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AbVWUacW

LRQg-Uead RNA VeTXeQcLQg (OURNA-VeT) SURdXceV deWaLOed LQfRUPaWLRQ abRXW fXOO-OeQgWh
WUaQVcULSWV, LQcOXdLQg QRYeO aQd VaPSOe-VSecLfLc LVRfRUPV. FXUWheUPRUe, WheUe LV RSSRUWXQLW\
WR caOO YaULaQWV eQcRded LQ Whe WUaQVcULbed UegLRQV Rf geQeV dLUecWO\ fURP OURNA-VeT daWa.
HRZeYeU, PRVW VWaWe-Rf-Whe-aUW YaULaQW caOOeUV haYe beeQ deYeORSed fRU geQRPLc DNA aQd
WhXV UeTXLUe PRdLfLcaWLRQV WR caOO YaULaQWV fURP OURNA-VeT daWa. HeUe, Ze beQchPaUN YaULaQW
caOOeUV GATK, DeeSVaULaQW, COaLU3, aQd NaQRCaOOeU RQ PacBLR OURNA-VeT, RU ³IVR-SeT´, daWa.
IQ SaUWLcXOaU, Ze fRXQd WhaW caUefXO SURceVVLQg Rf aOLgQPeQW fLOeV LV cULWLcaO WR achLeYe beWWeU
caOOLQg SeUfRUPaQce Rf LQdeOV aQd SNPV XVLQg DeeSVaULaQW aQd LQdeOV XVLQg COaLU3.
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BacNgURXQd

The deWecWLRQ Rf geQeWLc YaULaQWV fURP Qe[W-geQeUaWLRQ VeTXeQcLQg (NGS) daWa UePaLQV
Rf hLgh LQWeUeVW fRU aSSOLcaWLRQV LQ cOLQLcaO dLagQRVWLcV aQd WR LPSURYe RXU XQdeUVWaQdLQg Rf
geQeWLc dLVeaVeV [1±3]. The PRVW SRSXOaU YaULaQW deWecWLRQ WRROV haYe beeQ deYeORSed fRU
VhRUW-Uead DNA VeTXeQcLQg daWa, LQcOXdLQg GATK [4], bcfWRROV [5], FUeeBa\eV [6] aQd
POaW\SXV [7], aPRQg RWheUV. HRZeYeU, VLQce Whe VhRUW UeadV aUe W\SLcaOO\ QRW ORQg eQRXgh WR
eQcRPSaVV PXOWLSOe YaULaQWV LQ a VLQgOe Uead, Whe\ caQQRW be ShaVed, i.e., cR-aVVRcLaWed WR
LQdLYLdXaO LVRfRUPV. FRUWXQaWeO\, ZLWh Whe LQcUeaVe LQ WhURXghSXW aQd accXUac\ Rf ORQg-Uead
WechQRORgLeV, RSSRUWXQLWLeV fRU deWecWLRQ Rf geQeWLc YaULaQWV fURP ORQg UeadV aUe e[SaQdLQg.
FRU e[aPSOe, IVRPhaVe [8] ZaV deYeORSed WR caOO aQd ShaVe SNPV fURP IVR-SeT daWa,
WhRXgh LW dReV QRW chaUacWeUL]e LQVeUWLRQV RU deOeWLRQV (LQdeOV). SXch LQfRUPaWLRQ OLQNed WR
fXOO-OeQgWh UeadV RffeUV Whe RSSRUWXQLW\ WR SUedLcW RSeQ UeadLQg fUaPeV (ORFV) ZLWh YaULaWLRQV
WhaW aOWeU SURWeLQ cRdLQg SRWeQWLaO [9,10] RU WUaQVcULSWLRQaO RXWcRPeV, LQcOXdLQg fUaPe VhLfWV
(fURP LQdeOV), WUXQcaWLRQV RU e[WeQVLRQV (fURP aOWeUed VWRS cRdRQV), aQd dLVUXSWed VSOLce VLWeV
[11]. HRZeYeU, VXch LQfRUPaWLRQ LV QRW LQcRUSRUaWed LQ SURWeLQ SUedLcWLRQ. FRU e[aPSOe, ZheQ
SQANTI [9] SUedLcWV ORFV fURP ORQg UeadV, SNPV aQd LQdeOV aUe UeYeUWed WR Whe VeTXeQce
Rf Whe UefeUeQce geQRPe, ORVLQg SRWeQWLaOO\ LPSRUWaQW SaWLeQW-VSecLfLc YaULaWLRQV.

SeYeUaO WRROV haYe beeQ deVLgQed fRU caOOLQg YaULaQWV fURP ORQg UeadV Rf DNA aOLgQed WR
a UefeUeQce geQRPe, LQcOXdLQg: DeeSVaULaQW [12], COaLU3 [13], NaQRCaOOeU [14] (fRU SNP/LQdeO
caOOLQg); LRQgVhRW [15] (fRU SNP caOOLQg); PEPPER-MaUgLQ-DeeSVaULaQW [16] (fRU SNP/LQdeO
caOOLQg fURP QaQRSRUe VeTXeQcLQg daWa); SbVY [17] (fRU VWUXcWXUaO YaULaQW caOOLQg); aQd
WhaWVHaS [18] (fRU YaULaQW ShaVLQg). HRZeYeU, LW LV aOVR SRVVLbOe WR caOO YaULaQWV fURP
OURNA-VeT aOLgQPeQWV. FRU e[aPSOe, TAMA [19] caOOV YaULaQWV dLUecWO\ fURP ORQg UeadV
aOLgQed WR a UefeUeQce geQRPe. RefeUeQce-fUee LVRfRUP cOXVWeULQg VWUaWegLeV e[LVW, LQcOXdLQg
IVRCRQ [20], ZheUe a ³SROLVhLQg´ VWeS LV dRQe WR cRUUecW eUURUV ZhLOe NeeSLQg YaULaQWV.
NeYeUWheOeVV, VLQce LVRfRUP-cOXVWeULQg aQd UefeUeQce-aOLgQPeQW aSSURacheV RSeUaWe aW
SeU-LVRfRUP aQd SeU-geQe cRYeUage, UeVSecWLYeO\, LVRfRUP-OeYeO aSSURacheV WeQd WR VhRZ
ORZeU VeQVLWLYLW\.

HeUe, Ze fRcXV RQ caOOLQg geQeWLc YaULaQWV fURP OURNA-VeT UeadV. SSecLfLcaOO\, Ze
beQchPaUN aQd LQcRUSRUaWe e[LVWLQg WRROV WhaW caOO YaULaQWV fURP DNA-VeT RU VhRUW-Uead
RNA-VeT daWa. The GATK SLSeOLQe haV aOUead\ beeQ UeSXUSRVed WR caOO SNPV aQd LQdeOV
fURP VhRUW-Uead RNA-VeT daWa b\ XVLQg Whe fXQcWLRQ SSOLWNCLgaUReadV (SNCR) [4].
DeeSVaULaQW, COaLU3 aQd NaQRCaOOeU XVe a deeS OeaUQLQg (DL) aSSURach LQ ZhLch YaULaQWV aUe
deWecWed b\ aQaO\VLV Rf Uead-aOLgQPeQW LPageV; COaLU3 XVeV a SLOeXS PRdeO WR caOO PRVW
YaULaQWV, aQd a PRUe cRPSXWaWLRQaOO\-LQWeQVLYe fXOO-aOLgQPeQW PRdeO WR haQdOe PRUe cRPSOe[
YaULaQWV. AOO Whe DL-baVed WRROV haYe beeQ WUaLQed aQd WeVWed RQ ORQg DNA VeTXeQcLQg
UeadV, bXW QRW RQ OURNA-VeT daWa. IQ WhLV ZRUN, Ze cRPSaUe Whe SeUfRUPaQce Rf GATK,
DeeSVaULaQW, COaLU3 aQd NaQRCaOOeU WR caOO YaULaQWV fURP PacBLR OURNA-VeT daWa (L.e.,
IVR-SeT daWa). We LdeQWLf\ facWRUV WhaW LQfOXeQce YaULaQW caOOLQg SeUfRUPaQce, LQcOXdLQg Uead
cRYeUage, SUR[LPLW\ WR VSOLce MXQcWLRQV, SUeVeQce Rf hRPRSRO\PeUV, aQd aOOeOe-VSecLfLc
e[SUeVVLRQ. FLQaOO\, Ze SUeVeQW a SLSeOLQe WR PaQLSXOaWe VSOLced aOLgQPeQWV Rf
SNCR-geQeUaWed BAM fLOeV, VXch WhaW fLOeV aUe VXLWabOe fRU YaULaQW caOOLQg.
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ReVXOWV aQd DLVcXVVLRQ

TR caOO YaULaQWV fURP OURNA-VeT aOLgQPeQWV, Ze fRXQd WhaW WUaQVfRUPaWLRQV Rf Whe BAM
aOLgQPeQW eQcRdLQgV aUe cULWLcaO. ThLV LV becaXVe ZhLOe YaULaQW caOOLQg fURP aOLgQed DNA
VeTXeQceV daWa LQYROYeV aQaO\VLV Rf cRQWLgXRXVO\ aOLgQed UeadV, YaULaQW caOOLQg fURP
OURNA-VeT aOLgQPeQWV PXVW haQdOe UeadV ZLWh gaSV UeSUeVeQWLQg OaUge LQWURQLc UegLRQV. FRU
e[aPSOe, GATK ePSOR\V Whe SNCR fXQcWLRQ WR VSOLW UeadV aW LQWURQV (NV LQ WheLU CIGAR
VWULQg), WhXV cRQYeUWLQg a VLQgOe LVRfRUP aOLgQPeQW LQWR a VeW Rf UeadV UeSUeVeQWLQg dLVWLQcW
e[RQV (FLg. 1A). HRZeYeU, SNCR aOVR aSSOLeV Whe SULPaU\-aOLgQPeQW fOag WR RQO\ RQe Rf Whe
VSOLW UeadV aQd aOO RWheUV UeceLYe a VXSSOePeQWaU\-aOLgQPeQW fOag, ZhLch caQ affecW
SeUfRUPaQce Rf dRZQVWUeaP WRROV. ThXV, Ze deYeORSed a SLSeOLQe, fOagCRUUecWLRQ, WR eQVXUe
aOO fUagPeQWV UeWaLQ Whe RULgLQaO fOag (FLg. 1A; FLg. S1 VhRZV aQ IGV VcUeeQVhRW).

TR aVVeVV Whe SeUfRUPaQce Rf YaULaQW caOOeUV, Ze aVVePbOed a VeW Rf gURXQd-WUXWh
YaULaQWV fRU WZR daWaVeWV (JXUNaW aQd WTC-11 ceOO OLQeV) fURP IOOXPLQa DNA-VeT daWa,
UeWaLQLQg RQO\ YaULaQWV fURP hLgh cRQfLdeQce UegLRQV (Vee MeWhRdV) aQd fRU ZhLch WheUe LV
VXffLcLeQW cRUUeVSRQdLQg OURNA-VeT cRYeUage (QXPbeUV afWeU fLOWeULQg aUe VhRZQ LQ FLg. 1B).

We fLUVW eYaOXaWed Whe SeUfRUPaQce Rf DeeSVaULaQW. TR PeaVXUe Whe SeUfRUPaQce gaLQV
Rf DeeSVaULaQW caOOV fURP PaQLSXOaWed BAM fLOeV (FLg. 1A), Ze caOOed YaULaQWV fURP JXUNaW
aQd WTC-11 IVR-SeT daWaVeWV XVLQg WhUee YaULaWLRQV: DeeSVaULaQW aORQe, DeeSVaULaQW
cRPbLQed ZLWh SNCR (SNCR+DeeSVaULaQW), aQd DeeSVaULaQW cRPbLQed ZLWh bRWh SNCR
aQd fOagCRUUecWLRQ (SNCR+fOagCRUUecWLRQ+DeeSVaULaQW). The SUecLVLRQ aQd UecaOO Rf each
SLSeOLQe, VeSaUaWed b\ YaULaQW W\Se (SNP RU LQdeO) aQd acURVV YaULRXV PLQLPXP IVR-SeT Uead
cRYeUage WhUeVhROdV LV VhRZQ LQ FLg. S2. DeeSVaULaQW aORQe had Whe ORZeVW SeUfRUPaQce
ZheQ Uead cRYeUage LV ORZ, PaLQO\ becaXVe Rf ORZ UecaOO. HRZeYeU, ZheQ Whe cRYeUage LV
hLgh, DeeSVaULaQW e[hLbLWed VLPLOaU SeUfRUPaQce WR SNCR+fOagCRUUecWLRQ+DeeSVaULaQW. ThLV
LV becaXVe ZheQ Whe Uead cRYeUage aW a caQdLdaWe YaULaQW VLWe LV hLgh (i.e., W\SLcaOO\ LQ aQ
e[RQLc UegLRQ), Whe QXPbeU Rf LQWURQ-cRQWaLQLQg UeadV (VR-caOOed N-cLgaU UeadV; FLg. 1C) aW
WhaW VaPe VLWe LV W\SLcaOO\ ORZ (FLg. S3). SNCR+DeeSVaULaQW VhRZed ORZ SeUfRUPaQce fRU aOO
Uead cRYeUage WhUeVhROdV, hLghOLghWLQg Whe Qeed fRU fOagCRUUecWLRQ. MRUeRYeU, WR dLUecWO\
LOOXVWUaWe hRZ Whe SeUfRUPaQce Rf DeeSVaULaQW-baVed SLSeOLQeV LV affecWed b\ Whe SUeVeQce Rf
LQWURQV, Ze cRPSaUe SeUfRUPaQce accRUdLQg WR Whe SURSRUWLRQ Rf N-cLgaU UeadV (FLg. S4).
TaNeQ WRgeWheU, DeeSVaULaQW¶V UecaOO LV heaYLO\ deSeQdeQW RQ Whe SURSRUWLRQ Rf N-cLgaU UeadV,
ZLWh e[WUePeO\ ORZ UecaOO ZheQ WhLV SURSRUWLRQ LV hLgh, aQd cRUUecW PaQagePeQW
(SNCR+fOagCRUUecWLRQ) Rf aOLgQPeQW fOagV aOORZV DeeSVaULaQW WR PaLQWaLQ a hLgh
SeUfRUPaQce.
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FLJ. 1 AOLgQPeQW fLOe WUaQVfRUPaWLRQ fRU RSWLPLVed caOOLQg Rf geQeWLc YaULaQWV fURP OURNA-VeT daWa aQd YaULaQW
caOOLQg SeUfRUPaQce acURVV Whe beVW SLSeOLQeV RQ PacBLR IVR-SeT UefeUeQce daWaVeWV. (A) AOLgQPeQW fLOe (BAM)
WUaQVfRUPaWLRQV WR PaNe VSOLced OURNA-VeT aOLgQPeQWV VXLWabOe fRU YaULaQW caOOLQg. FLUVW, GATK¶V SNCR fXQcWLRQ LV
XVed WR VSOLW Whe UeadV aW NV LQ WheLU cLgaU VWULQg, VXch WhaW e[RQV becRPe dLVWLQcW UeadV. SecRQd, GATK¶V
fOagCRUUecWLRQ fXQcWLRQ aWWULbXWeV Whe fOag Rf Whe RULgLQaO Uead WR aOO cRUUeVSRQdLQg fUagPeQW UeadV. (B) The QXPbeU
Rf geQeWLc YaULaQWV NeSW LQ Whe gURXQd-WUXWh (IOOXPLQa DNA-VeT) VCF fLOeV (fRU JXUNaW aQd WTC-11 daWaVeWV) afWeU
fLOWeULQg; \-a[LV UefeUV WR YaULaQW VLWeV WhaW aUe VXcceVVLYeO\ UeWaLQed, aV fROORZV: All variants, aOO VLWeV LQ Whe VCF
fLOeV; Low density regions, VLWeV UeVLdLQg LQ UegLRQV VXch WhaW WheUe LV a Pa[LPXP Rf 3 YaULaQWV LQ a 201bS ZLQdRZ;
Exonic regions, VLWeV ZheUe Whe IVR-SeT cRYeUage LV aW OeaVW 1; High read coverage, VLWeV ZheUe Whe VhRUW-Uead
cRYeUage LV aW OeaVW 20 aQd 72 fRU JXUNaW aQd WTC-11, UeVSecWLYeO\; Vee MeWhRdV fRU PRUe deWaLOV. (C) SchePaWLc
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ZLWh SURSRUWLRQ Rf UeadV WhaW cRQWaLQ LQWURQV (N-cLgaU UeadV) aW WZR dLffeUeQW YaULaQW VLWeV (Ued bR[eV). (D)
PUecLVLRQ-UecaOO cXUYeV; SRLQW VL]eV LQdLcaWe Whe fLOWeULQg WhUeVhROd fRU PLQLPXP Uead cRYeUage; daVhed OLQeV
UeSUeVeQW F1-VcRUeV. ³COaLU3-PL[´ deQRWeV XVLQg COaLU3 WR caOO SNPV aQd SNCR+fOagCRUUecWLRQ+COaLU3 WR caOO
LQdeOV. SNCR-SSOLWNCLgaUReadV; fC-fOagCRUUecWLRQ; DV-DeeSVaULaQW. (E,F) USSeW SORWV VhRZ Whe LQWeUVecWLRQ Rf
YaULaQWV caOOed b\ Whe SLSeOLQeV ZLWh Whe gURXQd WUXWh fRU JXUNaW (E)  aQd WTC-11 (F) daWaVeWV; VLWeV VhRZQ heUe
ZeUe fLOWeUed accRUdLQg WR a PLQLPXP IVR-SeT Uead cRYeUage Rf 30.

Ne[W, Ze eYaOXaWed Whe SeUfRUPaQce Rf COaLU3. SLPLOaUO\ WR Whe DeeSVaULaQW
cRPSaULVRQV, Ze cRPSaUed COaLU3¶V SeUfRUPaQce fURP XQPRdLfLed BAMV WR WhRVe VXbMecWed
WR SNCR aQd/RU fOagCRUUecWLRQ. FLg. S5 VhRZV Whe SeUfRUPaQce Rf COaLU3-baVed SLSeOLQeV
XVLQg YaULaQWV PeUged fURP bRWh SLOeXS aQd fXOO-aOLgQPeQW PRdeOV (UecRPPeQded b\ COaLU3¶V
deYeORSeUV [13]), aQd FLg. S6 VhRZV YaULaQWV caOOed RQO\ b\ Whe SLOeXS PRdeO. TheVe UeVXOWV
VhRZ WhaW Whe fXOO-aOLgQPeQW PRdeO cRXOd QRW accXUaWeO\ caOO YaULaQWV fURP OURNA-VeT daWa.
MRUeRYeU, aOWhRXgh SNCR+fOagCRUUecWLRQ+COaLU3 RQ Whe SLOeXS PRdeO LQcUeaVeV LQdeO caOOLQg
SUecLVLRQ ZhLOe PaLQWaLQLQg UecaOO cRPSaUed WR COaLU3 aORQe (FLg. S6), Whe fXOO-aOLgQPeQW
PRdeO caXVeV PaQ\ faOVe SRVLWLYeV (FPV). ThXV, Ze decLded WR e[cOXVLYeO\ XVe Whe SLOeXS
PRdeO WR caOO YaULaQWV fURP OURNA-VeT daWa, aQd aSSO\ WhLV VWUaWeg\ fRU aOO VXbVeTXeQW
aQaO\VeV heUe. UVLQg Whe SLOeXS PRdeO fRU SNP caOOLQg, SNCR+fOagCRUUecWLRQ+COaLU3
SUeVeQWed a VOLghWO\ hLgheU SUecLVLRQ bXW decUeaVed UecaOO. TheUefRUe, Ze VXggeVW XVLQg
SNCR+fOagCRUUecWLRQ+COaLU3 fRU LQdeOV aQd COaLU3 fRU SNPV, heUeafWeU UefeUUed WR aV
³COaLU3-PL[´.

UVLQg Whe VaPe VWUaWeg\, Ze cRPSaUed Whe SeUfRUPaQce Rf NaQRCaOOeU-baVed SLSeOLQeV.
NaQRCaOOeU aQd SNCR+fOagCRUUecWLRQ+NaQRCaOOeU geQeUaOO\ faLOed WR caOO YaULaQWV fURP
IVR-SeT daWa (UecaOO aSSUR[LPaWeO\ WR ]eUR); deVSLWe SNCR+NaQRCaOOeU VhRZLQg a hLgheU
UecaOO, LW LV VWLOO PXch ORZeU cRPSaUed WR Whe RWheU SLSeOLQeV (FLg. S7) aQd LV WheUefRUe OefW RXW
Rf VXbVeTXeQW cRPSaULVRQV.

TR cRPSaUe Whe SeUfRUPaQce Rf DeeSVaULaQW aQd COaLU3 ZLWh (SNCR+)GATK, Ze
VeOecWed Whe PRVW accXUaWe YeUVLRQ Rf WheLU SLSeOLQeV fRXQd VR faU. PUecLVLRQ-UecaOO cXUYeV aUe
VhRZQ LQ FLg. 1D, VSOLW b\ YaULaQW W\Se (LQdeO aQd SNP). FRU LQdeO caOOLQg,
SNCR+fOagCRUUecWLRQ+DeeSVaULaQW aQd COaLU3-PL[ ZeUe Whe beVW SLSeOLQeV (VLPLOaU F1
VcRUeV; Vee TabOe S1). HRZeYeU, Whe DeeSVaULaQW-baVed SLSeOLQe VhRZed hLgheU SUecLVLRQ,
ZhLOe COaLU3-PL[¶V UecaOO ZaV hLgheU. SNCR+GATK VhRZed YeU\ ORZ SUecLVLRQ WR caOO LQdeOV.
FRU SNP caOOLQg, aOO WhUee PeWhRdV VhRZed VLPLOaU SeUfRUPaQce aW hLgh cRYeUage, bXW
COaLU3-PL[ VhRZed ORZeU SUecLVLRQ aW ORZeU cRYeUage. TaNeQ WRgeWheU,
SNCR+fOagCRUUecWLRQ+DeeSVaULaQW ZaV Whe beVW SeUfRUPLQg SLSeOLQe. IQWeUVecWLRQV Rf Whe
caOOed YaULaQWV cRPSaUed WR Whe gURXQd WUXWh aUe VhRZQ LQ FLg. 1E-F. NRWabO\, PRVW Rf Whe
WUXe YaULaQWV ZeUe caOOed b\ aOO PeWhRdV (WUXe SRVLWLYeV, TPV); a cRQVLdeUabOe QXPbeU Rf
YaULaQWV ZeUe caOOed b\ COaLU3-PL[ aQd/RU SNCR+GATK, bXW ZeUe abVeQW fURP Whe gURXQd
WUXWh (FPV); PRVW FPV fURP SNCR+GATK aUe LQdeOV.

Ne[W, Ze LQYeVWLgaWed facWRUV WhaW LQfOXeQce Whe SeUfRUPaQce Rf YaULaQW caOOLQg
VSecLfLcaOO\ fURP OURNA-VeT daWa. VaULaQWV VLWXaWed cORVe WR VSOLce MXQcWLRQ bRXQdaULeV cRXOd
be PRUe chaOOeQgLQg WR deWecW, eVSecLaOO\ fRU YaULaQW caOOeUV WhaW SURceVV LPageV Rf
aOLgQPeQWV. ThXV, Ze deWeUPLQed YaULaQW caOOLQg SeUfRUPaQce accRUdLQg WR VSOLce MXQcWLRQ
SUR[LPLW\. FLg. 2A VhRZV Whe SUecLVLRQ, UecaOO, aQd F1 VcRUeV fRU SNP VLWeV ZLWh a PLQLPXP
IVR-SeT cRYeUage (20 UeadV RU PRUe). FRU a VLWe WR be cRQVLdeUed QeaU a VSOLce MXQcWLRQ, aW
OeaVW haOf Rf Whe UeadV WhaW cRQWaLQ Whe VLWe PXVW cRQWaLQ Whe VaPe VSOLce MXQcWLRQ aQd Whe VLWe
caQQRW be fXUWheU WhaQ 20 baVe SaLUV (bS) aZa\ fURP WhaW MXQcWLRQ. FRU SNP caOOV QeaU VSOLce
MXQcWLRQV, aOO SLSeOLQeV VhRZed a dURS LQ UecaOO bXW a VOLghW LQcUeaVe LQ SUecLVLRQ, LQdLcaWLQg
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WhaW YaULaQW caOOLQg ZaV PRUe cRQVeUYaWLYe QeaU MXQcWLRQV. HRZeYeU,
SNCR+fOagCRUUecWLRQ+DeeSVaULaQW WeQded WR QRW deWecW SNPV QeaU VSOLce MXQcWLRQV,
WheUefRUe VhRZLQg a cRQVLdeUabOe dURS LQ LWV F1 VcRUe. COaLU3-PL[ ZaV Whe OeaVW affecWed, ZLWh
QR aSSaUeQW chaQge LQ LWV F1 VcRUe. OQ Whe RWheU haQd, WR caOO LQdeOV QeaU VSOLce MXQcWLRQV, aOO
SLSeOLQeV VhRZed a VLPLOaU dURS LQ WheLU F1 VcRUeV (FLg. 2B). OYeUaOO, YaULaQW caOOLQg LV OeVV
UeOLabOe (eVSecLaOO\ fRU LQdeO caOOLQg) QeaU VSOLce MXQcWLRQV, ZhLch cRXOd be SaUWLaOO\ e[SOaLQed
b\ aOLgQPeQW LVVXeV QeaU VSOLce MXQcWLRQV dXe WR Whe SUeVeQce Rf WheVe YaULaQWV.

FLJ. 2 VaULaQW caOOLQg SeUfRUPaQce accRUdLQg WR VSOLce MXQcWLRQ SUR[LPLW\, hRPRSRO\PeUV RU aOOeOe-VSecLfLc
e[SUeVVLRQ. n LQdLcaWeV Whe QXPbeU Rf VLWeV XVed WR caOcXOaWe each SeUfRUPaQce PeaVXUe.
SNCR-SSOLWNCLgaUReadV; fC-fOagCRUUecWLRQ. IQ COaLU3-baVed SLSeOLQeV, RQO\ Whe SLOeXS PRdeO ZaV XVed.
PeUfRUPaQce PeaVXUeV fRU SNP (A) aQd LQdeO (B) caOOLQg Rf VLWeV faU fURP (No) aQd QeaU WR (Yes) VSOLce MXQcWLRQV
fRU daWaVeWV JXUNaW aQd WTC-11. (C) PeUfRUPaQce PeaVXUeV Rf LQdeO caOOLQg Rf VLWeV LQ QRQ-hRPRSRO\PeUV
(non-hp) aQd ZLWhLQ hRPRSRO\PeUV Rf VSecLfLed OeQgWh; UeVXOWV RQO\ fURP WTC-11 daWaVeW. (D) FN aQd TP UaWeV Rf
heWeUR]\gRXV SNP caOOLQg fURP VLWeV LQ aOOeOe-VSecLfLc e[SUeVVed (ASE) geQeV aQd QRQ-ASE geQeV; UeVXOWV RQO\
fURP WTC-11 daWaVeW; RQO\ VLWeV ZLWh RNA VhRUW-Uead cRYeUage Rf 40 aQd IVR-SeT Uead cRYeUage Rf 20 ZeUe
cRQVLdeUed.
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AQRWheU facWRU WhaW cRXOd LQfOXeQce YaULaQW caOOLQg LV Whe SUeVeQce Rf hRPRSRO\PeUV.
SLQce VeTXeQcLQg accXUac\ Rf ORQg-Uead SOaWfRUPV LV ORZeU LQ hRPRSRO\PeU-cRQWaLQLQg
UegLRQV [21], Ze eYaOXaWed PeWhRdV WR caOO LQdeOV ZLWhLQ VXch UegLRQV fURP Whe WTC-11
daWaVeW (JXUNaW daWaVeW QRW LQcOXded dXe WR ORZeU Uead cRYeUage). FLg. 2C VhRZV hRZ
SUecLVLRQ, UecaOO aQd F1 VcRUe YaU\ accRUdLQg WR Whe OeQgWh Rf hRPRSRO\PeU. UQVXUSULVLQgO\,
Whe SeUfRUPaQce Rf aOO SLSeOLQeV dURSSed aV Whe OeQgWh Rf hRPRSRO\PeU LQcUeaVed; WhLV dURS
ZaV VOLghWO\ VhaUSeU fRU LQVeUWLRQV.

SLQce RNA-VeT caQ RQO\ RbVeUYe e[SUeVVed YaULaQWV aQd VRPe geQeV e[SUeVV RQO\ RQe
aOOeOe (aOOeOe-VSecLfLc e[SUeVVLRQ; ASE), Ze h\SRWheVLVed WhaW YaULaQWV fURP ASE geQeV,
cRUUeVSRQdLQg WR Whe ORZeU abXQdaQce WUaQVcULSW, ZRXOd be cRUUeOaWed ZLWh a hLgheU faOVe
QegaWLYe (FN; L.e., aQ XQdeWecWed WUXe YaULaQW) UaWe. TR LQYeVWLgaWe WhLV, Ze XVed IOOXPLQa
RNA-VeT VhRUW UeadV RQ WTC-11 ceOOV WR caWegRULVe heWeUR]\gRXV SNPV LQ Whe gURXQd WUXWh
aV eLWheU ASE RU QRQ-ASE VLWeV (Vee MeWhRdV). FLg. 2D hLghOLghWV WhaW Whe SURSRUWLRQ Rf FN
WR TP caOOV LV hLgheU aW ASE geQeV cRPSaUed WR QRQ-ASE geQeV (chL-VTXaUed-WeVW Rf
LQdeSeQdeQce: S-YaOXe < 0.001). AV e[SecWed, geQeV e[SUeVVLQg a dRPLQaQW aOOeOe dR QRW
gLYe Whe RSSRUWXQLW\ WR RbVeUYe heWeUR]\gRXV VLWeV, aQd Pa\ Qeed WR be cRQVLdeUed LQ fXWXUe
ZRUNfORZV.

CRQcOXVLRQV

OXU cRPSaULVRQ Rf YaULaQW caOOLQg fURP OURNA-VeT daWa hLghOLghWV WhaW gaSSed
aOLgQPeQWV decUeaVe SeUfRUPaQce Rf VWaQdaUd WRROV, bXW afWeU aSSURSULaWe WUeaWPeQW Rf
aOLgQPeQWV aQd Uead fOagV, a hLgh SeUfRUPaQce caQ be UecRYeUed. IQ SaUWLcXOaU, Whe
SSOLWNCLgaUReadV aQd fOagCRUUecWLRQ fXQcWLRQV aV aSSOLed WR LQSXW BAM fLOeV eQabOe aQ
LQcUeaVe LQ UecaOO Rf DeeSVaULaQW aQd Whe SUecLVLRQ Rf COaLU3¶V SLOeXS PRdeO (fRU LQdeO caOOLQg);
COaLU3-PL[ aQd SNCR+fOagCRUUecWLRQ+DeeSVaULaQW aUe aPRQg Whe beVW-SeUfRUPLQg SLSeOLQeV
WR caOO LQdeOV, Whe fRUPeU haYLQg hLgheU UecaOO aQd Whe OaWWeU hLgheU SUecLVLRQ. FRU SNP caOOLQg,
SNCR+GATK, SNCR+fOagCRUUecWLRQ+DeeSVaULaQW aQd COaLU3-PL[ VhRZed VLPLOaU
SeUfRUPaQce, aOWhRXgh COaLU3-PL[ XQdeUSeUfRUPed aW ORZeU Uead cRYeUage. OXU UeVXOWV VhRZ
WhaW ZheQ YaULaQWV aUe QeaU VSOLce MXQcWLRQV, LQdeO caOOLQg ZaV OeVV UeOLabOe, aQd
SNCR+fOagCRUUecWLRQ+DeeSVaULaQW¶V UecaOO VWURQgO\ dURSV fRU SNP caOOLQg LQ VXch UegLRQV.
MRUeRYeU, Whe SeUfRUPaQce Rf aOO SLSeOLQeV dURSSed fRU LQdeOV ZLWhLQ hRPRSRO\PeU UegLRQV,
aQd Ze cRQfLUPed WhaW ASE geQeV aUe a bOLQd VSRW fRU RNA-VeT-baVed YaULaQW caOOLQg.

OYeUaOO, Ze haYe SURYLded LQVLghWV RQ hRZ WR caOO geQeWLc YaULaQWV fURP OURNA-VeT daWa,
aQd Ze cRQVWUXcWed a SLSeOLQe (hWWSV://gLWhXb.cRP/YOadLPLUVRX]a/OURNAVeTVaULaQWCaOOLQg) fRU
VXch aQaO\VeV, ZhLch VhRXOd aOVR ZRUN ZLWh O[fRUd NaQRSRUe OURNA-VeT daWa. ThLV ZRUN
VhRXOd be Rf UeOeYaQce fRU aSSOLcaWLRQV LQ geQRPLc PedLcLQe, LQ ZhLch YaULaQWV caQ be
deWecWed dLUecWO\ fURP OURNA-VeT daWa cROOecWed RQ SaWLeQWV. IW ZRXOd aOVR be Rf LQWeUeVW fRU
SURWeLQ SUedLcWLRQ ZRUNfORZV, VLQce geQeWLc YaULaQWV PXVW be WaNeQ LQWR accRXQW WR cRUUecWO\
SUedLcW ORFV aQd YaULaQW SURWeLQ VeTXeQceV.

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

The copyright holder for this preprintthis version posted March 9, 2022. ; https://doi.org/10.1101/2022.02.08.479579doi: bioRxiv preprint 

https://paperpile.com/c/0lMuEb/QmFZ
https://github.com/vladimirsouza/lrRNAseqVariantCalling/blob/main/flagCorrection.r
https://doi.org/10.1101/2022.02.08.479579
http://creativecommons.org/licenses/by/4.0/


MeWhRdV

PacBLR IVR-SeT daWaVeWV
PacBLR OURNA-VeT daWa (L.e., IVR-SeT) ZaV cROOecWed RQ bRWh JXUNaW aQd WTC-11 ceOO

OLQeV. JXUNaW RNA ZaV SURcXUed fURP APbLRQ (TheUPR, PN AM7858) aQd WTC-11 RNA ZaV
e[WUacWed fURP WTC-11 ceOOV (CRULeOO, GM25256). The RNA ZaV aQaO\]ed RQ a TheUPR
NaQRdURS UV-VLV aQd aQ AgLOeQW BLRaQaO\]eU WR cRQfLUP Whe RNA cRQceQWUaWLRQ aQd eQVXUe
RNA LQWegULW\. FURP Whe RNA, cDNA ZaV V\QWheVLVed XVLQg Whe NEB SLQgOe CeOO/LRZ IQSXW
cDNA S\QWheVLV aQd APSOLfLcaWLRQ MRdXOe (NeZ EQgOaQd BLROabV).

ASSUR[LPaWeO\ 300 Qg Rf JXUNaW cDNA RU WTC-11 cDNA ZaV cRQYeUWed LQWR a SMRTbeOO
OLbUaU\ XVLQg Whe IVR-SeT E[SUeVV KLW SMRT BeOO E[SUeVV TePSOaWe SUeS NLW 2.0 (PacLfLc
BLRVcLeQceV). ThLV SURWRcRO ePSOR\V bead-baVed VL]e VeOecWLRQ WR UePRYe ORZ PaVV cDNA,
VSecLfLcaOO\ XVLQg aQ 86:100 bead-WR-VaPSOe UaWLR (PURQe[ BeadV, PURPega). LLbUaU\
SUeSaUaWLRQV ZeUe SeUfRUPed LQ WechQLcaO dXSOLcaWe. We VeTXeQced each OLbUaU\ RQ a SMRT
ceOO RQ Whe SeTXeO II V\VWeP XVLQg SRO\PeUaVe Y2.1 ZLWh a ORadLQg cRQceQWUaWLRQ Rf 85SM. A
WZR-hRXU e[WeQVLRQ aQd 30 hRXU PRYLe cROOecWLRQ WLPe ZaV XVed fRU daWa cROOecWLRQ. The `ccV`
cRPPaQd fURP Whe PacBLR SMRTLLQN VXLWe (SMRTLLQN YeUVLRQ 9) ZaV XVed WR cRQYeUW UaZ
UeadV LQWR CLUcXOaU CRQVeQVXV SeTXeQce (CCS) UeadV. CCS UeadV ZLWh a PLQLPXP Rf WhUee
fXOO SaVVeV aQd a 99% PLQLPXP SUedLcWed accXUac\ (QV20) ZeUe NeSW fRU fXUWheU aQaO\VLV.

AOLgQLQg OURNA-VeT daWa WR a UefeUeQce geQRPe aQd BAM
PaQLSXOaWLRQ

FXOO-OeQgWh QRQ-cRQcaWePeUV (FLNC) UeadV ZeUe aOLgQed WR Whe hXPaQ geQRPe Rf
UefeUeQce GRCh38.S13 [22] XVLQg PLQLPaS2 [23] (2.17-U941), aQd QRQ-SULPaU\ (VecRQdaU\,
VXSSOePeQWaU\, aQd XQPaSSed) aOLgQPeQWV ZeUe dLVcaUded b\ VaPWRROV [24] (1.9); a
FLNC-aOLgQPeQW BAM fLOe ZaV geQeUaWed. We XVed Whe GATK (4.1.9.0) fXQcWLRQ
SSOLWNCLgaUReadV (SNCR) WR VSOLW UeadV aW LQWURQLc UegLRQV, geQeUaWLQg a VecRQd BAM fLOe.
We geQeUaWed a WhLUd BAM fLOe b\ cRUUecWLQg fOagV Rf Whe SNCR RXWSXW BAM ZLWh
fOagCRUUecWLRQ
(hWWSV://gLWhXb.cRP/YOadLPLUVRX]a/OURNAVeTVaULaQWCaOOLQg/bORb/PaLQ/fOagCRUUecWLRQ.U).

CaOOLQg YaULaQWV fURP OURNA-VeT ZLWh DeeSVaUaLQW

FURP Whe fOagCRUUecWLRQ RXWSXW BAM fLOe, geQRPLc YaULaQWV ZeUe caOOed b\ DeeSVaULaQW
(1.1.0), XVLQg Whe aUgXPeQW --PRGHOBW\SH PACBIO. VaULaQWV ZLWh a QUAL VcRUe ORZeU
WhaQ 15 ZeUe fLOWeUed RXW.
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CaOOLQg YaULaQWV fURP OURNA-VeT ZLWh COaLU3
FRU SNP caOOLQg, fURP Whe XQPaQLSXOaWed FLNC-aOLgQPeQW BAM fLOe, YaULaQWV ZeUe caOOed

b\ COaLU3 (Y0.1-U5), XVLQg Whe aUgXPeQW --SODWIRUP="KLIL" aQd Whe SUe-WUaLQed PRdeO
dRZQORaded fURP hWWS://ZZZ.bLR8.cV.hNX.hN/cOaLU3/cOaLU3_PRdeOV/cOaLU3_PRdeOV.WaU.g], aQd
VCFTRROV (0.1.16) ZaV XVed WR NeeS RQO\ SNPV. FRU LQdeO caOOLQg, fURP Whe fOagCRUUecWLRQ
RXWSXW BAM fLOe, COaLU3 ZaV UXQ LQ Whe VaPe Za\, aQd VCFTRROV ZaV XVed WR NeeS RQO\
LQdeOV. IQ bRWh caVeV, Ze cRQVLdeUed caOOV RQO\ fURP Whe SLOeXS PRdeO b\ XVLQg Whe RXWSXW fLOe
pileup.vcf.g]. The SNP- aQd LQdeO-RQO\ VCF fLOeV ZeUe cRQcaWeQaWed b\ bcfWRROV (1.9) cRQcaW.
FRU VLWeV WhaW cXOPLQaWed ZLWh WZR dLffeUeQW YaULaQWV (RQe SNP aQd RQe LQdeO), Ze XVed RXU
fXQcWLRQ UePRYeReSeaWedLRZeUQXaOSLWeV.U
(hWWSV://gLWhXb.cRP/YOadLPLUVRX]a/OURNAVeTVaULaQWCaOOLQg/bORb/PaLQ/WRROV/UePRYeReSeaWedL
RZeUQXaOSLWeV.U) WR UePRYe Whe YaULaQW ZLWh Whe ORZeVW TXaOLW\ (QUAL) YaOXe.

CaOOLQg YaULaQWV fURP OURNA-VeT ZLWh GATK
FURP Whe SNCR RXWSXW BAM fLOe, Uead gURXSV ZeUe added WR Whe BAM fLOe b\ PLcaUd [25]

AddOUReSOaceReadGURXSV fXQcWLRQ. SLPLOaUO\ WR VhRUW-Uead daWa, YaULaQWV ZeUe caOOed ZLWh
GATK¶V SLSeOLQe, ZhLch cRQVLVWed Rf Whe fROORZLQg VWeSV: geQeUaWLQg UecaOLbUaWLRQ WabOe fRU
baVe TXaOLW\ VcRUe UecaOLbUaWLRQ (BQSR) ZLWh BaVeRecaOLbUaWRU; aSSO\LQg BQSR ZLWh
ASSO\BQSR; YaULaQW caOOLQg ZLWh HaSORW\SeCaOOeU; cRQVROLdaWLQg aQd geQRW\SLQg geQRPLc
YaULaQW caOO fRUPaWV (GVCFV) ZLWh GeQRW\SeGVCFV; aQd PeUgLQg VcaWWeUed SheQRW\Se VCF
fLOeV ZLWh GaWheUVcfV. FRU YaULaQW-TXaOLW\ VcRUe UecaOLbUaWLRQ (VQSR) aQd fLOWeULQg, Whe GATK
SLSeOLQe XVed ZaV cRQVLVWed Rf Whe fROORZLQg: VQSR aQd aSSO\LQg UecaOLbUaWLRQ, bRWh fRU
SNPV aQd LQdeOV, ZLWh VaULaQWRecaOLbUaWRU aQd ASSO\VQSR, UeVSecWLYeO\.

GeQeUaWLQg Whe gURXQd WUXWh VCFV fRU JXUNaW aQd WTC-11
ceOOV

TR geQeUaWe Whe gURXQd WUXWh Rf SNPV aQd LQdeOV fURP JXUNaW ceOOV, WZR IOOXPLQa
VhRUW-Uead DNA VeTXeQcLQg daWaVeWV [26] ZeUe dRZQORaded LQ FASTQ fRUPaW. The UeadV
fURP bRWh daWaVeWV ZeUe aOLgQed WR Whe hXPaQ UefeUeQce geQRPe GRCh38.S13 ZLWh
BWA-MEM [27]. NRQ-SULPaU\ (VecRQdaU\ aQd VXSSOePeQWaU\) aOLgQPeQWV ZeUe dLVcaUded
aQd Whe WZR BAM fLOeV ZeUe PeUged b\ VaPWRROV. The VaPe Uead gURXS ZaV aVVLgQed WR aOO
UeadV Rf Whe PeUged BAM b\ PLcaUd AddOUReSOaceReadGURXSV. DXSOLcaWe UeadV ZeUe
PaUNed b\ VaPWRROV fL[PaWe fROORZed b\ VaPWRROV PaUNdXS. VaULaQWV ZeUe caOOed ZLWh
GATK¶V SLSeOLQe, ZhLch cRQVLVWV Rf: geQeUaWLQg UecaOLbUaWLRQ WabOe fRU baVe TXaOLW\ VcRUe
UecaOLbUaWLRQ (BQSR) ZLWh BaVeRecaOLbUaWRU; aSSO\LQg BQSR ZLWh ASSO\BQSR; YaULaQW caOOLQg
ZLWh HaSORW\SeCaOOeU, ZLWh SORLd\ SaUaPeWeU VeW WR dLSORLd; cRQVROLdaWLQg aQd geQRW\SLQg
geQRPLc YaULaQW caOO fRUPaWV (GVCFV) ZLWh GeQRW\SeGVCFV; aQd PeUgLQg VcaWWeUed
SheQRW\Se VCF fLOeV ZLWh GaWheUVcfV. FRU YaULaQW-TXaOLW\ VcRUe UecaOLbUaWLRQ (VQSR) aQd
fLOWeULQg, Whe GATK SLSeOLQe XVed ZaV cRQVLVWed Rf Whe fROORZLQg VWeSV: VQSR aQd aSSO\LQg
UecaOLbUaWLRQ, bRWh fRU SNPV aQd LQdeOV, ZLWh VaULaQWRecaOLbUaWRU aQd ASSO\VQSR,
UeVSecWLYeO\.
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The gURXQd WUXWh YaULaQWV fURP WTC-11 ceOOV (a VCF fLOe) ZaV dRZQORaded fURP Whe
AOOeQ IQVWLWXWe [28]. TR geQeUaWe WhLV VCF, 151 bS SaLUed-eQd UeadV, aW a PeaQ deSWh Rf 100X,
ZeUe aOLgQed WR GRCh38 XVLQg BWA-MEM (0.7.13). DXSOLcaWeV ZeUe PaUNed XVLQg PLcaUd
MaUNDXSOLcaWeV (2.3.0). The GATK¶V SLSeOLQe (3.5) XVed cRQVLVWed Rf Whe fROORZLQg VWeSV:
ORcaO UeaOLgQPeQW aURXQd LQdeOV; BQSR; YaULaQWV caOOLQg XVLQg HaSORW\SeCaOOeU; aQd fLOWeULQg
XVLQg VQSR. We NeSW RQO\ YaULaQWV fURP chURPRVRPeV chU1, «, chU22, chUX, aQd chUY.

SeOecWLQg hLgh cRQfLdeQW UegLRQV Rf Whe gURXQd WUXWh WR
cRPSaUe Whe PeWhRdV

SLQce Whe Uead cRYeUage Rf Whe JXUNaW VhRUW-Uead DNA-VeT daWa WhaW Ze XVed LV QRW hLgh
(RYeUaOO cRYeUage eTXaO WR 38[), RQO\ YaULaQWV UeVLdLQg LQ UegLRQV ZLWh VhRUW-Uead cRYeUage
hLgheU WhaQ 20 UeadV ZeUe cRQVLdeUed VR aV WR aYRLd SRWeQWLaO faOVe SRVLWLYeV (FPV) dXe WR
ORZ VhRUW-Uead cRYeUage. The YaULaQWV WhaW SaVVed WhLV cRYeUage fLOWeU ZeUe cRQVLdeUed WR be
Whe gURXQd WUXWh fRU Whe cRPSaULVRQV Rf YaULaQWV caOOed fURP IVR-SeT JXUNaW daWa.

TR aYRLd PaSSLQg/aVVePbO\ eUURUV (e.g., dXe WR SaUaORgRXV RU UeSeWLWLYe UegLRQV),
UegLRQV ZLWh VhRUW-Uead cRYeUage hLgheU WhaQ Whe 95Wh-SeUceQWLOe (98 UeadV) ZeUe aOVR
LgQRUed. MRUeRYeU, WR aYRLd RWheU SRRUO\-aOLgQed UegLRQV (e.g., caXVed b\ PLVVLQg UegLRQV Rf
Whe geQRPe) aQd afWeU VRPe PaQXaO LQYeVWLgaWLRQ RQ IGV WhaW hLghOLghWed VRPe
TXeVWLRQabOe aOLgQPeQWV, aQ\ 201bS ZLQdRZ WhaW cRQWaLQV PRUe WhaQ WhUee YaULaQWV ZaV
UePRYed. AQd fLQaOO\, RQO\ UegLRQV Rf Whe geQRPe WhaW had IVR-SeT cRYeUage >0 ZeUe
UeWaLQed.

FRU Whe WTC-11 cRPSaULVRQV, a VLPLOaU VWUaWeg\ ZaV XVed. BXW, VLQce Whe gURXQd-WUXWh
VCF fLOe ZaV geQeUaWed fURP hLgh-cRYeUage DNA-VeT daWaVeWV, Whe aUbLWUaU\ 20 UeadV aV
PLQLPXP cRYeUage ZaV QRW aSSOLed. IQVWead, Whe 5Wh-SeUceQWLOe (72 UeadV) ZaV XVed aV Whe
PLQLPXP Uead cRYeUage. The 95Wh-SeUceQWLOe (168 UeadV) ZaV Whe Pa[LPXP Uead cRYeUage.

IdeQWLf\LQg VLWeV WhaW cRPe fURP ASE geQeV
RNA IOOXPLQa UeadV fURP WTC-11 ceOOV ZeUe dRZQORaded fURP Whe NCBI SRUWaO [29],

LdeQWLfLeUV GSM5330767, GSM5330768, aQd GSM5330769; aQd aOVR fURP Whe ENCODE
SRUWaO [30], LdeQWLfLeUV ENCLB366GPZ, ENCLB122OCH, aQd ENCLB979NPE. STAR (2.7.0f)
[31] ZaV XVed WR aOLgQ Whe FASTQ fLOeV WR Whe geQRPe Rf UefeUeQce GRCh38.S13; VaPWRROV
(1.9) ZaV XVed WR UePRYe VecRQdaU\ aQd VXSSOePeQWaU\ aOLgQPeQWV. GATK¶V
ASEReadCRXQWeU fXQcWLRQ ZaV XVed WR caOcXOaWe Uead cRXQWV SeU aOOeOe Rf Whe VLWeV defLQed
b\ RXU gURXQd-WUXWh VCF fLOe fRU WTC-11. We LgQRUed VLWeV ZLWh RNA VhRUW-Uead aQd IVR-SeT
cRYeUage ORZeU WhaQ 40 aQd 20 UeadV, UeVSecWLYeO\. FURP Whe WabOe RXWSXW b\
ASEReadCRXQWeU, a chL-VTXaUed gRRdQeVV-Rf-fLW WeVW ZaV aSSOLed, LQdeSeQdeQWO\ fRU each
VLWe, WR WeVW eTXaO fUeTXeQcLeV Rf UefeUeQce aQd aOWeUQaWLYe aOOeOeV, aQd Whe S-YaOXeV ZeUe
cRUUecWed b\ Whe BeQMaPLQL-HRchbeUg PXOWLSOe WeVW cRUUecWLRQ. SLWeV ZLWh T-YaOXeV ORZeU WhaQ
0.05 ZeUe cRQVLdeUed ASE VLWeV.
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SeOecWLQg LQdeOV ZLWhLQ aQd RXWVLde hRPRSRO\PeU UeSeaWV
SLWeV ZLWh IVR-SeT cRYeUage ORZeU WhaQ 20 UeadV ZeUe fLOWeUed RXW. TR aYRLd

SRRUO\-aOLgQed UegLRQV Rf IVR-SeT UeadV, aQ\ 201bS ZLQdRZ WhaW cRQWaLQV PRUe WhaQ WhUee
YaULaQWV (caOOed b\ aQ\ WeVWed SLSeOLQe) ZaV UePRYed. TR aYRLd Whe LQfOXeQce Rf VSOLce
MXQcWLRQ SUR[LPLW\, RQO\ VLWeV fXUWheU WhaQ 20bS fURP aQ\ VSOLce MXQcWLRQ ZeUe cRQVLdeUed. TR
aYRLd aPbLgXLW\ LQ Whe cOaVVLfLcaWLRQ Rf YaULaQW W\SeV, heWeUR]\gRXV-aOWeUQaWLYe YaULaQWV ZeUe
fLOWeUed RXW.

DecOaUaWLRQV

EWhLcV aSSURYaO aQd cRQVeQW WR SaUWLcLSaWe
EWhLcV aSSURYaO LV QRW aSSOLcabOe WR WhLV ZRUN.

AYaLOabLOLW\ Rf daWa aQd PaWeULaOV
The cRde XVed fRU aOO aQaO\VeV SUeVeQWed LQ WhLV SaSeU, aORQg ZLWh fOagCRUUecWLRQ

fXQcWLRQ, aUe aYaLOabOe LQ Whe SXbOLc gLWhXb UeSRVLWRU\:
hWWSV://gLWhXb.cRP/YOadLPLUVRX]a/OURNAVeTVaULaQWCaOOLQg (VQaSVhRW Rf UeSRVLWRU\ aW
DOI:10.5281/]eQRdR.6242798). IPSRUWaQW fLOeV geQeUaWed fRU Whe aQaO\VLV aUe aYaLOabOe LQ a
SXbOLc ZeQRdR UeSRVLWRU\ (DOI: 10.5281/]eQRdR.6332914).

FRU aOO beQchPaUNLQg aQaO\VeV, VeYeUaO fXQcWLRQV ZeUe cUeaWed aQd aUe aYaLOabOe aV aQ
R SacNage LQ Whe SXbOLc UeSRVLWRU\ hWWSV://gLWhXb.cRP/YOadLPLUVRX]a/OURNAVeTBeQchPaUN
(VQaSVhRW aW DOI: 10.5281/]eQRdR.6210394).

CRPSeWLQg LQWeUeVWV
ET LV aQ ePSOR\ee Rf PacLfLc BLRVcLeQceV. AOO UePaLQLQg aXWhRUV decOaUe WhaW Whe\ haYe

QR cRPSeWLQg LQWeUeVWV.

FXQdLQg
MDR acNQRZOedgeV VXSSRUW fURP Whe UQLYeUVLW\ ReVeaUch PULRULW\ PURgUaP EYROXWLRQ LQ

AcWLRQ aW Whe UQLYeUVLW\ Rf ZXULch. GMS acNQRZOedgeV VXSSRUW fURP Whe NaWLRQaO IQVWLWXWeV Rf
HeaOWh (NIH) gUaQW R35GM142647. VBCS acNQRZOedgeV VXSSRUW fURP CRQVeOhR NacLRQaO de
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DeVeQYROYLPeQWR CLeQWtfLcR e TecQROygLcR. The fXQdeU SOa\ed QR UROe LQ Whe deVLgQ Rf WhLV
VWXd\ RU LQ LWV e[ecXWLRQ.

AXWhRUV' cRQWULbXWLRQV
VBCS, GS, ET, aQd MDR cRQceLYed Whe VWXd\. VBCS deVLgQed aQd LPSOePeQWed aOO

cRde, UaQ aOO daWa aQaO\VeV aQd ZURWe Whe PaQXVcULSW. BJ cRQWULbXWed cRde aQd LdeaV fRU Whe
aQaO\VeV. MDR, GS, aQd ET LQWeUSUeWed daWa aQd VXSeUYLVed aOO aQaO\VeV. GS, EAN, aQd
KKH cRQdXcWed e[SeULPeQWV aQd Pade JXUNaW aQd WTC-11 IVR-SeT daWa aYaLOabOe. AOO
aXWhRUV UeYLVed Whe PaQXVcULSW ZULWLQg aQd aSSURYed Whe fLQaO PaQXVcULSW.

AcNQRZOedgePeQWV
The ORQg-Uead VeTXeQcLQg ZaV SeUfRUPed aW Whe MaU\OaQd GeQRPLcV aW Whe UQLYeUVLW\

Rf MaU\OaQd IQVWLWXWe fRU GeQRPe ScLeQceV. We acNQRZOedge YaULRXV RRbLQVRQ Oab
PePbeUV fRU heOSfXO feedbacN RQ fLgXUeV aQd aQaO\VeV.
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