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AEVWUDFW:

&RPSDUHG WR LWV SUHGHFHVVRUV, WKH 7HORPHUH-WR-7HORPHUH &+013 JHQRPH DGGV QHDUO\ 200 0ES RI VHTXHQFH, FRUUHFWV
WKRXVDQGV RI VWUXFWXUDO HUURUV, DQG XQORFNV WKH PRVW FRPSOH[ UHJLRQV RI WKH KXPDQ JHQRPH WR FOLQLFDO DQG IXQFWLRQDO
VWXG\. +HUH ZH GHPRQVWUDWH KRZ WKH QHZ UHIHUHQFH XQLYHUVDOO\ LPSURYHV UHDG PDSSLQJ DQG YDULDQW FDOOLQJ IRU 3,202 DQG
17 JOREDOO\ GLYHUVH VDPSOHV VHTXHQFHG ZLWK VKRUW DQG ORQJ UHDGV, UHVSHFWLYHO\. :H LGHQWLI\ KXQGUHGV RI WKRXVDQGV RI
QRYHO YDULDQWV SHU VDPSOH²D QHZ IURQWLHU IRU HYROXWLRQDU\ DQG ELRPHGLFDO GLVFRYHU\. 6LPXOWDQHRXVO\, WKH QHZ UHIHUHQFH
HOLPLQDWHV WHQV RI WKRXVDQGV RI VSXULRXV YDULDQWV SHU VDPSOH, LQFOXGLQJ XS WR 12-IROG UHGXFWLRQ RI IDOVH SRVLWLYHV LQ 269
PHGLFDOO\ UHOHYDQW JHQHV. 7KH YDVW LPSURYHPHQW LQ YDULDQW GLVFRYHU\ FRXSOHG ZLWK SRSXODWLRQ DQG IXQFWLRQDO JHQRPLF
UHVRXUFHV SRVLWLRQ 727-&+013 WR UHSODFH *5&K38 DV WKH SUHYDLOLQJ UHIHUHQFH IRU KXPDQ JHQHWLFV.

OQH 6HQWHQFH 6XPPDU\: 7KH 727-&+013 UHIHUHQFH JHQRPH XQLYHUVDOO\ LPSURYHV WKH DQDO\VLV RI KXPDQ JHQHWLF
YDULDWLRQ.

MDLQ 7H[W:

IQWURGXFWLRQ

)RU WKH SDVW WZHQW\ \HDUV, WKH KXPDQ UHIHUHQFH JHQRPH KDV VHUYHG DV WKH EHGURFN RI KXPDQ JHQHWLFV DQG JHQRPLFV >1±3@.
2QH RI WKH FHQWUDO DSSOLFDWLRQV RI WKH KXPDQ UHIHUHQFH JHQRPH, DQG UHIHUHQFH JHQRPHV LQ JHQHUDO, KDV EHHQ WR VHUYH DV D
VXEVWUDWH IRU FOLQLFDO JHQRPLFV, FRPSDUDWLYH DQDO\VHV, DQG SRSXODWLRQ JHQRPLFV. 0RUH WKDQ RQH PLOOLRQ KXPDQ JHQRPHV
KDYH EHHQ VHTXHQFHG WR VWXG\ JHQHWLF GLYHUVLW\ DQG FOLQLFDO UHODWLRQVKLSV, DQG QHDUO\ DOO RI WKHP KDYH EHHQ DQDO\]HG E\
DOLJQLQJ WKH VHTXHQFLQJ UHDGV IURP WKH GRQRUV WR WKH UHIHUHQFH JHQRPH, H.J. >4±6@. (YHQ ZKHQ WKH GRQRU JHQRPHV DUH
DVVHPEOHG GH QRYR, LQGHSHQGHQW RI DQ\ UHIHUHQFH JHQRPH, WKH DVVHPEOHG VHTXHQFHV ZLOO QHDUO\ DOZD\V EH FRPSDUHG WR D
UHIHUHQFH JHQRPH WR FKDUDFWHUL]H YDULDWLRQ E\ OHYHUDJLQJ WKH GHHS FDWDORJ RI DYDLODEOH DQQRWDWLRQV >7,8@. &RQVHTXHQWO\,
KXPDQ JHQHWLFV DQG JHQRPLFV EHQHILW WUHPHQGRXVO\ IURP WKH DYDLODELOLW\ RI D KLJK-TXDOLW\ UHIHUHQFH JHQRPH, LGHDOO\
ZLWKRXW JDSV RU HUURUV WKDW PD\ REVFXUH LPSRUWDQW YDULDWLRQ DQG UHJXODWRU\ UHODWLRQVKLSV.

7KH FXUUHQW KXPDQ UHIHUHQFH JHQRPH, *5&K38, LV XVHG IRU FRXQWOHVV DSSOLFDWLRQV, ZLWK ULFK UHVRXUFHV DYDLODEOH WR
YLVXDOL]H DQG DQQRWDWH WKH VHTXHQFH DFURVV FHOO W\SHV DQG GLVHDVH VWDWHV >3,9±12@. +RZHYHU, GHVSLWH GHFDGHV RI HIIRUW WR
FRQVWUXFW DQG UHILQH LWV VHTXHQFH, WKH KXPDQ UHIHUHQFH JHQRPH VXIIHUV IURP VHYHUDO PDMRU OLPLWDWLRQV WKDW KLQGHU
FRPSUHKHQVLYH DQDO\VLV. 0RVW LPPHGLDWHO\, *5&K38 FRQWDLQV PRUH WKDQ 100 PLOOLRQ QXFOHRWLGHV WKDW HLWKHU UHPDLQ
HQWLUHO\ XQUHVROYHG (µ1¶ FKDUDFWHUV), VXFK DV WKH S-DUPV RI WKH DFURFHQWULF FKURPRVRPHV, RU DUH UHSUHVHQWHG ZLWK DUWLILFLDO
PRGHOV, VXFK DV WKH FHQWURPHULF VDWHOOLWH DUUD\V >13@. )XUWKHUPRUH, *5&K38 SRVVHVVHV 11.5 0ES RI XQSODFHG DQG
XQORFDOL]HG VHTXHQFHV WKDW DUH UHSUHVHQWHG RXWVLGH RI WKH SULPDU\ FKURPRVRPHV >3,14@. 7KHVH VHTXHQFHV DUH GLIILFXOW WR
VWXG\, DQG PDQ\ JHQRPLF DQDO\VHV H[FOXGH WKHP WR DYRLG LGHQWLI\LQJ IDOVH YDULDQWV DQG IDOVH UHJXODWRU\ UHODWLRQVKLSV >6@.
5HODWHGO\, UHSRUWV KDYH SHUVLVWHG RI PDMRU DUWLIDFWV WKDW DULVH ZKHQ LGHQWLI\LQJ YDULDQWV UHODWLYH WR *5&K38, VXFK DV DQ
DSSDUHQW LPEDODQFH EHWZHHQ LQVHUWLRQV DQG GHOHWLRQV (LQGHOV) DULVLQJ IURP V\VWHPDWLF PLV-DVVHPEOLHV LQ *5&K38 >15±17@.
2YHUDOO, WKHVH HUURUV DQG RPLVVLRQV LQ *5&K38 LQWURGXFH ELDVHV LQ JHQRPLF DQDO\VHV, SDUWLFXODUO\ LQ FHQWURPHUHV,
VDWHOOLWHV, DQG RWKHU FRPSOH[ UHJLRQV.

AQRWKHU PDMRU FRQFHUQ LV KRZ WKH UHIHUHQFH JHQRPH PD\ LQIOXHQFH WKH DQDO\VLV RI YDULDWLRQ DFURVV ODUJH FRKRUWV IRU
SRSXODWLRQ DQG FOLQLFDO JHQRPLFV. 6HYHUDO ODUJH VWXGLHV, VXFK DV WKH 1000 *HQRPHV 3URMHFW (1.*3) >18@ DQG JQRPA' >6@,
KDYH SURYLGHG YDOXDEOH LQIRUPDWLRQ DERXW WKH H[WHQW RI JHQHWLF GLYHUVLW\ ZLWKLQ DQG EHWZHHQ KXPDQ SRSXODWLRQV. )RU
H[DPSOH, PDQ\ DQDO\VHV RI 0HQGHOLDQ DQG FRPSOH[ GLVHDVHV XVH WKHVH FDWDORJV RI VLQJOH QXFOHRWLGH YDULDQWV (619V),
VPDOO LQGHOV, DQG VWUXFWXUDO YDULDQWV (69V) WR UDQN DQG SULRULWL]H SRWHQWLDO FDXVDO YDULDQWV EDVHG RQ DOOHOH IUHTXHQFLHV (A)V)
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DQG RWKHU HYLGHQFH >19±21@. :KHQ HYDOXDWLQJ WKHVH UHVRXUFHV, WKH RYHUDOO TXDOLW\ DQG UHSUHVHQWDWLRQ RI WKH KXPDQ
UHIHUHQFH JHQRPH DUH LPSRUWDQW, LI RIWHQ RYHUORRNHG, IDFWRUV. AQ\ JDSV RU HUURUV LQ WKH VHTXHQFH FRXOG REVFXUH YDULDWLRQ
DQG LWV FRQWULEXWLRQ WR KXPDQ SKHQRW\SHV DQG GLVHDVH. ,Q DGGLWLRQ WR PDMRU RPLVVLRQV VXFK DV FHQWURPHULF VHTXHQFHV RU
DFURFHQWULF FKURPRVRPH DUPV, WKH FXUUHQW UHIHUHQFH JHQRPH SRVVHVVHV RWKHU HUURUV DQG ELDVHV GLVWULEXWHG WKURXJKRXW,
LQFOXGLQJ ZLWKLQ JHQHV RI NQRZQ PHGLFDO UHOHYDQFH >22,23@. )XUWKHUPRUH, *5&K38 ZDV DVVHPEOHG IURP PXOWLSOH GRQRUV
XVLQJ FORQH-EDVHG VHTXHQFLQJ, ZKLFK FUHDWHV DQ H[FHVV RI DUWLILFLDO KDSORW\SH VWUXFWXUHV WKDW FDQ VXEWO\ ELDV DQDO\VHV
>1,24@. 2YHU WKH \HDUV, WKHUH KDYH EHHQ VRPH DWWHPSWV WR UHSODFH UDUH DOOHOHV IURP WKHVH KDSORW\SHV ZLWK PRUH FRPPRQ
DOOHOHV, EXW KXQGUHGV RI WKRXVDQGV RI DUWLILFLDO KDSORW\SHV DQG UDUH DOOHOHV UHPDLQ WR WKLV GD\ >25,26@. ,QFUHDVLQJ WKH
FRQWLQXLW\, TXDOLW\, DQG UHSUHVHQWDWLYHQHVV RI WKH UHIHUHQFH JHQRPH LV WKHUHIRUH FUXFLDO IRU LPSURYLQJ JHQHWLF GLDJQRVLV, DV
ZHOO DV IRU XQGHUVWDQGLQJ WKH FRPSOH[ UHODWLRQVKLS EHWZHHQ JHQHWLF DQG SKHQRW\SLF YDULDWLRQ.

7KH UHFHQWO\ DVVHPEOHG 7HORPHUH-WR-7HORPHUH (727) &+013 JHQRPH DGGUHVVHV PDQ\ RI WKH OLPLWDWLRQV RI WKH FXUUHQW
UHIHUHQFH >27@. 6SHFLILFDOO\, WKH 727-&+013Y1.0 DVVHPEO\ DGGV QHDUO\ 200 PHJDEDVHV RI QRYHO VHTXHQFH DQG FRUUHFWV
PDQ\ RI WKH HUURUV SUHVHQW LQ *5&K38. +HUH ZH GHPRQVWUDWH WKH LPSDFW RI WKH 727-&+013 UHIHUHQFH RQ YDULDQW
GLVFRYHU\ DQG JHQRW\SLQJ LQ D JOREDOO\ GLYHUVH FRKRUW. 7KLV LQFOXGHV DOO 3,202 VDPSOHV IURP WKH UHFHQWO\ H[SDQGHG 1000
*HQRPHV 3URMHFW (1.*3) VHTXHQFHG ZLWK VKRUW UHDGV >28@ DORQJ ZLWK 17 VDPSOHV IURP GLYHUVH SRSXODWLRQV VHTXHQFHG
ZLWK ORQJ UHDGV >8,27,29@. )URP WKHVH GDWD, ZH GRFXPHQW XQLYHUVDO LPSURYHPHQWV LQ UHDG PDSSLQJ DQG YDULDQW FDOOLQJ
ZLWK PDMRU LPSOLFDWLRQV IRU SRSXODWLRQ DQG FOLQLFDO JHQRPLFV LQFOXGLQJ PRUH WKDQ 2 PLOOLRQ DGGLWLRQDO YDULDQWV IRXQG LQ
QHZO\ DFFHVVLEOH DQG FRUUHFWHG UHJLRQV RI WKH JHQRPH, 9.2 PHJDEDVHV RI FRUUHFWLRQV IRXQG ZLWKLQ V\QWHQLF UHJLRQV, DQG
622 PHGLFDOO\-UHOHYDQW JHQHV VKRZLQJ LPSURYHG YDULDQW FDOOV DQG LQWHUSUHWDWLRQ. :KHQ FRPELQHG ZLWK WKH RWKHU FHOOXODU
DQG JHQRPLF UHVRXUFHV DYDLODEOH IRU 727-&+013, WKLV JHQRPH DVVHPEO\ LV SRLVHG WR UHSODFH *5&K38 DV WKH SUHGRPLQDQW
UHIHUHQFH IRU KXPDQ JHQHWLFV.

5HVXOWV

6WUXFWXUDO FRPSDULVRQV RI G5CK38 DQG 727-CHM13

IQWURGXFLQJ WKH 727-CH013 JHQRPH

7KH 727-&+013 UHIHUHQFH JHQRPH ZDV SULPDULO\ DVVHPEOHG IURP 3DFLILF BLRVFLHQFHV (3DFBLR) +LJK )LGHOLW\ (+L)L)
UHDGV DXJPHQWHG ZLWK 2[IRUG 1DQRSRUH 7HFKQRORJ\ (217) UHDGV WR FORVH JDSV DQG UHVROYH FRPSOH[ UHSHDWV >27@. 7KH
UHVXOWLQJ 727-&+013Y1.0 DVVHPEO\ ZDV VXEVHTXHQWO\ YDOLGDWHG DQG SROLVKHG WR H[FHHGLQJO\ KLJK TXDOLW\, ZLWK D
FRQVHQVXV DFFXUDF\ HVWLPDWHG WR EH EHWZHHQ 3KUHG 467 DQG 473 >27,30@ DQG ZLWK ]HUR NQRZQ VWUXFWXUDO GHIHFWV. 7KH
DVVHPEO\ LV KLJKO\ FRQWLJXRXV, ZLWK RQO\ ILYH XQUHVROYHG UHJLRQV IURP WKH PRVW KLJKO\ UHSHWLWLYH ULERVRPDO '1A (U'1A)
DUUD\V, UHSUHVHQWLQJ RQO\ 9.9 0ES RI VHTXHQFH RXW RI >3.0 *ES RI IXOO\ UHVROYHG VHTXHQFH. 7KH YHUVLRQ 1.0 DVVHPEO\ DGGV
RU UHYLVHV 229 0ES RI VHTXHQFH FRPSDUHG WR *5&K38, GHILQHG DV UHJLRQV RI WKH 727-&+013 DVVHPEO\ WKDW GR QRW
OLQHDUO\ DOLJQ WR *5&K38 RYHU D 1 0ES LQWHUYDO (L.H., DUH QRQ-V\QWHQLF). )XUWKHUPRUH, 189 0ES RI VHTXHQFH DUH QRW
FRYHUHG E\ DQ\ SULPDU\ DOLJQPHQWV IURP *5&K38 DQG DUH WKHUHIRUH FRPSOHWHO\ QRYHO WR WKH 727-&+013 DVVHPEO\. A
VXPPDU\ GLDJUDP RI WKH V\QWHQLF/QRQ-V\QWHQLF UHJLRQV DQG WKHLU DVVRFLDWHG DQQRWDWLRQV DUH SUHVHQWHG LQ FLJ. 1A IRU
FKURPRVRPHV 1 DQG 21, DQG D GHWDLOHG UHSRUW RI DOO FKURPRVRPHV LV SUHVHQWHG LQ FLJ. 61.1. 1RWH WKDW WKH VXEVHTXHQW
727-&+013Y1.1 DVVHPEO\ >27@ IXUWKHU UHVROYHV WKH U'1A UHJLRQV XVLQJ PRGHO VHTXHQFHV IRU VRPH DUUD\ HOHPHQWV,
DOWKRXJK IRU WKLV VWXG\ ZH DQDO\]H WKH SULRU Y1.0 DVVHPEO\, ZKLFK GRHV QRW FRQWDLQ WKHVH UHSUHVHQWDWLRQV.
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Figure 1. Genomic comparisons of human assemblies GRCh38 and T2T-CHM13. (A) Overview of annotations available 
for GRCh38 and T2T-CHM13 chromosomes 1 and 21 with colors indicated in legend. Cytobands are pictured as gray bands 
with red bands representing centromeric regions within ideograms. Complete annotations of all chromosomes can be found in 
Figure S1.1. (B) Summary of the number of bases and/or genes annotated by different features for the assemblies with colors 
indicated in the legend. (C) Example of a clone boundary (red line) where GRCh38 possesses a combination of alleles that 
segregate in negative LD within the 1KGP sample (which we term as an “LD-discordant haplotype”). SNPs are depicted in 
columns, while phased 1KGP samples are depicted in rows. White indicates reference allele genotypes, while black indicates 
alternative allele genotypes. Superpopulation ancestry of each sample is indicated in the rightmost column. (D) Tally of such 
LD-discordant haplotypes in a selection of 1000 Genomes samples, as well as GRCh38 and CHM13. (E) Examples of variants 
that cannot be lifted over to T2T-CHM13 because of structural differences between the genomes. The position of the reference 
allele on GRCh38 is shown in red.
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7KH EXON RI WKH QRQ-V\QWHQLF VHTXHQFH ZLWKLQ 727-&+013 FRPSULVHV FHQWURPHULF VDWHOOLWHV (190 0ES) >31@ DQG QHZ
FRSLHV RI VHJPHQWDO GXSOLFDWLRQV (218 0ES) >32@. 7KHVH QRYHO VHTXHQFHV FRXOG SURYH FKDOOHQJLQJ IRU YDULDQW DQDO\VLV,
HVSHFLDOO\ IRU YDULDQWV LGHQWLILHG XVLQJ VKRUW-UHDG VHTXHQFLQJ. +RZHYHU, FRPSDUHG WR *5&K38, ZH UHSRUW DQ RYHUDOO
LQFUHDVH RI XQLTXH VHTXHQFH DV GHILQHG E\ N-OHQJWK VWULQJV (N-PHUV) IRXQG RQO\ D VLQJOH WLPH LQ WKH JHQRPH (H.J., 14.9
0ES RI QHZO\ DGGHG XQLTXH VHTXHQFH ZKHQ FRQVLGHULQJ 50-PHUV, 23.5 0ES IRU 100-PHUV, DQG 39.5 0ES IRU 300-PHUV).
7KHVH XQLTXH VHTXHQFHV HQDEOH PRUH FRQILGHQW PDSSLQJ IRU VKRUW-UHDG SDLUHG-HQG VHTXHQFHV RU ORQJHU UHDGV LQ VRPH
QHZO\ XQFRYHUHG UHJLRQV RI WKH JHQRPH (FLJV. 1B, 61.2, DQG 61.3). 5HJDUGLQJ KLJKO\ UHSHWLWLYH UHJLRQV, PRUH WKDQ 106
0ES RI DGGLWLRQDO VHTXHQFH ZDV LGHQWLILHG LQ 727-&+013 WKDW UHTXLUHV UHDGV RI PRUH WKDQ 300 ES WR XQLTXHO\ PDS
FRPSDUHG WR *5&K38. &RQFRPLWDQWO\, WKHUH ZDV D GHFUHDVH LQ ORQJ, H[DFWO\ GXSOLFDWHG VHTXHQFHV (�5 NES) VKDUHG DFURVV
FKURPRVRPHV (H[FOXGLQJ VHTXHQFH SDLUV ZLWKLQ FHQWURPHUHV) IURP *5&K38 WR 727-&+013 (FLJV. 61.4 DQG 61.5). 7KH
IRUPHU SRVVHVVHG 28 ODUJH VKDUHG LQWHUFKURPRVRPDO VHTXHQFHV, SULPDULO\ FRQVLVWLQJ RI SDLUV RI VXE-WHORPHULF VHTXHQFHV,
ZLWK DQ DGGLWLRQDO 42 SDLUV LQYROYLQJ DW OHDVW RQH XQSODFHG FRQWLJ. AOO RI WKHVH H[DFWO\ PDWFKLQJ VHTXHQFH SDLUV, VDYH RQH
EHWZHHQ WZR VXEWHORPHUHV, DUH QRQ-LGHQWLFDO LQ 727-&+013, DV VPDOO EXW LPSRUWDQW GLIIHUHQFHV EHWZHHQ UHSHWLWLYH
HOHPHQWV DUH UHVROYHG IRU WKH ILUVW WLPH.

727-CH013 DFFXUDWHO\ UHSUHVHQWV WKH KDSORW\SH VWUXFWXUH RI KXPDQ JHQRPHV

7KH KXPDQ UHIHUHQFH JHQRPH VHUYHV DV WKH VWDQGDUG WR ZKLFK RWKHU JHQRPHV DUH FRPSDUHG, DQG LV W\SLFDOO\ SHUFHLYHG DV D
KDSORLG UHSUHVHQWDWLRQ RI DQ DUELWUDU\ JHQRPH IURP WKH SRSXODWLRQ >25@. ,Q FRQWUDVW ZLWK 727-&+013, ZKLFK GHULYHV IURP
D VLQJOH FRPSOHWH K\GDWLGLIRUP PROH, WKH +XPDQ *HQRPH 3URMHFW FRQVWUXFWHG WKH FXUUHQW UHIHUHQFH JHQRPH YLD WKH WLOLQJ
RI VHTXHQFHV REWDLQHG IURP EDFWHULDO DUWLILFLDO FKURPRVRPHV (BA&V) DQG RWKHU FORQHV ZLWK OHQJWKV UDQJLQJ IURP a50±150
NES >24@, ZKLFK GHULYH IURP PXOWLSOH GRQRU LQGLYLGXDOV. *5&K38 DQG LWV SUHGHFHVVRUV WKXV FRPSULVH PRVDLFV RI PDQ\
KDSORW\SHV, DOEHLW ZLWK D VLQJOH OLEUDU\ (5311) FRQWULEXWLQJ WKH PDMRULW\ >24@.

7R IXUWKHU FKDUDFWHUL]H WKLV DVSHFW RI *5&K38 DQG LWV LPSOLFDWLRQV IRU SRSXODWLRQ VWXGLHV, ZH SHUIRUPHG ORFDO DQFHVWU\
LQIHUHQFH IRU ERWK *5&K38 DQG 727-&+013 WKURXJK FRPSDULVRQ WR KDSORW\SHV IURP WKH 1.*3 (VHH 6XSSOHPHQWDO
MHWKRGV; FLJV. 1A DQG 61.6). &RQWLQHQWDO VXSHUSRSXODWLRQ-OHYHO DQFHVWU\ ZDV LQIHUUHG IRU 72.9% RI *5&K38 FORQHV
EDVHG RQ PDMRULW\ YRWHV RI QHDUHVW-QHLJKERU KDSORW\SHV. )RU WKH UHPDLQLQJ 27.1% RI FORQHV, QR VLQJOH VXSHUSRSXODWLRQ
DFKLHYHG D PDMRULW\ RI QHDUHVW QHLJKERUV, DQG DQFHVWU\ WKXV UHPDLQHG DPELJXRXV. 7KLV DPELJXLW\ RFFXUV SULPDULO\ IRU
VKRUW FORQHV ZLWK IHZ LQIRUPDWLYH 613V (FLJ. 61.7), EXW DOVR IRU VRPH ORQJHU FORQHV ZLWK SRWHQWLDO DGPL[HG DQFHVWU\. ,Q
DFFRUGDQFH ZLWK *UHHQ HW DO. >24@, ZH LQIHUUHG WKDW OLEUDU\ 5311, ZKLFK FRPSULVHV 72.6% RI WKH JHQRPH, LV GHULYHG IURP
DQ LQGLYLGXDO RI DGPL[HG AIULFDQ-APHULFDQ DQFHVWU\, ZLWK 56.0% DQG 28.1% RI LWV FRPSRQHQW FORQHV DVVLJQHG WR AIULFDQ
DQG (XURSHDQ ORFDO DQFHVWULHV, UHVSHFWLYHO\. 7KH VHFRQG PRVW DEXQGDQW OLEUDU\, &7' (5.5% RI WKH JHQRPH), FRQVLVWV RI
FORQHV RI SUHGRPLQDQWO\ (86.3%) (DVW AVLDQ ORFDO DQFHVWULHV, ZKLOH WKH UHPDLQLQJ OLEUDULHV DUH GHULYHG IURP LQGLYLGXDOV RI
SUHGRPLQDQWO\ (XURSHDQ DQFHVWULHV. ,Q FRQWUDVW, &+013 H[KLELWV (XURSHDQ DQFHVWULHV QHDUO\ JHQRPH ZLGH (FLJ. 61.8). ,Q
DGGLWLRQ, *5&K38 DQG 727-&+013 KDUERU 26.7 0ES DQG 51.0 0ES, UHVSHFWLYHO\, RI SXWDWLYH 1HDQGHUWKDO-LQWURJUHVVHG
VHTXHQFHV WKDW RULJLQDWH IURP DQFLHQW LQWHUEUHHGLQJ EHWZHHQ WKH KRPLQLQ JURXSV DSSUR[LPDWHO\ 60 WKRXVDQG \HDUV DJR
>24@. 7KH H[FHVV RI LQWURJUHVVHG VHTXHQFH LQ &+013, HYHQ ZKHQ UHVWULFWLQJ WR WKH JHQRPLF LQWHUYDOV RI *5&K38 FORQHV
ZLWK FRQILGHQW DQFHVWU\ DVVLJQPHQWV, LV FRQVLVWHQW ZLWK LWV JUHDWHU SURSRUWLRQ RI QRQ-AIULFDQ DQFHVWU\.

:H K\SRWKHVL]HG WKDW WKH PRVDLF QDWXUH RI *5&K38 ZRXOG JHQHUDWH DEQRUPDO KDSORW\SH VWUXFWXUHV DW FORQH ERXQGDULHV,
SURGXFLQJ PDQ\ FRPELQDWLRQV RI DOOHOHV WKDW DUH UDUH RU DEVHQW IURP WKH KXPDQ SRSXODWLRQ. ,QGHHG, VRPH SUHYLRXV SDWFKHV
RI WKH UHIHUHQFH JHQRPH VRXJKW WR FRUUHFW DEQRUPDO KDSORW\SH VWUXFWXUHV LQ FDVHV ZKHUH WKH\ ZHUH QRWLFHG GXH WR WKHLU
LPSDFWV RQ JHQHV RI FOLQLFDO LPSRUWDQFH (H.J., AB2 DQG 6/C39A4) >3@. 6XFK DUWLILFLDO KDSORW\SHV ZRXOG PLPLF UDUH
UHFRPELQDQW KDSORW\SHV WKDW DUH SULYDWH WR DQ\ JLYHQ VDPSOH, EXW DW DQ DEXQGDQFH DQG JHQRPLF VFDOH WKDW LV
XQUHSUHVHQWDWLYH RI DQ\ OLYLQJ KXPDQ. 7R WHVW WKLV K\SRWKHVLV, ZH LGHQWLILHG SDLUV RI FRPPRQ (PLQRU-DOOHOH IUHTXHQF\ >
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10%) DXWRVRPDO 613 DOOHOHV WKDW DUH DOZD\V REVHUYHG RQ WKH VDPH KDSORW\SH (L.H., VHJUHJDWH LQ SHUIHFW >52 = 1@ OLQNDJH
GLVHTXLOLEULXP >/'@) LQ WKH 2,504 XQUHODWHG LQGLYLGXDOV RI WKH 1.*3 DQG TXHULHG WKH DOOHOLF VWDWHV RI WKHVH 613V LQ ERWK
*5&K38 DQG 727-&+013 (VHH 6XSSOHPHQWDO MHWKRGV).

,Q DFFRUGDQFH ZLWK RXU H[SHFWDWLRQV, ZH LGHQWLILHG QXPHURXV KDSORW\SH WUDQVLWLRQV LQ *5&K38 WKDW DUH DEVHQW IURP WKH
1.*3 VDPSOHV, ZLWK 18,813 SDLUV RI /'-GLVFRUGDQW 613 DOOHOHV (L.H., LQ SHUIHFW QHJDWLYH /') GLVWULEXWHG LQ 1,390 QDUURZ
QRQ-RYHUODSSLQJ FOXVWHUV (PHGLDQ OHQJWK = 3,703 ES) WKURXJKRXW WKH JHQRPH (FLJ. 1C). 6XFK UDUH KDSORW\SH WUDQVLWLRQV DUH
FRPSDUDWLYHO\ VFDUFH LQ 727-&+013, ZLWK RQO\ 209 SDLUV RI FRPPRQ KLJK-/' 613V (50 QRQ-RYHUODSSLQJ FOXVWHUV)
SRVVHVVLQJ DOOHOLF FRPELQDWLRQV DEVHQW IURP WKH 1.*3 VDPSOH (FLJ. 1D). BDVHG RQ D OHDYH-RQH-RXW DQDO\VLV, ZH FRQILUPHG
WKDW 727-&+013 SRVVHVVHV D VLPLODU QXPEHU RI /'-GLVFRUGDQW KDSORW\SHV DV SKDVHG ³KDSORLG´ VDPSOHV IURP 1.*3,
ZKHUHDV *5&K38 YDVWO\ H[FHHGV WKLV UDQJH (FLJ. 1E). B\ LQWHUVHFWLQJ WKH *5&K38 UHVXOWV ZLWK WKH WLOLQJ SDWK RI BA&
FORQHV, ZH IRXQG WKDW 88.9% (16,733 RI 18,813) RI GLVFRUGDQW 613 SDLUV VWUDGGOH WKH GRFXPHQWHG ERXQGDULHV RI DGMDFHQW
FORQHV (FLJ. 61.9). 2I WKHVH, 45.9% (7,686 RI 16,733) RI WKH FORQH SDLUV GHULYHG IURP GLIIHUHQW BA& OLEUDULHV, ZKHUHDV WKH
UHPDLQGHU OLNHO\ ODUJHO\ UHIOHFWV UDQGRP VDPSOLQJ RI GLVWLQFW KRPRORJRXV FKURPRVRPHV IURP WKH VDPH GRQRU LQGLYLGXDO.
7KXV, RXU DQDO\VLV VXJJHVWV WKDW 727-&+013 DFFXUDWHO\ UHIOHFWV KDSORW\SH SDWWHUQV REVHUYHG LQ FRQWHPSRUDU\ KXPDQ
SRSXODWLRQV, ZKHUHDV *5&K38 GRHV QRW.

727-CH013 FRUUHFWV V\VWHPDWLF HUURUV LQ G5CK38, LQFOXGLQJ FROODSVHG GXSOLFDWLRQV DQG IDOVHO\-GXSOLFDWHG UHJLRQV

*HQRPH DVVHPEOLHV RIWHQ VXIIHU IURP HUURUV DW FRPSOH[ JHQRPLF UHJLRQV VXFK DV 6'V. ,Q WKH FDVH RI *5&K38, WDUJHWHG
VHTXHQFLQJ RI BA& FORQHV KDV EHHQ SHUIRUPHG WR IL[ PDQ\ VXFK ORFL >3,16,33±36@, EXW SUREOHPV SHUVLVW. 7R V\VWHPDWLFDOO\
LGHQWLI\ HUURUV LQ *5&K38 WKDW FRXOG SURGXFH VSXULRXV YDULDQW FDOOV, ZH OHYHUDJHG WKH IDFW WKDW 727-&+013 LV D
KDSORLG-GHULYHG FHOO OLQH WKDW VKRXOG SURGXFH RQO\ KRPR]\JRXV YDULDQWV ZKHQ LWV VHTXHQFH LV DOLJQHG WR *5&K38. 7KXV,
DQ\ DSSDUHQW KHWHUR]\JRXV YDULDQW FDQ EH DWWULEXWHG WR (1) PXWDWLRQV DFFUXHG LQ WKH FHOO OLQH; (2) VHTXHQFLQJ HUURUV; RU (3)
UHDG PDSSLQJ HUURUV. ,Q WKH ODVW FDVH, DVVHPEO\ HUURUV RU FRS\ QXPEHU SRO\PRUSKLVP RI 6'V SURGXFH D FRQWLJXRXV VWUHWFK
RI KHWHUR]\JRXV YDULDQWV, ZKLFK ZRXOG FRQIRXQG WKH DFFXUDWH GHWHFWLRQ RI SDUDORJ-VSHFLILF YDULDQWV (369V). 0DSSLQJ
3DFBLR +L)L UHDGV IURP WKH &+013 FHOO OLQH >27@ DV ZHOO DV ,OOXPLQD-OLNH VLPXODWHG UHDGV (150 ES) REWDLQHG IURP WKH
727-&+013 UHIHUHQFH WR *5&K38, ZH LGHQWLILHG 368,574 KHWHUR]\JRXV 619V ZLWKLQ WKH DXWRVRPHV DQG FKURPRVRPH ;,
RI ZKLFK 56,413 (15.3%) ZHUH VKDUHG DPRQJ ERWK GDWDVHWV, HYLGHQFLQJ WKDW HDFK WHFKQRORJ\ LV GLVWLQFWLYHO\ LQIRUPDWLYH
GXH WR PDSSDELOLW\ GLIIHUHQFHV (FLJ. 61.10A DQG 7DEOH 61.1).

7R KRPH LQ RQ YDULDQWV OLNHO\ GHULYLQJ IURP FROODSVHG GXSOLFDWLRQV, ZH GHOLQHDWHG µFOXVWHUV¶ RI KHWHUR]\JRXV FDOOV (VHH
MHWKRGV) DQG LGHQWLILHG 908 SXWDWLYH SUREOHPDWLF UHJLRQV (541 VXSSRUWHG E\ ERWK WHFKQRORJLHV) FRPSULVLQJ 20.8 0ES
(FLJV. 1 DQG 61.10B) ZLWK D PDMRULW\ LQWHUVHFWLQJ 6'- (668/908; 73.6%) DQG FHQWURPHUH-DVVRFLDWHG UHJLRQV (542/908;
59.7%) >31@. 9DULDQWV IODJJHG DV H[FHVVLYHO\ KHWHUR]\JRXV LQ WKH SRSXODWLRQ E\ JQRPA' >6@ ZHUH VLJQLILFDQWO\ HQULFKHG
LQ WKHVH UHJLRQV (10,000 SHUPXWDWLRQV, HPSLULFDO S-YDOXH = 1[10-4) UHSUHVHQWLQJ 26.7% (78,034/292,514) RI RXU &+013
KHWHUR]\JRXV YDULDQWV²VXJJHVWLQJ WKDW WKHVH YDULDQWV DULVH LQ JHQRPH VFUHHQV DQG UHSUHVHQW IDOVH SRVLWLYHV²ZKLOVW
341/908 UHJLRQV (37.55%) RYHUODS ZLWK NQRZQ *5&K38 LVVXHV (FLJV. 1A DQG 61.1). :H QH[W µOLIWHG RYHU¶ (WUDQVODWHG WKH
FRRUGLQDWHV RI) 821 RI WKHVH 908 SXWDWLYH SUREOHPDWLF UHJLRQV WR WKH 727-&+013 DVVHPEO\ DQG XVHG KXPDQ FRS\ QXPEHU
HVWLPDWHV (Q=268 LQGLYLGXDOV IURP WKH 6LPRQV *HQRPH 'LYHUVLW\ 3URMHFW (6*'3)) >32,37@ WR FRQVHUYDWLYHO\ LGHQWLI\ 203
ORFL (8.04 0ES) HYLGHQFLQJ HUURQHRXV PLVVLQJ FRSLHV LQ *5&K38 (FLJ. 61.10). 7KHVH UHJLRQV LPSDFW 308 JHQH IHDWXUHV
ZLWK 14 RI WKH WRWDO 48 SURWHLQ-FRGLQJ JHQHV IXOO\ FRQWDLQHG ZLWKLQ D SUREOHPDWLF UHJLRQ, LQGLFDWLQJ WKDW FRPSOHWH JHQH
KRPRORJV DUH KLGGHQ IURP *5&K38-EDVHG SRSXODWLRQ YDULDWLRQ DQDO\VHV DV LV WKH FDVH RI '86322, D JHQH LQYROYHG LQ
LPPXQH UHJXODWLRQ >38@, DQG .072C, D JHQH LPSOLFDWHG LQ .OHHIVWUD V\QGURPH 2 (20,0 #617768) (FLJ. 61.12).
AGGLWLRQDOO\, ZH LGHQWLILHG 30 613V ZLWK NQRZQ SKHQRW\SH DVVRFLDWLRQ (*:A6 &DWDORJ) ZLWKLQ SUREOHPDWLF UHJLRQV.
)LQDOO\, ZH HYDOXDWHG WKH VWDWXV RI WKHVH UHJLRQV LQ WKH 727-&+013 UHIHUHQFH E\ IROORZLQJ D VLPLODU DSSURDFK DV IRU
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*5&K38, REWDLQLQJ 9,193 KHWHUR]\JRXV YDULDQWV FOXVWHUHG LQ 11 UHJLRQV (7DEOH 61.2). 7KLV UHYHDOHG WKDW DOO SUREOHPDWLF
UHJLRQV LQ *5&K38 QR ORQJHU H[KLELW FOXVWHUV RI KHWHUR]\JRXV YDULDQWV LQ 727-&+013, HQDEOLQJ DFFXUDWH YDULDQW FDOOLQJ
LQ 48 QHZO\ DFFHVVLEOH SURWHLQ-FRGLQJ JHQHV. :H GLG LGHQWLI\ RQH SXWDWLYH FROODSVHG GXSOLFDWLRQ LQ 727-&+013, EDVHG RQ
WKH SUHVHQFH RI D KHWHUR]\JRXV YDULDQW FOXVWHU DQG UHGXFHG FRS\ QXPEHU LQ 727-&+013, ORFDOL]HG WR DQ U'1A DUUD\
FRUUHFWHG LQ WKH PRVW UHFHQW YHUVLRQ RI 727-&+013Y1.1 >27@.

&RQYHUVHO\, ZH IRXQG WKDW WKH 727-&+013 UHIHUHQFH DOVR IL[HG UHJLRQV IDOVHO\ GXSOLFDWHG LQ *5&K38. :H LGHQWLILHG 12
UHJLRQV DIIHFWLQJ 1.2 0ES DQG 74 JHQHV (LQFOXGLQJ 22 SURWHLQ-FRGLQJ JHQHV) ZLWK GXSOLFDWLRQV SULYDWH WR *5&K38 DQG QRW
IRXQG LQ 727-&+013 RU WKH 268 JHQRPHV IURP 6*'3 >37@ (FLJ. 61.11 DQG 7DEOH 61.3). ,Q FRQWUDVW, RQO\ ILYH UHJLRQV
DIIHFWLQJ 160 NES KDYH GXSOLFDWLRQV LQ 727-&+013 WKDW DUH QRW LQ *5&K38 RU WKH 6*'3. ,QVSHFWLQJ WKH &+013 GDWD, ZH
GHHPHG WKDW WKHVH ILYH ORFL DUH WUXH GXSOLFDWLRQV LQ 727-&+013 ZLWK VWURQJ VXSSRUW IURP PDSSHG +L)L UHDGV >30@. 7KH
ILYH ODUJHVW GXSOLFDWLRQV LQ *5&K38, DIIHFWLQJ 15 SURWHLQ-FRGLQJ JHQHV RQ WKH T-DUP RI FKURPRVRPH 21, KDYH WKH IDOVHO\
GXSOLFDWHG VHTXHQFH LQ BA& FORQHV PLVSODFHG EHWZHHQ PDQ\ JDSV RQ WKH KHWHURFKURPDWLF S-DUP RI FKURPRVRPH 21. 7KH
*HQRPH 5HIHUHQFH &RQVRUWLXP (*5&) GHWHUPLQHG WKDW WKHVH ILYH FORQHV ZHUH LQFRUUHFWO\ ORFDOL]HG WR WKH DFURFHQWULF VKRUW
DUP XVLQJ DGPL[WXUH PDSSLQJ DQG VKRXOG QRW KDYH EHHQ DGGHG WR *5&K38 (6XSSOHPHQWDO 6HFWLRQ 1). 2I WKH VHYHQ IDOVH
GXSOLFDWLRQV RXWVLGH FKURPRVRPH 21, WZR DUH LQ VKRUW FRQWLJV EHWZHHQ JDSV, WZR DUH DGMDFHQW WR D JDS, WZR DUH RQ
XQORFDOL]HG ³UDQGRP´ FRQWLJV, DQG RQH LV D WDQGHP GXSOLFDWLRQ (7DEOH 61.4). A OLVW RI IDOVHO\ GXSOLFDWHG JHQH SDLUV LQ
*5&K38 WKDW DUH FRUUHFWHG LQ 727-&+013 LV SURYLGHG LQ 7DEOH 61.5. 8VLQJ 727-&+013 DV D UHIHUHQFH DXWKRULWDWLYHO\
FRUUHFWV WKHVH IDOVH GXSOLFDWLRQV, LPSURYLQJ YDULDQW FDOOLQJ IRU VKRUW- DQG ORQJ-UHDG WHFKQRORJLHV, LQFOXGLQJ LQ PHGLFDOO\
UHOHYDQW JHQHV, DV GHPRQVWUDWHG EHORZ.

LLIWRYHU RI FOLQLFDOO\ UHOHYDQW DQG WUDLW-DVVRFLDWHG YDULDWLRQ IURP G5CK38 WR 727-CH013

,Q WUDQVLWLRQLQJ WR D QHZ UHIHUHQFH JHQRPH, LW LV LPSHUDWLYH WR GRFXPHQW WKH ORFDWLRQV RI NQRZQ JHQHWLF YDULDWLRQ RI
ELRORJLFDO DQG FOLQLFDO UHOHYDQFH ZLWK UHVSHFW WR WKH XSGDWHG FRRUGLQDWH V\VWHP. 7R WKLV HQG, ZH VRXJKW WR OLIW RYHU 802,674
XQLTXH YDULDQWV LQ WKH &OLQ9DU GDWDEDVH DQG 736,178,420 YDULDQWV IURP WKH 1&B, GE613 GDWDEDVH (LQFOXGLQJ 151,876
1+*5,-(B, *:A6 &DWDORJ YDULDQWV) IURP WKH *5&K38 UHIHUHQFH WR WKH 727-&+013 UHIHUHQFH. 8QDPELJXRXV OLIWRYHU
ZDV VXFFHVVIXO IRU 789,909 (98.4%) &OLQ9DU YDULDQWV, 718,683,909 (97.6%) 1&B, GE613 YDULDQWV, DQG 103,879 (68.4%)
*:A6 &DWDORJ 613V (FLJ. 1A DQG 7DEOH 61.6), ZKLFK ZH SURYLGH DV D UHVRXUFH IRU WKH VFLHQWLILF FRPPXQLW\ ZLWKLQ WKH
8&6& *HQRPH BURZVHU DQG WKH 1+*5, AQ9,/, DORQJ ZLWK OLVWV RI DOO YDULDQWV WKDW IDLOHG OLIWRYHU DQG WKH DVVRFLDWHG
UHDVRQV. &ULWLFDOO\, WKLV UHVRXUFH LQFOXGHV 138,300 RI 138,927 (99.5%) &OLQ9DU YDULDQWV WKDW ZHUH DQQRWDWHG DV
³SDWKRJHQLF´ RU ³OLNHO\ SDWKRJHQLF.´

2I WKH 12,765 &OLQ9DU YDULDQWV WKDW IDLOHG WR OLIW RYHU, 9,452 (74.0%) DUH FDVHV LQ ZKLFK WKH UHIHUHQFH DQG DOWHUQDWLYH DOOHOH
DUH H[FKDQJHG LQ 727-&+013 YHUVXV *5&K38 DQG DUH HDVLO\ UHFRYHUHG. AQ DGGLWLRQDO 1,581 OLIWRYHU IDLOXUHV DUH FDXVHG
E\ VFHQDULRV ZKHUH 727-&+013 SRVVHVVHG D WKLUG DOOHOH WKDW PDWFKHG QHLWKHU WKH UHIHUHQFH QRU DOWHUQDWLYH DOOHOH RI WKH
UHVSHFWLYH YDULDQW. 2I WKH UHPDLQLQJ 1,390 &OLQ9DU YDULDQWV WKDW IDLOHG WR OLIW RYHU, 1,186 RYHUODS GRFXPHQWHG LQVHUWLRQV RU
GHOHWLRQV WKDW GLVWLQJXLVK WKH *5&K38 DQG 727-&+013 DVVHPEOLHV. 342 RI WKHVH YDULDQWV DUH D VSHFLDOL]HG FDVH RI D UHI/DOW
VZDS (QRW UHFRYHUDEOH ZLWK VWDQGDUG OLIWRYHU WRROV), LQ ZKLFK WKH &OLQ9DU DOWHUQDWLYH DOOHOH RQ WKH *5&K38 UHIHUHQFH LV DQ
LQGHO DQG WKH 727-&+013 DVVHPEO\ FDUULHV WKLV LQGHO. 7KH UHPDLQLQJ 546 YDULDQWV (< 0.1% RI DOO YDULDQWV) OLH ZLWKLQ
UHJLRQV RI SRRU DOLJQPHQW EHWZHHQ WKH *5&K38 DQG 727-&+013 DVVHPEOLHV (FLJ. 1F). ,W VKRXOG EH QRWHG WKDW 98.5% RI
WKH *:A6 &DWDORJ YDULDQWV WKDW IDLOHG WR OLIW RYHU ZHUH FDVHV LQ ZKLFK WKH SRVLWLRQ RI WKH YDULDQW H[LVWV LQ WKH
727-&+013 DVVHPEO\, EXW WKH UHIHUHQFH DOOHOH LQ 727-&+013 GRHV QRW PDWFK WKH UHIHUHQFH DOOHOH LQ *5&K38. 7KH
PRGHV RI OLIWRYHU IDLOXUH IRU YDULDQWV LQ GE613 DQG WKH *:A6 &DWDORJ RWKHUZLVH IROORZ VLPLODU GLVWULEXWLRQV DQG DUH
SUHVHQWHG LQ 7DEOH 61.6. ,Q DOO, WKHVH DQQRWDWHG YDULDQWV UHSUHVHQW D FULWLFDO UHVRXUFH HQDEOLQJ UHVHDUFKHUV WR HIIHFWLYHO\
LQWHUSUHW IXWXUH JHQHWLF UHVXOWV XVLQJ WKH 727-&+013 DVVHPEO\.
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727-CHM13 LPSURYHV DQDO\VLV RI JOREDO JHQHWLF GLYHUVLW\ EDVHG RQ 3,202 VKRUW-UHDG VDPSOHV
IURP WKH 1KGP GDWDVHW

727-CH013 LPSURYHV PDSSLQJ RI 3,202 VKRUW-UHDG VDPSOHV IURP WKH 1KG3 GDWDVHW

7R LQYHVWLJDWH KRZ WKH 727-&+013 DVVHPEO\ LPSDFWV VKRUW-UHDG YDULDQW FDOOLQJ, ZH UHDOLJQHG DQG UHSURFHVVHG DOO 3,202
VDPSOHV IURP WKH UHFHQWO\ H[SDQGHG 1.*3 FRKRUW >28@ XVLQJ WKH 1+*5, AQ9,/ 3ODWIRUP >39@. ,Q WKLV FROOHFWLRQ, HDFK
VDPSOH LV VHTXHQFHG WR DW OHDVW 30[ FRYHUDJH XVLQJ SDLUHG-HQG ,OOXPLQD VHTXHQFLQJ, ZLWK VDPSOHV IURP 26 GLYHUVH
SRSXODWLRQV DFURVV 5 PDMRU FRQWLQHQWDO VXSHUSRSXODWLRQV (FLJ. 62.1). 0RVW VDPSOHV DUH XQUHODWHG, DOWKRXJK WKH H[SDQGHG
FROOHFWLRQ LQFOXGHV 602 FRPSOHWH WULRV WKDW ZH XVH WR HVWLPDWH WKH UDWH RI LQDFFXUDWH (QRQ-0HQGHOLDQ) YDULDQWV EHORZ. :H
PDWFKHG WKH SUHYLRXVO\ XVHG DQDO\VLV SLSHOLQH IRU *5&K38 >28@ DV FORVHO\ DV SRVVLEOH VR WKDW DQ\ PDMRU GLIIHUHQFHV ZRXOG
EH DWWULEXWDEOH WR WKH UHIHUHQFH JHQRPH UDWKHU WKDQ WHFKQLFDO GLIIHUHQFHV LQ WKH DQDO\VLV VRIWZDUH (6XSSOHPHQWDO
MHWKRGV).

2Q DYHUDJH, DQ DGGLWLRQDO 7.4 î 106 (0.97%) RI SURSHUO\ SDLUHG UHDGV PDS WR 727-&+013 UDWKHU WKDQ *5&K38 XVLQJ
B:A-0(0 >40@, HYHQ ZKHQ FRQVLGHULQJ WKH DOW DQG GHFR\ VHTXHQFHV XVHG E\ WKH RULJLQDO DQDO\VLV SURMHFW (FLJ. 62.4).
,QWHUHVWLQJO\, HYHQ WKRXJK PRUH UHDGV DOLJQ WR 727-&+013, WKH REVHUYHG SHU-UHDG PLVPDWFK UDWH DIWHU DOLJQPHQW WR
727-&+013 LV 20% WR 25% VPDOOHU IRU DOO FRQWLQHQWDO SRSXODWLRQV, DOWKRXJK AIULFDQ VDPSOHV FRQWLQXH WR SUHVHQW WKH
KLJKHVW PLVPDWFK UDWH (FLJ. 2A). 7KLV LV H[SHFWHG EHFDXVH WKH REVHUYHG PLVPDWFK UDWH FRXQWV ERWK JHQXLQH VHTXHQFLQJ
HUURUV, ZKLFK DUH ODUJHO\ FRQVLVWHQW DFURVV DOO VDPSOHV, DQG DQ\ WUXH ELRORJLFDO GLIIHUHQFHV EHWZHHQ WKH UHDG DQG WKH
UHIHUHQFH JHQRPH, ZKLFK YDU\ VXEVWDQWLDOO\ EDVHG RQ WKH DQFHVWU\ RI WKH VDPSOH. 5HODWHGO\, 727-&+013 LPSURYHG VHYHUDO
RWKHU PDSSLQJ FKDUDFWHULVWLFV, VXFK DV D GHFOLQH LQ WKH QXPEHU RI PLV-RULHQWHG UHDG SDLUV (FLJ. 2A). )LQDOO\, E\ FRQVLGHULQJ
WKH DOLJQPHQW FRYHUDJH DFURVV 500 ES ELQV DFURVV WKH UHVSHFWLYH JHQRPHV, ZH REVHUYHG LPSURYHG FRYHUDJH XQLIRUPLW\
ZLWKLQ HYHU\ VDPSOH¶V JHQRPH ZKHQ XVLQJ 727-&+013 UDWKHU WKDQ *5&K38. )RU H[DPSOH, ZLWKLQ JHQH UHJLRQV, ZH QRWHG
D 4-IROG GHFUHDVH LQ WKH VWDQGDUG GHYLDWLRQ RI WKH FRYHUDJH (FLJ. 2A) DQG REVHUYHG VLPLODU LPSURYHPHQWV LQ RWKHU W\SHV RI
JHQRPLF UHJLRQV DPRQJ DOO SRSXODWLRQ JURXSV (FLJ. 62.5). 2YHUDOO, WKHVH LPSURYHPHQWV LQ HUURU UDWHV, PDSSLQJ
FKDUDFWHULVWLFV, DQG FRYHUDJH XQLIRUPLW\ GHPRQVWUDWH WKH VXSHULRULW\ RI 727-&+013 DV D UHIHUHQFH JHQRPH IRU VKRUW-UHDG
DOLJQPHQW DFURVV DOO SRSXODWLRQV.

727-CH013 LPSURYHV YDULDQW FDOOLQJ DFURVV SRSXODWLRQV

)URP WKHVH DOLJQPHQWV, ZH QH[W HYDOXDWHG 619 DQG VPDOO LQGHO YDULDQW FDOOV ZLWK WKH ZLGHO\-XVHG *A7. +DSORW\SH
&DOOHU, ZKLFK XVHV D MRLQW JHQRW\SLQJ DSSURDFK WR RSWLPL]H DFFXUDF\ DFURVV ODUJH SRSXODWLRQV >41@. AJDLQ, ZH PDWFKHG WKH
SLSHOLQH XVHG LQ WKH SULRU 1.*3 VWXG\, DOEHLW ZLWK QHZHU YHUVLRQV RI VRPH DQDO\VLV WRROV, WR PLQLPL]H VRIWZDUH
GLVFUHSDQFLHV DQG DWWULEXWH GLIIHUHQFHV WR FKDQJHV LQ WKH UHIHUHQFH JHQRPH. AFURVV DOO VDPSOHV, ZH LGHQWLILHG 57,315,786
KLJK-TXDOLW\ (³3A66´) YDULDQWV UHODWLYH WR 727-&+013 (SHU-VDPSOH PHDQ: 4,717,525; PHGLDQ: 4,419,802) FRPSDUHG WR
59,051,733 UHODWLYH WR *5&K38 (SHU-VDPSOH PHDQ: 5,101,897; PHGLDQ: 4,867,871), DGGLWLRQDOO\ QRWLQJ D GHFUHDVH LQ WKH
QXPEHU RI FDOOHG YDULDQWV SHU LQGLYLGXDO JHQRPH (FLJ. 2B). :H SHUIRUPHG DOO VXEVHTXHQW DQDO\VHV XVLQJ WKHVH KLJK-TXDOLW\
YDULDQWV, DV WKH 3A66 ILOWHU VXFFHVVIXOO\ UHPRYHG VSXULRXV YDULDQWV (FLJ. 62.6), SDUWLFXODUO\ LQ FRPSOH[ UHJLRQV (FLJ 62.7).
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Figure 2. Improvements to Short-Read Mapping and Variant Calling. (A) Summary of alignment characteristics aligning to CHM13 
instead of GRCh38. (B) Boxplot of overall number of variants found in each person across superpopulations. (C) Boxplot of the number 
of heterozygous variants found in each person across superpopulations. (D) Boxplot of the number of homozygous variants found in each 
person across superpopulations. (E) Allele frequency distribution of each superpopulation relative to CHM13 and GRCh38. (F) Change in 
allele frequency distribution. (G) Number of variants with allele frequency equal to 100%, both within protein-coding genes and without. 
(H) Number of variants with allele frequency equal to 50%, both within putative collapsed duplications and without. (I) Violin plot of the 
number of low-quality variants found when aligning to GRCh38 and CHM13. (J) Violin plot of the number of Mendelian violations found 
when aligning to GRCh38 and CHM13.
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AV ZLWK WKH LPSURYHPHQW WR WKH SHU-UHDG PLVPDWFK UDWH, ZH DWWULEXWH WKH UHGXFWLRQ LQ WKH QXPEHU RI YDULDQW FDOOV GXH WR
LPSURYHPHQWV LQ WKH QXPEHU RI UDUH DOOHOHV, FRQVHQVXV HUURUV, DQG VWUXFWXUDO HUURUV LQ 727-&+013 YHUVXV *5&K38. 7KLV
FRQFOXVLRQ LV VXSSRUWHG E\ WKH REVHUYDWLRQ WKDW WKH QXPEHU RI KHWHUR]\JRXV YDULDQWV SHU VDPSOH LV PRUH VLPLODU (FLJ. 2C)
DFURVV UHIHUHQFH JHQRPHV LQ FRQWUDVW WR KRPR]\JRXV YDULDQWV (FLJ. 2D). 7KLV GLVFUHSDQF\ LV HVSHFLDOO\ SURQRXQFHG LQ
QRQ-AIULFDQ VDPSOHV, ZKLFK KDYH VXEVWDQWLDOO\ PRUH KRPR]\JRXV YDULDQWV UHODWLYH WR *5&K38 WKDQ 727-&+013. 7KLV LV
OLNHO\ EHFDXVH a70% RI WKH *5&K38 VHTXHQFH FRPHV IURP DQ LQGLYLGXDO ZLWK AIULFDQ-APHULFDQ DQFHVWU\, DQG AIULFDQ
SRSXODWLRQV DUH HQULFKHG IRU UDUH DQG SULYDWH YDULDQWV >18@.

)XUWKHU LQYHVWLJDWLQJ WKLV UHODWLRQVKLS, ZH FRPSXWHG WKH A)V RI YDULDQWV IURP XQUHODWHG VDPSOHV IURP HDFK RI WKH ILYH
FRQWLQHQWDO VXSHUSRSXODWLRQV (FLJ. 2E). 7KH GLVWULEXWLRQV ZHUH QHDUO\ HTXLYDOHQW RYHU PRVW RI WKH A) VSHFWUXP, EXW
VXEVWDQWLDO GLIIHUHQFHV ZHUH REVHUYHG IRU UDUH DOOHOHV (A) < 0.05), LQWHUPHGLDWH-IUHTXHQF\ DOOHOHV, LQFOXGLQJ HUURUV ZKHUH
QHDUO\ DOO LQGLYLGXDOV DUH KHWHUR]\JRXV (A) ≅ 0.5), DQG IL[HG/QHDUO\-IL[HG DOOHOHV (A) > 0.95). 7KH PRVW SURPLQHQW
GLIIHUHQFH LQ A) GLVWULEXWLRQV DIIHFWHG IL[HG RU QHDUO\-IL[HG DOOHOHV LQ HDFK DVVHPEO\, IRU ZKLFK DOO QRQ-AIULFDQ
VXSHUSRSXODWLRQV VKRZHG DQ H[FHVV RI a150,000 YDULDQWV LQ *5&K38, ZKLOH WKH AIULFDQ VXSHUSRSXODWLRQ VKRZHG DQ H[FHVV
RI 2,364 YDULDQWV LQ 727-&+013 (FLJ. 2F). 7KLV REVHUYDWLRQ LV GULYHQ E\ D VWULNLQJ GHFUHDVH LQ WKH QXPEHU RI FRPSOHWHO\
IL[HG YDULDQWV (100% A)) UHODWLYH WR *5&K38 (FLJ. 2G). 6XFK YDULDQWV UHSUHVHQW SRVLWLRQV ZKHUH WKH UHIHUHQFH JHQRPH
LWVHOI LV WKH RQO\ VDPSOH REVHUYHG WR SRVVHVV WKH FRUUHVSRQGLQJ DOOHOH. 7KHVH DOOHOHV DULVH HLWKHU EHFDXVH RI JHQXLQH SULYDWH
YDULDQWV LQ RQH RI WKH *5&K38 GRQRUV, RU IURP VHTXHQFLQJ HUURUV LQ WKH UHIHUHQFH JHQRPH LWVHOI, DQG UHVXOW LQ 100% RI
RWKHU LQGLYLGXDOV SRVVHVVLQJ WZR FRSLHV RI WKH DOWHUQDWLYH DOOHOH. AV D UHVXOW, WKHVH µYDULDQWV¶ ZLOO QRW EH UHSRUWHG DW DOO LI
WKH VDPH UHDGV DUH PDSSHG WR D GLIIHUHQW JHQRPH WKDW GRHV QRW KDYH WKHVH SULYDWH DOOHOHV. ,Q DGGLWLRQ WR WKLV ORZHU UDWH RI
SULYDWH YDULDWLRQ, 727-&+013 SRVVHVVHV IHZHU XOWUD-UDUH YDULDQWV, HIIHFWLYHO\ UHGXFLQJ WKH QXPEHU RI ³QHDUO\ IL[HG´
DOOHOHV LQ SRSXODWLRQ GDWD VXFK DV 1.*3. )LQDOO\, WKH UHGXFWLRQ LQ A) ≅ 0.5 YDULDQWV LV ODUJHO\ H[SODLQHG E\ WKH FRUUHFWLRQV
WR FROODSVHG 6'V (7DEOH 61.1), DV WKHVH UHJLRQV DUH KLJKO\ HQULFKHG IRU KHWHUR]\JRXV 369V LQ QHDUO\ DOO LQGLYLGXDOV FDXVHG
E\ WKH IDOVH SLOHXS RI UHDGV IURP WKH GXSOLFDWHG UHJLRQV WR D VLQJOH ORFDWLRQ (FLJ. 2H). &ROOHFWLYHO\, WKH GHFUHDVH LQ
YDULDQWV ZLWK A) = 1 DQG A) ≅ 0.5 ODUJHO\ H[SODLQV WKH GHFUHDVH LQ WKH RYHUDOO QXPEHU RI YDULDQWV REVHUYHG SHU VDPSOH DQG
DFURVV WKH HQWLUH SRSXODWLRQ IRU 727-&+013.

,QIRUPHG E\ WKHVH UHVXOWV, ZH FRQVLGHUHG WKH IHDVLELOLW\ RI XVLQJ WKH 727-&+013 UHIHUHQFH WR FDOO YDULDQWV DQG WKHQ OLIWLQJ
RYHU WKH UHVXOWV WR *5&K38 IRU IXUWKHU DQDO\VHV. 8VLQJ D OLIWRYHU WRRO WR WUDQVIRUP D YDULDQW FDOO VHW IRU D VLQJOH VDPSOH
LQWR D FDOO VHW ZLWK UHVSHFW WR *5&K38 UHTXLUHV VSHFLDO KDQGOLQJ WR DFFRXQW IRU YDULDQWV IRU ZKLFK WKH WZR UHIHUHQFHV KDYH
GLIIHUHQW DOOHOHV. 6SHFLILFDOO\, LI RQH RI WKH UHIHUHQFH DOOHOHV LV QRW SUHVHQW LQ WKH VDPSOH, LW ZLOO EH QHFHVVDU\ WR JHQRW\SH
WKH VLWH DJDLQVW WKH QHZ UHIHUHQFH. AOWKRXJK WKLV LVVXH LV OHVV RI D FRQFHUQ IRU ODUJH GDWDVHWV OLNH WKH 1.*3, HYHQ WKHVH
ODUJH VDPSOHV ZLOO FRQWDLQ D VPDOO QXPEHU RI YDULDQWV WKDW EHFRPH LQYLVLEOH ZKHQ VZLWFKLQJ UHIHUHQFH JHQRPHV (FLJ.
62.10). ,Q DGGLWLRQ, GLIIHUHQFHV LQ YDULDQW UHSUHVHQWDWLRQ, HVSHFLDOO\ LQ UHJLRQV RI ORZ FRPSOH[LW\, PD\ FDXVH OLIWHG YDULDQW
VHWV WR GLIIHU IURP WKRVH FDOOHG DJDLQVW WKH WDUJHW UHIHUHQFH.

6LJQLILFDQW UHGXFWLRQ RI JHQRPH-ZLGH 0HQGHOLDQ YLRODWLRQV

AV IXUWKHU TXDOLW\ FRQWURO IRU WKH YDULDQW FDOOV, ZH SHUIRUPHG D 0HQGHOLDQ FRQFRUGDQFH DQDO\VLV XVLQJ WKH 602 WULRV
UHSUHVHQWHG LQ WKH 1.*3 FRKRUW. :H REVHUYHG D VWDWLVWLFDOO\ VLJQLILFDQW GHFUHDVH LQ ERWK WKH QXPEHU RI ORZ-TXDOLW\
YDULDQWV (PHGLDQ: 890,701 (*5&K38) YV. 682,609 (727-&+013), S-YDOXH = 4.943 î 10-96, :LOFR[RQ VLJQHG-UDQN WHVW)
(FLJ. 2I) DQG WKH QXPEHU RI 0HQGHOLDQ YLRODWLRQV (PHGLDQ: 8,879 (*5&K38) YV. 7,484 (727-&+013), S-YDOXH = 7.346 î
10-96, :LOFR[RQ VLJQHG-UDQN WHVW) (FLJ. 2J) ZKHQ DOLJQHG WR 727-&+013 DV FRPSDUHG WR *5&K38. ,Q DGGLWLRQ WR
SURYLGLQJ DQ HVWLPDWH RI WKH HUURU UDWH IRU YDULDQW FDOOV LQ WKLV FDOOVHW, WKLV LPSURYHPHQW KDV EURDG LPSOLFDWLRQV IRU FOLQLFDO
JHQHWLFV DQDO\VHV RI GH QRYR RU VRPDWLF PXWDWLRQV, ZKLFK KDYH EHHQ LPSOLFDWHG DV FDXVHV RI DXWLVP VSHFWUXP GLVRUGHUV
>42@ DQG PDQ\ IRUPV RI FDQFHU >43@.
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727-CHM13 LPSURYHV VWUXFWXUDO YDULDQW DQDO\VLV RI 17 GLYHUVH ORQJ-UHDG VDPSOHV

727-CH013 LPSURYHV PDSSLQJ RI 17 ORQJ-UHDG VDPSOHV

1H[W, ZH LQYHVWLJDWHG WKH HIIHFWV RI XVLQJ 727-&+013 DV D UHIHUHQFH JHQRPH IRU DOLJQPHQW DQG ODUJH 69 FDOOLQJ IURP
ERWK 3DFBLR +L)L DQG 217 ORQJ UHDGV. 7R WKLV HQG, ZH DOLJQHG UHDGV DQG FDOOHG 69V LQ VHYHQWHHQ VDPSOHV RI GLYHUVH
DQFHVWU\ IURP WKH +XPDQ 3DQJHQRPH 5HIHUHQFH &RQVRUWLXP (+35&+) >27@ DQG WKH *HQRPH LQ D BRWWOH &RQVRUWLXP
(*,AB) >29@, LQFOXGLQJ WZR WULRV (7DEOH 3.1). AOO RI WKHVH VDPSOHV KDG +L)L GDWD DYDLODEOH, DQG IRXUWHHQ KDG DOVR EHHQ
VHTXHQFHG ZLWK 217 (FLJ. 3A), ZLWK PHDQ UHDG OHQJWKV RI 18.1 NES DQG 21.9 NES DQG UHDG 150 YDOXHV RI 18.3 NES DQG
44.9 NES, UHVSHFWLYHO\ (FLJ. 63.1).

,Q OLQH ZLWK RXU VKRUW-UHDG UHVXOWV, DOLJQLQJ ORQJ UHDGV WR 727-&+013 FRPSDUHG WR *5&K38 GLG QRW VXEVWDQWLDOO\ FKDQJH
WKH QXPEHU RI UHDGV PDSSHG XVLQJ HLWKHU :LQQRZPDS >44@ RU PLQLPDS2 >45@ EHFDXVH PRVW RI WKH QRYHO VHTXHQFH LQ
727-&+013 UHSUHVHQWV DGGLWLRQDO FRSLHV RI 6'V RU VDWHOOLWH UHSHDWV DOUHDG\ SDUWLDOO\ UHSUHVHQWHG LQ *5&K38 (FLJ. 63.2).
+RZHYHU, DOLJQLQJ WR 727-&+013 UHGXFHG WKH REVHUYHG SHU-UHDG PDSSLQJ PLVPDWFK UDWHV E\ 5% WR 40% DFURVV WKH IRXU
FRPELQDWLRQV RI VHTXHQFLQJ WHFKQRORJLHV DQG DOLJQHUV EHFDXVH *5&K38 KDV PRUH UDUH DOOHOHV. 727-&+013 DOVR FRUUHFWV
HUURUV LQ *5&K38 DQG LV D FRPSOHWH DVVHPEO\ RI WKH JHQRPH, ZKLFK KHOSV PDS DOO UHDGV WR WKH FRUUHFW ORFL, VLPLODU WR ZKDW
ZH REVHUYHG IRU VKRUW UHDGV (FLJ. 3B). 7R VWXG\ FRYHUDJH XQLIRUPLW\, ZH QH[W PHDVXUHG WKH DYHUDJH FRYHUDJH DFURVV HDFK
500-ES ELQ RQ D SHU-VDPSOH EDVLV DQG FRPSXWHG WKH VWDQGDUG GHYLDWLRQ RI WKH FRYHUDJH DPRQJ DOO ELQV. AFURVV DOO DOLJQHUV
DQG WHFKQRORJLHV, WKH PHGLDQ VWDQGDUG GHYLDWLRQ RI WKH SHU-ELQ FRYHUDJH ZDV UHGXFHG E\ PRUH WKDQ D IDFWRU RI WKUHH,
LQGLFDWLQJ PRUH VWDEOH PDSSLQJ WR 727-&+013 (FLJ. 3B). 7KLV GLIIHUHQFH LQ FRYHUDJH XQLIRUPLW\ ZDV SDUWLFXODUO\
SURQRXQFHG LQ VDWHOOLWH UHSHDWV DQG RWKHU UHJLRQV RI *5&K38 QRQ-V\QWHQLF ZLWK 727-&+013 (FLJ. 63.3). 7KH PRUH
XQLIRUP FRYHUDJH ZLOO EURDGO\ LPSURYH YDULDQW FDOOLQJ DQG RWKHU ORQJ-UHDG EDVHG DQDO\VLV.

727-CH013 IL[HV 69 LPEDODQFHV RQ G5CK38

:H QH[W XVHG RXU RSWLPL]HG 69-FDOOLQJ SLSHOLQH, LQFOXGLQJ 6QLIIOHV >46@, ,ULV, DQG -DVPLQH >47@, WR FDOO 69V LQ DOO 17
VDPSOHV DQG FRQVROLGDWH WKHP LQWR D FRKRUW-OHYHO FDOOVHW LQ HDFK UHIHUHQFH IURP +L)L GDWD. )URP WKHVH UHVXOWV, ZH REVHUYH
D UHGXFWLRQ IURP 5,147 WR 2,260 69V WKDW DUH KRPR]\JRXV LQ DOO 17 LQGLYLGXDOV ZKHQ FDOOLQJ YDULDQWV UHODWLYH WR
727-&+013 LQVWHDG RI *5&K38 (FLJ. 3C). 3UHYLRXV VWXGLHV >16,17@ KDYH QRWHG WKH H[FHVV RI VXFK 69 FDOOV ZKHQ XVLQJ
*5&K38 DV D UHIHUHQFH DQG DWWULEXWHG WKHP WR VWUXFWXUDO HUURUV; WKH XVH RI D FRPSOHWH DQG DFFXUDWH UHIHUHQFH JHQRPH
SUHGLFWDEO\ UHGXFHV WKH QXPEHU RI VXFK YDULDQWV. ,Q DGGLWLRQ, WKH QXPEHU RI LQGHOV LV PRUH EDODQFHG ZKHQ FDOOLQJ DJDLQVW
727-&+013, ZKHUHDV *5&K38 H[KLELWHG D ELDV WRZDUGV LQVHUWLRQV FDXVHG E\ PLVVLQJ RU LQFRPSOHWH VHTXHQFH (FLJ. 3D),
VXFK DV LQFRUUHFWO\ FROODSVHG WDQGHP UHSHDWV >16@. :LWK UHVSHFW WR 727-&+013, ZH REVHUYH D VPDOO ELDV WRZDUGV
GHOHWLRQV, ZKLFK OLNHO\ UHVXOWV IURP WKH FKDOOHQJHV LQ FDOOLQJ LQVHUWLRQV ZLWK PDSSLQJ-EDVHG PHWKRGV DQG LQ UHSUHVHQWLQJ
69V ZLWKLQ UHSHDWV, DV WKLV GLIIHUHQFH LV HVSHFLDOO\ SURPLQHQW LQ KLJKO\ UHSHWLWLYH UHJLRQV VXFK DV FHQWURPHUHV DQG VDWHOOLWH
UHSHDWV (FLJ. 63.8). 7KH YDULDQWV ZH REVHUYH UHODWLYH WR 727-&+013 DUH HQULFKHG LQ WKH FHQWURPHUHV DQG VXE-WHORPHULF
VHTXHQFHV (FLJ. 3F), OLNHO\ EHFDXVH RI D FRPELQDWLRQ RI UHSHWLWLYH VHTXHQFH DQG JUHDWHU UHFRPELQDWLRQ UDWHV >17@. :H
REVHUYH VLPLODU WUHQGV DPRQJ 69V XQLTXH WR VLQJOH VDPSOHV (FLJ. 63.11).

:H DOVR REVHUYH VLPLODU LPSURYHPHQWV LQ WKH LQVHUWLRQ/GHOHWLRQ EDODQFH IRU ODUJH 69V >500 ES GHWHFWHG E\ BLRQDQR
RSWLFDO PDSSLQJ GDWD LQ +*002 DJDLQVW WKH 727-&+013 UHIHUHQFH, ZLWK DQ LQFUHDVH LQ GHOHWLRQV IURP 1,199 WR 1,379 DQG D
GHFUHDVH LQ LQVHUWLRQV IURP 2,771 WR 1,431 RQ *5&K38 DQG 727-&+013, UHVSHFWLYHO\ (FLJ. 63.14). 8VLQJ WKH
727-&+013 UHIHUHQFH IRU BLRQDQR DOVR HQDEOHV LPSURYHG 69 FDOOLQJ DURXQG JDSV LQ *5&K38 WKDW DUH FORVHG LQ
727-&+013 (FLJ. 63.15), VXJJHVWLQJ WKDW 727-&+013 RIIHUV LPSURYHG LQGHO EDODQFH FRPSDUHG WR *5&K38 DFURVV
PXOWLSOH 69-FDOOLQJ PHWKRGV.
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Figure 3. Improvements to Long-Read Alignment and SV Calling in CHM13
(A) The coverage, ancestry, and sequencing platforms available for the 17 samples sequenced with long reads. (B) The genome-wide mapping 
error rate and the standard deviation of the coverage for CHM13 and GRCh38. The standard deviation was computed across each 500bp bin of 
the genome. (C) The allele frequency of SVs derived from HiFi data in CHM13 and GRCh38 among the 17-sample cohort. The red arrows 
indicate uniform (100% frequency) variants. (D) The balance of insertions vs. deletion calls in the 17-sample cohort in CHM13 and GRCh38. 
Variants in CHM13 are stratified by whether or not they intersect regions which are non-syntenic with GRCh38. (E) The SV calls in CHM13 
for two trios: a trio of Ashkenazi ancestry (child HG002, and parents HG003 (46XY), and HG004 (46XX), and a trio of Han Chinese ancestry 
(child HG005, and parents HG006 (46XY) and HG007 (46XX)). The red arrows indicate child-only, or candidate de novo, variants. (F) The 
density of SVs called from HiFi data in the 17-sample cohort across CHM13. (G) Alignments of HiFi reads in the HG002 trio to CHM13 
showing a deletion spanning an exon of the transcript AC134980.2. (H) Alignments of HiFi reads in the HG002 trio to the same region of 
GRCh38 as shown in (g), showing much poorer mapping to GRCh38 than to CHM13. 
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DH QRYR 69 DQDO\VLV ZLWKLQ WULRV

7R LQYHVWLJDWH WKH LPSDFWV RI WKH 727-&+013 UHIHUHQFH RQ RXU DELOLW\ WR DFFXUDWHO\ GHWHFW GH QRYR YDULDQWV, ZH FDOOHG
69V LQ ERWK RI RXU WULR GDWDVHWV XVLQJ D FRPELQDWLRQ RI +L)L DQG 217 GDWD DQG LGHQWLILHG 69V RQO\ SUHVHQW LQ WKH FKLOG RI
WKH WULR DQG VXSSRUWHG E\ ERWK WHFKQRORJLHV²DERXW 40 YDULDQWV SHU WULR (FLJ. 3E). 0DQXDO LQVSHFWLRQ UHYHDOHG D IHZ
VWURQJO\-VXSSRUWHG YDULDQWV LQ HDFK WULR ZLWK FRQVLVWHQW FRYHUDJH DQG DOLJQPHQW EUHDNSRLQWV, ZKLOH WKH RWKHU FDQGLGDWHV
KDG OHVV UHOLDEOH DOLJQPHQWV DV VHHQ LQ SUHYLRXV UHSRUWV >47@. ,Q +*002, ZH GHWHFWHG VL[ VWURQJO\-VXSSRUWHG FDQGLGDWH GH
QRYR 69V WKDW KDG EHHQ SUHYLRXVO\ UHSRUWHG >29,47@. ,Q +*005, ZH GHWHFWHG D QRYHO 1,571 ES GHOHWLRQ DW FKU17:49401990
LQ 727-&+013 WKDW LV VWURQJO\ VXSSRUWHG DV D FDQGLGDWH GH QRYR 69 UHODWLYH WR ERWK 727-&+013 DQG *5&K38 (FLJ.
63.9). 7KLV GHPRQVWUDWHV WKH DELOLW\ RI 727-&+013 WR EH XVHG DV D UHIHUHQFH JHQRPH IRU GH QRYR 69 DQDO\VLV.

727-CH013 HQDEOHV WKH LGHQWLILFDWLRQ RI QRYHO 69V

7KH LPSURYHG DFFXUDF\ DQG FRPSOHWHQHVV RI WKH 727-&+013 JHQRPH KHOSV UHVROYH FRPSOH[ JHQRPLF UHJLRQV ZKHUH
UHDGV IDLO WR DOLJQ WR *5&K38. :LWKLQ QRQ-V\QWHQLF UHJLRQV, ZH LGHQWLILHG D WRWDO RI 27,055 69V (FLJ. 3D), WKH PDMRULW\ RI
ZKLFK ZHUH GHOHWLRQV (15,998) DQG LQVHUWLRQV (10,912). 22,362 RI WKHVH 69V (82.7%; 8,903 LQVHUWLRQV; 13,334 GHOHWLRQV)
RYHUODS QRYHO VHTXHQFHV LQ 727-&+013, ZKLOH WKH UHPDLQLQJ QRYHO 69V DUH QHZO\ DFFHVVLEOH EHFDXVH RI WKH LPSURYHG
DFFXUDF\ RI WKH 727-&+013 UHIHUHQFH. 7KH A) DQG VL]H GLVWULEXWLRQV IRU WKHVH YDULDQWV PLUURU WKH FKDUDFWHULVWLFV RI WKH
V\QWHQLF UHJLRQV, ZLWK UDUH YDULDQWV (FLJ. 63.10) DQG VPDOOHU 30±50 ES LQGHOV (FLJ. 63.7) EHLQJ WKH PRVW DEXQGDQW.
+RZHYHU, ZH DOVR QRWH VRPH QRQ-V\QWHQLF UHJLRQV ZLWK UHODWLYHO\ IHZ RU ]HUR 69V LGHQWLILHG. :KLOH PDQ\ RI WKHVH UHJLRQV
OLH DW WKH LQWHULRUV RI S-DUPV RI DFURFHQWULF FHQWURPHUHV, ZKLFK DUH JDSV LQ 727-&+013Y1.0 WKDW KDYH EHHQ UHVROYHG LQ
ODWHU YHUVLRQV RI WKH DVVHPEO\ (FLJ. 3F), ZH DOVR QRWLFHG GHSOHWLRQV RI 69V LQ D IHZ RWKHU KLJKO\ UHSHWLWLYH UHJLRQV, VXFK DV
WKH QHZO\ UHVROYHG KXPDQ VDWHOOLWH DUUD\ RQ FKURPRVRPH 9. :H ODUJHO\ DWWULEXWH WKH UHGXFWLRQ LQ YDULDQW GHQVLW\ WR WKH ORZ
PDSSDELOLW\ RI WKHVH FRPSOH[ DQG UHSHWLWLYH UHJLRQV. )XWXUH LPSURYHPHQWV LQ UHDG OHQJWKV DQG DOLJQPHQW DOJRULWKPV DUH
QHHGHG WR IXUWKHU UHVROYH VXFK ORFL.

)XUWKHUPRUH, ZLWKLQ V\QWHQLF UHJLRQV, ZH DOVR QRWH LPSURYHPHQWV WR DOLJQPHQW DQG YDULDQW FDOOLQJ DFFXUDF\, LQFOXGLQJ WKH
LGHQWLILFDWLRQ RI VWURQJO\-VXSSRUWHG YDULDQW FDOOV QRW SUHYLRXVO\ REVHUYHG ZLWKLQ KRPRORJRXV UHJLRQV RI *5&K38. )RU
H[DPSOH, LQ 727-&+013 ZH REVHUYH D GHOHWLRQ LQ DOO RI WKH VDPSOHV RI WKH +*002 WULR LQ DQ H[RQ RI WKH ROIDFWRU\
UHFHSWRU JHQH AC134980.2 (FLJ. 3G), ZKLOH WKH UHDGV IURP WKRVH VDPSOHV ODUJHO\ IDLO WR DOLJQ WR WKH FRUUHVSRQGLQJ UHJLRQ
RI *5&K38 (FLJ. 3H). 0HDQZKLOH, UHDGV IURP AIULFDQ VDPSOHV (FLJ. 63.13) DOLJQ WR ERWK UHIHUHQFHV DW WKLV ORFXV. 7KH
GLIIHUHQFH LQ DOLJQPHQW DPRQJ GLIIHUHQW VDPSOHV LV OLNHO\ GXH WR WKH UHJLRQ EHLQJ KLJKO\ SRO\PRUSKLF IRU FRS\ QXPEHU
YDULDWLRQ; *5&K38 FRQWDLQV D IDLU UHSUHVHQWDWLRQ RI WKDW UHJLRQ IRU WKH WHVWHG AIULFDQ VDPSOHV, ZKLOH WKH KRPRORJRXV
UHJLRQ LQ 727-&+013 PRUH FORVHO\ UHVHPEOHV (XURSHDQ VDPSOHV (FLJ. 63.12). 7KLV KLJKOLJKWV WKH QHHG IRU 727 UHIHUHQFH
JHQRPHV IRU DV PDQ\ GLYHUVH LQGLYLGXDOV DV SRVVLEOH WR FDSWXUH WKHVH PDMRU KDSORW\SH GLIIHUHQFHV.

NRYHO YDULDQWV DQG HYROXWLRQDU\ VLJQDWXUHV ZLWKLQ QHZO\ DFFHVVLEOH UHJLRQV RI WKH JHQRPH

727-CH013 QHZO\ HQDEOHV YDULDQW FDOOLQJ LQ QRYHO DQG FRUUHFWHG UHJLRQV RI WKH JHQRPH

7KH 727-&+013 JHQRPH FRQWDLQV 229 0ES RI VHTXHQFH WKDW LV QRQ-V\QWHQLF WR *5&K38, ZKLFK LQWHUVHFWV 207
SURWHLQ-FRGLQJ JHQHV (FLJV. 4A DQG 4B). :LWKLQ WKHVH UHJLRQV, ZH UHSRUW D WRWDO RI 2,050,129 3A66 YDULDQWV DFURVV DOO
1.*3 VDPSOHV EDVHG RQ VKRUW UHDGV (FLJV. 4A DQG 4C). &RPSDULQJ YDULDQWV FDOOHG LQ D VXEVHW RI 14 +35&+ VDPSOHV ZLWK
,OOXPLQD, +L)L, DQG 217 GDWD, ZH IRXQG WKDW 73±78% RI WKH ,OOXPLQD-GLVFRYHUHG 619V DUH FRQFRUGDQW ZLWK YDULDQWV
LGHQWLILHG ZLWK 3DFBLR +L)L ORQJ-UHDG GDWD XVLQJ WKH 3(33(5-0DUJLQ-'HHS9DULDQW DOJRULWKP (51,306±74,122 PDWFKLQJ
619V DQG JHQRW\SHV SHU VDPSOH) >48@. /RQJ UHDGV GLVFRYHU RYHU WHQ WLPHV PRUH 619V SHU VDPSOH WKDQ VKRUW UHDGV LQ
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WKHVH UHJLRQV, ZLWK 447,742±615,085 (41±43%) RI 619V PDWFKLQJ EHWZHHQ +L)L DQG 217 ZLWK
3(33(5-0DUJLQ-'HHS9DULDQW.

:H IXUWKHU GHILQH FRQVHUYDWLYH KLJKHU-FRQILGHQFH UHJLRQV E\ H[FOXGLQJ UHJLRQV ZLWK DEQRUPDO FRYHUDJH LQ DQ\ ORQJ-UHDG
VDPSOH (L.H., FRYHUDJH IDOOLQJ RXWVLGH RI 1.5[ WKH LQWHUTXDUWLOH UDQJH). 7KLV HIIHFWLYHO\ H[FOXGHV GLIILFXOW-WR-PDS UHJLRQV
ZLWK H[FHVVLYHO\ UHSHWLWLYH DOLJQPHQWV DV ZHOO DV FRS\ QXPEHU YDULDEOH UHJLRQV. AIWHU H[FOXGLQJ DEQRUPDO FRYHUDJH IURP
QRQ-V\QWHQLF UHJLRQV, 14 0ES UHPDLQ, DQG 619V IURP +L)L DQG 217 ORQJ UHDGV DUH 91±95% FRQFRUGDQW (21,835±28,237
YDULDQWV). 95±96% (14,575±18,949) RI VKRUW-UHDG 619V DUH IRXQG LQ +L)L ORQJ-UHDG FDOOV, WKRXJK 37±40% RI +L)L 619V
DUH VWLOO PLVVLQJ IURP WKH VKRUW-UHDG FDOOV GXH WR SRRUHU PDSSDELOLW\ RI WKH VKRUW-UHDGV (7DEOH 64.1). :KLOH PDQ\
QRQ-V\QWHQLF UHJLRQV ZLOO UHTXLUH IXUWKHU PHWKRG GHYHORSPHQW WR DFKLHYH DFFXUDWH YDULDQW FDOOV, WKH FRQFRUGDQFH RI ORQJ-
DQG VKRUW-UHDG FDOOV IRU WHQV RI WKRXVDQGV RI YDULDQWV KLJKOLJKWV QRYHO VHTXHQFHV WKDW DUH LPPHGLDWHO\ DFFHVVLEOH WR ERWK
WHFKQRORJLHV.

AV WKHVH EURDGO\-GHILQHG QRQ-V\QWHQLF UHJLRQV LQFOXGH LQYHUVLRQV DQG RWKHU ODUJH VWUXFWXUDO FKDQJHV EHWZHHQ *5&K38 DQG
727-&+013 WKDW GR QRW QHFHVVDULO\ DOWHU PDQ\ RI WKH YDULDQWV FRQWDLQHG ZLWKLQ, ZH DOVR FRQVLGHUHG D QDUURZHU FODVV RI
QRYHO VHTXHQFHV, GHILQHG DV VHJPHQWV RI WKH 727-&+013 JHQRPH WKDW GR QRW DOLJQ WR *5&K38 XVLQJ :LQQRZPDS >44@.
:LWKLQ WKHVH QRYHO VHTXHQFHV, ZKLFK VSDQ D WRWDO RI 189 0ES (FLJV. 4A, 4B, 64.3), ZH UHSRUW D WRWDO RI 1,445,506 3A66
YDULDQWV LQ 1.*3 VDPSOHV EDVHG RQ VKRUW UHDGV, LQWHUVHFWLQJ 207 SURWHLQ-FRGLQJ JHQHV (FLJV. 4A, 4C, 64.1). 1RWH WKDW WKLV
VHW RI 207 JHQHV LV GLVWLQFW IURP WKH 207 JHQHV WKDW LQWHUVHFWHG ZLWK WKH QRQ-V\QWHQLF UHJLRQV, DQG WKH WZR VHWV WRJHWKHU
FRPSULVH 329 XQLTXH JHQHV. BHFDXVH WKHVH QRYHO VHTXHQFHV DUH HQULFKHG IRU KLJKO\ UHSHWLWLYH VHTXHQFHV, FRQFRUGDQFH LV
VOLJKWO\ ORZHU, VXFK WKDW 64±69% RI WKH 619V LQ HDFK VDPSOH PDWFK YDULDQWV IRXQG LQ 3DFBLR +L)L ORQJ-UHDG GDWD IURP
WKH VDPH VDPSOHV (24,371±36,501 PDWFKLQJ 619V DQG JHQRW\SHV SHU VDPSOH), DQG 339,783±473,074 (38±40%) RI 619V
PDWFK EHWZHHQ +L)L DQG 217. :KHQ UHPRYLQJ GLIILFXOW-WR-PDS DQG FRS\-QXPEHU-YDULDEOH UHJLRQV DV DERYH, 3 0ES RI
KLJK-FRQILGHQFH UHJLRQV UHPDLQ. :LWKLQ KLJK-FRQILGHQFH UHJLRQV, 84±88% RI VKRUW-UHDG 619V LQ HDFK VDPSOH PDWFK
YDULDQWV IRXQG LQ HDFK VDPSOH¶V 3DFBLR +L)L ORQJ-UHDG GDWD (2,938±3,811 PDWFKLQJ 619V DQG JHQRW\SHV SHU VDPSOH), DQG
5,544±8,298 (81-90%) RI 619V PDWFK EHWZHHQ +L)L DQG 217 (7DEOH 64.1). :KLOH WKHVH QRYHO UHJLRQV DUH PRUH
FKDOOHQJLQJ WKDQ QRQ-V\QWHQLF UHJLRQV, WKRXVDQGV RI QHZ YDULDQWV FDQ EH FDOOHG FRQFRUGDQWO\ XVLQJ VKRUW DQG ORQJ UHDGV.

:H QRWHG KRPRORJ\ EHWZHHQ *5&K38 FROODSVHG GXSOLFDWLRQV DQG PDQ\ 727-&+013 QRQ-V\QWHQLF DQG/RU QRYHO UHJLRQV
(137 UHJLRQV FRPSULVLQJ 6.8 0ES), LQGLFDWLQJ WKDW WKHVH VHTXHQFHV DUH SRWHQWLDOO\ FRUUHFWHG LQ WKH QHZ DVVHPEO\ WKURXJK
WKH GHFRQYROXWLRQ RI QHDUO\ LGHQWLFDO UHSHDWV. &RPSDULQJ WRWDO YDULDQWV LGHQWLILHG LQ WKH 1.*3 GDWDVHW, ZH REVHUYHG D
VLJQLILFDQW GHFUHDVH LQ YDULDQW GHQVLWLHV RI 41 SURWHLQ-FRGLQJ JHQHV LQWHUVHFWLQJ ZLWK *5&K38 FROODSVHG GXSOLFDWLRQV LQ
727-&+013 (PHDQ: 27 YDULDQWV SHU NES) FRPSDUHG ZLWK *5&K38 (PHDQ: 46 YDULDQWV SHU NES; S-YDOXH = 6.906 [ 10-8,
:LOFR[RQ VLJQHG-UDQN WHVW) (FLJ. 64.2). BHVLGHV GLIIHUHQFHV LQ ORFDO DQFHVWULHV EHWZHHQ WKH UHIHUHQFHV, WKHVH KLJKHU YDULDQW
GHQVLWLHV LQ *5&K38 LQ SDUW UHSUHVHQW 369V RU PLVDVVLJQHG DOOHOHV IURP PLVVLQJ SDUDORJV. &RQYHUVHO\, 1.*3 YDULDQWV
ZHUH VLJQLILFDQWO\ LQFUHDVHG LQ 32 SURWHLQ-FRGLQJ JHQHV FRQWDLQHG ZLWKLQ *5&K38 IDOVH GXSOLFDWLRQV XVLQJ WKH QHZ
FRUUHFWHG UHIHUHQFH JHQRPH (PHDQ YDOXHV RI 48 YDULDQWV SHU NES LQ 727-&+013 YV. 12 YDULDQWV SHU NES LQ *5&K38;
S-YDOXH = 4.657 [ 10-10). 7R DVVHVV LI WKHVH FRUUHFWHG FRPSOH[ UHJLRQV LQ 727-&+013 FRUUHFWO\ LGHQWLI\ YDULDWLRQ, ZH
HYDOXDWHG WKH FRQFRUGDQFH RI YDULDQWV JHQHUDWHG IURP VKRUW-UHDG ,OOXPLQD DQG 3DFBLR +L)L VHTXHQFLQJ GDWDVHWV RI WZR
WULRV IURP WKH *,AB FRQVRUWLXP DQG WKH 3HUVRQDO *HQRPH 3URMHFW >49@ DQG REVHUYHG VLPLODU UHFDOO IRU ,OOXPLQD GDWD LQ
727-&+013 (20.1±28.3%) DQG *5&K38 (21.5±25.4%), EXW ZLWK VLJQLILFDQWO\ LPSURYHG SUHFLVLRQ LQ WKH YDULDQWV
LGHQWLILHG (98.1±99.7% LQ 727-&+013 YV. 64.3±67.3% LQ *5&K38) LQ D VXEVHW RI WKH *5&K38 FROODSVHG GXSOLFDWLRQV
(FRS\ QXPEHU < 10; a910 NES) (7DEOH 64.2). &RUUHFWHG IDOVH GXSOLFDWLRQV (1.2 0ES) H[KLELW GUDPDWLFDOO\ LPSURYHG UHFDOO
IRU ,OOXPLQD GDWD FRPSDUHG ZLWK +L)L LQ 727-&+013 (57.4±68.3%) YV. *5&K38 (1.1±1.8%), DV ZHOO DV LPSURYHG
SUHFLVLRQ LQ 727-&+013 (98.5±99.3%) YV. *5&K38 (76.5±95.8%) (7DEOH 64.2). 7KHVH LPSURYHPHQWV VKRZ WKDW YDULDQWV
FDQ QRZ EH PRUH UHOLDEO\ GLVFRYHUHG DQG JHQRW\SHG LQ UHJLRQV DQG JHQHV FRUUHFWHG E\ WKLV QHZ DVVHPEO\.
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Figure 4. Characterization of variants within newly accessible regions of the genome. (A) Overview of non-syntenic and novel regions 
and their respective variant counts. (B) Number of bases added in non-syntenic and novel regions by chromosome, along with how many 
variants for each respective region are mappable (have contiguous unique 100mers). (C) Number of variants in these newly added regions by 
chromosome. (D) Distance from each novel-only, non-syntenic-only, or overlapping region to the closest Clinvar or GWAS Catalog variant. 
Insets are zoomed to 1 Mbp. (E) Scan for variants in non-syntenic (light blue and red) and novel (dark blue and red) regions that exhibit 
extreme patterns of allele frequency differentiation. Allele frequency outliers were identified for each of eight ancestry components, colored by 
the superpopulation membership of the corresponding 1000 Genomes samples. Large values of the likelihood ratio statistic (LRS) denote 
variants for which AF differences in the corresponding ancestry component exceeds that of a null model based on genome-wide covariances in 
allele frequencies. (F, G) Population-specific allele frequencies of two highly differentiated variants in novel regions.
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3KHQRW\SLF DVVRFLDWLRQV DQG HYROXWLRQDU\ VLJQDWXUHV ZLWKLQ QHZO\ DFFHVVLEOH UHJLRQV

1HZO\ DFFHVVLEOH VHTXHQFHV LQ WKH 727-&+013 DVVHPEO\ WKDW DUH QRQ-V\QWHQLF ZLWK *5&K38 RIIHU D QHZ IURQWLHU IRU
JHQHWLF VWXGLHV. 0DQ\ VXFK ORFL OLH LQ FORVH SUR[LPLW\ WR YDULDWLRQ WKDW KDV EHHQ LPSOLFDWHG LQ FRPSOH[ SKHQRW\SHV RU
GLVHDVH, VXSSRUWLQJ WKHLU SRWHQWLDO ELRPHGLFDO LPSRUWDQFH. 7KHVH LQFOXGH 8 ORFL RFFXUULQJ ZLWKLQ 10 NES RI *:A6 KLWV DQG
19 ORFL ZLWKLQ 10 NES RI &OLQ9DU SDWKRJHQLF YDULDQWV (FLJ. 4D). ,Q DGGLWLRQ, 113 XQLTXH *:A6 KLWV (UHSUHVHQWLQJ 0.5% RI
DOO YDULDQWV LQ VWXGLHV ZH WHVWHG) VHJUHJDWH LQ /' (52 � 0.5) ZLWK YDULDQWV LQ QRQ-V\QWHQLF UHJLRQV, WKHUHE\ H[SDQGLQJ WKH
FDWDORJ RI SRWHQWLDO FDXVDO YDULDQWV IRU WKHVH VWXGLHV >50@ (FLJ. 64.4).

8VLQJ VKRUW-UHDG-EDVHG JHQRW\SHV JHQHUDWHG IURP WKH 1.*3 FRKRUW, ZH DOVR VHDUFKHG IRU YDULDQWV ZLWK ODUJH GLIIHUHQFHV LQ
A) EHWZHHQ SRSXODWLRQV, D VLJQDWXUH WKDW FDQ UHIOHFW KLVWRULFDO SRVLWLYH VHOHFWLRQ RU GHPRJUDSKLF IRUFHV. 7R VWXG\ WKHVH
VLJQDWXUHV, ZH DSSOLHG 2KDQD >51@, D PHWKRG WKDW PRGHOV LQGLYLGXDOV DV SRVVHVVLQJ DQFHVWU\ IURP N FRPSRQHQWV DQG WHVWV
IRU DQFHVWU\ FRPSRQHQW-VSHFLILF IUHTXHQF\ RXWOLHUV. )RFXVLQJ RQ FRQWLQHQWDO-VFDOH SDWWHUQV (N = 8; FLJ. 64.5), ZH
LGHQWLILHG 5,154 XQLTXH 619V DQG LQGHOV DFURVV DOO DQFHVWU\ FRPSRQHQWV WKDW H[KLELWHG VWURQJ GHYLDWLRQ IURP
JHQRPH-ZLGH SDWWHUQV RI A) (99.9WK SHUFHQWLOH RI GLVWULEXWLRQ IRU HDFK DQFHVWU\ FRPSRQHQW; FLJ. 4E). 7KHVH LQFOXGHG 814
YDULDQWV RYHUODSSLQJ ZLWK DQQRWDWHG JHQHV, DQG 195 YDULDQWV WKDW LQWHUVHFWHG DQQRWDWHG H[RQV.

:H ILUVW IRFXVHG RQ WKH 3,038 KLJKO\ GLIIHUHQWLDWHG YDULDQWV WKDW OLIW RYHU IURP 727-&+013 WR *5&K38. 7KHVH VXFFHVVIXO
OLIW RYHUV DOORZHG XV WR PDNH GLUHFW FRPSDULVRQV WR VHOHFWLRQ UHVXOWV, JHQHUDWHG ZLWK LGHQWLFDO PHWKRGV, EDVHG RQ 1.*3
3KDVH 3 GDWD DOLJQHG WR *5&K38 (VHH 6XSSOHPHQWDO MHWKRGV; FLJ. 64.6) >52@. )RU 41.3% RI WKH OLIWHG RYHU YDULDQWV, ZH
IRXQG *5&K38 YDULDQWV ZLWKLQ D 2 NES ZLQGRZ WKDW SRVVHVVHG VLPLODU RU KLJKHU OLNHOLKRRG UDWLR VWDWLVWLFV IRU WKH VDPH
DQFHVWU\ FRPSRQHQW, LQGLFDWLQJ WKDW WKHVH ORFL ZHUH SRVVLEOH WR LGHQWLI\ LQ SUHYLRXV VFDQV EDVHG RQ *5&K38 (FLJ. 64.7).
&RQYHUVHO\, RXU UHVXOWV VXJJHVW WKDW WKH UHPDLQLQJ 58.7% RI OLIWHG RYHU YDULDQWV, ZKLOH QRW ³QRYHO´ ZLWK UHVSHFW WR
*5&K38, PD\ UHSUHVHQW UHJLRQV RI WKH JHQRPH ZKHUH 727-&+013 LPSURYHV YDULDQW FDOOLQJ HQRXJK WR UHVROYH SUHYLRXVO\
XQNQRZQ VLJQDWXUHV RI A) GLIIHUHQWLDWLRQ (FLJ. 64.8).

:H WKHQ LQYHVWLJDWHG WKH 943 YDULDQWV WKDW FRXOG QRW EH OLIWHG RYHU IURP 727-&+013 WR *5&K38 DQG ZHUH ORFDWHG LQ
727-&+013 QRYHO VHTXHQFHV, DV ZHOO DV UHJLRQV GHHPHG PDSSDEOH EDVHG RQ XQLTXH 100-PHU DQDO\VLV. 6RPH RI WKHVH
YDULDQWV RYHUODS ZLWK JHQHV, LQFOXGLQJ VHYHUDO WKDW DUH QHZO\ DQQRWDWHG RQ 727-&+013 EDVHG RQ 51A WUDQVFULSWV (FLJ.
4E DQG 7DEOH 64.3). +HUH, ZH KLJKOLJKW WZR ORFL WKDW H[KLELW VRPH RI WKH VWURQJHVW DOOHOH IUHTXHQF\ GLIIHUHQWLDWLRQ WKDW ZH
REVHUYHG DFURVV DQFHVWU\ FRPSRQHQWV. 7KH ILUVW ORFXV, ORFDWHG LQ D FHQWURPHULF DOSKD VDWHOOLWH RQ FKURPRVRPH 16, FRQWDLQV
YDULDQWV WKDW UHDFK LQWHUPHGLDWH DOOHOH IUHTXHQF\ LQ WKH DQFHVWU\ FRPSRQHQW FRUUHVSRQGLQJ WR WKH 3HUXYLDQ LQ /LPD, 3HUX
(3(/) DQG RWKHU AGPL[HG APHULFDQ SRSXODWLRQV RI 1.*3 (A)V: 0.49 LQ 3(/; 0.20 LQ &/0 >&RORPELDQ LQ 0HGHOOLQ,
&RORPELD@ DQG 0;/ >0H[LFDQ AQFHVWU\ LQ /RV AQJHOHV, &DOLIRUQLD@; DEVHQW RU QHDUO\ DEVHQW HOVHZKHUH; FLJV. 4F, 64.9,
64.10). 9DULDQWV DW WKH VHFRQG ORFXV, ZKLFK LV ORFDWHG LQ D QRYHO VHTXHQFH RQ WKH ; FKURPRVRPH WKDW FRQWDLQV D PXOWL-NES
LPSHUIHFW A7 WDQGHP UHSHDW, H[KLELW KLJK A)V LQ WKH DQFHVWU\ FRPSRQHQW FRUUHVSRQGLQJ WR AIULFDQ SRSXODWLRQV RI 1.*3
DQG ORZ A)V LQ RWKHU SRSXODWLRQV (A)V: 0.67 LQ AIULFDQ SRSXODWLRQV DQG 0.014 LQ (XURSHDQ SRSXODWLRQV; FLJV. 4G, 64.11,
64.12). 7KH YDULDQW DW WKLV ORFXV ZLWK WKH VWURQJHVW VLJQDWXUH RI IUHTXHQF\ GLIIHUHQWLDWLRQ DOVR OLHV ZLWKLQ 10 NES RI WZR
SVHXGRJHQHV, 02B1A32-201 (02B NLQDVH DFWLYDWRU 1A SVHXGRJHQH 2) DQG B;842568.1-201 (IHUULWLQ, KHDY\
SRO\SHSWLGH-OLNH 17 SVHXGRJHQH).

:H QRWH WKDW GXH WR WKH UHSHWLWLYH QDWXUH RI WKH VHTXHQFHV LQ ZKLFK WKH\ UHVLGH, PDQ\ RI WKH ORFL WKDW ZH KLJKOLJKW KHUH
UHPDLQ FKDOOHQJLQJ WR JHQRW\SH ZLWK VKRUW UHDGV, DQG LQGLYLGXDO YDULDQW FDOOV UHPDLQ XQFHUWDLQ. 1HYHUWKHOHVV, SDWWHUQV RI
A) GLIIHUHQWLDWLRQ DFURVV SRSXODWLRQV DUH UHODWLYHO\ UREXVW WR VXFK FKDOOHQJHV, DQG FDQ VWLOO VHUYH DV SUR[LHV IRU PRUH
FRPSOH[ 69V ZKRVH VHTXHQFHV FDQQRW EH UHVROYHG E\ VKRUW UHDGV DORQH. 7KH SUHVHQFH RI SRSXODWLRQ-VSHFLILF VLJQDWXUHV DW
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WKHVH ORFL KLJKOLJKW WKH SRWHQWLDO IRU 727-&+013 WR UHYHDO QHZ HYROXWLRQDU\ VLJQDOV LQ SUHYLRXVO\ XQUHVROYHG UHJLRQV RI
WKH JHQRPH.

IPSDFW RI 727-CHM13 RQ COLQLFDO GHQRPLFV

3RWHQWLDOO\ FOLQLFDOO\ UHOHYDQW YDULDQWV LQ 727-CH013

A GHOHWHULRXV YDULDQW LQ D UHIHUHQFH JHQRPH FDQ PLVOHDG WKH LQWHUSUHWDWLRQ RI D FOLQLFDO YDULDQW LGHQWLILHG LQ D SDWLHQW
EHFDXVH LW PD\ QRW EH IODJJHG DV VXFK XVLQJ VWDQGDUG DQDO\VLV WRROV. 7KH *5&K38 UHIHUHQFH JHQRPH LV NQRZQ WR FRQWDLQ
VXFK YDULDQWV WKDW OLNHO\ DIIHFW JHQH H[SUHVVLRQ, SURWHLQ VWUXFWXUH, RU SURWHLQ IXQFWLRQ >25@, WKRXJK V\VWHPDWLF HIIRUWV KDYH
VRXJKW WR LGHQWLI\ DQG UHPRYH WKHVH DOOHOHV >3@. 7R GHWHUPLQH WKH H[LVWHQFH DQG ORFDWLRQ RI ORVV-RI-IXQFWLRQ YDULDQWV LQ
727-&+013, ZH DOLJQHG WKH DVVHPEO\ WR *5&K38 XVLQJ GLSFDOO >53@ WR LGHQWLI\ DQG IXQFWLRQDOO\ DQQRWDWH QXFOHRWLGH
GLIIHUHQFHV >54@ (FLJ. 5A). 7KLV LGHQWLILHG 210 SXWDWLYH ORVV-RI-IXQFWLRQ YDULDQWV (GHILQHG DV YDULDQWV LPSDFWLQJ
SURWHLQ-FRGLQJ UHJLRQV DQG SUHGLFWHG VSOLFH VLWHV) LPSDFWLQJ 189 JHQHV, 31 RI ZKLFK DUH FOLQLFDOO\ UHOHYDQW >23@. 7KHVH
UHVXOWV DUH LQ OLQH ZLWK SUHYLRXV ZRUN VKRZLQJ WKDW WKH DYHUDJH GLSORLG KXPDQ JHQRPH FRQWDLQV a450 SXWDWLYH
ORVV-RI-IXQFWLRQ YDULDQWV LPSDFWLQJ a200±300 JHQHV XVLQJ ORZ-FRYHUDJH ,OOXPLQD VHTXHQFLQJ (EHIRUH VWULQJHQW ILOWHULQJ)
>55@.

2I WKHVH 210 YDULDQWV, 158 KDYH EHHQ LGHQWLILHG LQ DW OHDVW RQH LQGLYLGXDO IURP 1.*3, ZLWK PRVW YDULDQWV UHODWLYHO\
FRPPRQ LQ KXPDQ SRSXODWLRQV (PHGLDQ A) RI 0.47), VXJJHVWLQJ WKH\ DUH IXQFWLRQDOO\ WROHUDWHG. 7KH UHPDLQLQJ YDULDQWV
QRW IRXQG LQ 1.*3 LQGLYLGXDOV FRPSULVH ODUJHU LQGHOV, ZKLFK DUH PRUH GLIILFXOW WR LGHQWLI\ XVLQJ 1.*3 ,OOXPLQD GDWD, DV
ZHOO DV DOOHOHV WKDW DUH UDUH RU XQLTXH WR &+013. :H FXUDWHG WKH WHQ YDULDQWV LPSDFWLQJ PHGLFDOO\ UHOHYDQW JHQHV DQG
IRXQG VHYHQ WKDW OLNHO\ GHULYHG IURP GXSOLFDWH SDUDORJV: D 100-ES LQVHUWLRQ DOVR IRXQG LQ ORQJ UHDGV RI +*002, D VWRS JDLQ
LQ D ILQDO H[RQ LQ RQH JQRPA' VDPSOH, DQG DQ LQVHUWLRQ LQ D KRPRSRO\PHU LQ D YDULDEOH-QXPEHU WDQGHP UHSHDW LQ C(/,
ZKLFK PD\ EH DQ HUURU LQ WKH DVVHPEO\. 8QGHUVWDQGLQJ WKDW WKH SXEOLVKHG 727-&+013 DVVHPEO\ UHSUHVHQWV D KXPDQ
JHQRPH KDUERULQJ SRWHQWLDOO\ IXQFWLRQDO RU UDUH YDULDQWV WKDW LQ WXUQ ZRXOG DIIHFW WKH DELOLW\ WR FDOO YDULDQWV DW WKRVH VLWHV,
ZH KDYH PDGH DYDLODEOH WKH IXOO OLVW RI SXWDWLYH ORVV-RI-IXQFWLRQ YDULDQWV WR DLG LQ FOLQLFDO LQWHUSUHWDWLRQ RI VHTXHQFLQJ
UHVXOWV (7DEOH 65.1).

727-CH013 LPSURYHV YDULDQW FDOOLQJ IRU PHGLFDOO\ UHOHYDQW JHQHV

:H VRXJKW WR XQGHUVWDQG KRZ WKH WUDQVLWLRQ IURP *5&K38 WR WKH 727-&+013 UHIHUHQFH PLJKW LPSDFW YDULDQWV LGHQWLILHG
LQ D SUHYLRXVO\ FRPSLOHG >23@ VHW RI 4,964 PHGLFDOO\ UHOHYDQW JHQHV UHVLGLQJ RQ KXPDQ DXWRVRPHV DQG FKURPRVRPH ;
(UHSUHVHQWLQJ 4,924 JHQHV LQ 727-&+013 YLD OLIWRYHU; 7DEOH 65.2). 2I WKHVH JHQHV, 28 PDS WR QHZO\ DFFHVVLEOH UHJLRQV LQ
727-&+013 (QRYHO DQG/RU QRQ-V\QWHQLF). :H IRXQG RYHU WZLFH DV PDQ\ PHGLFDOO\ UHOHYDQW JHQHV LPSDFWHG E\ UDUH RU
HUURQHRXV VWUXFWXUDO DOOHOHV RQ *5&K38 (Q=756 LQFOXGLQJ 14 ZLWK QR 727-&+013 OLIWRYHU) FRPSDUHG WR 727-&+013
(Q=306) (FLJ. 5B), RI ZKLFK 622 JHQHV DSSHDU FRUUHFWHG LQ 727-&+013. 7KLV LQFOXGHV 116 JHQHV IDOOLQJ LQ UHJLRQV
SUHYLRXVO\ IODJJHG DV HUURQHRXV LQ *5&K38 E\ WKH *5&. 7KH PDMRULW\ (82%) RI LPSDFWHG FOLQLFDOO\ UHOHYDQW JHQHV LQ
*5&K38 RYHUODS 69V WKDW H[LVW LQ DOO 13 +L)L-VHTXHQFHG LQGLYLGXDOV, OLNHO\ UHSUHVHQWLQJ UDUH DOOHOHV RU HUURUV LQ WKH
UHIHUHQFH (VHH DERYH), LQFOXGLQJ 13 RI WKH 14 JHQHV ZLWK QR 727-&+013 OLIWRYHU.
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Figure 5. T2T-CHM13 Improves Clinical Genomics Variant Calling. (A) Bar plot of potential loss-of-function mutations in the 
T2T-CHM13 reference. (B) The counts of medically-relevant genes impacted by genomic features and variation in GRCh38 (blue) 
and CHM13 (orange) are depicted as bar plots on logarithmic scale. Light blue indicates genes impacted in GRCh38 where 
homologous genes were not identified in T2T-CHM13 due to inability to lift over, with counts included in parentheses. (C) An 
example erroneous GRCh38 complex SV corrected in T2T-CHM13 impacting TNNT3 and LINC01150, displayed by sequence 
comparison using miropeats with homologous regions colored in green and blue, respectively. HG002 PacBio HiFi data is 
displayed showing read coverages and mappings. Snapshots of regions using Integrative Genomic Viewer and UCSC Genome 
Browser representing (D) a collapsed duplication in GRCh38 corrected in T2T-CHM13 impacting KCNJ18 and (E) a false 
duplication in GRCh38 impacting most of KCNE1. CHM13 heterozygous (het) calls and gnomAD variants flagged for out-of-
range inbreeding coefficient (coeff) are depicted for KCNJ18. Read mappings and variants from HG002 Illumina, PacBio HiFi, 
and ONT (mappings only), with homozygous (light blue) and heterozygous (dark blue) variants depicted as dashes. For KCNE1, 
HG002 benchmark variants are also depicted using the same color scheme. Copy-number estimates, displayed as colors, across 
k-merized version of the GRCh38 and T2T-CHM13 references as well as representative examples of the SGDP individuals. (F) 
An example CDS region of KCNJ18 (highlighted as a red box in D), with alignments of KCNJ18 (blue), KCNJ12 (orange), and 
KCNJ17 (pink) along with allele counts of variants in each gene identified on GRCh38 and T2T-CHM13 are shown as bar plots 
(to approximate scale per variant), with examples 1–7 explained in the Results. (G) Schematic depicts a new benchmark for 269 
challenging medically relevant genes for HG002. The number of variant-calling errors from three sequencing technologies on 
each reference is plotted. 18
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2QH H[DPSOH RI VXFK D VWUXFWXUDO HUURU LQYROYHV 71173, ZKLFK HQFRGHV 7URSRQLQ 73, IDVW VNHOHWDO W\SH DQG LV LPSOLFDWHG
LQ IRUPV RI DUWKURJU\SRVLV >56@. :KHQ FDOOLQJ 69V ZLWK UHVSHFW WR *5&K38, 71173 LV VXSSRVHGO\ LPSDFWHG E\ D FRPSOH[
VWUXFWXUDO UHDUUDQJHPHQW LQ DOO LQGLYLGXDOV, FRQVLVWLQJ RI D 24-NES LQYHUVLRQ DQG 22-NES XSVWUHDP GHOHWLRQ, ZKLFK DOVR
DEODWHV /,1C01150 (FLJ. 5C). 7KH *5& GHWHUPLQHG WKDW D SUREOHP H[LVWHG ZLWK WKH *5&K38 UHIHUHQFH LQ WKLV UHJLRQ
(*5& LVVXH +*-28). AQDO\VLV RI WKLV UHJLRQ LQ 727-&+013 LQVWHDG VKRZV D FRPSOH[ UHDUUDQJHPHQW ZLWK WKH 22 NES
UHJLRQ XSVWUHDP RI 71173 LQYHUVHO\ WUDQVSRVHG LQ WKH QHZ DVVHPEO\ WR WKH SUR[LPDO VLGH RI WKH JHQH. BHVLGHV SRWHQWLDOO\
DIIHFWLQJ LQWHUSUHWDWLRQV RI JHQH UHJXODWLRQ, WKLV VWUXFWXUDO FRUUHFWLRQ RI WKH UHIHUHQFH SODFHV 71173 >20 NES FORVHU WR LWV
JHQHWLFDOO\-OLQNHG SDUWQHU 711,2 >57@. 2WKHU JHQHV KDYH 9175V WKDW DUH FROODSVHG LQ *5&K38, VXFK DV RQH H[SDQGHG E\
17 NES LQ PRVW LQGLYLGXDOV LQ WKH PHGLFDOO\ UHOHYDQW JHQH *3,. 08C3A ZDV DOVR IODJJHG ZLWK D ZKROH-JHQH DPSOLILFDWLRQ
LQ DOO LQGLYLGXDOV, ZKLFK ZH LGHQWLILHG DV UHVLGLQJ ZLWKLQ D IDOVHO\-FROODSVHG 6' LQ *5&K38, IXUWKHU HYLGHQFLQJ WKDW
ILQGLQJ (FLJ. 1A).

6HYHQWHHQ PHGLFDOO\ UHOHYDQW JHQHV UHVLGH ZLWKLQ HUURQHRXV GXSOLFDWHG DQG SXWDWLYH FROODSVHG UHJLRQV LQ *5&K38 (7DEOHV
61.1 DQG 61.3), LQFOXGLQJ .C1(1 (IDOVH GXSOLFDWLRQ) DQG .C1-18 (FROODSVHG GXSOLFDWLRQ) (FLJV. 5D DQG E). )RU WKHVH
JHQHV, ZH VKRZ WKDW D VLJQLILFDQW VNHZ LQ WRWDO YDULDQW GHQVLW\ RFFXUV LQ *5&K38 (58 YDULDQWV SHU NES IRU HLJKW JHQHV LQ
FROODSVHG GXSOLFDWLRQV DQG 21 YDULDQWV SHU NES IRU VHYHQ JHQHV LQ IDOVH GXSOLFDWLRQV; S-YDOXHV = 5.684 [ 10-3 DQG 6.195 [
10-4, UHVSHFWLYHO\, 0DQQ-:KLWQH\ 8 WHVW) YHUVXV WKH UHVW RI WKH 4,909 PHGLFDOO\-UHOHYDQW JHQH VHW (40 YDULDQWV SHU NES) WKDW
ODUJHO\ GLVDSSHDUV LQ 727-&+013 (40 YDULDQWV SHU NES LQ FROODSVHG GXSOLFDWLRQV DQG 47 YDULDQWV SHU NES LQ IDOVH
GXSOLFDWLRQV YHUVXV 41 YDULDQWV SHU NES IRU WKH UHPDLQLQJ JHQH VHW; S-YDOXHV = 0.8778 DQG 0.0219, UHVSHFWLYHO\) (FLJ.
64.2). ([DPLQLQJ WKH IDOVHO\-GXSOLFDWHG .C1(1, ZH ILQG WKDW FRYHUDJH LV PXFK ORZHU WKDQ QRUPDO RQ *5&K38 IRU VKRUW
DQG ORQJ UHDGV DQG WKDW PRVW YDULDQWV DUH PLVVHG EHFDXVH PDQ\ UHDGV LQFRUUHFWO\ PDS WR WKH IDOVH GXSOLFDWLRQ (.C1(1B RQ
WKH S-DUP RI FKURPRVRPH 21). 7KH NPHU-EDVHG FRS\ QXPEHU RI WKLV UHJLRQ LQ DOO 266 6*'3 JHQRPHV VXSSRUWV WKH
727-&+013 FRS\ QXPEHU, DQG WKLV UHJLRQ ZDV QRW GXSOLFDWHG LQ *5&K37 >23@. AV IRU .C1-18, ZKLFK UHVLGHV ZLWKLQ D
*5&K38 FROODSVHG GXSOLFDWLRQ DW FKURPRVRPH 17S11.2 >58@, ZH ILQG LQFUHDVHG FRYHUDJH DQG YDULDQWV ZLWKLQ +*002 XVLQJ
VKRUW- DQG ORQJ-UHDG VHTXHQFHV LQ *5&K38 UHODWLYH WR 727-&+013.

7R YHULI\ LI WKH DGGLWLRQDO YDULDQWV LGHQWLILHG XVLQJ *5&K38 DUH IDOVH KHWHUR]\JRXV FDOOV IURP 369V GHULYHG IURP PLVVLQJ
GXSOLFDWH SDUDORJV, ZH FRPSDUHG WKH GLVWULEXWLRQV RI PLQRU-DOOHOH IUHTXHQFLHV DFURVV WKH 49-NES 6' DQG REVHUYHG D VKLIW LQ
619 SURSRUWLRQV, ZLWK D UHODWLYH GHFUHDVH LQ LQWHUPHGLDWH-IUHTXHQF\ DOOHOHV DQG D UHODWLYH LQFUHDVH LQ UDUH DOOHOHV IRU
.C1-18 DQG .C1-12 (DQRWKHU FROODSVHG GXSOLFDWLRQ UHVLGLQJ GLVWDOO\ DW FKURPRVRPH 17S11.2) LQ 727-&+013 FRPSDUHG
ZLWK *5&K38 (S-YDOXH = 8.885 î 10-2 DQG 3.102 [ 10-2, UHVSHFWLYHO\; 0DQQ-:KLWQH\ 8 WHVW) (FLJ. 65.1). :H PDWFKHG WKH
KRPRORJRXV SRVLWLRQV RI GLVFRYHUHG DOWHUQDWLYH DOOHOHV LQ *5&K38 DQG 727-&+013 DFURVV WKH WKUHH SDUDORJV²LQFOXGLQJ
WKH SUHYLRXVO\ PLVVLQJ SDUDORJ ORFDWHG LQ D FHQWURPHUH-DVVRFLDWHG UHJLRQ RQ FKURPRVRPH 17S .C1-17 GHQRWHG
.C1-18-1 LQ 727-&+013²DQG REVHUYHG WKDW HYHQ WUXH YDULDQWV (L.H., QRQ-369V) KDG GLVFRUGDQW DOOHOH FRXQWV LQ .C1-18
DQG .C1-12 EHWZHHQ WKH WZR UHIHUHQFHV. ([DPSOHV RI VXFK YDULDQWV LPSDFWLQJ WKH FRGLQJ VHTXHQFH (&'6) RI WKHVH JHQHV
DUH KLJKOLJKWHG LQ FLJ. 5F DQG ODEHOHG DV 1±7, UHSUHVHQWLQJ GLIIHUHQW FDWHJRULHV:

Ɣ (1) IDOVH SRVLWLYHV LQ .C1-12 DQG/RU .C1-18 RQ *5&K38 UHVXOWLQJ IURP 369V LQ .C1-17, ZKLFK DUH FRUUHFWHG
LQ 727-&+013;

Ɣ (2) DQG (4) YDULDQWV HUURQHRXVO\ GHWHFWHG LQ .C1-12 DQG .C1-18 RQ *5&K38 WKDW DFWXDOO\ DUH YDULDQWV LQ
.C1-17;

Ɣ (3) IDOVH SRVLWLYHV LQ .C1-12 DQG/RU .C1-18 RQ *5&K38 UHVXOWLQJ IURP 369V LQ .C1-17 WKDW DOVR KLGH WUXH
YDULDQWV LQ .C1-17, .C1-12, DQG/RU .C1-18;

Ɣ (5) YDULDQWV QRW GHWHFWHG LQ .C1-12 RU .C1-18 RQ *5&K38, OLNHO\ GXH WR VNHZHG DOOHOH EDODQFH IURP
PLV-PDSSHG UHDGV;

1�
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Ɣ (6) DQG (7) YDULDQWV HUURQHRXVO\ GHWHFWHG LQ .C1-12 DQG/RU .C1-18 RQ *5&K38 WKDW DFWXDOO\ DUH YDULDQWV LQ
.C1-17 ZLWK WKH DOOHOH GHWHFWHG LQ IHZHU KDSORW\SHV RQ *5&K38, OLNHO\ GXH WR VNHZHG DOOHOH EDODQFH IURP
PLV-PDSSHG UHDGV.

:H DOVR LGHQWLILHG PRUH FRPSOH[ VLWHV, VXFK DV WKH ODVW EDVH LQ FLJ. 5F ODEHOHG ZLWK DQ DVWHULVN, LQ ZKLFK WKH UHIHUHQFH
EDVH IRU .C1-18 FKDQJHV WR & LQ 727-&+013, LQ DGGLWLRQ WR QRYHO DOOHOHV LGHQWLILHG LQ .C1-17 DQG .C1-18.
&RQVLGHULQJ UDUH YDULDQWV RI .C1-18 FRQWULEXWH WR PXVFOH FKDQQHORSDWK\-WK\URWR[LF SHULRGLF SDUDO\VLV >58@ LQFOXGLQJ QLQH
³SDWKRJHQLF´ RU ³OLNHO\ SDWKRJHQLF´ YDULDQWV LQ &OLQ9DU, LQFUHDVHG VHQVLWLYLW\ WR GLVFRYHU YDULDQWV LQ SDWLHQWV XVLQJ
727-&+013 ZRXOG KDYH D VLJQLILFDQW FOLQLFDO LPSDFW. ,Q VXPPDU\, 727-&+013¶V LPSURYHG UHSUHVHQWDWLRQ RI WKLV JHQH
DQG RWKHU FROODSVHG GXSOLFDWLRQV QRW RQO\ HOLPLQDWHV IDOVH SRVLWLYHV EXW DOVR LPSURYHV GHWHFWLRQ DQG JHQRW\SLQJ RI WUXH
YDULDQWV.

COLQLFDO JHQH EHQFKPDUN GHPRQVWUDWHV 727-CH013 UHGXFHV HUURUV DFURVV WHFKQRORJLHV

)LQDOO\, WR GHWHUPLQH KRZ WKH 727-&+013 JHQRPH LPSURYHG RXU DELOLW\ WR DVVD\ YDULDWLRQ EURDGO\, ZH XVHG D FXUDWHG
GLSORLG DVVHPEO\ WR GHYHORS D QHZ EHQFKPDUN IRU 269 FKDOOHQJLQJ PHGLFDOO\-UHOHYDQW JHQHV LQ *,AB AVKNHQD]L VRQ
+*002 >23@, ZLWK FRPSDUDEOH EHQFKPDUN UHJLRQV RQ *5&K38 DQG 727-&+013. :H WHVWHG WKUHH VKRUW- DQG ORQJ-UHDG
YDULDQW FDOOVHWV DJDLQVW WKLV EHQFKPDUN: ,OOXPLQD-B:A0(0-*A7., +L)L-3(33(5-'HHS9DULDQW, DQG
217-3(33(5-'HHS9DULDQW. BRWK WKH QXPEHUV RI IDOVH SRVLWLYHV DQG IDOVH QHJDWLYHV VXEVWDQWLDOO\ GHFUHDVH IRU DOO WKUHH
FDOOVHWV ZKHQ XVLQJ 727-&+013 DV D UHIHUHQFH LQVWHDG RI *5&K38 (FLJ. 5G DQG 7DEOH 65.3). 7KH QXPEHU RI IDOVH
SRVLWLYHV IRU +L)L GHFUHDVHV E\ D IDFWRU RI 12 LQ WKHVH JHQHV, SULPDULO\ GXH WR WKH DGGLWLRQ RI PLVVLQJ VHTXHQFHV VLPLODU WR
.072C (FLJ. 61.12) DQG UHPRYDO RI IDOVH GXSOLFDWLRQV RI CB6, C5<AA, +19, DQG .C1(1 (FLJ. 5G). AV GHPRQVWUDWHG
DERYH, WKHVH JHQHV DQG RWKHUV DUH EHWWHU UHSUHVHQWHG LQ 727-&+013 WKDQ *5&K38 IRU D GLYHUVH VHW RI LQGLYLGXDOV, VR
SHUIRUPDQFH VKRXOG EH KLJKHU DFURVV GLYHUVH DQFHVWULHV. 7KH QXPEHU RI WUXH SRVLWLYHV DOVR GHFUHDVHV E\ D PXFK VPDOOHU
IUDFWLRQ WKDQ WKH HUURUV (a14%), GXH WR D UHGXFWLRQ RI WUXH KRPR]\JRXV YDULDQWV FDXVHG E\ 727-&+013 SRVVHVVLQJ IHZHU
XOWUD-UDUH DQG SULYDWH DOOHOHV (FLJ. 2G). 7KLV EHQFKPDUNLQJ GHPRQVWUDWHV FRQFUHWH SHUIRUPDQFH JDLQV LQ VSHFLILF PHGLFDOO\
UHOHYDQW JHQHV UHVXOWLQJ IURP WKH KLJKO\ DFFXUDWH DVVHPEO\ RI D VLQJOH LQGLYLGXDO.

DLVFXVVLRQ

3HUVLVWHQW HUURUV LQ WKH KXPDQ UHIHUHQFH JHQRPH, UDQJLQJ IURP FROODSVHG GXSOLFDWLRQV WR PLVVLQJ VHTXHQFHV, KDYH VLOHQWO\
SODJXHG KXPDQ JHQHWLFV IRU GHFDGHV. 7KH VWURQJ DQG DUJXDEO\ PLVJXLGHG DVVXPSWLRQ WKDW PRVW JHQRPLF DQDO\VHV PDNH
DERXW WKH FRUUHFWQHVV RI WKH UHIHUHQFH JHQRPH KDV OHG WR VSXULRXV FOLQLFDO ILQGLQJV DQG PLVWDNHQ GLVHDVH DVVRFLDWLRQV. )RU
H[DPSOH, D IHZ SUHYLRXV FOLQLFDO H[RPH VWXGLHV KDYH HUURQHRXVO\ LPSOLFDWHG 369V RI PLVVLQJ SDUDORJV RI *5&K38
FROODSVHG GXSOLFDWLRQV, VXFK DV .C1-18 DQG *35,12, DV FRQWULEXWLQJ WR GLVHDVHV >59±62@. +HUH, ZH UHVROYH YDULDWLRQ LQ
WKHVH UHJLRQV DQG VKRZ WKDW WKH 727-&+013 UHIHUHQFH JHQRPH XQLYHUVDOO\ LPSURYHV JHQRPLF DQDO\VHV IRU DOO SRSXODWLRQV
E\ FRUUHFWLQJ PDMRU VWUXFWXUDO GHIHFWV DQG DGGLQJ VHTXHQFHV WKDW ZHUH DEVHQW IURP *5&K38. ,Q SDUWLFXODU, ZH VKRZ WKDW
WKH 727-&+013 DVVHPEO\ (1) UHYHDOHG PLOOLRQV RI DGGLWLRQDO YDULDQWV DQG WKH H[LVWHQFH RI QHZ FRSLHV RI PHGLFDOO\
UHOHYDQW JHQHV (H.J., .C1-17) ZLWKLQ WKH 240 0ES DQG 189 0ES RI QRQ-V\QWHQLF DQG QRYHO VHTXHQFH, UHVSHFWLYHO\; (2)
HOLPLQDWHG WHQV RI WKRXVDQGV RI VSXULRXV YDULDQWV DQG LQFRUUHFW JHQRW\SHV SHU VDPSOHV, LQFOXGLQJ ZLWKLQ PHGLFDOO\ UHOHYDQW
JHQHV (H.J., .C1-18) E\ H[SDQGLQJ 203 ORFL (8.04 0ES) WKDW ZHUH IDOVHO\ FROODSVHG LQ *5&K38; (3) LPSURYHG JHQRW\SLQJ
E\ HOLPLQDWLQJ 12 ORFL (1.2 0ES) WKDW ZHUH IDOVHO\ GXSOLFDWHG LQ *5&K38; DQG (4) \LHOGHG PRUH FRPSUHKHQVLYH 69 FDOOLQJ
JHQRPH-ZLGH, ZLWK D JUHDWO\ LPSURYHG LQVHUWLRQ/GHOHWLRQ EDODQFH, E\ FRUUHFWLQJ FROODSVHG WDQGHP UHSHDWV. 2YHUDOO, WKH
727-&+013 DVVHPEO\ UHGXFHG IDOVH SRVLWLYH DQG IDOVH QHJDWLYH 619V IURP VKRUW DQG ORQJ UHDGV E\ DV PXFK DV 12-IROG LQ
FKDOOHQJLQJ, PHGLFDOO\ UHOHYDQW JHQHV. 7KH 727-&+013 UHIHUHQFH DOVR DFFXUDWHO\ UHSUHVHQWV WKH KDSORW\SH VWUXFWXUH RI
KXPDQ JHQRPHV, HOLPLQDWLQJ 1,390 DUWLILFLDO UHFRPELQDQW KDSORW\SHV LQ *5&K38 WKDW RFFXUUHG DV DUWLIDFWV RI BA& FORQH
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ERXQGDULHV. 7KHVH LPSURYHPHQWV ZLOO EURDGO\ HQDEOH QHZ GLVFRYHULHV DQG UHILQH DQDO\VHV DFURVV DOO RI KXPDQ JHQHWLFV DQG
JHQRPLFV.

*LYHQ WKHVH DGYDQFHV, ZH DGYRFDWH IRU D UDSLG WUDQVLWLRQ WR WKH 727-&+013 JHQRPH. 2Q D SUDFWLFDO OHYHO, LPSURYHPHQWV
WR ODUJH JHQRPH VHJPHQWV, VXFK DV HQWLUH S-DUPV RI WKH DFURFHQWULF FKURPRVRPHV, DQG WKH GLVFRYHU\ RI QHZ FOLQLFDOO\
UHOHYDQW JHQHV DQG GLVHDVH-FDXVLQJ YDULDQWV MXVWLI\ WKH ODERU DQG FRVW UHTXLUHG WR LQFRUSRUDWH 727-&+013 LQWR EDVLF
VFLHQFH DQG FOLQLFDO JHQRPLF VWXGLHV. 2Q D WHFKQLFDO OHYHO, 727-&+013 VLPSOLILHV JHQRPH DQDO\VLV DQG LQWHUSUHWDWLRQ
EHFDXVH LW FRQVLVWV RI 23 FRPSOHWH OLQHDU VHTXHQFHV DQG LV IUHH RI ³SDWFK´, XQSODFHG, RU XQORFDOL]HG VHTXHQFHV. ,Q FRQWUDVW,
*5&K38 KDV 195 GLIIHUHQW FRQWLJV (ZLWK QDPHV VXFK DV FKU14B*/000009Y2BUDQGRP DQG FKU8QB*/000195Y1) WKDW DUH
RIWHQ H[FOXGHG, DV LQWHUSUHWLQJ UHVXOWV LQ WKHVH UHJLRQV LV FKDOOHQJLQJ. 0DQ\ RI WKH IL[HV PDGH LQ 727-&+013 ZHUH
SUHYLRXVO\ FXUDWHG E\ WKH *HQRPH 5HIHUHQFH &RQVRUWLXP DQG KDYH IL[ SDWFKHV, EXW IHZ VWXGLHV XVH WKHVH H[LVWLQJ IL[
SDWFKHV. 7KH UHGXFHG FRQWLJ VHW RI 727-&+013 DOVR IDFLOLWDWHV LQWHUSUHWDWLRQ DQG LV GLUHFWO\ FRPSDWLEOH ZLWK HVVHQWLDOO\
DOO RI WKH PRVW FRPPRQO\ XVHG DQDO\VLV WRROV (H.J., B:A-0(0, *A7., EHGWRROV, VDPWRROV, EFIWRROV, HWF). 7R SURPRWH
WKLV WUDQVLWLRQ, ZH SURYLGH YDULDQW FDOOV DQG VHYHUDO RWKHU DQQRWDWLRQV IRU WKH 727-&+013 JHQRPH ZLWKLQ WKH 8&6&
*HQRPH BURZVHU DQG WKH 1+*5, AQ9,/ DV D UHVRXUFH IRU WKH KXPDQ JHQRPLFV DQG PHGLFDO FRPPXQLWLHV.

)LQDOO\, RXU ZRUN XQGHUVFRUHV WKH QHHG IRU DGGLWLRQDO 727 JHQRPHV. 0RVW XUJHQWO\, WKH &+013 JHQRPH ODFNV D <
FKURPRVRPH, VR RXU DQDO\VLV UHOLHG RQ WKH LQFRPSOHWH UHSUHVHQWDWLRQ RI FKU< IURP *5&K38. :H H[SHFW D 727
UHSUHVHQWDWLRQ RI FKU< ZLWKLQ WKH YHU\ QHDU IXWXUH, DW ZKLFK WLPH ZH ZLOO VWXG\ KRZ LQFOXGLQJ WKLV VHTXHQFH LPSURYHV
PDSSLQJ DQG YDULDQW DQDO\VLV RQ WKH < FKURPRVRPH. )XUWKHUPRUH, PDQ\ RI WKH QHZ UHJLRQV LQ 727-&+013 DUH SUHVHQW LQ
DOO KXPDQ JHQRPHV DQG HQDEOH YDULDQW FDOOLQJ ZLWK WUDGLWLRQDO PHWKRGV IURP VKRUW DQG/RU ORQJ UHDGV. +RZHYHU, PDQ\
QRYHO UHJLRQV H[KLELW VXEVWDQWLDO YDULDWLRQ ZLWKLQ DQG EHWZHHQ SRSXODWLRQV, LQFOXGLQJ VDWHOOLWH '1A >31@ DQG 6'V WKDW DUH
SRO\PRUSKLF LQ FRS\ QXPEHU DQG VWUXFWXUH >32@. 5HODWHGO\, WKH 727-&+013 UHIHUHQFH SURYLGHV D EDVLV IRU FDOOLQJ PLOOLRQV
RI QHZ YDULDQWV, EXW PDQ\ RI WKHVH YDULDQWV DUH FKDOOHQJLQJ WR UHVROYH DFFXUDWHO\ XVLQJ FXUUHQW VHTXHQFLQJ WHFKQRORJLHV
DQG DQDO\VLV DOJRULWKPV. 5REXVW YDULDQW FDOOLQJ LQ WKHVH UHJLRQV ZLOO UHTXLUH PDQ\ GLYHUVH KDSORW\SH-UHVROYHG 727
DVVHPEOLHV WR FRQVWUXFW D SDQJHQRPH UHIHUHQFH, LQ WXUQ PRWLYDWLQJ WKH GHYHORSPHQW RI QHZ PHWKRGV IRU GLVFRYHULQJ,
UHSUHVHQWLQJ, FRPSDULQJ, DQG LQWHUSUHWLQJ FRPSOH[ YDULDWLRQ, DV ZHOO DV EHQFKPDUNV WR HYDOXDWH WKHLU SHUIRUPDQFH >63,64@.

7KURXJK RXU GHWDLOHG DVVHVVPHQW RI YDULDQW FDOOLQJ DW NQRZQ DQG QRYHO ORFL DFURVV JOREDO SRSXODWLRQ VDPSOHV, RXU VWXG\
VKRZFDVHV 727-&+013 DV WKH SUHHPLQHQW UHIHUHQFH IRU KXPDQ JHQHWLFV. 7KH DQQRWDWLRQ UHVRXUFHV SURYLGHG KHUHLQ ZLOO
KHOS IDFLOLWDWH WKLV WUDQVLWLRQ, H[SDQGLQJ NQRZOHGJH RI KXPDQ JHQHWLF GLYHUVLW\ E\ UHYHDOLQJ IXQFWLRQDO YDULDWLRQ WKDW ZDV
SUHYLRXVO\ KLGGHQ IURP YLHZ.
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KWWSV://JLWKXb.cRP/VcKaW]Oab/W2W-YaULaQWV
KWWSV://JLWKXb.cRP/PccR\-Oab/W2W-YaULaQWV

GHQRPH LQ a BRWWOH CKaOOHQJLQJ MHdLcaOO\-RHOHYaQW GHQH BHQcKPaUNV:
KWWSV://IWS-WUacH.QcbL.QOP.QLK.JRY/RHIHUHQcHSaPSOHV/JLab/UHOHaVH/AVKNHQa]LPTULR/HG002_NA24385_VRQ/CMRG_Y1.00/
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