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AbVWUacW
IQWUiQVicall\ diVRUdeUed SURWeiQV aQd SURWeiQ UegiRQV make XS a VXbVWaQWial fUacWiRQ Rf maQ\
SURWeRmeV ZheUe Whe\ Sla\ a Zide YaUieW\ Rf eVVeQWial URleV. A cUiWical fiUVW VWeS iQ XQdeUVWaQdiQg
Whe URle Rf diVRUdeUed SURWeiQ UegiRQV iQ biRlRgical fXQcWiRQ iV WR ideQWif\ WhRVe diVRUdeUed UegiRQV
cRUUecWl\. CRmSXWaWiRQal meWhRdV fRU diVRUdeU SUedicWiRQ haYe emeUged aV a cRUe VeW Rf WRRlV WR
gXide e[SeUimeQWV, iQWeUSUeW UeVXlWV, aQd deYelRS h\SRWheVeV. GiYeQ Whe mXlWiSle diffeUeQW
SUedicWRUV aYailable, cRQVeQVXV VcRUeV haYe emeUged aV a SRSXlaU aSSURach WR miWigaWe biaVeV
RU limiWaWiRQV Rf aQ\ ViQgle meWhRd. CRQVeQVXV VcRUeV iQWegUaWe Whe RXWcRme Rf mXlWiSle
iQdeSeQdeQW diVRUdeU SUedicWRUV aQd SURYide a SeU-UeVidXe YalXe WhaW UeflecWV Whe QXmbeU Rf
WRRlV WhaW SUedicW a UeVidXe WR be diVRUdeUed. AlWhRXgh cRQVeQVXV VcRUeV helS miWigaWe Whe
iQheUeQW SURblemV Rf XViQg aQ\ ViQgle diVRUdeU SUedicWRU, Whe\ aUe cRmSXWaWiRQall\ e[SeQViYe WR
geQeUaWe. The\ alVR QeceVViWaWe Whe iQVWallaWiRQ Rf mXlWiSle diffeUeQW VRfWZaUe WRRlV, Zhich caQ be
SURhibiWiYel\ difficXlW. TR addUeVV WhiV challeQge, Ze deYelRSed a deeS-leaUQiQg-baVed SUedicWRU
Rf cRQVeQVXV diVRUdeU VcRUeV. OXU SUedicWRU, meWaSUedicW, XWili]eV a bidiUecWiRQal UecXUUeQW QeXUal
QeWZRUk WUaiQed RQ Whe cRQVeQVXV diVRUdeU VcRUeV fURm 12 SURWeRmeV. B\ beQchmaUkiQg
meWaSUedicW XViQg WZR RUWhRgRQal aSSURacheV, Ze fRXQd WhaW meWaSUedicW iV amRQg Whe mRVW
accXUaWe diVRUdeU SUedicWRUV cXUUeQWl\ aYailable. MeWaSUedicW iV alVR UemaUkabl\ faVW, eQabliQg
SURWeRme-Vcale diVRUdeU SUedicWiRQ iQ miQXWeV. MeWaSUedicW iV fXll\ RSeQ VRXUce aQd iV
diVWUibXWed aV a P\WhRQ Sackage, a cRllecWiRQ Rf cRmmaQd-liQe WRRlV, aQd a Zeb VeUYeU. We
belieYe meWaSUedicW RffeUV a cRQYeQieQW, acceVVible, accXUaWe, aQd high-SeUfRUmaQce SUedicWRU
fRU ViQgle-SURWeiQV aQd SURWeRmeV alike.
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IQWURdXcWLRQ

While iW iV RfWeQ cRQYeQieQW WR cRQVideU SURWeiQV aV QaQRVcRSic mRlecXlaU machiQeV, VXch a
deVcUiSWiRQ beWUa\V maQ\ Rf WheiU fXQcWiRQall\ cUiWical feaWXUeV (1±3). AV aQ e[WUeme e[amSle,
iQWUiQVicall\ diVRUdeUed SURWeiQV aQd SURWeiQ UegiRQV (cRllecWiYel\ UefeUUed WR aV IDRV) dR QRW
adRSW a fi[ed WhUee-dimeQViRQal cRQfRUmaWiRQ (4±8). RaWheU, IDRV e[iVW iQ aQ eQVemble Rf
diffeUeQW cRQfRUmaWiRQV WhaW aUe iQ e[chaQge ZiWh RQe aQRWheU (9±11). DeVSiWe Whe abVeQce Rf a
Zell-defiQed VWUXcWXUed VWaWe, IDRV aUe iQWegUal WR maQ\ imSRUWaQW biRlRgical SURceVVeV (12, 13).
AV a UeVXlW, WheUe iV a gURZiQg aSSUeciaWiRQ fRU Whe imSRUWaQce Rf diVRUdeUed UegiRQV acURVV Whe
WhUee kiQgdRmV Rf life (6, 12, 14, 15).

A ke\ fiUVW VWeS iQ e[SlRUiQg Whe URle Rf diVRUdeU iQ biRlRgical fXQcWiRQ iV Whe ideQWificaWiRQ Rf
diVRUdeUed UegiRQV. While IDRV caQ be fRUmall\ ideQWified b\ YaUiRXV biRSh\Vical meWhRdV
(iQclXdiQg QXcleaU magQeWic UeVRQaQce VSecWURVcRS\, ciUcXlaU dichURiVm, RU ViQgle-mRlecXle
VSecWURVcRS\) WheVe WechQiTXeV caQ be challeQgiQg aQd aUe geQeUall\ lRZ WhURXghSXW (16±18).
AV imSlied b\ Whe Qame, Whe ³iQWUiQVicall\´ diVRUdeUed QaWXUe Rf IDRV UeflecWV Whe facW WhaW WheVe
SURWeiQ UegiRQV aUe XQable WR fRld iQWR a Zell-defiQed WeUWiaU\ VWUXcWXUe iQ iVRlaWiRQ. ThiV iV iQ
cRQWUaVW WR fRlded UegiRQV, Zhich XQdeU aSSURSUiaWe VRlXWiRQ cRQdiWiRQV adRSW macURVcRSicall\
VimilaU WhUee-dimeQViRQal VWUXcWXUeV (19±21). The cRmSle[iWieV Rf meWaVWabiliW\ iQ SURWeiQ fRldiQg
QRWZiWhVWaQdiQg, WhiV defiQiWiRQ imSlieV WhaW WhiV iQWUiQVic abiliW\ WR fRld (RU QRW fRld) iV eQcRded iQ
Whe SUimaU\ amiQR acid VeTXeQce (22±24). AV VXch, iW VhRXld be SRVVible WR deliQeaWe beWZeeQ
fRlded aQd diVRUdeUed UegiRQV baVed VRlel\ RQ amiQR acid VeTXeQce.

The SUedicWiRQ Rf SURWeiQ diVRUdeU fURm amiQR acid VeTXeQce haV UeceiYed cRQVideUable
aWWeQWiRQ fRU RYeU WZeQW\ \eaUV, dUiYeQ b\ SiRQeeUiQg eaUl\ ZRUk b\ DXQkeU eW aO. (6±8, 25, 26).
SiQce WhRVe RUigiQal biRiQfRUmaWicV WRRlV, a Zide UaQge Rf diVRUdeU SUedicWRUV haYe emeUged
(27±30). AccXUaWe diVRUdeU SUedicWRUV RffeU aQ aSSURach WR gXide e[SeUimeQWal deVigQ, iQWeUSUeW
daWa, aQd bXild WeVWable h\SRWheVeV. AV VXch, Whe aSSlicaWiRQ Rf diVRUdeU SUedicWRUV WR aVVeVV
SUedicWed SURWeiQ VWUXcWXUe haV becRme a UelaWiYel\ VWaQdaUd W\Se Rf aQal\ViV, alWhRXgh Whe
VSecific SUedicWRU XVed YaUieV deSeQdiQg RQ aYailabiliW\, VimSliciW\, aQd VcRSe Rf Whe TXeVWiRQ.

TheUe aUe cXUUeQWl\ maQ\ diVRUdeU SUedicWRUV WhaW aSSl\ diffeUeQW aSSURacheV WR SUedicW SURWeiQ
diVRUdeU. TheVe UaQge fURm VWaWiVWical aSSURacheV baVed RQ VWUXcWXUal daWa fURm Whe SURWeiQ daWa
baQk, WR biRSh\Vical meWhRdV WhaW cRQVideU lRcal µfRldabiliW\¶, WR machiQe leaUQiQg-baVed
algRUiWhmV WUaiQed RQ e[SeUimeQWall\ deWeUmiQed diVRUdeUed VeTXeQceV (31±38). HRZeYeU,
XViQg aQ\ iQdiYidXal SUedicWRU caQ be SURblemaWic; each SUedicWRU haV VSecific biaVeV aQd
ZeakQeVVeV iQ iWV caSaciW\ WR accXUaWel\ SUedicW SURWeiQ diVRUdeU, Zhich caQ iQWURdXce V\VWemaWic
biaVeV iQWR laUge-Vcale diVRUdeU aVVeVVmeQW (39). AV VXch, aQ alWeUQaWiYe VWUaWeg\ iQ Zhich
maQ\ diffeUeQW SUedicWRUV aUe cRmbiQed WR RffeU a cRQVeQVXV diVRUdeU VcRUe haV emeUged aV a
SRSXlaU alWeUQaWiYe WR Uel\iQg RQ aQ\ VSecific SUedicWRU (40±44). CRQVeQVXV VcRUeV UeSRUW Whe
fUacWiRQ Rf iQdeSeQdeQW diVRUdeU SUedicWRUV WhaW ZRXld SUedicW a giYeQ UeVidXe aV diVRUdeUed - fRU
e[amSle, a VcRUe Rf 0.5 UeSRUWV WhaW 50% Rf SUedicWRUV SUedicW WhaW UeVidXe WR be diVRUdeUed.
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While XViQg cRQVeQVXV VcRUeV miWigaWeV Whe limiWaWiRQV Rf aQ\ ViQgle SUedicWRU, calcXlaWiQg
cRQVeQVXV VcRUeV iV cRmSXWaWiRQall\ e[SeQViYe. OQ a SUacWical leYel, Whe iQVWallaWiRQ aQd
RSeUaWiRQ Rf maQ\ diVRUdeU SUedicWRUV haV VSecific aQd RfWeQ cRmSlicaWed UeTXiUemeQWV, each Rf
Zhich ma\ alVR be RSeUaWiQg V\VWem VSecific. ThiV UaiVeV a VigQificaQW baUUieU WR cRmSXWaWiRQal
aQd QRQ-cRmSXWaWiRQal VcieQWiVWV alike. TR alleYiaWe WhiV challeQge, cRQVeQVXV diVRUdeU VcRUeV
caQ be SUecRmSXWed aQd held iQ RQliQe-acceVVible daWabaVeV (42, 45±47). While SUecRmSXWed
VcRUeV aUe aQ iQYalXable UeVRXUce WR Whe VcieQWific cRmmXQiW\, Whe\ aUe limiWed WR a VeW Rf VSecific
SURWeiQ VeTXeQceV. ThiV UaiVeV a challeQge - Zhile cRQVeQVXV VcRUeV aUe a cRQYeQieQW meaQV
b\ Zhich WR e[SlRUe SURWeiQ diVRUdeU, WheiU aSSlicaWiRQ iV limiWed WR a Vmall VXbVeW Rf SRVVible
VeTXeQceV. FXUWheUmRUe, RbWaiQiQg, maQagiQg, aQd aQal\]iQg laUge daWaVeWV Rf SUecRmSXWed
cRQVeQVXV SUedicWiRQV caQ be a daXQWiQg WaVk, eVSeciall\ if RQl\ a VXbVeW Rf VeTXeQceV aUe Rf
iQWeUeVW.

TR addUeVV WheVe challeQgeV Ze haYe deYelRSed a faVW, accXUaWe, aQd VimSle-WR-XVe deeS
leaUQiQg-baVed diVRUdeU SUedicWRU WUaiQed RQ SUe-cRmSXWed cRQVeQVXV VcRUeV fURm a UaQge Rf
RUgaQiVmV. OXU UeVXlWiQg SUedicWRU, meWaSUedicW, iV SlaWfRUm agQRVWic, VimSle WR iQVWall, aQd
XVable aV bRWh a P\WhRQ mRdXle aQd a VWaQd-alRQe cRmmaQd-liQe WRRl. IQ addiWiRQ, meWaSUedicW
iV imSlemeQWed iQ a VWaQd-alRQe Zeb VeUYeU, aSSURSUiaWe fRU iQdiYidXal VeTXeQceV. MeWaSUedicW
accXUaWel\ UeSURdXceV cRQVeQVXV diVRUdeU VcRUeV aQd iV VXfficieQWl\ faVW WhaW fRU mRVW
biRiQfRUmaWicV SiSeliQeV, SUecRmSXWaWiRQ Rf diVRUdeU iV QR lRQgeU QeceVVaU\, aQd diVRUdeU caQ be
cRmSXWed iQ Ueal-Wime aV aQal\ViV iV SeUfRUmed. TakeQ WRgeWheU, meWaSUedicW RffeUV a lighWZeighW,
accXUaWe, aQd high-SeUfRUmaQce diVRUdeU SUedicWRU WhaW caQ be Ueadil\ iQWegUaWed iQWR e[iVWiQg
ZRUkflRZV.
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MaWeULaOV aQd MeWKRdV

TUaLQLQJ PeWaSUedLcW XVLQJ PARROT
TR cUeaWe meWaSUedicW, Ze WUaiQed a bidiUecWiRQal UecXUUeQW QeXUal QeWZRUk (BRNN) RQ Whe
diVRUdeU cRQVeQVXV VcRUeV fURm Whe MRbiDB daWabaVe fRU each UeVidXe fRU all Rf Whe SURWeiQV iQ
12 SURWeRmeV (FLJXUe 1) (48). The eighW diVRUdeU SUedicWRUV XVed WR geQeUaWe Whe cRQVeQVXV
VcRUeV iQ Whe MRbiDB daWabaVe ZeUe IUPUed VhRUW (34), IUPUed lRQg (34), ESSiUiW] (DiVPURW,
NMR, aQd X-Ua\) (31), DiVEMBL 465 (28), DiVEMBL hRW lRRSV (28), aQd GlRbPlRW (49). FRU
WUaiQiQg, Ze XVed Whe geQeUal-SXUSRVe deeS leaUQiQg WRRlkiW PARROT WR WUaiQ a LRQg ShRUW-TeUm
MemRU\ (LSTM) BRNN (50). PARROT RffeUV a geQeUal fle[ible fUameZRUk fRU Whe deYelRSmeQW
aQd WUaiQiQg Rf deeS-leaUQiQg-baVed SUedicWRUV fRU VeTXeQce daWa.

FLJXUe 1. OYeUYLeZ RI PeWaSUedLcW. CRQVeQVXV VcRUeV aUe WakeQ fURm 420,660 SURWeiQV diVWUibXWed
acURVV 12 SURWeRmeV. MeWaSUedicW ZaV deYelRSed b\ WUaiQiQg a BRNN RQ WhiV daWa, leadiQg WR a VeW Rf
QeWZRUk ZeighWV WhaW allRZ Whe SUedicWiRQ Rf aQ\ SRVVible cRQVeQVXV VeTXeQce VcRUe.

SSecificall\, Ze XVed PARROT ZiWh VlighW mRdificaWiRQV WR Whe defaXlW VeWWiQgV (50). We VeW Whe
QXmbeU Rf WUaiQiQg eSRchV, Zhich defiQeV Whe QXmbeU Rf WimeV Whe cRmSleWe daWaVeW iV aVVeVVed
aQd XVed WR XSdaWe Whe QeWZRUk SaUameWeUV, WR 100. IQcUeaViQg Whe QXmbeU Rf eSRchV fXUWheU
gaYe a Qegligible imSURYemeQW iQ SeUfRUmaQce. The PARROT daWa W\Se ZaV VeW WR µUeVidXeV¶
aQd Whe QXmbeU Rf claVVeV ZaV VeW WR µ1¶ (fRU UegUeVViRQ). The leaUQiQg UaWe (--leaUQiQg-UaWe),
Zhich iV a SaUameWeU WhaW alWeUV Whe UaWe WhaW Whe mRdel XSdaWeV ZeighWV afWeU each URXQd Rf
back-SURSagaWiRQ, ZaV VeW WR 0.001. The QXmbeU Rf la\eUV (--QXm-la\eUV), Zhich iV Whe QXmbeU
Rf la\eUV iQ Whe QeWZRUk beWZeeQ Whe iQSXW la\eU aQd Whe RXWSXW la\eU, ZaV VeW WR 1. The hiddeQ
YecWRU Vi]e (--hiddeQ-Vi]e), Zhich iV Whe Vi]e Rf hiddeQ YecWRUV ZiWhiQ Whe BRNN, ZaV VeW WR 5.
The baWch Vi]e (--baWch), Zhich iV Whe QXmbeU Rf VeTXeQceV SURceVVed aW Whe Vame Wime, ZaV
VeW WR 32. FRU WUaiQiQg, YalidaWiRQ, aQd WeVWiQg, 70% Rf Whe daWa ZaV XVed fRU WUaiQiQg, 15% Rf Whe
daWa ZaV XVed fRU YalidaWiRQ, aQd 15% Rf Whe daWa ZaV XVed fRU WeVWiQg.

The SURWeRmeV fRU Zhich cRQVeQVXV diVRUdeU VcRUeV ZeUe aYailable aW Whe Wime Rf WUaiQiQg ZeUe:
DaQiR UeUiR (UP000000437, 43,841 SURWeiQV), GaOOXV gaOOXV (UP000000539, 25,238), MXV
PXVcXOXV (UP000000589, 44,470 SURWeiQV), DURVRShiOa PeOaQRgaVWeU (UP000000803, 21,114
SURWeiQV), DicW\RVWeOiXP diVcRideXP (UP000002195, 12,733 SURWeiQV), CaQiV OXSXV faPiOiaUiV
(UP000002254, 45,089 SURWeiQV), SacchaURP\ceV ceUeYiViae (UP000002311, 6,049 SURWeiQV),

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

The copyright holder for this preprint (whichthis version posted May 30, 2021. ; https://doi.org/10.1101/2021.05.30.446349doi: bioRxiv preprint 

https://paperpile.com/c/TUuSUu/bME8
https://paperpile.com/c/TUuSUu/x8GC
https://paperpile.com/c/TUuSUu/x8GC
https://paperpile.com/c/TUuSUu/GEaz
https://paperpile.com/c/TUuSUu/WfLB
https://paperpile.com/c/TUuSUu/WfLB
https://paperpile.com/c/TUuSUu/G9xf
https://paperpile.com/c/TUuSUu/B3Y3
https://paperpile.com/c/TUuSUu/B3Y3
https://doi.org/10.1101/2021.05.30.446349
http://creativecommons.org/licenses/by-nc-nd/4.0/


RaWWXV QRUYegicXV (UP000002494, 29,090 SURWeiQV), HRPR VaSieQV (UP000005640, 66,835),
AUabidRSViV WhaOiaQa (UP000006548, 39,342 SURWeiQV), SXV VcURfa (UP000008227, 49,792
SURWeiQV), aQd BRV WaXUXV (UP000009136, 37,367 SURWeiQV). TheVe QXmbeUV UeflecW SURWeiQ
VeTXeQceV cRmSRVed Rf Whe 20 VWaQdaUd amiQR acidV RQl\. CURVV-UefeUeQciQg Whe WUaiQiQg
daWaVeW (70% Rf Whe WRWal VeTXeQceV) WakeQ fURm WheVe SURWeRmeV agaiQVW Whe aVVeVVmeQW
daWabaVeV XVed (CheZOD aQd CAID) ideQWified 28/116 fURm CheZOD aQd 451/652 fURm CAID
daWabaVeV iQ a WRWal WUaiQiQg VeW Rf a295,000 VeTXeQceV. TheVe SURWeRmeV aQd Whe aVVRciaWed
cRQVeQVXV diVRUdeU VcRUeV ZeUe RbWaiQed fURm MRbiDB, bXW ZeUe RUigiQall\ cXUaWed b\ UQiPURW
(42, 51, 52).

TR deWeUmiQe Whe RSWimal WhUeVhRld XVed WR deliQeaWe diVRUdeUed aQd RUdeUed UegiRQV, Ze
V\VWemaWicall\ YaUied Whe cXWRff VcRUe XVed WR ideQWif\ IDRV (SXSSOePeQWaO FLJXUeV 1-4). ThiV
aQal\ViV UeYealed WhaW a UelaWiYel\ bURad UaQge Rf cXWRffV (beWZeeQ 0.2 aQd 0.4) gaYe aQ
aSSUR[imaWel\ eTXiYaleQW SeUfRUmaQce, VXch WhaW a cXWRff Rf 0.3 RffeUed a gRRd balaQce beWZeeQ
WUXe SRViWiYeV aQd falVe QegaWiYeV. AV VXch, IDRV ideQWified b\ meWaSUedicW ZiWh Whe defaXlW
VeWWiQg caQ be WUeaWed aV UelaWiYel\ high-cRQfideQce, aW Whe e[SeQVe Rf miVViQg VRme cU\SWic
diVRUdeUed UegiRQV.

EYaOXaWLQJ PeWaSUedLcW
EYalXaWiRQV aQd daWaVeWV fRU Whe CheZOD VcRUe aQal\ViV (116 VeTXeQceV) caQ be fRXQd iQ (53).
EYalXaWiRQV aQd daWaVeWV fRU Whe CUiWical AVVeVVmeQW Rf SURWeiQ IQWUiQVic DiVRUdeU SUedicWiRQ
(CAID) aQal\ViV (652 VeTXeQceV) caQ be fRXQd iQ (27). FRU cRQYeQieQce, all VeTXeQceV aQd
VcRUeV XVed aUe alVR SURYided aW hWWSV://giWhXb.cRm/hRlehRXVe-lab/VXSSRUWiQgdaWa/. DeWailV RQ
UeVXlWV iQclXdiQg addiWiRQal VWaWiVWical aQal\VeV aQd Whe UaZ SeUfRUmaQce VcRUeV fRU each
SUedicWRU WhaW ZaV XVed fRU cRmSaUiVRQV WR meWaSUedicW caQ be fRXQd iQ SXSSOePeQWaO FLOe 1.

SWaWLVWLcaO aQaO\VLV
SWaWiVWical aQal\ViV aQd SUedicWRU eYalXaWiRQ ZaV caUUied RXW fRllRZiQg Whe SURWRcRlV deVcUibed
SUeYiRXVl\ aQd UeSURdXced heUe fRU cRmSleWeQeVV (27, 53). PUedicWRU eYalXaWiRQ iV SeUfRUmed Yia
Whe PeaUVRQ¶V CRUUelaWiRQ cRefficieQW (RS), Whe MaWWheZ¶V CRUUelaWiRQ CRefficieQW (MCC), aQd Whe
F1-VcRUe.

The PeaUVRQ¶V CRUUelaWiRQ CRefficieQW (RS) iV calcXlaWed aV,

(ET. 1)𝑅
𝑝

ࡧ
∑ഉա

𝑖
աࡡ

𝑎
ഊഉբ

𝑖
բࡡ

𝑎
ഊ

∑ഉա
𝑖
աࡡ

𝑎
ഊ2 ∑ഉբ

𝑖
բࡡ

𝑎
ഊ2

ZheUe [i iV Whe YalXe Rf Whe cXUUeQW SUedicWed diVRUdeU YalXe fRU a UeVidXe iQ a VeTXeQce, [a iV Whe
meaQ SUedicWed diVRUdeU YalXe fRU Whe UeVidXeV iQ a VeTXeQce, \i iV Whe acWXal diVRUdeU YalXe
(VSecificall\ Whe CheZOD VcRUe) Rf Whe cXUUeQW UeVidXe, aQd \a iV Whe meaQ acWXal diVRUdeU YalXe.

The MaWWheZ¶V CRUUelaWiRQ CRefficieQW (MCC) iV calcXlaWed aV,
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(ET. 2)𝑀𝐶𝐶 ࡧ ഉ𝑇𝑃ࡣ 𝑇𝑁ഊ ࡡ ഉ𝐹𝑃ࡣ 𝐹𝑁ഊ

ഉ𝑇𝑃ࡠ 𝐹𝑃ഊࡣഉ𝑇𝑁 ࡠ 𝐹𝑃ഊࡣഉ𝑇𝑃ࡠ𝐹𝑁ഊࡣഉ𝑇𝑁 ࡠ 𝐹𝑁ഊ

WheUe WUXe SRViWiYeV (TP) aUe Whe QXmbeU Rf WimeV a diVRUdeU SUedicWRU SUedicWV a diVRUdeUed
UeVidXe WR be diVRUdeUed, WUXe QegaWiYeV (TN) aUe Whe QXmbeU Rf WimeV a SUedicWRU dReV QRW
SUedicW VRmeWhiQg WR be diVRUdeUed ZheQ iW iV QRW diVRUdeUed, falVe SRViWiYeV (FP) aUe Whe
QXmbeU Rf WimeV a SUedicWRU SUedicWV a UeVidXe WR be diVRUdeUed ZheQ iW iV iQ facW QRW diVRUdeUed,
aQd falVe QegaWiYeV (FN) aUe Whe QXmbeU Rf WimeV a SUedicWRU SUedicWV a UeVidXe WR QRW be
diVRUdeUed ZheQ iW iV iQ facW diVRUdeUed.

FiQall\, Whe F1-VcRUe iV calcXlaWed aV

F1-VcoUe = (ET. 3)𝑇𝑃
𝑇𝑃 ࡠ ഉ0.5 ࡣ ഉ𝐹𝑃 ࡠ 𝐹𝑁ഊഊ

WheUe TP, FP, aQd FN aUe defiQed aV deVcUibed abRYe.

IPSOePeQWaWLRQ
meWaSUedicW iV ZUiWWeQ iQ P\WhRQ 3.7+ aQd XVeV P\TRUch, ZiWh Whe iQiWial QeWZRUk WUaiQed XViQg
PARROT (50, 54).

UVaJe aQd IeaWXUeV
meWaSUedicW iV RffeUed iQ WhUee diVWiQcW fRUmaWV. AV a dRZQlRadable Sackage, iW caQ be XVed
eiWheU aV Yia a VeW Rf cRmmaQd-liQe WRRlV RU aV a P\WhRQ mRdXle. CRmmaQd-liQe SUedicWiRQV
iQclXde fXQcWiRQaliW\ WR diUecWl\ SUedicW diVRUdeU fURm a UQiPURW acceVViRQ, VaYe diVRUdeU VcRUeV
aV a We[W file, aQd SUedicW diVRUdeU fRU mXlWiSle VeTXeQceV ZiWhiQ a FASTA file. The P\WhRQ
mRdXle iQclXdeV Whe abiliW\ WR SUedicW SeU-UeVidXe cRQVeQVXV diVRUdeU VcRUeV RU deliQeaWe
cRQWiQXRXV IDRV. CRmSleWe dRcXmeQWaWiRQ iV aYailable aW hWWS://meWaSUedicW.UeadWhedRcV.iR/. IQ
addiWiRQ, Ze RffeU a Zeb VeUYeU aSSURSUiaWe fRU iQdiYidXal SURWeiQ VeTXeQceV, Zhich iV aYailable
aW hWWS://meWaSUedicW.QeW.

PeUIRUPaQce
OQ all haUdZaUe WeVWed, meWaSUedicW RbWaiQed SUedicWiRQ UaWeV Rf a8,000 WR 12,000 UeVidXeV SeU
VecRQd. AW WhiV SeUfRUmaQce, a ViQgle 300-UeVidXe SURWeiQ WakeV beWZeeQ 20-30 mV, aQd Whe
cRmSleWe SUedicWiRQ Rf all IDRV acURVV Whe UeYieZed hXmaQ SURWeRme (20,396 VeTXeQceV) WakeV
aSSUR[imaWel\ 21 miQXWeV ZiWh aQ aYeUage SeUfRUmaQce Rf a9,000 UeVidXeV SeU VecRQd.
ImSRUWaQWl\ aQd XQlike VRme RWheU SUedicWRUV, Whe cRmSXWaWiRQal cRVW VcaleV liQeaUl\ ZiWh
VeTXeQce leQgWh (SXSSOePeQWaO ILJXUe 5) (55). FRU UefeUeQce, diVRUdeU SUedicWiRQ fRU Whe
cRmSleWe CAID daWaVeW WakeV a30 VecRQdV.
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ReVXOWV

ASSURacKeV WR eYaOXaWLQJ PeWaSUedLcW
GiYeQ Whe laUge QXmbeU Rf SURWeiQ diVRUdeU SUedicWRUV aYailable, mXlWiSle gURXSV haYe
iQYeVWigaWed diffeUeQW aSSURacheV b\ Zhich WR meaVXUe WheiU accXUac\ (27, 53, 56, 57). HeUe, Ze
XVed meWUicV fURm WZR UeceQW VWXdieV, allRZiQg XV WR cRmSaUe diUecWl\ ZiWh maQ\ SUeYiRXVl\
eYalXaWed SUedicWRUV.

The fiUVW aSSURach made XVe Rf daWa RbWaiQed fURm QXcleaU magQeWic UeVRQaQce (NMR)
VSecWURVcRS\, VSecificall\ a meWUic UefeUUed WR aV Whe Chemical VhifW Z-VcRUe fRU aVVeVViQg
OUdeU/DiVRUdeU (CheZOD) VcRUe (53). The CheZOD VcRUe deVcUibeV hRZ faU Whe meaVXUed
chemical VhifW Rf a giYeQ UeVidXe deYiaWeV fURm Whe e[SecWed UaQdRm cRil chemical VhifWV. AV a
UeVXlW, CheZOD RffeUV a cRQWiQXRXV VcRUe aW Whe UeVRlXWiRQ Rf iQdiYidXal UeVidXeV (53).

The VecRQd aSSURach aVVeVVed hRZ Zell YaUiRXV diVRUdeU SUedicWRUV ZeUe able WR SUedicW Whe
diVRUdeU Rf SURWeiQV fURm Whe DiVPURW daWabaVe (27, 58). IQ WhiV aSSURach, UegiRQV deSRViWed iQ
Whe DiVPURW daWabaVe ZeUe cRQVideUed WUXe SRViWiYeV, SURYidiQg a VimSle WeVW VeW agaiQVW Zhich
diVRUdeU SUedicWRUV cRXld be eYalXaWed.

EYaOXaWLQJ PeWaSUedLcW XVLQJ CKeZOD VcRUeV
TR eYalXaWe meWaSUedicW XViQg Whe CheZOD Z-VcRUeV, Ze caUUied RXW Whe Vame aQal\VeV WhaW
had SUeYiRXVl\ beeQ dRQe WR e[amiQe RWheU SUedicWRUV XViQg Whe Vame VeW Rf SURWeiQV aV iQ (53).
IQ WheVe aQal\VeV, Whe aXWhRUV e[amiQed hRZ Whe cRQWiQXRXV SURbabiliW\ YalXeV Rf Whe SUedicWRUV
cRUUelaWed ZiWh Whe cRQWiQXRXV YalXeV Rf Whe Z-VcRUeV XViQg Whe PeaUVRQ cRUUelaWiRQ cRefficieQW
(ET. 1). BecaXVe Whe CheZOD Z-VcRUeV iQcUeaVe ZiWh RUdeU aQd decUeaVe ZiWh diVRUdeU, a VcRUe
Rf -1 fRU a diVRUdeU SUedicWRU ZRXld meaQ WhaW iW haV a SeUfecW cRUUelaWiRQ ZiWh Whe Z-VcRUeV, aQd
0 ZRXld meaQ WhaW WheUe iV QR cRUUelaWiRQ. AV VXch, Whe UeVXlWV aUe diVSla\ed aV Whe abVRlXWe
YalXe Rf Whe PeaUVRQ CRUUelaWiRQ cRefficieQW. UViQg WhiV aQal\ViV, Ze fRXQd WhaW meWaSUedicW had
UaQked 8Wh amRQg Whe 23 SUedicWRUV SUeYiRXVl\ e[amiQed (FLJXUe 2A). IQ addiWiRQ WR e[amiQiQg
Whe accXUac\ Rf meWaSUedicW XViQg Whe abVRlXWe YalXe Rf Whe PeaUVRQ CRUUelaWiRQ cRefficieQW, Ze
alVR calcXlaWed Whe aUea XQdeU a UeceiYeU RSeUaWiQg chaUacWeUiVWic cXUYe, Zhich XVeV WUXe
SRViWiYe YalXeV aQd falVe SRViWiYe YalXeV WR aVVeVV Whe accXUac\ Rf Whe YaUiRXV SUedicWRUV, VXch
WhaW a SeUfecW SUedicWRU ZRXld haYe aQ AUC Rf 1. IQ e[amiQiQg meWaSUedicW XViQg WhiV aSSURach,
Ze fRXQd WhaW meWaSUedicW ZaV UaQked 11Wh RXW Rf Whe 23 SUedicWRUV eYalXaWed (FLJXUe 2B).

We Qe[W e[amiQed Whe accXUac\ Rf meWaSUedicW iQ SUedicWiQg biQaU\ claVVificaWiRQ Rf eiWheU RUdeU
RU diVRUdeU. PUeYiRXVl\, a CheZOD VcRUe Rf leVV WhaQ 8 ZaV cRQVideUed diVRUdeUed (53). WheQ
cRQYeUWiQg a meWaSUedicW VcRUe WR biQaU\ claVVificaWiRQ, Ze cRQVideUed aQ\ UeVidXe ZiWh a VcRUe
Rf 0.3 RU higheU aV diVRUdeUed. FRU WhiV aQal\ViV Whe MaWWheZV CRUUelaWiRQ CRefficieQW (MCC) ZaV
alVR calcXlaWed fRU each SUedicWRU (ET. 2). The MCC XVeV a cRmbiQaWiRQ Rf falVe SRViWiYeV, falVe
QegaWiYeV, WUXe SRViWiYeV, aQd WUXe QegaWiYeV iQ RUdeU WR e[amiQe Whe accXUac\ Rf a claVVifieU. We
fRXQd WhaW meWaSUedicW had Whe 8Wh higheVW MCC RXW Rf Whe SUedicWRUV eYalXaWed (SXSSOePeQWaO
FLOe 1). IQ e[amiQiQg ZheUe meWaSUedicW did SRRUl\ iQ claVVif\iQg UeVidXeV aV eiWheU RUdeUed RU
diVRUdeUed, Ze fRXQd WhaW meWaSUedicW VXffeUed fURm a UelaWiYel\ high falVe-QegaWiYe UaWe
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VXggeVWiQg WhaW meWaSUedicW ZaV claVVif\iQg UeVidXeV aV RUdeUed ZheQ Whe\ ZeUe iQ facW
diVRUdeUed.

FLJXUe 2. EYaOXaWLRQ RI PeWaSUedLcW XVLQJ CKeZOD VcRUeV. (A) The abVRlXWe YalXe Rf Whe PeaUVRQ¶V
cRUUelaWiRQ cRefficieQW calcXlaWed b\ cRmSaUiQg Whe cRUUelaWiRQ beWZeeQ each SUedicWRU¶V VcRUe SeU UeVidXe
aQd Whe CheZOD VcRUe. (B) The aUea XQdeU Whe UeceiYeU RSeUaWiQg chaUacWeUiVWic cXUYe (AUC) (geQeUaWed
b\ cRmSaUiQg diVRUdeU VcRUeV Rf YaUiRXV SUedicWRUV WR diVRUdeU SUedicWiRQV fURm CheZOD VcRUeV. ValXeV
fRU all SUedicWRUV iQ (A) aQd (B) RWheU WhaQ meWaSUedicW (RUaQge baU) ZeUe RbWaiQed fURm (53).

EYaOXaWLQJ PeWaSUedLcW XVLQJ WKe CULWLcaO AVVeVVPeQW RI SURWeLQ IQWULQVLc DLVRUdeU
SUedLcWLRQ
We Qe[W WXUQed WR eYalXaWe meWaSUedicW XViQg Whe SURWRcRl deYelRSed fRU Whe CUiWical
AVVeVVmeQW Rf SURWeiQ IQWUiQVic DiVRUdeU SUedicWiRQ (CAID). CAID iV a bieQQial eYeQW iQ Zhich a
laUge VeW Rf SURWeiQ diVRUdeU SUedicWRUV aUe aVVeVVed XViQg a VWaQdaUdi]ed daWaVeW aQd
VWaQdaUdi]ed meWUicV (27). AV VXch, eYalXaWiRQ XViQg CAID¶V VWaQdaUdV RffeUV a cRQYeQieQW URXWe
WR beQchmaUk meWaSUedicW agaiQVW Whe VWaWe Rf Whe aUW.

CAID XVeV a cXUaWed daWaVeW Rf 646 SURWeiQV fURm DiVPURW, a daWabaVe Rf e[SeUimeQWall\
YalidaWed diVRUdeUed UegiRQV (58). CAID alVR VWaQdaUdi]eV haUdZaUe XSRQ Zhich SUedicWiRQV aUe
UXQ, allRZiQg SeUfRUmaQce aQd UXQWime WR be cRQVideUed ZiWh UeVSecW WR SUedicWRU SeUfRUmaQce.
TR aYRid iQadYeUWeQWl\ miVUeSUeVeQWiQg RXU UeVXlWV ZiWh UeVSecW WR SeUfRUmaQce WhURXgh Whe XVe
Rf QRQ-VWaQdaUd haUdZaUe, Ze fRcXVed RQ a VXbVeW Rf Whe CAID SURWRcRl fRcXVed RQ Whe
accXUac\ Rf SUedicWRUV, alWhRXgh Ze QRWe meWaSUedicW¶V cRmSXWaWiRQal efficieQc\ SeUfRUmaQce iV
a majRU VWUeQgWh.
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IQ keeSiQg ZiWh Whe aVVeVVmeQWV deYelRSed b\ CAID, Ze eYalXaWed meWaSUedicW iQ iWV caSaciW\
WR SUedicW diVRUdeU acURVV WZR diVWiQcW daWabaVeV (DiVPURW, DiVPURW-PDB) aV Zell aV iWV abiliW\ WR
ideQWif\ fXll\ diVRUdeUed SURWeiQV (27). While DiVPURW cRQWaiQV RQl\ WUXe SRViWiYe diVRUdeUed
UegiRQV, DiVPURW-PDB cRQWaiQV WUXe SRViWiYe aQd WUXe QegaWiYe UegiRQV, makiQg iW mRUe
aSSURSUiaWe fRU URbXVW YalidaWiRQ Rf diVcUimiQaWRU\ SUedicWRUV (27). TR maiQWaiQ cRQViVWeQc\ ZiWh
CAID, Ze XVed Whe F1-VcRUe (defiQed aV Whe ma[imXm haUmRQic meaQ beWZeeQ SUeciViRQ aQd
Uecall acURVV all WhUeVhRld YalXeV, ET. 3) WR cRmSaUe meWaSUedicW agaiQVW RWheU SUedicWRUV (27).
The F1-VcRUe Rf meWaSUedicW iQ Whe aQal\ViV Rf Whe DiVPURW daWaVeW UaQked 12Wh higheVW RXW Rf
Whe 38 SUedicWRUV RUigiQall\ aVVeVVed (FLJXUe 3A).

DiVPURW cRQWaiQV SURWeiQ VXbUegiRQV WhaW haYe beeQ e[SeUimeQWall\ YalidaWed aV diVRUdeUed.
HRZeYeU, aV QRWed iQ Whe RUigiQal VWXd\, iW iV SRVVible, if QRW likel\, WhaW WheUe aUe RWheU VXbUegiRQV
fURm WhRVe Vame SURWeiQV Zhich, Zhile QRW \eW aQQRWaWed aV VXch, aUe iQ facW diVRUdeUed (27).
The DiVPURW-PURWeiQ DaWabaVe (PDB) daWaVeW addUeVVeV WhiV limiWaWiRQ aQd iQclXdeV RQl\ SURWeiQ
UegiRQV WhaW aUe XQambigXRXVl\ aQQRWaWed aV eiWheU diVRUdeUed RU RUdeUed, baVed RQ e[WaQW
e[SeUimeQWal daWa (27). IQ e[amiQiQg Whe SeUfRUmaQce Rf meWaSUedicW iQ SUedicWiQg diVRUdeU RQ
Whe DiVPURW-PDB daWaVeW, Ze fRXQd WhaW meWaSUedicW UaQked 11Wh amRQg all Rf Whe diVRUdeU
SUedicWRUV aVVeVVed (FLJXUe 3B).

The laVW aQal\ViV WhaW Ze caUUied RXW fURm Whe CAID e[SeUimeQW ZaV Whe caSaciW\ Rf meWaSUedicW
WR ideQWif\ fXll\ diVRUdeUed SURWeiQV. IQ WhiV cRQWe[W, Whe CAID e[SeUimeQW cRQVideUV VRmeWhiQg WR
be a fXll\ diVRUdeUed SURWeiQ if Whe diVRUdeU SUedicWRU SUedicWV 95% RU mRUe UeVidXeV WR be
diVRUdeUed (27). MeWaSUedicW UaQked 3Ud RXW Rf Whe diVRUdeU SUedicWRUV e[amiQed iQ iWV caSaciW\
WR ideQWif\ fXll\ diVRUdeUed SURWeiQV (FLJXUe 3C).

IQ e[amiQiQg Whe UeVXlWV fURm Whe WhUee CAID aVVeVVmeQWV mRUe clRVel\, Ze fRXQd WhaW iQ
cRmSaUiVRQ WR Whe RWheU diVRUdeU SUedicWRUV, meWaSUedicW ZaV mRVW QegaWiYel\ imSacWed b\ iWV
high fUeTXeQc\ Rf falVe-QegaWiYe SUedicWiRQV (ZheUe meWaSUedicW SUedicWed VRmeWhiQg WR be
RUdeUed ZheQ iW ZaV iQ facW diVRUdeUed). ThiV iV cRQViVWeQW ZiWh RXU cRmSaUiVRQ agaiQVW Whe
CheZOD VcRUeV. AV VXch, meWaSUedicW aSSeaUV WR SRVVeVV a VlighW biaV WRZaUdV
XQdeUeVWimaWiQg diVRUdeU, VXch WhaW IDRV ideQWified b\ meWaSUedicW caQ be cRQVideUed
UeaVRQabl\ high cRQfideQce.
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FLJXUe 3. EYaOXaWLRQ RI PeWaSUedLcW XVLQJ CAID e[SeULPeQWV. (A) F1-VcRUe fRU YaUiRXV SUedicWRUV iQ
e[amiQiQg WheiU accXUac\ iQ SUedicWiQg SURWeiQ diVRUdeU fURm Whe DiVPURW daWaVeW. (B) F1-VcRUeV fRU YaUiRXV
SUedicWRUV iQ e[amiQiQg WheiU accXUac\ iQ SUedicWiQg SURWeiQ diVRUdeU fURm Whe DiVPURW-PDB daWaVeW. (C)
F1-VcRUeV fRU YaUiRXV SUedicWRUV iQ SUedicWiQg fXll\ diVRUdeUed SURWeiQV iQ Whe DiVPURW daWaVeW. ValXeV fRU all
SUedicWRUV iQ (A), (B), aQd (C) ZiWh Whe e[ceSWiRQ Rf WhRVe fRU meWaSUedicW (RUaQge baU) ZeUe RbWaiQed fURm
(27).
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DLVcXVVLRQ

IDRV Sla\ maQ\ imSRUWaQW URleV iQ YaUiRXV biRlRgical SURceVVeV (12, 13). AQ eVVeQWial fiUVW VWeS
iQ Whe iQYeVWigaWiRQ Rf IDR fXQcWiRQ UeflecWV Whe abiliW\ WR ideQWif\ IDRV ZiWhiQ a SURWeiQ VeTXeQce.
CRQVeQVXV diVRUdeU VcRUeV UeSUeVeQW aQ aWWUacWiYe meaQV b\ Zhich WR RbWaiQ high cRQfideQce
diVRUdeU SUedicWiRQV WhaW dR QRW VXffeU fURm iQaccXUacieV dXe WR Whe limiWaWiRQV Rf aQ\ ViQgle
diVRUdeU SUedicWRU. HRZeYeU, calcXlaWiQg diVRUdeU SURbabiliWieV fURm maQ\ diffeUeQW SUedicWRUV WR
geQeUaWe a cRQVeQVXV VcRUe iV cXmbeUVRme, WechQicall\ challeQgiQg, aQd cRmSXWaWiRQall\
e[SeQViYe. TR addUeVV WhiV, Ze deYelRSed meWaSUedicW, a VimSle WR XVe SURWeiQ diVRUdeU
SUedicWRU WhaW accXUaWel\ UeSURdXceV cRQVeQVXV diVRUdeU VcRUeV. While RWheU cRQVeQVXV
meWa-SUedicWRUV dR e[iVW, Zeb-baVed acceVV WR WheVe caQ be RQ Whe RUdeU Rf miQXWeV-WR-hRXUV
SeU VeTXeQce aQd ZheUe aYailable lRcal acceVV haV RSeUaWiQg-V\VWem deSeQdeQcieV, makiQg
Whem SRRUl\ VXiWed WR cURVV-SlaWfRUm SURWeRme-Vcale aQal\ViV (41, 59, 60). AV VXch, Ze belieYe
meWaSUedicW fillV a Qiche WhaW iV cXUUeQWl\ XQRccXSied.

TR illXVWUaWe Whe abiliW\ Rf meWaSUedicW WR SUedicW cRQVeQVXV VcRUeV, FLJXUe 4 VhRZV Whe
cRmSXWed cRQVeQVXV VcRUeV aQd Whe aQalRgRXV SUedicWiRQ fRU fRXU SURWeiQV ZiWh IDRV. AcURVV
RXU daWaVeWV, Ze fRXQd WhaW meWaSUedicW geQeUall\ SeUfRUmed beWWeU WhaQ RYeU WZR-WhiUdV Rf Whe
cXUUeQWl\ aYailable diVRUdeU SUedicWRUV e[amiQed, likel\ ZiWh a VlighW biaV fRU falVe QegaWiYeV
ZheQ Whe defaXlW diVRUdeU WhUeVhRld iV aSSlied.

FLJXUe 4. MeWaSUedLcW accXUaWeO\ UecaSLWXOaWeV SUecRPSXWed cRQVeQVXV dLVRUdeU VcRUeV.
PUecRmSXWed cRQVeQVXV diVRUdeU VcRUeV fURm Whe MRbiDB daWabaVe cRmSaUed WR SUedicWed cRQVeQVXV
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diVRUdeU VcRUeV calcXlaWed b\ meWaSUedicW fRU (A) VelR1 fURm XeQRSXV OaeYiV (UQiPURW Q7T226), (B)
PGL-3 fURm CaeQRUhabdiWiV eOegaQV (UQiPURW G5EBV6), (C) EaUl\ E1A SURWeiQ fURm HXmaQ adeQRYiUXV C
VeURW\Se 5 (UQiPURW P03255), aQd (D) SXS35 fURm Schi]RVacchaURP\ceV SRPbe (UQiPURW O74718). NRQe
Rf WheVe SURWeiQV ZeUe SaUW Rf Whe WUaiQiQg, WeVW, RU YalidaWiRQ VeW fRU meWaSUedicWV.

FeaWXUeV RI PeWaSUedLcW
While meWaSUedicW did QRW VcRUe aV Whe mRVW accXUaWe aYailable SURWeiQ diVRUdeU SUedicWRU baVed
RQ Whe aQal\VeV SUeVeQWed heUe, iW ZaV VWill cRQViVWeQWl\ amRQg Whe mRVW accXUaWe SUedicWRUV.
FXUWheUmRUe, Whe diffeUeQce iQ F-VcRUe beWZeeQ meWaSUedicW aQd Whe beVW-VcRUiQg SUedicWRU
acURVV Whe CAID daWaVeW ZaV RQ aYeUage RQl\ 0.095. We ZRXld SURSRVe WhaW Whe cRQYeQieQce,
cRmSXWaWiRQal efficieQc\, aQd eaVe-Rf-XVe WhaW meWaSUedicW affRUdV RXWZeigh ZhaW amRXQWV WR a
UelaWiYel\ Vmall cRVW iQ RYeUall accXUac\. SimilaUl\, meWaSUedicW¶V fle[ibiliW\, eaVe Rf iQVWallaWiRQ,
aQd lack Rf deSeQdeQcieV be\RQd VWaQdaUd P\WhRQ SackageV make iW aQ aSSealiQg RSWiRQ fRU
mRdeUQ diVRUdeU SUedicWiRQ acURVV heWeURgeQeRXV haUdZaUe.

TR fXUWheU aid iQ Whe ideQWificaWiRQ Rf bRQa fide cRQWigXRXV diVRUdeUed UegiRQV, meWaSUedicW
cRQWaiQV a VWaQd-alRQe fXQcWiRQ fRU e[WUacWiQg cRQWigXRXV IDRV baVed RQ a WhUeVhRld YalXe
aSSlied WR a VmRRWhed diVRUdeU VcRUe aQd VeYeUal addiWiRQal SaUameWeUV (SXSSOePeQWaO
FLJXUeV 1-4). FRU WhiV aSSURach, Ze agaiQ fRXQd a WhUeVhRld beWZeeQ 0.3 aQd 0.4 ZaV RSWimal,
aQd WhiV meWhRd geQeUall\ RXWSeUfRUmed RXU SUiRU mRUe VimSle aQal\VeV. HRZeYeU, becaXVe
RWheU SUedicWRUV did QRW XVe WhiV aSSURach fRU Whe claVVificaWiRQ Rf RUdeUed RU diVRUdeUed UegiRQV,
Ze chRVe WR QRW XVe WhiV fXQcWiRQ fRU RXU SUimaU\ aQal\VeV iQ e[amiQiQg Whe accXUac\ Rf
meWaSUedicW. NRQeWheleVV, WhiV VXggeVWV WhaW meWaSUedicW caQ achieYe eYeQ maUgiQall\ higheU
accXUac\ iQ ideQWif\iQg IDRV, aQd aXWRmaWeV WhiV SURcedXUe fRU Whe XVeUV, allRZiQg bRXQdaUieV
beWZeeQ IDRV aQd fRlded dRmaiQV WR be aXWRmaWicall\ ideQWified aQd gUeaWl\ faciliWaWiQg IDR-Rme
VW\le aQal\VeV Rf daWaVeWV.

We deVigQed meWaSUedicW WR be aV fle[ible aQd XVeU-fUieQdl\ aV SRVVible. FRU e[amSle,
meWaSUedicW caQ be XVed aV a P\WhRQ libUaU\ (FLJXUe 5A), a VWaQd-alRQe cRmmaQd-liQe WRRl
(FLJXUe 5B) RU a Zeb VeUYeU (hWWS://meWaSUedicW.QeW) (FLJXUe 5C). MRUeRYeU, meWaSUedicW
cRQWaiQV fXQcWiRQaliW\ WR geQeUaWe gUaShV RU diVRUdeU VcRUeV fURm Whe cRmmaQd-liQe b\ diUecWl\
iQSXWWiQg a ViQgle SURWeiQ VeTXeQce RU eYeQ b\ SaVViQg a UQiPURW acceVViRQ QXmbeU.
AlWeUQaWiYel\, Whe XVeU caQ SaVV iQ SURWeiQ VeTXeQceV iQ a FASTA fRUmaWWed file, aQd meWaSUedicW
Zill UeWXUQ eiWheU UaZ VcRUeV RU iQdiYidXal gUaShV fRU each SURWeiQ. FiQall\, iQ cRmSaUiVRQ WR RWheU
SUedicWRUV, Zhich caQ Wake VecRQdV, miQXWeV RU eYeQ hRXUV SeU VeTXeQce, meWaSUedicW¶V
cRmSXWaWiRQal SeUfRUmaQce makeV iW VXfficieQWl\ faVW WhaW RQ-Whe-fl\ diVRUdeU SUedicWiRQ caQ be
faVWeU WhaQ UeadiQg SUe-cRmSXWed YalXeV fURm diVk. IW iV Whe cRmbiQaWiRQ Rf accXUac\,
cRmSXWaWiRQal efficieQc\, eaVe Rf XVe, aQd fle[ibiliW\ WhaW makeV meWaSUedicW a cRQYeQieQW WRRl fRU
aQ\ kiQd Rf diVRUdeU SUedicWiRQ, fURm ViQgle VeTXeQceV WR SURWeRme-Zide aQal\VeV.
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FLJXUe 5. MeWaSUedLcW RIIeUV WKUee dLVWLQcW PRdeV RI XVe. (A) MeWaSUedicW caQ be XVed aV a P\WhRQ
libUaU\, ZiWh VimSle aQd iQWXiWiYe iQWegUaWiRQ iQWR e[iVWiQg P\WhRQ cRde RU fRU e[SlRUaWiRQ iQ a JXS\WeU
QRWebRRk. (B) MeWaSUedicW caQ be XVed aV a cRmmaQd-liQe WRRl WR iQWeUacW diUecWl\ ZiWh FASTA fileV. The
file geQeUaWed b\ Whe cRmmaQd meWaSUedicW-SUedicW-diVRUdeU (³diVRUdeU_VcRUeV.cVY´) iV a VimSle cRmma
VeSaUaWed YalXe (CSV) file ZiWh SeU-UeVidXe diVRUdeU YalXeV SURYided fRU each VeTXeQce iQ Whe FASTA file.
(C) FiQall\, meWaSUedicW iV RffeUed aV a VimSle Zeb VeUYeU (hWWSV://meWaSUedicW.QeW), Zhich caQ geQeUaWe
high-TXaliW\ dRZQlRadable figXUeV RU allRZ SeU-UeVidXe diVRUdeU VcRUeV WR be RbWaiQed aV a CSV daWa file.
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CRde aQd daWa aYaLOabLOLW\
The cRde fRU meWaSUedicW caQ be fRXQd aW: hWWSV://giWhXb.cRm/idSWRRlV/meWaSUedicW.
DRcXmeQWaWiRQ iV aYailable aW hWWSV://meWaSUedicW.UeadWhedRcV.iR/. FXll\ SURceVVed VeTXeQceV
XVed fRU aVVeVVmeQW (iQclXdiQg VeTXeQceV aQd VcRUeV) aUe SURYided aW
hWWSV://giWhXb.cRm/hRlehRXVe-lab/VXSSRUWiQgdaWa/. MeWaSUedicW caQ be iQVWalled diUecWl\ fURm Whe
P\WhRQ PackagiQg IQde[ XViQg SiS (i.e., SiS iQVWall meWaSUedicW).

AXWKRU CRQWULbXWLRQV
R. J. E. deVigQed UeVeaUch, deYelRSed cRde, SeUfRUmed aQal\ViV, made figXUeV, aQd ZURWe Whe
maQXVcUiSW. D.G. deYelRSed cRde aQd ediWed Whe maQXVcUiSW. A.S.H. deVigQed UeVeaUch,
deYelRSed cRde, made figXUeV, aQd ZURWe Whe maQXVcUiSW.

AcNQRZOedJPeQWV
FXQdiQg fRU WhiV SURjecW ZaV SURYided b\ Whe LRQgeU Life FRXQdaWiRQ (aQ RGA/WaVhiQgWRQ
UQiYeUViW\ CRllabRUaWiRQ) WR A.S.H. aQd Whe William H. DaQfRUWh PlaQW ScieQce FellRZVhiS WR
R.J.E. We WhaQk IVhaQ TaQeja aQd Jeff LRWWhammeU fRU helSfXl cRmmeQWV RQ Whe maQXVcUiSW. We
WhaQk SWeYeQ BRe\QaemV fRU Whe ³mRWiYaWiRQ´ WR deYelRS RXU Zeb VeUYeU. We alVR WhaQk Whe
eQWiUe TRVaWWR gURXS, Whe ELIXIR IQWUiQVicall\ DiVRUdeUed PURWeiQV CRmmXQiW\, aQd HUPO-PSI
IQWUiQVicall\ DiVRUdeUed PURWeiQV CRmmXQiW\ (QRWabl\ SilYiR TRVaWWR, ZVX]VaQQa DRV]WaQ\i,
DamiaQR PiRYeVaQ, Wim VUaQkeQ aQd NRUmaQ DaYe\) fRU all Whe EXURSeaQ-fXQded
biRiQfRUmaWicV ZRUk WhaW laUgel\ fXelV Whe iQWeUQaWiRQal IDP iQfRUmaWicV VSace.
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SXSSOePeQWaO IQIRUPaWLRQ
SXSSlemeQWal File 1 - SXmmaU\ Rf all aQal\VeV iQclXdiQg addiWiRQal VWaWiVWical aQal\VeV QRW
VhRZQ iQ Whe SUimaU\ maQXVcUiSW aV Zell aV UaZ YalXeV fRU each aQal\ViV fRU all SUedicWRUV
e[amiQed. All YalXeV ZiWh Whe e[ceSWiRQ Rf WhRVe fRU meWaSUedicW ZeUe RbWaiQed fURm (27, 53).

SXSSOePeQWaO FLJXUe 1. AVVeVVLQJ WKe LPSacW RI dLVRUdeU cXWRII YaOXeV RQ bLQaU\ RUdeU
aQd dLVRUdeU cOaVVLILcaWLRQ RI CKeZOD daWa. (A) AbVRlXWe YalXe Rf PeaUVRQ¶V CRUUelaWiRQ
CRefficieQW fRU biQaU\ SUedicWiRQV Rf diVRUdeU b\ meWaSUedicW cRmSaUed WR biQaU\ claVVificaWiRQV Rf
diVRUdeU fURm Whe CheZOD daWaVeW. (B) AbVRlXWe YalXe Rf PeaUVRQ¶V CRUUelaWiRQ CRefficieQW fRU
biQaU\ SUedicWiRQV Rf diVRUdeU b\ meWaSUedicW ZheUe Whe biQaU\ SUedicWiRQV ZeUe RbWaiQed XViQg
Whe SUedicW_diVRUdeU_dRmaiQV() fXQcWiRQ. TheVe SUedicWiRQV aUe cRmSaUed WR biQaU\
claVVificaWiRQV Rf diVRUdeU fURm CheZOD daWaVeW. FRU bRWh (A) aQd (B), Whe RUaQge liQe
UeSUeVeQWV Whe cXWRff YalXe XVed fRU biQaU\ claVVificaWiRQV Rf RUdeU aQd diVRUdeU fRU meWaSUedicW.
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SXSSOePeQWaO FLJXUe 2. AVVeVVLQJ WKe LPSacW RI dLVRUdeU cXWRII YaOXeV RQ bLQaU\ RUdeU
aQd dLVRUdeU cOaVVLILcaWLRQ RI WKe DLVSURW DaWaVeW (CAID). (A) F1-VcRUeV fRU biQaU\
SUedicWiRQV Rf diVRUdeU b\ meWaSUedicW cRmSaUed WR biQaU\ claVVificaWiRQV Rf diVRUdeU fURm Whe
DiVSURW daWaVeW. (B) F1-VcRUeV fRU biQaU\ SUedicWiRQV Rf diVRUdeU b\ meWaSUedicW ZheUe Whe biQaU\
SUedicWiRQV ZeUe RbWaiQed XViQg Whe SUedicW_diVRUdeU_dRmaiQV() fXQcWiRQ. TheVe SUedicWiRQV
ZeUe cRmSaUed WR biQaU\ claVVificaWiRQV Rf diVRUdeU fURm Whe DiVSURW daWaVeW. FRU bRWh (A) aQd
(B), Whe RUaQge liQe UeSUeVeQWV Whe cXWRff YalXe XVed fRU biQaU\ claVVificaWiRQV Rf RUdeU aQd
diVRUdeU fRU meWaSUedicW.
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SXSSOePeQWaO FLJXUe 3. AVVeVVLQJ WKe LPSacW RI dLVRUdeU cXWRII YaOXeV RQ bLQaU\ RUdeU
aQd dLVRUdeU cOaVVLILcaWLRQ RI WKe DLVSURW DaWaVeW-PDB (CAID). (A) F1-VcRUeV fRU biQaU\
SUedicWiRQV Rf diVRUdeU b\ meWaSUedicW cRmSaUed WR biQaU\ claVVificaWiRQV Rf diVRUdeU fURm Whe
DiVSURW-PDB daWaVeW. (B) F1-VcRUeV fRU biQaU\ SUedicWiRQV Rf diVRUdeU b\ meWaSUedicW ZheUe Whe
biQaU\ SUedicWiRQV ZeUe RbWaiQed XViQg Whe SUedicW_diVRUdeU_dRmaiQV() fXQcWiRQ. TheVe
SUedicWiRQV ZeUe cRmSaUed WR biQaU\ claVVificaWiRQV Rf diVRUdeU fURm Whe DiVSURW-PDB daWaVeW.
FRU bRWh (A) aQd (B), Whe RUaQge liQe UeSUeVeQWV Whe cXWRff YalXe XVed fRU biQaU\ claVVificaWiRQV Rf
RUdeU aQd diVRUdeU fRU meWaSUedicW.
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SXSSOePeQWaO FLJXUe 4. AVVeVVLQJ WKe LPSacW RI dLVRUdeU cXWRII YaOXeV RQ PeWaSUedLcW
LdeQWLI\LQJ IXOO\ dLVRUdeUed SURWeLQV IURP WKe DLVSURW DaWaVeW (CAID). (A) F1-VcRUeV fRU
SUedicWed fXll\ diVRUdeUed SURWeiQV b\ meWaSUedicW cRmSaUed WR Whe kQRZQ QXmbeU Rf fXll\
diVRUdeUed SURWeiQV iQ Whe DiVSURW daWaVeW. (B) F1-VcRUeV fRU SUedicWed fXll\ diVRUdeUed SURWeiQV
b\ meWaSUedicW ZheUe Whe biQaU\ SUedicWiRQV XVed WR claVVif\ a SURWeiQ aV fXll\ diVRUdeUed ZeUe
RbWaiQed XViQg Whe SUedicW_diVRUdeU_dRmaiQV() fXQcWiRQ. TheVe SUedicWiRQV ZeUe cRmSaUed WR
Whe kQRZQ QXmbeU Rf fXll\ diVRUdeUed SURWeiQV iQ Whe DiVSURW daWaVeW. FRU bRWh (A) aQd (B), fXll\
diVRUdeUed SURWeiQV ZeUe cRXQWed if Whe SUedicWRU claVVified aW leaVW 95% Rf UeVidXeV ZiWhiQ a
SURWeiQ aV diVRUdeUed. FRU bRWh (A) aQd (B), Whe RUaQge liQe UeSUeVeQWV Whe cXWRff YalXe XVed fRU
biQaU\ claVVificaWiRQV Rf RUdeU aQd diVRUdeU fRU meWaSUedicW.
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SXSSOePeQWaO FLJXUe 5. MeWaSUedLcW SeUIRUPaQce aV a IXQcWLRQ RI VeTXeQce OeQJWK LQ
QXPbeU RI UeVLdXeV. AVVeVVmeQW Rf leQgWh-deSeQdeQce Rf meWaSUedicW SeUfRUmaQce UeYealV a
liQeaU VcaliQg Rf SUedicWiRQ Wime ZiWh VeTXeQce leQgWh. SeTXeQceV heUe aUe UaQdRml\ geQeUaWed
fi[ed-leQgWh VeTXeQceV. EUURU baUV aUe VWaQdaUd eUURU Rf Whe meaQ calcXlaWed RYeU WhiUW\
iQdeSeQdeQW UXQV fRU UaQdRm VeTXeQceV Rf Whe VSecified leQgWh. CRde fRU WhiV aQal\ViV iV
SURYided iQ Whe SXSSRUWiQg DaWa GiWHXb UeSRViWRU\.
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