Comprehensive resolution of challenging genomic variation

with Oxford Nanopore telomere-to-telomere assemblies
Sean McKenzie a, Phill Jamesa +HDWKHU -HuHU\a, George Dodd a, Sissel Juul a, Philipp Rescheneder a

a2[RUG 1DQRIRKIGIRIORJL HWYR,DW¥ le&
a2[RUG 1DQRBRKGIRIORIJLHRUSOB. 2]

Applications

Abstract

+ * YDULDQW FDOOLQJ SHUIRUPI 5SHFRQVWUXFWLRQ RI 60% ORFL LQ SX

HxFLHme CMRG v1.0 6SLQDO PXVFXODU DWURSK\ LV D GLVRUGHU FDXVHG E\
LF VHTXHQFHa a + OTW! ORVV RI IXQFWLRQ RI WKH 601 JHQH ZKLFK VLWV LQ D
OLIJOPHQW | m e 0995 o0 E K| i 0983 0985  mEE mapping YDULDEOH VHIJPHQWDO GXSOLFDWLRQ ZLWK D ¢ ISMBNLO\ DEMN2W L-~ Forward match ~< Inverted match
. _ = assembly FDO SVHXGRJHQH 601 5HDG DOLJOPHQW DSSURDFK-
OLQHV LO o ows VWL HV FDQ UHVROYH WKH FRS\ QXPE | ERBVAB O] ~ = 7 N
LWLYH DD \ GL- 601 KRZHYHU WKH GXSOLFDWLR Q IHapladyEe\2 o
KHQVLYH C 'D O ( i RI WKH DOOHOHV UHVXOWLQJ LOQ VHG VLOF
HOQHV &805>] 0 O 0813 ZKHUH D GXSOLFDWLRO RI 601 R H KDSORW
7 KH DSE’;SolsbR UHWV masks a deletion on the other a ¢ a e. Several marker Reference {hms JJ =4 D
FDUULHU L¢{ 'HU 619V FDQ EH XVHG WR wDJ SRVVL VLOHQW F
R1 7 7 DVVH] FOlI WKH SUHGLFWLYHQHVV RI WKHVH NHUV LV C
0.70 A
oo - HLGHQWLVHG WZR VDPSOHY +0 BEOR L) i
65 BRPYRERV \v L) ko

' ' * 0 LQ WKH &RULHOO FHOO UH
0.60 - - : VLOHQW FDUULHU DVVRFLDWHG 619V DQG DVVHPEOHG WKHVH
$VV HPEO\ PHWKRGV D Q G VWDWL SNPs oSl SNPs oSl SVs SNPs oSl SVs ZLWK RXU 7 7 SURWRFRO 7KH 60% ORFXV ZDV IXOO\ UH-

7R LQYHVWLIJDWH JHQHUDO YDULDQW FDOOLQJ SHUIRUPDQFH ZH VHTXHQFHG WKH zZHOO FKDUDFWRBITHG L9 E RWeko, KPP R WY R Rk KD YEROM0E D0 7HOO HVWDEQIVK -
VPDOO QXFOHRWLGH DQG VWUXFWXUDO YDULDQW EHQFKPDUNV $VVHPEO\ EDVHG YDULDQW FDOOV zHUNPHERYIEWHEY 2 UW kR & FH@) HEeRlofyEs B fhidd-GiIAB Y ariant
Two ow cells One ow cell Sample A oiv size Scaold NSO Contia NSO truthsets4a 44 XVLQJ WKH KDS S\adandtruvariaa WRROV DORQJ ZLWK PDSSLQJ EDVHG 613V DQG 69V IURPQFRWKaK Bra PRaDE Y LN 18R B QJ RO WY+
Ultra-long Pore-C P = U2 e ontig VKRZ WKDW 7 7 DVVHPEO\ HQDEOHV DFFXUDWH JHQRPH ZLGH FDOOLQJ Rl VPDOO QXFOHDU YDULD®ORMAH YdhY VERYWE K RISKREWYSUTDYoKPE REORO| QQIFOXGLQJ LQ FKDOOHQJ-
sequencing data sequencing data LQJ PHGLFDOO\ UHOHYDQW JHQHV &05*V 2Q WKH Y VPDOO YDULDQW EHQFKPDUN ZH VHH VOERRWHOY ZRUVH QLo FIPKU BPIURRY R M%@qu—w_m
HG00?2 1359 M KRZHYHU IRU 69V DQG 619V LQ DOO RWKHU EHQFKPDUNY DVVHPEO\ EDVHG YDULDQW FDOOLQJ RXRINHU KDEHORINVNWSKH FBESS ID@) LEXYS Q LQ + KRZ HU DOO
v v ' 601 FRSLHY ZHUH SUHVHQW DQG (29 DFW D JHQH FRO-
Basecallina with Basecalling with ] ‘ YHUVLRQ HYHQW DSSHDUV WR KD HVWRUHG| IXQFWLRQ WR
{Dorado SUI% model} {Dorado HA% model} GM24510 6.09 G 154.4 M 154.4 M 36 &SKDUDFWHRHUL]|DWLR Q RI FKURPRVRPD WKH 601 JHQH FROQYHUWLQJ LW = %‘d?gﬂf’ff‘hq
/KUHH VDPSOHV ZLWK FRPSOH| %%%L\FQS%?WK VDPSOHV WKHUHIRUH oPRYC L IUHFHLYHG
UUHFW FDUULHU DVVLJQPHQW XVLQJ PDUNHU 619V
¢ \ ¢ GMO3786 6.08 G 1545M 137.3 M 21 de novo somal rearrangements were assembled ? ? ?
/ O[E anced) reciprocal translocation & R Q F O X V L R Q
*0 ZKLFK KDG EHHQ SUHY Lineiss
Dorado polish T2T genome = PHQW GLVFRYHU\ DV ZHOO DV DFWR
polishing assembly GM20359 6.10 G 154.0 M 134.4 M 26 O VRPH *0 PHGL
HG002 haplot 1 apiotype Robertsonian derivative as a single T2T RG IR
aplotype HGO002 haplotype 2 FRQWLJ LQ KDSORW\SH + U
0
= Centromere rDNA I Telomere -~ Inverted match  “~ “ Forward match HIDFW EUHDNSRLOW 7KLV EUH W KD\
M 1 VFDuROGYV th t . t”t thl QV IU
B oans de novo WItNniNn a centromeric sateilite wi ow
contigs on
-} VDPH VEDUROG e FRXOGQ W EH GHWHFWHG ZLWK XQFW
L — ping approaches. 7 DV
LD
A Ref. Chr9 b —] Rof Chr2l '@ 0 * RQH GRULYDWL vH
(N EOHG 7 7 DQG ZDV ODUJHO\ FROLQHDU WR
= FKU S WHUPLQDWLQJ LQ GLVW
I I L —= O de Novo centric satellites. The second derivative Re brences
O —
123456 7 8 910111213141516171819202122 X 1 2 3 4 5 6 7 8 9 10111213141516171819202122 Y haplotype 1 g E?\éHQURNV\IGR\’/Fg)%\IIQVOV(\?I?I—? EDUFI—lIJIIDQIQI/g/RL e
QSVIyXlN\L/DE) QQ) I-II'\/JII_b% HORPHUHhAhWRhWHORPHUH DVVHPEO\ RI GLSORLG FKURPRVRPHV ZLWK 9HUNNR 1DW %LRWHFKQRO
E\D FKU } VBWHOOLWH DFURFHQWUIWDS DXWRRPSOHWH VHTXHQFH RI D KXPDQ JHQRPH 6FLHQFH
JRU HDFK VDPSOH FHOO OLQHV ZHUH RUGHUHG IURP &RULHOO DQG FXOWXUHG DFFRUGLQJ WR VXSSOLHUV SURWRFRO 80OWUD ORQJ DQG 3RUH & VHTXHQFLQJ GDMHEBW L WH U'1$ WUDQVLW L RROQRORPHIRKKVFRA GRFXPHQW WHORPHUH WR WHORPHUH VHTXHQFLQJ W W RQ SURPHWKLRQ VTN DSN VTN
JHQHUDWHG IRU DOO VDPSOHV IROORZLQJ 2[IRUG 1DQRSRUH V VWDQGDUG '1$ HIWUDFWLRQ O pU\ SUHSDUDWLRQ DOQG QFLQJ SURWRFROVA 80WUD OR@BUIMO\ FROLQHDU ZLWK FKU T 90%\7 AR RUHWHFK GRUDGR 0
EUDULHY ZHUH VHTXHQFHG RYHU WZR 3URPHWK,21 J)ORZ &HOOV SHU VDPSOH ZKLOH D VLQJOH FHOO ZDV XVHG IRU%' EUDU\ B6HTXHQFLQJ ZLWK WKH + FKU T FROQWLJ LV FRWFZ&EF%%SVV%?%TVJV'NDVWDWV FRQYHUVLRQ HYDOXDWLRQ DQG PDQLSXODWLRQ RI JHQRPH VHTXHQFHV %LRLQIRUPDWLFV
data was basecalled with the Doradoda EDVHFDOOHU XVLQJ WKH 683 Y PRGHO IRU XOWUD ORQJ GDWD DQG H +$& Y PRGHO | KH 3RUH & D HG E\ 3BRUH & FRQWDFWV IXUWKHW*+OLRKPDPS TSDLUZLVH DOLJQPHQW IRU QXFOHRWLGH VHTXHQFHV %LRLQIRUPDWLFV
A 7 R ' / U L JHORPH DOLJQPHQW ZLWK PLOQLSURW %LRLQIRUPDWLEFV EWDG
$00 GDWD ZKHUH VOWHUHG IRU D PHDQ 4 VFRUH RI DQG D PLQLPXP UHDG OHQJWK RI NE 80 ORQJ GDWD ZDV WMHQ HUURU FRUUHFY XVLQJ WKH 'RUDGRDV WKH RQO\ WUXH DFURFHQWQU/té f/cﬁli'@ _‘@I‘%VW]MRXQ e OHKDUWL O FDXWKLLU I 1HDOH % 0DFSUWKXU © $ VIOWKHWLE GLSORLG EHOFKPDUN IRU DFFXUD\

FRUUHFW WRRO DQG IHG LQWR WKH 9HUNNR DVVHPEOHUA& DV KLv GDWD DORQJ ZLWK WKH
SRUHF $VVHPEOLHV ZHUH VXEVHTXHQWO\ SROLVKHG ZLWK WKH RULJLQDO XOWUD ORQJ ED
EOH DZDUH PRGHOV %DVLF DVVHPEO\ TXDOLW\ PHWULFV ZKHUH FDOFXODWHG XVLQJ *IDVWDW

RUUHFWHG XOWUD QJ GDWBhly/ QDQOR
)OOV DQG WKH "RUBGR SRO&asgdMBlyRRO X VI
DQG JDSOHVYV FKU RVRPHVg@aphUH LGHQW

NG WKH 3RUH & GDWFID WR'OGHG WR D S DUP E\ 9HUNN:RJQHU - HW DO %HQFKPDUNLQJ FKDOOHQJLQJ VPDOO YDULDQWY ZLWK OLQNHG DQG ORQJ UHDGV &HOO *HQRPLFV
WKH PRYH W D- 'DJQHU - HW DO &XUDWHG YDULDWLRQ EHQFKPDUNV IRU FKDOOHQJLQJ PHGLFDOO\ UHOHYDQW DXWRVRPDO JHQHV 1DW %LR
HG E\ XVLOQJ WKH O9HUNNR ODFNV D FLUFXODU FRQWWd WUbWHEIL B&F QLK JRY 5HIHUHQFH6DPSOHYV JLDE GDWD $VKNHQD]LP7ULR DQDO\VLV 1,67B+* B'UDIW%HQFKPDUNBGHIU

module, however the ring chromosome JLWKXE FRP ,O00XPLQD KDS S\
6HT7.22 FXW1 DQG WHOR IXQFWLRQVY WR vQG FKURPRVRPH VLIHG FROQWLJV ZLWK WHORPHUH o HLWKHU VLGH )RU RWWLQJ FHQWU “UHV ZHUH DQQRWDW\W@XFWXUH LO *0 7DV FOHDUJIQ_\}A_Q;X\R/R P $&(QJOLVK WUXYDUL
E\ DOLJQPHQW WR FKP FHQWURPHUH VHTXHQFHV DQG U'1$ DUUD\V ZHUH DQQRWDWHG E\ 0LQ S ¢ DOLJQPHQW WR D 6 U'l$ VH- DVVHPEO\ JUDSK DOG EUHDNSRLQWWXE B E%%JE\RPS%RRQQLJ]FLSE’)OS,LOHXS PRG X000 DOLJQPHQW IRU GHHS ORDUQLQJ EDVHG ORQJ URDEG YDULDQW FDOOLQJ 1D
TXHQFH 3URWHLQ FRGLQJ JHQHV ZHUH LGHQWLVHG XVLQJ OLQLSURWe ZLWK 5HI6HT SHSWLGH LHV HOXFLGDWHG E\ DOLJOLQJ WKH FRIWNDYE® D HW] PO J5SHFRPPHQGDWLRQV IRU LQWHUSUHWLQJ DQG UHSRUWLQJ VLOHQW FDUULHU DQG GLVHDVHhPRGLVHU YDULE
HGIH WR WKH FKU UHIHUHOEH /DEOHG SUDFWLFH 8SGDWH (QKDQFHG FDUULHU VFUHHQLQJ IRU 608 GHWHFWLRQ RI VLOHQW FDUULHUV UV /IDE OHGL
Q 'DYLVRQ ' HW DO 'XSOLFDWLRQ 7DJ 613 J 71* VKRXOG QRW EH FRQVLGHUHG GLDJQRVWLF RI 60$ FDUULHU VWDWXV $&0* ¢

Oxford Nanopote Technologes, theWheel ioon, MinlION ae registered trademaik of Okford Nanopoie Technologies plc in arious ountries. Al other brands and namesantained ate the poperty of their espedive owners. © 2025 ®ford Nanopore Technologies plc Al rights resewved.
Oxford Nanopote Technologies pioducts are not intended for use br health assessmadror to diagnose, treat, mitigate, cume, or pevent any disease ora@ndition



