ HW aO. 2014; KaSKHLP HW aO. 2015, 2020; HaUULVRQ HW aO. 309 

2018).  310 

WKLOH RXU aQaO\VHV VXSSRUW WKH LPSRUWaQcH RI cKHPRVHQVaWLRQ, ZH IRXQd WKaW WKH dLYHUJHQcH RI WKH 311 

ASLV aQcHVWRU IURP WKH PRVW UHcHQW cRPPRQ aQcHVWRU ZLWK BRPEXV ZaV accRPSaQLHd b\ a dHSOHWLRQ RI 312 

SRVLWLYHO\ VHOHcWHd JHQHV IURP IXQcWLRQaO caWHJRULHV UHOaWHd WR WUaQVcULSWLRQ, VXcK aV ³WUaQVcULSWLRQ IacWRU 313 

bLQdLQJ´. TKH PaMRU HYROXWLRQaU\ WUaQVLWLRQ WR HXVRcLaOLW\ ZaV QRW caSWXUHd LQ RXU cRQWUaVW bHWZHHQ BRPEXV 314 

aQd ASLV aQd RXU UHVXOWV Pa\ WKXV UHIOHcW a VXbVHTXHQW cRQVHUYaWLRQ RI JHQH UHJXOaWRU\ PHcKaQLVPV WKaW 315 

cRQVROLdaWH aQd VWabLOL]H WKH SURJUHVV RI a UaSLd WUaQVLWLRQ WR VRcLaOLW\. SXbVHTXHQW JHQH UHJXOaWRU\ cKaQJHV LQ 316 

WKH HYROXWLRQ RI ASLV Pa\ KaYH bHHQ acKLHYHd b\ PRUH VSHcLILc PHcKaQLVPV: JHQHV LQYROYHd LQ JURZWK IacWRU 317 

acWLYLW\, a PaMRU SaWKZa\ RI WKH UHJXOaWLRQ RI JHQH H[SUHVVLRQ, ZHUH IaVW HYROYLQJ LQ WKH aQcHVWRU RI aOO ASLV 318 

VSHcLHV. TKH UaSLd HYROXWLRQ RI SLRNA PHWabROLVP LQ KRQH\ bHHV PLJKW aOVR bH OLQNHd WR WKH UHJXOaWLRQ RI 319 

JHQH H[SUHVVLRQ LQ ASLV, aV LW UHJXOaWHV JHQH H[SUHVVLRQ aQd HSLJHQHWLc HIIHcWV LQ DURVRSKLOD (WHLcN aQd MLVNa 320 

2014; GOaVWad HW aO. 2018) aQd SLRNAV WaUJHW UHJLRQV aQWL-VHQVH RI SURWHLQ-cRdLQJ JHQHV LQ KRQH\ bHHV, 321 

VXJJHVWLQJ WKaW WKH\ cRXOd cRQWURO WUaQVcULSWLRQ (WaQJ HW aO. 2017). 322 

CKHPRVHQVRU\ JHQH HYROXWLRQ KaV bHHQ K\SRWKHVL]Hd WR bH LPSRUWaQW dXULQJ WKH HYROXWLRQ RI 323 

HXVRcLaOLW\ (HaUULVRQ HW aO. 2018). TKH 9-H[RQ OR JHQH IaPLO\ KaV bHHQ K\SRWKHVL]Hd WR bH LPSRUWaQW LQ VRcLaO 324 

cRPPXQLcaWLRQ LQ H\PHQRSWHUa, dXH WR a UROH RI 9-H[RQ ORV LQ WKH dHWHcWLRQ RI CHCV LQ aQWV (SPLWK HW aO. 325 

2011; McKHQ]LH HW aO. 2016; SORQH HW aO. 2017; PaVN HW aO. 2017). OXU UHVXOWV dHPRQVWUaWH WKaW WKH OR 9-H[RQ 326 

VXbIaPLO\ HYROYHV UaSLdO\ bHWZHHQ WKH WKUHH ASLV VSHcLHV, ZKLcK RccXUV aOVR PRUH ZLdHO\ (Sadd HW aO. 2015; 327 

BUaQd aQd RaPtUH] 2017). IQ cRQWUaVW, VH[ SKHURPRQH UHcHSWRU JHQHV (OR11, OR10, OR18, aQd OR170) ZHUH 328 

KLJKO\ cRQVHUYHd. MRUHRYHU, ZH IRXQd WKaW WKH H[SaQVLRQ RI OBPV LV QRW VSHcLILc WR A. PHOOLIHUD (BUaQd aQd 329 
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RaPtUH] 2017) bXW PRVW OLNHO\ RccXUUHd LQ WKH cRPPRQ aQcHVWRU RI ASLV VSHcLHV, SRLQWLQJ WR a UROH LQ 330 

cKHPRVHQVRU\ bHKaYLRUV XQLTXH WR KRQH\ bHHV. 331 

 332 

ASiV HYROXWLRQ UHYHaOV aQ HYROXWLRQaU\ WUaGH-RII bHWZHHQ JHQRPH VWabLOLW\ aQG YaULabLOLW\ 333 

WKLOH JHQRPH VWabLOLW\ LV YLWaO IRU RUJaQLVPV aQd cUXcLaO IRU PaLQWHQaQcH RI RSWLPaOO\ adaSWHd SKHQRW\SHV, LW 334 

UHVWULcWV JHQHWLc dLYHUVLW\, ZKLcK LV HVVHQWLaO IRU HYROXWLRQaU\ aQd SK\VLRORJLcaO SURcHVVHV, SaUWLcXOaUO\ LQ 335 

HXVRcLaO LQVHcWV (MaWWLOa aQd SHHOH\ 2007; SHHOH\ aQd TaUS\ 2007; KHQW HW aO. 2012). TKH UHVXOWLQJ WUadH-RII 336 

bHWZHHQ JHQRPH VWabLOLW\ aQd dLYHUVLW\ ZaV UHIOHcWHd LQ RXU ILQdLQJV WKaW TE VLOHQcLQJ aQd DSB UHSaLU 337 

SaWKZa\V LQ WKH ASLV OLQHaJH ZHUH SRVLWLYHO\ VHOHcWHd. TKH KRQH\ bHH JHQRPHV aUH dHSOHWHd RI TEV (EOVLN HW aO. 338 

2014; PaUN HW aO. 2015) aQd ZH IRXQd WKaW WKH UHJXOaWLRQ RI RQH RI WKH PaMRU PHcKaQLVPV WR SUHYHQW TE VSUHad 339 

ZLWKLQ a JHQRPH, SLRNAV (BUHQQHcNH HW aO. 2007; EUQVW HW aO. 2017), ZaV SRVLWLYHO\ VHOHcWHd LQ ASLV. TKH 340 

HQULcKPHQW RI WKH SLRNA UHJXOaWRU\ SaWKZa\, aV ZHOO aV WKH GO WHUP ³P JUaQXOH cHOOXOaU cRPSRQHQW´ (LLP 341 

aQd KaL 2007), aPRQJ SRVLWLYHO\ VHOHcWHd JHQHV LQ WKH ASLV OLQHaJH VXJJHVWV WKaW SRVLWLYH VHOHcWLRQ caQ acW RQ 342 

SLRNAV RYHU HYROXWLRQaU\ WLPH WR OLPLW WKH VSUHad RI TEV dHVSLWH cRQVLVWHQWO\ KLJK UaWHV RI UHcRPbLQaWLRQ 343 

(RXHSSHOO HW aO. 2016). 344 

TKH KLJK UHcRPbLQaWLRQ UaWHV RI aOO ASLV VSHcLHV VWXdLHd VR IaU, UaQJLQJ IURP 20 WR 25 cM/Mb (HXQW 345 

aQd PaJH 1995; MH]QaU HW aO. 2010; RRVV HW aO. 2015; RXHSSHOO HW aO. 2016), Pa\ LQcUHaVH JHQHWLc dLYHUVLW\ aQd 346 

IacLOLWaWH HYROXWLRQaU\ QRYHOWLHV (KHQW HW aO. 2012). TKH HQULcKPHQW RI UaSLdO\ HYROYLQJ JHQHV aVVRcLaWHd ZLWK 347 

WKH cHOOXOaU UHVSRQVH WR X-Ua\V LQ WKH ASLV aQcHVWRU LQdLcaWHV a cRUUHVSRQdLQJ adaSWaWLRQ WR dRXbOH VWUaQd 348 

bUHaNV (DSBV) RI DNA (RRWKNaPP aQd L|bULcK 2003). IW LV XQcOHaU ZKHWKHU WKLV VHOHcWLYH VLJQaWXUH VKRXOd bH 349 

LQWHUSUHWHd aV a caXVH RU cRQVHTXHQcH RI WKH KLJK UHcRPbLQaWLRQ UaWHV bXW PXWaWLRQV LQ JHQHV LQYROYHd LQ DSB 350 

UHSaLU caQ OHad WR KLJKHU KRPRORJRXV UHcRPbLQaWLRQ UaWHV (AJXLOHUa aQd GyPH]-GRQ]iOH] 2008). TKH 351 

accHOHUaWHd PROHcXOaU HYROXWLRQ RI DSB UHSaLU JHQHV Pa\ WKXV KaYH HQabOHd WKH KLJK PHLRWLc UHcRPbLQaWLRQ 352 

UaWHV RI KRQH\ bHHV, ZLWK SRWHQWLaO HIIHcWV RQ JHQRPH HYROXWLRQ aQd dLYHUVLW\ (KHQW HW aO. 2012). 353 

TKH cRQWLQXRXV RRJHQHVLV RI H\PHQRSWHUa (B�QLQJ 1994) caQ H[acHUbaWH WKH accXPXOaWLRQ RI 354 

PXWaWLRQV dXULQJ OaWHU-OLIH PHLRVLV (BURPKaP aQd LH\V 2005; TKRPaV HW aO. 2010), SaUWLcXOaUO\ LQ IHPaOHV WKaW 355 

SURdXcH QXPHURXV RIIVSULQJ. TKH UHVXOWLQJ PXWaWLRQaO ORad LV SaUWLcXOaUO\ VHYHUH LQ PLWRcKRQdULa (NHLPaQ aQd 356 
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Ta\ORU 2009). NXcOHaU JHQRPHV caQ cR-HYROYH WR cRPSHQVaWH WKH ORVV RI PLWRcKRQdULaO IXQcWLRQ YLa WKH 357 

accXPXOaWLRQ RI dHOHWHULRXV PXWaWLRQV (HLOO 2020), UHVXOLQJ LQ LQcUHaVHd HYROXWLRQaU\ UaWHV RI PLWRcKRQdULRQ-358 

dHVWLQHd QXcOHaU JHQHV (LL HW aO. 2017). CRUUHVSRQdLQJO\, ZH IRXQd SRVLWLYH VHOHcWLRQ RI QXcOHaU JHQHV 359 

LQYROYHd LQ WKH PLWRcKRQdULaO WUaQVOaWLRQ HORQJaWLRQ aQd WHUPLQaWLRQ SaWKZa\ LQ WKH ASLV OLQHaJH aQd LQ WKH A. 360 

PHOOLIHUD aQd A. GRUVDWD bUaQcKHV, WKH WZR VSHcLHV ZLWK WKH OaUJHVW cRORQ\ VL]HV, VXJJHVWLQJ VHOHcWLRQ IRU 361 

LQcUHaVHd HIILcLHQc\ aQd accXUac\ RI PLWRcKRQdULaO WUaQVOaWLRQ (ScKQHLdHU 2011) LQ WKH IacH RI LQcUHaVHd 362 

PXWaWLRQV ZLWK cRORQ\ VL]H LQcUHaVHV. TKLV K\SRWKHVLV LV aOVR cRPSaWLbOH ZLWK WKH VWURQJ SRVLWLYH VHOHcWLRQ 363 

WaUJHWLQJ WKH QHJaWLYH UHJXOaWLRQ RI DNA bLRV\QWKHVLV aQd WKH WRNA WKUHRQ\OcaUbaPR\OadHQRVLQH PHWabROLVP 364 

HVVHQWLaO IRU accXUaWH WUaQVOaWLRQ (YaULaQ HW aO. 2002) LQ A. GRUVDWD, WKH KRQH\ bHH VSHcLHV ZLWK WKH JUHaWHVW 365 

cRORQ\ VL]H (OOdUR\d aQd WRQJVLUL 2006). HHQcH, WKH PROHcXOaU HYROXWLRQ RI KRQH\ bHH JHQRPHV VXJJHVWV aQ 366 

HYROXWLRQaU\ WUadH-RII bHWZHHQ PaLQWaLQLQJ JHQRPH LQWHJULW\ aQd JHQHUaWLQJ JHQHWLc dLYHUVLW\.  367 

 368 

FLQH-VcaOH cRPSaUaWLYH JHQRPLcV UHYHaOV caQGLGaWHV IRU WKH HYROXWLRQ RI NH\ SKHQRW\SLc WUaLWV 369 

AccRUdLQJO\ ZLWK IXQdaPHQWaO dLIIHUHQcHV LQ bRd\ VL]H aQd TXHHQ-ZRUNHU caVWH dLYHUJHQcH aPRQJ WKH WKUHH 370 

ASLV OLQHaJHV (WRQJVLUL aQd OOdUR\d 2006; RXHSSHOO HW aO. 2011b), ZH IRXQd VHYHUaO SRVLWLYHO\ VHOHcWHd JHQHV 371 

SUHdLcWHd WR bHORQJ WR JHQH IaPLOLHV LQYROYHd LQ JURZWK aQd UHSURdXcWLYH SURcHVVHV: a G-SURWHLQ-FRXSOHG 372 

UHFHSWRU ZLWK VLPLOaULWLHV WR WKH OLIH-KLVWRU\ UHJXOaWRU PHWKXVHODK (DHOaQRXH HW aO. 2016) aQd WKH RYaU\ 373 

dHWHUPLQaQW WXGRU (XLH HW aO, 2019) LQ WKH baVaO ASLV bUaQcK, SGH8 LQYROYHd LQ ERK-VLJQaOLQJ WKaW KaV PXOWLSOH 374 

OLIH-KLVWRU\ cRRUdLQaWLQJ UROHV (BURZQ HW aO. 2013) LQ WKH A. IORUHD bUaQcK, aQd WKH SXWaWLYH JURZWK HIIHcWRUV 375 

VKRUW QHXURSHSWLGH F UHFHSWRU (LHH HW aO. 2008), IDUQHVRO-GHK\GURJHQDVH (Ma\RUaO HW aO. 2009), aQd FGN2 376 

(VLdZaQV aQd SX 2001) LQ WKH JLaQW KRQH\ bHH OLQHaJH. 377 

TKH HYROXWLRQaU\ dLYHUVLILcaWLRQ RI QHVWLQJ bHKaYLRU LQWR caYLW\-QHVWLQJ LQ A. PHOOLIHUD aQd UHOaWHd 378 

VSHcLHV YHUVXV RSHQ-QHVWLQJ LQ WKH RWKHU OLQHaJHV KaV bHHQ KLJKO\ cRQWURYHUVLaO IRU dHcadHV aQd KaV dLUHcW 379 

UaPLILcaWLRQV IRU XQdHUVWaQdLQJ WKH HYROXWLRQ RI WKH KRQH\ bHH daQcH OaQJXaJH (KRHQLJHU 1976; OOdUR\d aQd 380 

WRQJVLUL 2006; RaIILXdLQ aQd CUR]LHU 2007; KRHQLJHU HW aO. 2011). OXU aQaO\VLV caQQRW UHVROYH WKLV 381 

cRQWURYHUV\ bXW SURYLdHV VRPH VXSSRUW IRU a WUaQVLWLRQ IURP caYLW\-QHVWLQJ WR RSHQ-QHVWLQJ ZLWKLQ ASLV: WKLOH 382 

QR JHQHV RU GO WHUPV WKaW cRXOd bH LQWHUSUHWHd aV adaSWLRQV WR RSHQ-QHVWLQJ ZHUH IRXQd WR HYROYH XQdHU 383 
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SRVLWLYH VHOHcWLRQ LQ WKH aQcHVWUaO ASLV bUaQcK, LQ A. IORUHD, ZKLcK accXUaWHO\ cRQWUROV QHVW WHPSHUaWXUH dHVSLWH 384 

LWV RSHQ-QHVWLQJ KabLW (OOdUR\d aQd WRQJVLUL 2006), OLQHaJH-VSHcLILc JHQHV ZHUH aVVRcLaWHd ZLWK caUbRK\dUaWH 385 

PHWabROLVP, a SaWKZa\ aVVRcLaWHd ZLWK WKHUPRUHJXOaWLRQ LQ bHHV (WRRdaUd HW aO. 2011). 386 

WKLOH aOO KRQH\ bHHV PLJUaWH, RQO\ JLaQW KRQH\ bHHV VHaVRQaOO\ PLJUaWH RYHU ORQJ dLVWaQcHV, XS WR 387 

100-200NP LQ ASLV GRUVDWD (OOdUR\d aQd WRQJVLUL 2006). CRUUHVSRQdLQJO\, ZH IRXQd SRWHQWLaO PROHcXOaU 388 

VLJQaWXUHV RI adaSWLRQV WR ORQJ-dLVWaQcH PLJUaWLRQ LQ WKH A. GRUVDWD OLQHaJH: PRVLWLYH VHOHcWLRQ LQ JHQHV OLQNHd 389 

WR ³IOLJKW´ aORQJ ZLWK OaUJH PXVcXOaWXUH aQd bRd\ VL]H (DXOWa aQd VHUPa 1987), LQYROYHd LQ ³PLWRcKRQdULaO 390 

PRUSKRJHQHVLV´ WKaW Pa\ aIIHcW HQHUJ\ PHWabROLVP dXULQJ PLJUaWLRQ (SRJO HW aO. 2000; LL HW aO. 2018), 391 

aVVRcLaWHd ZLWK WKH UHQaO V\VWHP (L.H. ³JORPHUXOaU YLVcHUaO HSLWKHOLaO cHOO dLIIHUHQWLaWLRQ´) aOORZLQJ ZaWHU 392 

cRQVHUYaWLRQ dXULQJ PLJUaWLRQ (WLJJOHVZRUWK 1932), aQd ³UHJXOaWLRQ RI dRSaPLQH VHcUHWLRQ´, a SaWKZa\ 393 

LQYROYHd LQ PLJUaWLRQ LQ ORcXVWV (Ma HW aO. 2011). TKH adaSWaWLRQ WR QLJKW IRUaJLQJ LQ A. GRUVDWD HQabOHV WKHP 394 

WR dHWHcW RbMHcWV aW ORZHU OLJKW LQWHQVLW\ WKaQ H[SHcWHd b\ WKHLU RPPaWLdLXP VWUXcWXUH (WaUUaQW HW aO. 1996). 395 

TKLV PLJKW bH H[SOaLQHd b\ 2 A. GRUVDWD-VSHcLILc JHQHV, KRPRORJV RI JHQHV LQYROYHd LQ SKRWRWa[LV, JHOVROLQ-396 

OLNH (SWRcNHU HW aO. 1999), aQd YLVLRQ, FDOSKRWLQ-OLNH (YaQJ aQd BaOOLQJHU 1994). AQ HQKaQcHd IORUaO VcHQW 397 

dHWHcWLRQ LQ A. GRUVDWD Pa\ aOVR bH bHQHILcLaO IRU QLJKW IRUaJLQJ, ZKLcK LV VXJJHVWHd b\ WKH OLQHaJH-VSHcLILc 398 

dXSOLcaWLRQV aQd SVHXdRJHQL]aWLRQ HYHQWV RI OR151 aQd OR152, LPSRUWaQW IRU dHWHcWLRQ RI IORUaO cRPSRXQdV 399 

(COaXdLaQRV HW aO. 2014).  400 

TKH A. PHOOLIHUD bUaQcK LV PaLQO\ aVVRcLaWHd ZLWK SRVLWLYH VHOHcWLRQ RQ JHQHV LQYROYHd LQ cKLWLQ 401 

PHWabROLc SURcHVVHV, aV SUHYLRXVO\ IRXQd WR bH HQULcKHd LQ SRVLWLYHO\ VHOHcWHd JHQHV LQ A. PHOOLIHUD aQd 402 

bXPbOH bHHV (HaUSXU HW aO. 2014; SXQ HW aO. 2021). TKH\ PRVWO\ UHOaWH WR caVWH dLIIHUHQWLaWLRQ (SaQWRV aQd 403 

HaUWIHOdHU 2015; MaONa HW aO. 2014; LL HW aO. 2012) aQd LPPXQLW\ (OddLH HW aO. 2018; HaUSXU aQd Za\Hd 2013), 404 

ZKLcK Pa\ bH caXVHd b\ SaWKRJHQ SUHVVXUH LQ WKH UHOaWLYH VWabOH aQd ORQJ-OaVWLQJ QHVWV RI caYLW\-QHVWLQJ 405 

VSHcLHV. 406 

FRcXVLQJ RQ WKH PaLQ OLQHaJHV RI WKH XQLTXH KRQH\ bHH JHQXV, RXU VWXd\ LdHQWLILHV SRVLWLYHO\ VHOHcWHd 407 

JHQHV WKaW ZaUUaQW IXUWKHU VWXd\. OI SaUWLcXOaU LQWHUHVWV aUH VHOHcWHd JHQHV ZLWK SXWaWLYH PROHcXOaU IXQcWLRQV 408 

WKaW Pa\ OLQN WKHP WR NH\ adaSWaWLRQV aQd WKH dLYHUVLILcaWLRQ aPRQJ ASLV VSHcLHV. EYHQ WKRXJK WKH JHQXV ASLV 409 

LV VPaOO aQd cRQWaLQV RQO\ WKH WKUHH VXbJHQHULc OLQHaJHV LQcOXdHd LQ WKLV VWXd\, VHTXHQcLQJ RWKHU ASLV VSHcLHV 410 

 Cold Spring Harbor Laboratory Press on July 18, 2021 - Published by genome.cshlp.orgDownloaded from 

http://genome.cshlp.org/
http://www.cshlpress.com


21 
 

WR LQcUHaVH SK\ORJHQHWLc dHSWK Pa\ IXUWKHU UHILQH RXU cRQcOXVLRQV abRXW ASLV HYROXWLRQ aQd HQKaQcH RXU 411 

XQdHUVWaQdLQJ RI JHQRPH HYROXWLRQ LQ dZaUI, JLaQW, aQd caYLW\-QHVWLQJ KRQH\ bHHV. OYHUaOO, RXU UHVXOWV SURYLdH 412 

aQ HYROXWLRQaU\ VcHQaULR RI aQ ASLV aQcHVWRU adaSWHd WR bXLOdLQJ a YHUWLcaO cRPb, OLNHO\ LQ caYLWLHV, WKaW 413 

aOORZHd IRU LQcUHaVHd cRORQ\ VL]H. 414 

 415 

MHWKRGV 416 

SSHcLPHQ cROOHcWLRQ 417 

HaSORLd dURQHV cROOHcWHd IURP a VLQJOH cRORQ\ SHU VSHcLHV ZHUH XVHd IRU A. IORUHD aQd A. GRUVDWD JHQRPH 418 

VHTXHQcLQJ. TKH VaPSOHV RI A. IORUHD ZHUH cROOHcWHd LQ 2009 IURP CKLaQJ MaL, TKaLOaQd. TKH VaPSOHV RI A. 419 

GRUVDWD ZHUH cROOHcWHd LQ WKH YLcLQLW\ RI WKH AJULcXOWXUaO RHVHaUcK SWaWLRQ THQRP (SabaK, MaOa\VLa: 5.4� 420 

N/115.6� E) LQ MaUcK 2007. SaPSOHV ZHUH SUHVHUYHd LQ RNAOaWHU� aQd VXbVHTXHQWO\ IUR]HQ XQWLO WRWaO DNA 421 

H[WUacWLRQ IURP VLQJOH LQdLYLdXaOV.  422 

 423 

GHQRPH VHTXHQcLQJ aQG aVVHPbO\ 424 

TZR W\SHV RI WGS OLbUaULHV, a IUaJPHQW OLbUaU\ aQd PaWH-SaLU OLbUaULHV ZLWK 8 Nb LQVHUWV, ZHUH XVHd WR JHQHUaWH 425 

WKH ASLV IORUHD JHQRPH VHTXHQcLQJ daWa XVLQJ 454 TLWaQLXP WHcKQRORJ\. TKH AIOR_1.0 JHQRPH aVVHPbO\ ZaV 426 

JHQHUaWHd b\ aVVHPbOLQJ WGS UHadV XVLQJ NHZbOHU (2.3-PUHRHOHaVH-10/19/2009) (MaUJXOLHV HW aO. 2005). 427 

RHadV IURP HacK NHZbOHU VcaIIROd ZHUH JURXSHd, aORQJ ZLWK aQ\ PLVVLQJ PaWH-SaLUV, aQd UHaVVHPbOHd XVLQJ 428 

PHRAP (BaVWLdH aQd McCRPbLH 2007) LQ aQ aWWHPSW WR cORVH WKH JaSV ZLWKLQ NHZbOHU VcaIIROdV. 429 

FRU A. GRUVDWD, IRXU OLbUaULHV ZHUH VHTXHQcHd RQ aQ IOOXPLQa GA SOaWIRUP IRU WKH aVVHPbO\: (1) 2 î 430 

125bS SaLUHd-HQd UHadV IURP a 500bS OLbUaU\; (2) 2 î 125bS PaWH-SaLUV IURP a 1.2NbS OLbUaU\; (3) 2 î 125bS 431 

PaWH-SaLUV IURP a 3NbS OLbUaU\, aQd (4) 2 î 36bS PaWH-SaLUV IURP a 5NbS OLbUaU\. TKH VHTXHQcLQJ UHadV IURP aOO 432 

IRXU OLbUaULHV ZHUH ILUVW HUURU cRUUHcWHd aQd WULPPHd XVLQJ QXaNH Y0.2.0 (KHOOH\ HW aO. 2010). EUURU cRUUHcWHd 433 

UHadV ZHUH WKHQ aVVHPbOHd XVLQJ SOAPdHQRYR Y1.0.5 (LL HW aO. 2010) (SXSSOHPHQWaO MHWKRdV). 434 
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CRPSOHWHQHVV RI WKH WZR aVVHPbOLHV ZaV aVVHVVHd b\ LdHQWLI\LQJ BHQcKPaUNLQJ UQLYHUVaO SLQJOH-435 

CRS\ OUWKRORJV (BUSCOV) XVLQJ WKH BUSCO Y5bHWa SLSHOLQH LQ JHQRPH PRdH (SLPmR HW aO. 2015). FRU WKLV 436 

aQaO\VLV, ZH LdHQWLILHd VLQJOH-cRS\ RUWKRORJV baVHd RQ WKH K\PHQRSWHUa_db10. 437 

 438 

GHQRPH aQQRWaWLRQ 439 

TR aYRLd aUWLIacWV VWHPPLQJ IURP dLIIHUHQW aQQRWaWLRQ PHWKRdV (SXSSOHPHQWaO MHWKRdV) a cRPbLQHd JHQH VHW 440 

ZaV cUHaWHd IRU HacK VSHcLHV, b\ addLQJ QRQ-RYHUOaSSLQJ JHQHV IURP dLIIHUHQW aQQRWaWLRQ SLSHOLQHV WR a 441 

IXQdaPHQWaO NCBI RHISHT aQQRWaWLRQ LQ WKH IROORZLQJ RUdHUV: A. GRUVDWD, RHISHT ĺ EVM (HaaV HW aO. 2008) 442 

ĺ MAKER (HROW aQd YaQdHOO 2011) ĺ AUGUSTUS -CGP (SWaQNH HW aO. 2008; K|QLJ HW aO. 2016; 443 

NacKWZHLdH aQd SWaQNH 2019); A. IORUHD, RHISHT ĺ EVM ĺ AUGUSTUS -CGP ĺ BGI (KaSKHLP HW aO. 444 

2015); A. PHOOLIHUD, RHISHT ĺ OGS (EOVLN HW aO. 2014) ĺ AUGUSTUS -CGP. AccXUac\ RI aOO JHQH SUHdLcWLRQ 445 

PHWKRdV ZHUH aVVHVVHd (SXSSOHPHQWaO TabOHV S7, S8) aQd cRPbLQHd LQ EVM ZLWK dLIIHUHQW ZHLJKWV 446 

(SXSSOHPHQWaO TabOHV S9, S10) baVHd RQ dLIIHUHQW VRXUcHV (SXSSOHPHQWaO TabOHV 11, 12), UHVXOWLQJ LQ 12,172 447 

JHQHV IRU A. GRUVDWD (SXSSOHPHQWaO TabOH S13) aQd 14,393 IRU A. IORUHD (SXSSOHPHQWaO TabOH S14).  448 

E[RQHUaWH SURWHLQ2JHQRPH (SOaWHU aQd BLUQH\ 2005) ZaV XVHd WR aOLJQ SURWHLQ VHTXHQcHV IURP HacK 449 

VSHcLHV WR WKH JHQRPH aVVHPbOLHV RI WKH RWKHU WZR VSHcLHV (A. PHOOLIHUD: BLRPURMHcW PRJNA10625 aQd BRPEXV 450 

LPSDWLHQV: BLRPURMHcW PRJNA61101 aQd B. WHUUHVWULV BLRPURMHcW PRJNA45869). FRU HacK VSHcLHV, a QHZ JHQH 451 

PRdHO ZaV cUHaWHd ZKHUHYHU WKHUH ZaV a SURWHLQ aOLJQPHQW WKaW dLd QRW RYHUOaS ZLWK aQ H[LVWLQJ JHQH PRdHO. 452 

AW HacK QHZ JHQH ORcXV ZLWK PRUH WKaQ RQH aOWHUQaWH VSHcLHV aOLJQPHQW, WKH aOLJQPHQW ZLWK WKH bHVW VcRUH ZaV 453 

XVHd WR JHQHUaWH a VLQJOH SURWHLQ-cRdLQJ JHQH PRdHO, cRUUHcWLQJ aQ\ aUWLIacWXaO IUaPHVKLIWV LQ SURWHLQ aQd 454 

cRdLQJ VHTXHQcHV. TKH SURWHLQ KRPRORJ-baVHd JHQH PRdHOV ZHUH addHd WR WKH cRPbLQHd JHQH VHWV WR cUHaWH WKH 455 

ILQaO JHQH VHWV, dHHPHd ³cRPSaUaWLYH JHQH VHWV´, XVHd LQ WKLV VWXd\. AOWKRXJK VRPH RI WKH SURWHLQ KRPRORJ-456 

baVHd SUHdLcWLRQV ZHUH QRW RI VXIILcLHQW TXaOLW\ IRU HYROXWLRQaU\ aQaO\VLV, LQcOXdLQJ WKHP LQ WKH cRPSaUaWLYH 457 

JHQH VHWV aOORZHd XV WR dHWHUPLQH PRUH UHaOLVWLc QXPbHUV RI VSHcLHV-VSHcLILc JHQHV. 458 

 459 

GHQH VHW aQQRWaWLRQ 460 
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WH XVHd IQWHUPURScaQ (ZdRbQRY aQd ASZHLOHU 2001) WR cRPSaUH SURWHLQ VHTXHQcHV WR IQWHUPUR (FLQQ HW aO. 461 

2017) SURWHLQ dRPaLQ aQd RWKHU PRWLI daWabaVHV (SXSSOHPHQWaO MHWKRdV). IQWHUPURScaQ aVVLJQV GHQH 462 

OQWRORJ\ (GO) (AVKbXUQHU HW aO. 2000) WHUPV aQd SaWKZa\ LdV IURP KEGG (CKHQ HW aO. 2012), MHWaC\c 463 

(CaVSL HW aO. 2018) aQd RHacWRPH (FabUHJaW HW aO. 2018) baVHd RQ SURWHLQ dRPaLQ cRQWHQW. WH XVHd FASTA 464 

(PHaUVRQ aQd LLSPaQ 1988) ZLWK aQ E-YaOXH WKUHVKROd RI 1 î 10-6 WR cRPSXWH UHcLSURcaO aOLJQPHQWV bHWZHHQ 465 

ASLV cRPSaUaWLYH SURWHLQV aQd a DURVRSKLOD PHODQRJDVWHU SURWHLQ VHW cRQVLVWLQJ RI WKH ORQJHVW SURWHLQ LVRIRUP 466 

RI HacK JHQH (aQQRWaWLRQ YHUVLRQ U6.14). WH LdHQWLILHd UHcLSURcaO bHVW KLWV (RBH) aQd WUaQVIHUUHd GO, KEGG, 467 

PANTHER aQd REACTOME aQQRWaWLRQV IURP WKH D. PHODQRJDVWHU SURWHLQ WR WKH ASLV SURWHLQ IRU HacK RBH 468 

SaLU, XVLQJ WKH aQQRWaWLRQ ILOHV aYaLOabOH aW FO\BaVH (GUaPaWHV HW aO. 2017). FLQaOO\, ZH RbWaLQHd JHQH 469 

dHVcULSWLRQV IURP NCBI IRU WKH RHISHT (O¶LHaU\ HW aO. 2016) JHQH aQQRWaWLRQV. 470 

 471 

OUWKRORJ SUHGLcWLRQ 472 

WH cUHaWHd RUWKRORJ JURXSV cRQWaLQLQJ RQH JHQH IURP WKH WZR QHZO\ aQQRWaWHd JHQRPHV RI ASLV GRUVDWD aQd 473 

A. IORUHD aQd WKH H[LVWLQJ A. PHOOLIHUD JHQRPH (APHO_4.5, XQdHU BLRPURMHcW PRJNA10625). PURWHLQ VHTXHQcHV 474 

IURP WKH WKUHH cRPSaUaWLYH JHQH VHWV ZHUH cRPbLQHd LQWR RQH ILOH WKaW ZaV XVHd LQ aQ aOO b\ aOO SURWHLQ 475 

cRPSaULVRQ ZLWK FASTA (PHaUVRQ aQd LLSPaQ 1988) XVLQJ aQ E-YaOXH WKUHVKROd 0.001 WR LdHQWLI\ VLQJOH-cRS\ 476 

RUWKRORJV (SXSSOHPHQWaO MHWKRdV). TKLV SURcHVV UHVXOWHd LQ 15,182 IaPLOLHV RI ASLV RUWKRORJV. OI WKRVH, 5310 477 

IaPLOLHV ZHUH IOaJJHd bHcaXVH a WUaQVOaWLRQaO dLVcUHSaQc\ LQ WKH NCBI GFF RU a IUaPHVKLIW/JaS LQ WKH 478 

E[RQHUaWH aOLJQPHQW ZHUH LQdLcaWHd. AIWHU cUHaWLQJ WKH IaPLOLHV RI ASLV RUWKRORJV, a BRPEXV SURWHLQ WR VHUYH 479 

aV aQ RXWJURXS ZaV LdHQWLILHd IRU HacK IaPLO\ (SXSSOHPHQWaO MHWKRdV). 9310 ASLV RUWKRORJ IaPLOLHV ZHUH 480 

aVVLJQHd a BRPEXV SURWHLQ. 481 

 482 

MXOWLSOH VHTXHQcH aOLJQPHQW 483 

FRU HacK RUWKRORJ IaPLO\, WKH ORQJHVW SURWHLQ LVRIRUPV IRU HacK VSHcLHV ZHUH XVHd LQ PXOWLSOH VHTXHQcH 484 

aOLJQPHQW ZLWK PRANK (Y.150803) (L|\W\QRMa aQd GROdPaQ 2008) aQd XQUHOLabO\ aOLJQHd UHVLdXHV ZHUH 485 

PaVNHd ZLWK GUIDANCE (Y2.02) (PHQQ HW aO. 2010). A cXVWRP P\WKRQ VcULSW (SXSSOHPHQWaO CRdH) ZaV WKHQ 486 

XVHd WR UHSOacH SURWHLQ VHTXHQcHV ZLWK cRdLQJ VHTXHQcHV LQ WKH PXOWLSOH aOLJQPHQWV, UHVXOWLQJ LQ 8115 JHQH 487 
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IaPLOLHV aIWHU ILOWHULQJ (SXSSOHPHQWaO MHWKRdV). TKH PHaQ OHQJWK RI ILOWHUHd aOLJQPHQW ZaV 1621 QXcOHRWLdHV 488 

(PHdLaQ = 1233 QXcOHRWLdHV), UaQJLQJ IURP 303 WR 22830 QXcOHRWLdHV.  489 

 490 

PK\ORJHQ\ 491 

GHQH IaPLO\ SK\ORJHQLHV ZHUH bXLOW XVLQJ RA[ML (Y7.2.9) (SWaPaWaNLV 2006) IURP WKH aPLQR acLd VHTXHQcHV 492 

(9310 ASLV RUWKRORJ IaPLOLHV). FRU HacK RUWKRORJ IaPLO\, MRdHOGHQHUaWRU ZaV XVHd WR VHOHcW WKH bHVW aPLQR-493 

acLd PaWUL[ aQd VXbVWLWXWLRQ PRdHO (KHaQH HW aO. 2006). TKH VSHcLHV SK\ORJHQ\ ZaV bXLOW IURP a cRQcaWHQaWLRQ 494 

RI aOO aPLQR-acLd aOLJQPHQWV ZLWK B. LPSDWLHQV RU B. WHUUHVWULV daWa (9275), XVLQJ Ra[ML ZLWK aQ HVWLPaWHd 495 

aPLQR-acLd PaWUL[ baVHd RQ RXU daWa (GTR) aQd WKH CAT PRdHO (RRNaV 2011). 496 

 497 

BUaQcK-VLWH WHVW IRU SRVLWLYH VHOHcWLRQ 498 

TKH adaSWLYH bUaQcK-VLWH UaQdRP HIIHcWV PRdHO [aBSREL, (SPLWK HW aO. 2015)] IURP H\SK\ VRIWZaUH SacNaJH 499 

(KRVaNRYVN\ PRQd HW aO. 2019) ZaV XVHd WR dHWHcW SRVLWLYH VHOHcWLRQ H[SHULHQcHd b\ a JHQH IaPLO\ LQ a VXbVHW 500 

RI VLWHV LQ a VSHcLILc bUaQcK RI LWV SK\ORJHQHWLc WUHH. DXH WR RXU ORZ SK\ORJHQHWLc dHSWK, WHVW IRU SRVLWLYH 501 

VHOHcWLRQ ZaV UXQ RQO\ RQ WKH ASLV, A. PHOOLIHUD, GRUVDWD aQd IORUHD bUaQcKHV (aOO ³OHaYHV´). TR accRXQW IRU 502 

PXOWLSOH WHVWLQJ (AQLVLPRYa aQd YaQJ 2007), S-YaOXHV IURP WKH VXccHVVLYH 32460 WHVWV ZHUH cRUUHcWHd XVLQJ 503 

WKH FaOVH DLVcRYHU\ RaWH (FDR) (BHQMaPLQL aQd HRcKbHUJ 1995). DXH WR RXU VWULQJHQW aOLJQPHQW ILOWHULQJ aQd 504 

WKH PXOWLSOH WHVWLQJ cRUUHcWLRQ aV RQH VHULHV, ZH VHW RXU VLJQLILcaQW WKUHVKROd aW 10%. WH YLVXaOO\ cKHcNHd 505 

aOLJQPHQWV RI SRVLWLYH UHVXOWV aQd H[cOXdHd GC-bLaVHd JHQH cRQYHUVLRQ bHcaXVH RXU Ȧ HVWLPaWHV ZHUH 506 

QHJaWLYHO\ cRUUHOaWHd ZLWK GC cRQWHQW (SSHaUPaQ¶V CRUUHOaWLRQ: S = 6.7H12, UKR= -0.17, P < 2.2 î10-16). 507 

 508 

OYHUOaS aQaO\VLV 509 

OXU OLVWV RI VHOHcWHd JHQHV ZHUH cRPSaUHd WR PXOWLSOH RWKHU VWXdLHV. TKH RQO\ RWKHU aYaLOabOH LQWHU-VSHcLILc 510 

VWXd\ (SaUPa HW aO. 2009) aQd WKH IROORZLQJ LQWUa-VSHcLILc VWXdLHV WKaW KaYH LdHQWLILHd JHQH VHWV RI IXQcWLRQaO 511 

VLJQLILcaQcH IRU WKH RbVHUYHd LQWHU-VSHcLILc dLIIHUHQcHV ZLWKLQ ASLV ZHUH VHOHcWHd: GHQHV LQYROYHd LQ caVWH 512 

dHWHUPLQaWLRQ (CKHQ HW aO. 2012), UHSURdXcWLYH SKHQRW\SHV (GUR]LQJHU HW aO. 2007; CaUdRHQ HW aO. 2011), aQd 513 
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JHQHV LQYROYHd LQ ORcaO adaSWaWLRQ (WaOObHUJ HW aO. 2014). IQ addLWLRQ, RYHUOaS WR TXaQWLWaWLYH WUaLW ORcL IRU 514 

RYaU\ VL]H (RXHSSHOO HW aO. 2011a; GUaKaP HW aO. 2011) aQd VRcLaO bHKaYLRU (HXQW HW aO. 2007; RXHSSHOO 2009) 515 

ZaV HYaOXaWHd. 516 

 517 

THVWV RI IXQcWLRQaO caWHJRU\ HQULcKPHQW 518 

GHQH OQWRORJ\ (GO) (AVKbXUQHU HW aO. 2000) aQQRWaWLRQV IRU RXU JHQH IaPLOLHV ZHUH WaNHQ IURP A. PHOOLIHUD, 519 

aQQRWaWHd ZLWK GO WHUPV aV dHVcULbHd abRYH. TR LdHQWLI\ IXQcWLRQaO bLaVHV, WKH SacNaJH WRSGO YHUVLRQ 2.4 520 

(AOH[a HW aO. 2006) RI BLRcRQdXcWRU (GHQWOHPaQ HW aO. 2004) ZaV XVHd ZLWK WKH IXOO daWa-VHW (bHIRUH ILOWHULQJ) RI 521 

JHQHV cRQWaLQLQJ a GO aQQRWaWLRQ aV UHIHUHQcH. FXQcWLRQaO bLaVHV ZHUH dHWHcWHd XVLQJ FLVKHU¶V H[acW WHVW ZLWK 522 

WKH µHOLP¶ aOJRULWKP RI WRSGO aQd VHOHcWHd baVHd RQ FDR<20% (SXSSOHPHQWaO MHWKRdV). GHQH OQWRORJ\ 523 

caWHJRULHV PaSSHd WR OHVV WKaQ 10 JHQHV ZHUH dLVcaUdHd. TR LdHQWLI\ IXQcWLRQaO caWHJRULHV HQULcKHd ZLWK JHQHV 524 

XQdHU SRVLWLYH VHOHcWLRQ, WKH SUMSTAT WHVW ZaV XVHd (SXSSOHPHQWaO MHWKRdV). WH SHUIRUPHd bLdLUHcWLRQaO 525 

WHVWV WR accRXQW IRU HQULcKPHQW aQd dHSOHWLRQ IRU SRVLWLYHO\ VHOHcWHd JHQHV LQ a JHQH VHW. GHQH OQWRORJ\ 526 

caWHJRULHV PaSSHd WR OHVV WKaQ 10 JHQHV ZHUH dLVcaUdHd. 527 

 528 

LLQHaJH SSHcLILc GHQHV 529 

WH LdHQWLILHd JHQHV VSHcLILc WR RQH RU WZR ASLV JHQRPHV XVLQJ RXWSXWV RI WKH aOO-b\-aOO FASTA SURWHLQ 530 

cRPSaULVRQ aQd E[RQHUaWH SURWHLQ2JHQRPH aOLJQPHQWV dHVcULbHd abRYH. II aOO SURWHLQ LVRIRUPV HQcRdHd b\ a 531 

SaUWLcXOaU JHQH ZHUH PLVVLQJ SURWHLQ RU E[RQHUaWH aOLJQPHQWV WR aQRWKHU VSHcLHV, WKaW JHQH ZaV cRQVLdHUHd 532 

PLVVLQJ LQ WKH RWKHU VSHcLHV. WH H[cOXdHd JHQHV dXH WR bacWHULaO cRQWaPLQaWLRQ (SXSSOHPHQWaO MHWKRdV). TR 533 

LQYHVWLJaWH ZKHWKHU OLQHaJH VSHcLILc JHQHV RI HacK ASLV VSHcLHV aUH aVVRcLaWHd ZLWK IHaWXUHV RI WKHLU bLRORJ\, 534 

WKHLU GO aQQRWaWLRQV ZHUH cRPSaUHd WR WKH RUWKRORJ IaPLOLHV daWaVHW XVLQJ FLVKHU¶V H[acW WHVW ZLWK WKH µHOLP¶ 535 

aOJRULWKP RI WRSGO.. GHQH OQWRORJ\ caWHJRULHV PaSSHd WR OHVV WKaQ 10 JHQHV ZHUH dLVcaUdHd.  536 

 537 

CKHPRVHQVRU\ JHQH IaPLO\ aQaO\VLV 538 
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AQQRWaWLRQ aQd VHOHcWLRQ aQaO\VLV RI cKHPRVHQVRU\ JHQH IaPLOLHV IROORZHd BUaQd aQd RaPtUH] (2017). IQ 539 

bULHI, KLJK-TXaOLW\ aQQRWaWLRQV IRU A. PHOOLIHUD ZHUH XVHd WR aQQRWaWH RdRUaQW UHcHSWRUV (RRbHUWVRQ aQd WaQQHU 540 

2006), RdRUaQW bLQdLQJ SURWHLQV (FRUrW aQd MaOHV]Na 2006), cKHPRVHQVRU\ JHQHV (FRUrW HW aO. 2007), JXVWaWRU\ 541 

UHcHSWRUV (RRbHUWVRQ aQd WaQQHU 2006), aQd LRQRWURSLc UHcHSWRUV (CURVHW HW aO. 2010) XVLQJ H[RQHUaWH (SOaWHU 542 

aQd BLUQH\ 2005) cRXSOHd ZLWK PaQXaO cXUaWLRQ aQd, LI QHcHVVaU\, cRUUHcWLRQ RI JHQH PRdHOV IRU A. GRUVDWD 543 

aQd A. IORUHD. IQ addLWLRQ, ZH UH-aQQRWaWHd WKH OR aQd GR JHQH IaPLOLHV LQ A. PHOOLIHUD (RRbHUWVRQ aQd 544 

WaQQHU 2006), aQd WKH OR JHQH IaPLO\ IRU A. IORUHD (KaUSH HW aO. 2016). TKH UHVXOWLQJ JHQH PRdHOV ZHUH 545 

aOLJQHd ZLWK MAFFT (KaWRK aQd SWaQdOH\ 2013) aQd XVHd WR UHcRQVWUXcW JHQH IaPLO\-VSHcLILc JHQH WUHHV ZLWK 546 

Ra[ML (SWaPaWaNLV 2006) XVLQJ 20 LQdHSHQdHQW ML VHaUcKHV aQd 100 bRRWVWUaS UHSOLcaWHV. SHOHcWLRQ aQaO\VHV 547 

ZHUH SHUIRUPHd ZLWK WKH aBSREL aOJRULWKP LQ HYPHY. ORV ZHUH dLYLdHd LQWR VXbIaPLOLHV aV dHILQHd LQ 548 

BUaQd aQd RaPLUH] 2017, ZKLOH aOO RWKHU JHQH IaPLOLHV ZHUH aQaO\]Hd aV a ZKROH. P YaOXHV IRU HacK 549 

LQdHSHQdHQW aBSREL UXQ ZHUH cRUUHcWHd IRU PXOWLSOH WHVWLQJ XVLQJ a FDR RI 5%. 550 

 551 

DaWa AccHVV 552 

TKH bLRORJLcaO daWa, VHTXHQcLQJ daWa, aVVHPbOHd JHQRPH VHTXHQcHV, aQd aQQRWaWLRQV JHQHUaWHd LQ WKLV VWXd\ 553 

KaYH bHHQ VXbPLWWHd WR WKH NCBI BLRPURMHcW daWabaVH (KWWSV://ZZZ.QcbL.QOP.QLK.JRY/bLRSURMHcW/) XQdHU 554 

accHVVLRQ QXPbHUV PRJNA174631 (A. GRUVDWD) aQd PRJNA45871 (A. IORUHD). 555 

 556 

AcNQRZOHGJHPHQWV 557 

WH WKaQN SaOLP TLQJHN IRU KRVWLQJ OR aQd NK aW WKH AJULcXOWXUaO RHVHaUcK SWaWLRQ, THQRP, MaOa\VLa. 558 

RHVHaUcK UHSRUWHd b\ OR LQ WKLV SXbOLcaWLRQ ZaV VXSSRUWHd b\ WKH NaWLRQaO IQVWLWXWH RI GHQHUaO MHdLcaO 559 

ScLHQcHV RI WKH NaWLRQaO IQVWLWXWHV RI HHaOWK XQdHU aZaUd QXPbHU R15GM102753, WKH NaWLRQaO IQVWLWXWH RQ 560 

AJLQJ XQdHU aZaUd QXPbHU R21AG046837, aQd WKH UNCG FORUHQcH ScKaHIIHU EQdRZPHQW. CGE ZaV 561 

VXSSRUWHd b\ WKH NaWLRQaO ScLHQcH FRXQdaWLRQ XQdHU aZaUd # IIA-1355406. FXUWKHU VXSSRUW ZaV SURYLdHd WR 562 

GER b\ WKH IOOLQRLV SRcLRJHQRPLcV IQLWLaWLYH. FXQdLQJ IRU A. IORUHD JHQRPH VHTXHQcLQJ aQd aVVHPbO\ aQd ZaV 563 

SURYLdHd b\ NHGRI JUaQW U54 HG003273 WR R.A. GLbbV. MCS acNQRZOHdJHV WKH US NaWLRQaO ScLHQcH 564 
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FRXQdaWLRQ aZaUd QXPbHU DBI-1627442 aQd PC acNQRZOHdJHV WKH VXSSRUW RI WKH CKLaQJ MaL UQLYHUVLW\ 565 

IXQd. OWKHU SaUWV RI WKLV ZRUN ZHUH VXSSRUWHd b\ WKH INB (³IQVWLWXWR NacLRQaO dH BLRLQIRUPaWLca´)-EOL[LU 566 

SSaLQ PURMHcW PT13/0001/0021 (ISCIII -FEDER) aQd WKH SSaQLVK MLQLVWU\ RI EcRQRP\ aQd CRPSHWLWLYHQHVV, 567 

XQdHU µCHQWUR dH E[cHOHQcLa SHYHUR OcKRa 2013-2017¶, SEV-2012-0208."  568 

AXWKRU CRQWULbXWLRQV 569 

BF SURcHVVHd WKH daWa, SHUIRUPHd WKH PaLQ aQaO\VHV, LQWHUSUHWHd WKH UHVXOWV, aQd ZURWH WKH ILUVW dUaIW 570 

RI WKH RYHUaOO PaQXVcULSW. PB PaQXaOO\ aQQRWaWHd aOO cKHPRVHQVRU\ JHQHV ZLWK aVVLVWaQcH IURP HNN, 571 

LQWHUSUHWHd WKH UHVXOWV, aQd ZURWH WKH cRUUHVSRQdLQJ PaQXVcULSW SaUWV. HNN aVVLVWHd ZLWK WKH A. 572 

GRUVDWD JHQRPH aVVHPbO\ aQd LdHQWLI\LQJ QTL RYHUOaSSLQJ JHQHV, JJH KHOSHd ZULWH WKH PaQXVcULSW, 573 

aQd DE SURYLdHd MAKER JHQH PRdHOV IRU A. GRUVDWD XQdHU WKH VXSHUYLVLRQ RI MY. KJH SHUIRUPHd 574 

WKH BUSCO aQaO\VHV aQd ZRUNHd WRJHWKHU ZLWK SN aQd LR XQdHU WKH OHadHUVKLS RI MS WR SHUIRUP 575 

JHQH SUHdLcWLRQ LQ WKH WKUHH ASLV VSHcLHV ZLWK AUGUSTUS-CGP. DEH JHQHUaWHd RNA-VHT 576 

aOLJQPHQWV, WUaQVcULSW aVVHPbOLHV aQd LQWURQ KLQWV IRU LQSXW WR JHQH SUHdLcWLRQ. KKOW, HMR aQd 577 

GER ZHUH UHVSRQVLbOH IRU WKH PaLQ SaUW RI WKH A. GRUVDWD VHTXHQcLQJ. FC aQQRWaWHd WKH A. GRUVDWD 578 

aQd A. IORUHD JHQRPHV ZLWK EVM XQdHU WKH VXSHUYLVLRQ RI RG. NK ZaV UHVSRQVLbOH IRU LQLWLaWLQJ WKH 579 

SURMHcW aQd IacLOLWaWLQJ ILHOd cROOHcWLRQV. PC ZaV KRVWLQJ WKH cROOHcWLRQ RI A. IORUHD VaPSOHV. GN 580 

SHUIRUPHd WKH A. GRUVDWD aVVHPbO\ XQdHU WKH OHadHUVKLS RI MCS. KCW ZaV UHVSRQVLbOH IRU WKH A. 581 

IORUHD JHQRPH VHTXHQcLQJ, aVVHPbO\ aQd SULPaU\ aQQRWaWLRQ. CGE cRRUdLQaWHd WKH RYHUaOO SURMHcW 582 

aQd SaUWLcXOaUO\ aOO JHQH aQQRWaWLRQ HIIRUWV, SHUIRUPHd UHSHaW PaVNLQJ RI JHQRPHV, JHQHUaWHd WKH 583 

ILQaO cRPSaUaWLYH JHQH VHWV, aQQRWaWHd SURWHLQV XVLQJ IQWHUPUR, VHaUcKHd JHQRPHV aQd SURWHLQV IRU 584 

bacWHULaO cRQWaPLQaQWV, JHQHUaWHd WKH PaLQ daWaVHWV RI RUWKRORJV aQd OLQHaJH-VSHcLILc JHQHV, aQd 585 

SaUWLcLSaWHd LQ WKH aQaO\VHV aQd UHVXOWV LQWHUSUHWaWLRQ. OR dHVLJQHd aQd cRRUdLQaWHd WKH RYHUaOO 586 

SURMHcW, SURYLdHd WKH A. GRUVDWD VaPSOHV, VHcXUHd IXQdV IRU WKH SURMHcW, SHUIRUPHd WKH JHQH RYHUOaS 587 
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aQaO\VLV, aQd KHOSHd ZULWH WKH PaQXVcULSW. AOO aXWKRUV UHad WKH PaQXVcULSW aQd SURYLdHd IHHdbacN WR 588 

LPSURYH WKH ILQaO YHUVLRQ. 589 

 590 

DLVcORVXUH DHcOaUaWLRQ 591 

TKH aXWKRUV KaYH QR cRQIOLcWV RI LQWHUHVWV WR dHcOaUH. 592 
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