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Summany: Whh tha advencamanis of high-thmughput singla-call RN A-saquandng protocols, tham
haabaan a mpkd incresss Intha books avallabla b0 pearform an aermey of analyeas on tha gane axpras-
slon cata that meeulls. fmm such shudeaa. For eaxampla, tham axdst mathiods for pesu do-ima sai e
anahmls, dferantal call usege, callHypa datadlon RMA-velodly In singla calle, alc. Mot analysls.
plpalines wslidata thalr rasulls wming bnown marksr ganas (which ara not widaly avellabla for all
hypas 0f analysls} and by ueing slmul atad dade friom gana-counkH eval smuletos. Typlcally, tha lm-
pad of wming diferant rad-aligremant or unbgus molacular bdan il er {LE} dedup lcatinn mathocs.
hasnot haan widaly axplorad Assssemaris bassd 0n slmulaiion tand bostat 6t tha bval of aesum-
Ing & slmulstad court malrx, [gnoring tha atiect that diffarant appmaches forresohing LA counis
from tha rew mad dala may pmocuce Ham, wa presart mirmow, 8 comm prahan sl va saou anca- enal
dryplat-bessd singlacall RMAssnuandrg {decRMNA-sanl axparimant simulsion femesork
M ow accouris for imporart sequence-leval ch emactaristics of expariman tal scR M A-san dalasale.
and modale affacts such a8 poymamesa chaln meacion amplfcation, calluler bemodes (O8] and
LM malaciinn and saquenca g mantallon and sequandng. It alen chosaly maetchas tha gana-eval
ambiguily chammctarstice that am chearvad |0 real scRMA-san exparimanin. Lsing mérmou wia ax-
phora tha pariormanca o f soma common processlrg plpalines b0 pmoduca gane-y-call count matrl-
cai from droplal-hasas soR NA-san dete, damoreimsta tha affact that realisth: lbvals 0T gan a-leuval ma-
quanca ambigulty can heva on accursda quanil ication and show a hyplcal use-casa Of rdrowin
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Cryer dhepont o yrarm addvanerment in massl yeby paralied segnen o
ing iechunn bogl ew has mablesd] anol yeis of groomes angd b osevip o mes
at g et asmeaey and smle by dematioly eedneing de
ot of eqeencing and amaying moee propesties of el Thes ex
irchnolngies are mpidy erolviog, and v asays o coolanily
being inkendned Coe of e most eeeiting ond popokie eoent
derebopmenis hos been e oegllon of eepeimental peotosols for
g poe cwprwmim o dusends of indvdol ol
|Fanbimeba oy of al, K1I], allowiog sceotisis bo cophoee 2 map-
shut of e dynamie and sompl e bilo bogl ol systeos at sode
Indiridmal =l are fndomeniol ooty of hiolgiol senotyers
ansd fonetione and oodemionding dhe dyamis of geoe expresinn
patr s s ikl for nndestonding o=l type, =8 soies and Ene.
uges Singleecell proe expweslon sndls ke paen oefol o
orveding rare o=l typen (Gefin o ol K115, alnosmal =8l soiesin
e development of deeass (Tmpoell, K1Y] and eaoseviptional
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mochumicky {Boganin ot al, 261), by giog oopeeimed
insighis inin e dyamis of gene eepresinn Specifi-aly e orre-
ay, ensitrity and deooghpot of deoplst-hoes] singleeell BN A=
e ing | deeB WA -aen ] (Blein of ol N0152 Mfoosmlen of ol | 20H 5=
Theng v ol N17) bas besn postimbodly oesfol oo soentisiy for
ondesstonding celinke dpomis deongh pendo-@me o fEene
Qo of o, MY, mimation of splsing dyumis fr BWNA-
veboeby (Lo Moo of o, X18]), popoktion hokines anakysis
(Kl o ol IEH 5], spatial eeeonsenction bo {dentify marker groe
(e of ol H1F Sdp of o, 2HE and oomeeam other
anakyes

Most smpoiational decENAg alyss plpelices wordk in
moliiple phows ghe fentof which is B groerollon of o groeh ya=ll
oot maid ¥ from mw egomcing doto . Thie peoces incindes idens
iifying and soeemiing celinkis havowndes JCRa] {0 dedermine peopeely
capirerd] =], mpping and alignment of dhe eomadng eade to
e eerenee pronme o anscviptome and e o botion of ool goe
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moevkr i iew (0] b0 deieemine B oombee of delins
perpobpmeoe dwin eostion (PCER] moleeles ssqoenees] from
each groe within rach el Scheqoent dowmsbram anabysie of e
oot maiviy s e meyd fore o vaviety of 8 frent pospoes, o on
Eageesiinotion, doserin g and celi-iype | dentifiction ideotifiog
markrey geres estimoding spleing wes, ste Tradiionolly, pmes
cmnt maireey have been need an @ fodomeniol ik of meamnee.
met fre thess anobyses, ond mot eaeaech bhas ben foovyeed on
dereboping new nole and impeoviog methaode for bigheeelerdl anolby=
ws g 90% of te ol dewevibed by Fapplo of ol (X118] deal
wih posi-qrontificollon anobyees). ImpEeitly, dess methode csnme
eiahieand oot inpnit frram the gran i otion phase

Comddrwble rerarch ba been condneied] inbn developing groeras
e modes of e gere-cont matvies o o singlecsll sperirent and
podncing synibedls connt daio willh loosn e phenokypes o lohele
Mory modeds haye been propueed Bo opinee voriom charea ctrvieiles of
siogleecell ep evicrenie =g modeliog evo okl oo {Pieson aod Yoo,
K13 Bien of ol KHY], charastrrhing beiesogenel iy (Piod of ol
K115 and doesing denpont wbes (Ted and JBoge, 26H8). Boldng
opon this modding wod 0 nomher of Sffeent smokidion tonls fior
singleerll B data bhave been inendneesd Comnsderd simokidnn
tnols sk on Splabier (Fopplo of ol | X7 and powessdmB (Wisth of o
H17] e theee grorvaiire modd s bo deesily dmoke- e groesbysril
ot ks, and s Smokiom boye been oeefnl in devsbop iog aod
embnating rew methods for and ping scfk W e data. Hireerer dhat
than e pw Eqeeneng eode dat when peosed, glve dee bo Heis
matviw As mch, dhewe il impisity oseme that ihe problem of s
mating groe oo oty acvwaiely fom e raw g oecing data e el s
Iy weluddeeare] Hirsrrer, oo prineipled ool is cosenily availloble for
smrkiiing e w ool harended and TTtagges o seaenores fior
malldng and amrming e ioiild procesing phows of de=BhA-eq
anabsls In =onhost oomesone booke and methaods bere been propoeed
|Penre of ol | NT15: Coriebed of ol | N 2 1 and Dexey, X111] o s
lewed mirn bation of bollee B At mopedimenin. A liongh oo slmookodion
ool =an prefrely reeaplink ie ol of the dhawa vl and compl eelties
of esperimeniol doig dheee boole baye been oooeld o belpiog bo debe
e deeloprent of evenoEasTEoE gppeackes for gEne anad
i recvip-lerl gnanificinn feem. bole-EW A data

In this paper wr prewnt minsan, o compebvensie f2meoode B0
ool rodelerd simokoe doto for decR WA espeimens

Misweo syl i maoy imporc o aspents of oggedernd singiee-8
enprrimenis, and modeds s effren at de eqoeee ewed. & modele

e procem of TT and CR eggg moesnkor PCE amplifiotion
{incinding PCE ervvew and deriaiione fonm perfret sffiedeey]. molene
mrencing eads that mimie o impostant ospests 0f eapevimenol
data ok am e Bt gy of e mbigrees spencing frogmenis.
Malog i sl wvno simnk dnn fomesrodk. we demonstvaie o varom
dacBN Aeee qruniifiotion pipciioes pedoom in geoeroliog peoed -
cell ot mawies when widaed oo ebed= dta with oosn
promd imih Th dwelbe and anabyee e st 0f modeling dmprs
ant charosierinie of el eepeimento] daeBW A daln, and sthow
how e ncedeys] ambigrities B Hhows presnt in e eaprevimeniol
BN Ay data poee grantiii=cion dhalengres o el ting pipeioes

2 Mutwrinln ored it

2 1 Tha mirmow fremewiork

Fur deopinteloed] proboeols (Eledn of ol 2 S Mosmden of ol
MHE: Therg s al | K117, mBNA molenies are abtached b0 o CR
nd oo TWT Afee e bomodipiion within o deoplet; the

barmded koggedernd somplemestory DNA [ADNA] oodergoes
wmnpll oo and fagmentolon, fiollowed by sqoensing in o shost
e eqeencing machine @loming] Dor to she small amomnt of
bidkogleal matrril in each el sch proiools picolly oodergo
mary cypde of PCR making PCE ampling effeste comiderabe and
ol fing dhe nee o f (T b0 dwoed o ds eogoenee] from dopl-
i manlewn ey e dhat deeive feom e ame pee-PCE o osesip]
The emence il groeraied] by snch peotosols et in poisesdeend
e and hare bwn ooee compooents. Choe modd | oppleally eead 1] of
each o paie oo otaios e oocaenoies] nocleol de egoeoee of e
CR and] MT, whillx the oifer o {ippieally read T i the cDNA epe
eesniadnn of e mBWA moleonle mnally an egnenced foom e ¥
end [fheng of ol 27 In ceenoe e o WA capeiment i
wenally mock ke o sloghe pod B peotosol, whese e CR
cmiing e ol speeifie ioformation and she AT i need 0 ddentify
R doplicirs.

The oo of eeism e mn be descvibed an @ somposition of e
sirpe §i] eesinn of iwmept coeedont s de farged ook
makir and propenties of experimeniol ko, for the inidol ponl of
smnkie] molenlen §i] smoktion of CR and M7 ogging and {i]

smokion of FCR, pmentodinn and eqoensing  bis e sons
by coommming o groreconnt maivis on iopok gt provides e -
maies] nomber of distinst molenley within de mmple soeespnnd-
ing tn rach geoe wilhin rach o=l Then based on @ meednlly dhoeen
disrliwilon 0f newip snfoern, sfeew deeilnies smol e
muolerrien {ivonsw piu] o e geae within moch el Toking dheee on
the iokikl hicogi~l pool of moleenies o0 be egeneed, sfssme
ten tage e moleovlen with ool harendes and Thils. Fially, i
exal minee PCE i an esporentiol sincdhosti= hronshing peoces, it
prreraies maee aanp Efied maol eeles Han eeade dhivined ina eeal ew-
pediment We dmnkiie e wqoensing peoces by sohompling feoam
it final aunp Efied pool of PCE geoesied] mol revles b0 2 ssgonmciong
depih speified by the oer Doving this prosvation peoces, we o
e o mpinees o anivibhnies of siogle-rell BhA-en ot d@ffrent
leveln, nch o prwerving He propontinn of amblgnonsly map ped
e fimnkiting de PCE ampfi~ation bioe, inendnsing seqoense
eeww neirg different mvor models, ste Tt s imposont bo oot dat
mriam 0 oes oot conikin @ groevatire modd o el ond depends
on e maivis given an inpot. Theedoe i o connt mabes pen doeesd
from 2 llmple groerative modd i oeed, sefesow ol paod oee eaad
s cominent Wbt sonty while  an espeoental
connt maie x s peo ded an inprt, antifasts ok on dochise, smply
deoplete, st are Biedy bo be pefleeted in e groeraie] eeads Wil
the deydlopment of 0 grorrotive modd that acnonts for ol of e
noances of expemental deoplet-homesd wcft W Aeeen data aee willl an
acllveares of rmararch pein o fnones, principolly, on bow bo geoe
exaie o pralimtle ot of seqreneing eeade consisten @ with ghe g ded
connt matsty To e best of oo I Iedge ot dhe Hme of weiing
thin bonl, wniesap i e ooly compeebveosl v Fomesoek ot smoe
kirs deopleshonred st W Asae dotasest ot eead el

Prwoily, mimaw fomees ool y oo deopl st=-hawed sl ogle—crdl pro=-
tosnle. 5o, for the eewt of dhe oper we ke 0 moh droes e

a=EWA -0 data. Following e groesal prnciple of common boliee
BN Aewren) simrlaine (Prazee of ol | X115 Li and Dexey, K1) eein-
menn folkren o two-nirp peoces of lookton T dhe ceop e mentol
daie e mw FASTG Slea] in providsd, den o e sl | Paien
wial 21T Sevasowa of ol K1 ¥ bo obiain mopping and goand §-
cailon resnin, and 0 leamn @ oomber of otber amriliory ramesers
that we e b geoeroie o e lietle simokition. To be gpecifie sbads
rreries o grreshydll ot maelsx, and obber parometees, Hat
i r fvoked o 2l orin-meio] con dieesdy coneeme Tn ghe
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aheme of o specifi=eepementa ] dooeet el o mak e neeof e
Eplatery (Fappia of al | A7) iod bo geoesite o geneshpeesd | oot
maiir jwhm inwoked o opl attor-meln. Thile io e pesmt
mamerp, we have consbderes] de el ekiied bo Sgistlr, we
ot that mein e oo be paieed with any mch medhod | Taog efad
1HE] that elistixclly gmewim =l 0 et makx
Additionally. sriamaw arepiy otber atieboies of 0 cRNA 2w
pooiment, sasting from o et of presspecliied el horsndes, Tein,
e oomber of pre-ell molewie and celi-leyd Sneer irfomation
Snhwpenily, miaenw gl e poiesdend FRATS fes abong
wih thr " genewcomnit matvis, cdl mmes and goe ames. The
FRETQ fies folow the oooamuon 18] ¥ +zbe omiom | Themg of ol | X117]
|mmpaible with hoth yersinm 2 and 3] fomat and mn be oone
e by any do s eeam bonl copab e o f peocrsing snch e

2.L1 Eempling v gees—snont maed x
The mainiopnt in wmis s i de groe-smnnt maidy b, wheee rach

elesrert pry dennies the onmhes of MiTe jeither matimoied] or simo-
ke by o cooot-lersl shookator] for groe gy in el How ihe genes
oot maid x s oeed bo e et b evipie depends opon whether e
prorided iopot is esimoted sopled colly from oo expesimeniol dag-
etar s o slmnkiied sonnt maer

Mimn o tokres the mplete eepeesslon of o paetinkr ol as 2
v, and gty e noamakhied waloes an he rameies
B2y, ) of @ molinomial deivibobion f; The peoobilliy
2y dennies the il probabl by of edesting some pe-PCE raosesipt
to deshre from groe gy in thls smolaied =8 Then, s sow mpl e
oy moch maleevles from e dwidbnidon f, wheee o = o ary. Thin
charameshigion allnws te iopot maex b0 haye sider iniegeal o
nneiniegral abond ancrge—the fomer i impostant in de caee that
e oonimaivivis devived foma bo ol nch o abnde, dhat may pidd
nuimeiniegeall gere nonie when assmpiing 0 oot ine gene mol -
mapping rads Afier this mmpling sirp, slEsar code op b o
Frownd Il groe-nont matvis of inegral sonnis that we dennie an
TiM)

A meeafnr o allrmger frw genevating simnlaies] segoen cms fenm gene
iy in dhe lodk of information abont the i rscvipteler] cap -
son for o parilonkor pene Simnkating e amp Bl on and fragamene-
talon of molenien and egnmdng of fogments egnies wesng
whilsh specific moleevle (e oeevipn] conivbhote o e 2 re-
son of rach poe Sioee most geoes hove moltiple isofosme, which
can shars ranm and vary widdy io telr egoeoss =omposiiion,
e in oo mch hiog an e cooook=l seqoenee ot the beved of o
e Howers tre moembes weoed for omplfScobion
fragmentation and sgencing on kave o bemend o impaeton de
pecifie shara trvinll ow o f e simokbed dotoeed = g 0w many eade
map ambigronely hack in e geonme and the realting S fnkty of
guaniifi~odon]. Pollelength scBW A protoeols [nch an SWART-
e (Heelll o ol | BT T]], aim o achieys nnifonn corerage o e rooe
aviph, meaning ot ocooerons el overiog distioethe splie
joncll o are often eqoeneed, and ansed prd e abnndaness =an
o be omesed] (Arxlm-nogee and Conesa, B8] This meam
that bR WA smokitom (Frowes of o, 20 %5 Li and Diesey,
Ii1), dhoogh by oo meane o pesdest mateh foemch peotosols; can
plumibly be ol for groesiing reodeerd smolaied doto O the
conieary, for taggedrod pronools, soch fromesndos do oot esm bo
eeplioir the fondammil propesties of eeal dato (Tesoby of ol
IHA]

Mimm o aidresees thin dallmnging peohlem in ooe of oo ways,
depending npon whether 44 i an empis=l setimaie or 0 smokaied
oot matvy When the eleront paometes e toins] fom an

eapedimental dokest, sleeow followw an empledsd estimotion
methnd b0 deiesmine indivdml oome for onddoe rfosm as
demovihedd in Setion 71 4. O dheother ond, when ihecaperimens
tal data are Dot prewent =g wien ming Sg bt o groeeaie ] i
o perionly ssthmoley] meosers of eqoencedlerdl ambigoily
from simllar experimenty in de ome species. Alireotiedy, when
neither of e che s apply, miEsow =n ophioolly oe 2
Tedwmill devihntion, with o pre-ap esified shope parameder £ 8 and
sl porametey f16 bo deteemine e indin dnal domione of ond-
daie innforme [maotivaiesd by Hoetal {27]]

1.LT el rg b beerwe ¢ enen vv: ok gl ity 0 aleg readelemgih dr
Beclin geaphs

To eplicir the geoedeyed ambigoity preseot o eal BN A-eg
dakeets |Sdvamtora of ol | 2(HF), miEsow oomtenete an ind ex ghat
mapm egmenis of e mderdping omeipinme b $e oumhee of
distin=t tromovipis |and gene] in whish dey oswnre This allnws
eleting i movipin for amplifiotinn and fragmeniotinn in o man-
e that will kod bo eolistis leyels of ambignity in e ebing
Emnkied rade

Specifilly, mimow sons with o pe-comimcts] de Beoljo
gph | Ebing and Biney, XS], with o dumer s oot b e read
length, bk over dhe efrrenee omovdlpinme. The de Beoljn graph in
conmooly speclfled ana graph O = ¥, E}, bnilt over e ollestinn
of kb eamern |mivings of lengih &) fom an noded ying et of eonenoes §
fin e mee of elesow, e et of omovipie], s an osemption
that all memhevs of 5 areat astof g & Given o specified & the
it ofventiey 0f G are A=moerm from themenmbes 05 Ao ed e esisie
bhetwemn twon oodes of O 1 and ooly i tere exinte o {# &1 }=oerin
any of he nderping sxnences of § conkining hoth, of des &=
mess. Gy moh 2 eppeentaion any samenee in § oo be spelied
ont an 2 peth in O

Rother than hede Renljn graph, sefmsnw males oee of e oome
puacird de Benijn graph In o sompasied de Benljo groph GG, ool
in e &= Bevljo praph an sdge canbeoflmph preates dhan (& == 1],
and in ohigioed by compresing or snmpacsting nooebwan chlng patis
in & o fonn ooitige [for detoll, e Mlinkin o of (IHE]] T
aul opirsd] TwenPalCn | Mfinkin of ol | 21 6] bo sy sonmiemn ot dhe
compa e onboed de Bnijn graph | whish =an he disesthy son vesied
b0 o graphiml fogment osembly (GFL) fle The mboe in the mme
pacied de Benljn graph alen copivers e kbd of e eefeenee e-
qrence frarmceripl] an an abeiboe (moboe] of de A-mee and ooy
phs borving he mme cobor are composied] iobo moibdge. The GFA
file reperesenie e compa e edges ana st of oonige B, and stoees
e latinn beisween dhe ot of eoswpt egoenees Tand B by
denvdhing how rach anevipt in spelied oot by o path of He ponme-
erdied] ooliige Spectiolly ) o be epesented by oo opdeesd Bat
jle pah) of ool Fr) = [y, 0,3, M40y b- -, 4y 0y Y, wheee
wi, €} and 0 € [+, =] The "+ and '', mepeotivdy, specliy the
odentadion of e mitig @ ravereed o e poth widh "<" meaniog
in e rererr-complement oientcinn wibin e poith ' Ten sone
i with penper svandednes fnd acnmniing for e length &
overap bedwren sl mitige]. e eries of milige o B
e vyt Hhe wenencee of § ewactly Civen oy oedessd list 57{5),
wr cheer rethat the bneations of ocnern e and odmniation ofa ook
g wihin P{5) can be vk By exoeamied].

With rapret in el enn, the e evantioformation fom e GPA
e i a combinodnn of dhe o eetwy dhe et of ooitige ' and dhe et
of armvipt eqrenss T {stoed o patie of ooliige] Given g et
of oolige I, mdfesaw ooy o0k ees He itige that oo within o
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MAE FRAZLGN howe poir datonee (1000 by by defonkt] feom e ¥
end of af kot ore ansvipt This impoes o plmary oeiwin of
it tagged end] neR WA e peotoeol, ond estvise sfEsow o geoees
wir fropmenie oo booger than MRE_FRACSTEN. The inmition bedingd
Halog an MAE FRACLEN ariees fom the fogment Ienpih limit 0f 2
el lloming segnencey | Beonoer of ol KH 3]

Mimoar oes P and N 0 combenct @ ooltig-lerd mapping
devihing whith ronewipis mohin sah oolig, and bow e mibg
coves e sonewipt in ieeow of e posltionond odemiotion Besall
that fne dhe de Benljn proph conelensiinn we et de g of each
# = wwr b0 hethe e Imngdh This impies dhat rach noitig is atlrast
an loog an g el and tenfore mpoble of proerating o eqoenciog
eeau] thot onold dhen algn back bo all the barmevip e oot ng that
ooitig Th mapping for o pard-nlor onbig w€ N in ghen a
Eu)= £, =i, wieee i, inwd of ivipleds of g foen (£, 8,,0,} and
¥ 5, B 0} £ ta, we ol (0} € Fin) Then Yitgo) € G we
hawe that 5]t By =k en{u)] =™, whee o™ i oply e oo
of ooliig w when wvitir in orentolion oy Io other worde, e mop-
piog contains the iofoemation abont dhe e of Enscvipty ot con-
tain the oolig w at least onee and e e onilp o oty within
thowe tarmcvipin. ' We pefer in de et of mappioge foe all ooitige as
£i{-} Thin mpersniotinn of Eof-} in bedpind for oo rosom. Fiest i
i independent of any parilar eepeviment and mn b pepaeed
jout wih e pefemee onnoiotion and o specified ead =g
Seonnd, it noneally implies the poslional inervale that aee glohally
share] batwern, eferenee qoenees, ollowiog e edeson, of i niee-
vale that ghve dee to e desles] degeee of epen s mnbimopping.
Maornyer, dhestenetywr of &y {-) in gneobivione botean be readily
indneed for He ot of g ghven de s onewpt 0 groe
mapping

1.1 Leawning resllnll & or-pwvver-rved sk ignbiy

Thile peoreh yoeedl connt moie es aee beoody o] foe abmost ol
unghws dowosivean of eBEWNA-een goontificoion, we= eeognie
that they foll to mpines ooy imposont chora ey sl e of 2 el 2w
poiment, eg the DT lered ambignity, poentia] T ocolislone,

trarmeript and fontber proederel moimopping, st O the otber
bhand, dhe o w FRSTS fles oh vionsly encend e all of e sbile chara o

tvinin of an repedment. hot aee ofien snosmaone in she and ae
ey mossiyely dondant As shoen in e oty inbeodnesd Bool
abruin |Srivastora of ol | 20H ¥, aeeoning for groelered ambigoily
in e eqoencing dota con bove dmporant impleations for e
eemnliing quaniifl otion eetimairs T graphs (Smith ef ol | X117]
o parsimnninm DT graphs | eferving o dhe graphs an consien mted
by alndn, and whih we dennie on P0G, deolls preented in
SEnpplemmicry Semilon 1] | Sevastara sfal | H19], soccin sty enende
et of e revant charasters i of e Frpesiment while heng
mnch more mnciee shan the et of s eeade. The somimotion of
HGnin adrvls deprnds npon the sivnctoee of g obvalmnoe cosees of
irarmcvipin and MkdTe wbich ghemeed v depend opon e mamner in
whith the MT-loggrsd eqrencing rads wddhin o ol map o e
nnderyping ramordpinme [detall mn be Somnd in Seivastavs o2 al
{219].

Te o dhis ineamefor smneioee b0 estimoie e levd of e-
grencr amb gty shat s premt in o parivlor repedment e 2.
trart grow=lerred gun bl gty infoematinn feom He snene and e i
o bedp llonkiie froprenty thot smnbionen oaly maich te oheerred
e oot and alen depliy o eolistis evd of gedesd seqoencee
ambignity Spe-ifily phen o pasinbr geoe we ooly ook for
mmivalen ome fom al celis ot conbain ot least oo aoesipt
from dhat geoe Ax deplte] in Figoee 1h, e are inieresisd in oo

qrantities fenm mnch egnivalne domes | e aqobralens o
candinality i e the length of e et ofiransvipie and |§] te rgniva-
o doss Frgoency, ie e oomher of eode tut bedong oo Hat
clam Foran eqoiralence clom f {u) = £, e are imaned oo bl

coumt Penffl}] and read count [iroffa]], mpathndy, in Figoe 1h.
The kbd oot sigoiis de degees of mobdmapping and the ead
et cpinees e regeeney of moh molimapping. Te oot dat
bhoth of tese piees of infoemaolon aee specsifi= o 0 paetienbe 2w
pooiment This romevipt eqoivalenee dom kel infnemainn ahonk
iafal msmf and meed cowed mn b irarefeeeed] deeslly i e gene
level Gy dhe geoe gy we St single oot e enivalenes Somes
moh dhat at st ooe of He omsewip e in e cqnivalenee o kbed
beooge io gy Then, we peondnes o peobobiBiy rector By, defioed
from theee eqoival e comes, wheers $he ondom rardaobies oee e
iabal crmm ¥ andd the probahillies are nomokhed red Cae A oEE.
spnding to them. This provides o eepeesenta i on dhot allows o Lo
et ppeifle osevipie fne ampll o thon and seqnen s og that slme
nhonenml y mateh hoth the gesr-las sonnts in e iopok conot ma-
iriw an well an e degeer of eanence-lered geoe ambl gobly that o=
oleerrein experimeniol data

Abrnol vy, ineead 0f defining dhe kbed connt peobahility wes
toe P, doe o geoe glololly over on eotiee sxpesiment eelneas alen
mppons defining chostre ool probobillly yetom when anch. iofors
mason in ghen Specifi-dly. insird of nonnalsing ovee ol i, we
nomobhe over oll cedle within o dostey g predloied el ppe],
dedring o peobobllicy rector Fo, 1 for each esprsed groe g, in g
choatrer (G Thin allows asononting dne e ft dhat dnebo dangein
it nnded ping trarscvip expressinn ot rary beiween dostee, He
protchilliy of cheerving fnd benee geoeroting] graoe-ambl gonm
fragments may alen shange

LA Amigeing pen b Bies o £y

Cven te #y{-} an defined in Seson 217 and P gy oF By an
defioed inSetinn T 193, wr fnally map she probabllity for roch nois
tig from &y {-} Formally, wedefioe o nnellon fy, = § =+ B for ol ool
tign wihin grar g, an

o (g S e

QruBively, f,,{u) mpeewnin the peohabillity of sampling nrig
§ fenm gene g b0 heegnal o the smpidsolly oberered peolahility g,
0f mpivalenes dowes coniioing gy that shaee w' lobed oot
Thm provided, te doser speci i infosmation san alen be med
here io desire an anabngom fonetion e s based oo the cioser spes
cificgroe-dered prohabilliy veotor Fip -

Bnth iy {-} and &, whben o in sonjon ofion with rach other gl
vl o e ahllily 0 mmple de reade f0m eefeeences in o ol
mamnry (dvena geoe g with oot v dhe wedestinn peocees of ond-
daie irarmevipty and ondesdying ooitige in an follows. Mmoo fiet
elenty He ot 0f noitige that aee park of the ;andidaie ansvipis
Then dheye ore mobiple mitige dut on b poiently ned, e
g inkkkhrs o mokinnmial devbhoiion with paraoeirs g eds
ing tn ff, whees the rord om rarkbiein te oolig io be elecied e
Under shin deivibhotion, ofire ¥ soch random deawe, » ooitige aee
denird] fwith eplomnent] For mach soch ooty sl w sand om by
amigrm dhe mitig to 2 corespondding tranecsi pt wihin dar geoe by
axamning & {-L In shis sompoelie sdesinn peocem whille Erf-§and
I detremine ghe posslbl e e feeener inteeval fenm whilsh i mmple £
deirrmines e probobiliiy of sch ampling and, foally, ey, dotaie
the mmple she
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1.L1 Gerwrallon of el bhar ondes and U

Girrevating weade thatmati pmpiel ol O ege ees of greoeslersl ombigos
ity s o= pant of ki slogleerll BNA-g doto groesotion
Anoibry main ompooent it groerotion of CB and TkdT segoea-
cra, peopedy affested] by ampBfidon and eanmcing seom. In
rrim e we smeentvaied] oo mimieking dhe proces an it oo in
160w dain, thoogh dhe modokie mobee of dhe bl males desigring
modoles fne other degplistdoed] ponmh swightfocae]. The
length of the CR and W1 aeqoenes can he p oo ded by theoes by
defunlt we follow 11w »I pronol for groerating dhe CR and T
eanrcres Gl ven the nomber of nokgoe moleonl e {peeeat in e e
pediment] provided o oo of e proe-connt maidy and e oo
domby geoeraird T eprenees, we perinan o sndom asignment
betwemn kiTe and molewies Coee geoeroiesd, o compleds ool of
e Hot ondergaoes TR sonelety 0f @ ooneaieraied] siving of
CR, T and e meesponding efreens maeaie i e omseipl
an sampled fenm Eef- 1

1.1 PCR ey sl and bmpn tieg sonm e e

Croee e pedt oo e o el ew ar e peepared we flonke amplifpiog
th molewies theongh molipl PR cyeles b0 goevaie o eoleie
distritnil on of PCR doplisirs e folow the standard peoboeal for
WE snokiinn (Best of ol X115 Crabi oz of | 28] Th PR
e {n e e man be descevdhed an a et of oohakan e peohab il
ti= hinary ires The sinchosti-lty of the mode] i deireml oed by e
prolahillly of mphvee =y foar tat mn b Foesoly et e
forkt fg=— 098] At each =pode with prolabilily gy molesles aee

chawn for dnplieotinn Tn sach dnpllofinn siep, @ nocentide in e
molevie i motoie] with probobllity g (deforkt g - 0001)
At she md of smokting dhe PCE cpreles i oo sondomby ompl s
an apywnpelair oumhey of mol svles fom e (doplicied] pool of
moleroles, Aport from parvidiog thls siople moded, sinsow alen
allirew an optional flog b0 mimile dhe smpledo by sopposed moded of
R [deavlivdd an Modd £ in Best o ol (XH 1], whee dhe e
clency of individnal molenies is dlbreed b0 vary and i smpled
fron o ooemal  diswlnidon N{psj defonlt woloes
LAY e 1], and snbegnendy ol the doplois] moleenies
inberit theefisdeney fom dheir porent This sirp i highly st
and =an be costomisesd b0 simolae FCR amp Bl on ghven the mo-
even distrlintion of mpinee pffisensy for individol moewies Te
have ioplemented  eved  optimbotiom desibed o
Snpplemmicry Setion 1. to edoee dhe mpota e | bosden amn-
clairy] with monkiing PCE seqoencee dopBeolon.

219 Kbt praiinn sempling

(v he ot of mmpled dopleoted] PCR-sd molenles, sfemmo
smnkiie] e egnmncing peoces of osol eods As demeed in
Setinn 11 4, sfewnw oiill s dhe presiee Docoll on of de noliig on
the ramewipt om which the reodd i down. The ooitig ame an g
s for mmpling eead eqoeners om e eerenee Cven o mibg
u, with offet positinn p and length [ on o ocevipt £ = esot to
twn ol fremnt merhonieme for deesmining stont positinn. If the mer
chomes b0 nee dhe smpisd dwdbodon By of fagment nglhe,
then w= mndomby sample o fagment om0 dmed el -
sbark poh sbark] wheee polobilty of mch fopment kopth
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ditaird by Fpy and sk varbhie in et with propostional b e
radirm TWhik it i highly mommendesd] 0 me on smpie-aliy
devived] read stont posliinn distvihntion far bl oemes pocko ged with
vl rng], inahen e of soch grand iy, sieew amples from o e
e osmal disedoion M{y o) with o= {L={/T} and 0 oer
defioed o fdefonli et b 10). Theioholiion bebind nsing mnch o Geivie
botn i b0 smoloneomly o e amhigolly icfoemadon whil-

avniding mmpling reads feom B wme s eghon again and
again  This varkn~e in mpling is imposont sine frogmmiodnn
oerew afire the maojoeity of ampBficodon o the pronmie we o
smnkiing and s "dopBeae® rods {reods feom the mme pe-FTR
muolerrle] will bod o adee Fom Sffeent posliiom. Roreorer dis
frameoned cvraies an opilon o s to e g o oeder o more
away from noitg dependent mmpling. Opon selesting de seqoence
vl o =an he i oebneted in impoir eqrencing meeor ot smpbed
e Wissar on asept g vorl sty of eeene model for soheline
ing mooden i den, andd fiollowew dhe o fomat of eeeor moded on o
in Prayre wiad {I0H 5.

3 Rmmafin

3 1 Assnsslng quartilcatinn inolsuslng o

Ax itw onipnt, erlm s prodnces dhe e shondanes maiex T4 ]
alnng with e mw FATS Sm solainl ng He fmolaied eade. This
eahbls dgoenm fesiing of diferent gnontifi-atinn tonlke moh ae
CAkRanger {Fheng of o, K117, OeiTeinol (Smith of ol K17,
pie Henee it s impeetont to validaie i e simokies] eade geoees
wird by eoiw e are able bo eepeodnoe some of e chal lenges faredd
by these tnnls while sooeoming eepedmental data Coe sk Betor
ithait i bnies ko e pesfosmaoner: of Hheee fonls in de meshaniem
by whish dhrey dednpll e DT seopenees | Sdvastara o2 ol BTH].
Te oleerye dhat when we sivatify te groes wih ey 0 deie
e mipenem, the divegenee beiween dffeeent tonk sost bo

caerge A o prodf of coneept we have o the popokie gnontifio-
ihon koo e Crl k-Banges §2.1 0 and 3.0 (] and TeCbool o on. e o=

smnkied daig. The MT-inos-toered pipefine e e ina oostom.
o, which mees STAR (Dokin of af | X1 %) for aBgnmeni MiT-tonke
{Smith of ol K117F] for T eaondnn and EainesCionts {Lian
of ol H1d) for desdnplieated TWAT o0 ontin ge—e eefee b0 e as e
nalirpipeline

The estbmaird] oboodones o covelied] Sposnon and
Prorson] wih the e groe oot provided by soinon. Te ooix
that oomher of =is deteated by o dowrsiteeam tool varis from
what is inkially preent in e ow FIATG fles. Therefore while ol
ocokating a ol mpecifi: kol cvvrkodinm, we conelder onby e soheet
ofthe oelln dhatare prefioted by ol inole

Mimmme arvepits o bost of Siffeeent iopok pormeern, e e
M REerroie] motolion eewe, seqoencing eene, peedefioes] cosbom
eree maded for mbstitotion. DT pool she oumber of FCER opeles,
cie A Crll-Bongey ok ey consldesoble time o Soish | 4=6 b for 4210
cell], we have limies] onesed ves 0 ooe oo of 4 K celle of ol toole,
demmneirating dhevaraner of 8 fremnt ool in dhedai Te cherre
that weniem ran nealen =ffind y with inseoslng onmb e of el That
i, he hobtlered in oor osessmenis won He o enied by e
qountifi~odon tonke, on efeeow oo lookie milos of eade in g
frw minnire Thm, for demomieating obhere ey jeg bow e
choir of difernt degeees of eqoenee ambigoity o mapping
Spksrrgrreraie] oo to specifie proes offrets gnantifisadon aoe
oxwaey], we bave Bmited o asessment b0 salller slmnkiied dalo-
el ~melsting of 00 els each An ommerent of the
compnitinmal pefonmonee o f el wow is peovided in Toble T

3 2 Dateanin
e have need bwen difeeent datoweis for bencsbmarking For a ghohal
unakysh in esme of dowmsiream gnontifisodnn aemnea oy, we o
o e pob By availlobie preipberal bbond monomnd rar cells daig-
et pefeevey] bo an phine e dotowet | Zhemg ol ol 2017], chialoed
from e 10 websle As deneed inSesion 71, we et need sk
a0 estimoie He pror-nont maivie and de edevant ansiiory
pararedern mnch an e enivalenee doses The gene-wmt maelx
alnng with the ansllioey e are Hen med ae an inpot 0 s
Misn o i rmn with o diferent cocfigneodiom Pt we consbder
the "hasl? soofigorollion, whvers oo informatinn other than e groes
oot maivis from ofssds i med. Ioothe odhey confipeation. e
to an ol we kv made e of the epivalenee s peo-
doerd by sk in oddiinn o He sompacied de Benljo graph hollk
on e tanewipt by TwoftCn The “eealisti" sofigoeadon alen
o dhe pmpidol fogment Ingth deribninn I both e o
we have e nowmol mad = foe PCR wilih S ] op e =l cleney.
The other datossin wr e are proevaied] by Spbatier (Fappla
wial KI17] 5pdxtier acrrpis moliipl e parameders an inpot indodog
e geerative modd b0 oee, e oomber of =la e oumher of
e ko expresn et We med shesplat modsl feom 5@ by bo geoe-
exdie e peneesnnt matviy with defonltpasaometees To manage the
time s~wmewning wos (ClkBangers? and 3], te absis i
eestvitrd o 1K oelle and 5T K] greoew

A 3 Tha prasanca 0 gane-lewal emblguilty driues tha
dificuliy of LA resciullon and shapes. the accurscy of
o v airaam hooks

Tith modeir nombers of fragmenis heng seqoencrd] pre=+l and
et diversity in the Tl availoble to g de o] moleieg,
exinting plpefinry appear b0 do @ eoseohle job of sstbmoting e
nombrer of dstinst moleenles mpled ffom sach gene within a =L
Yo, o majne fa b Hhat appears o o feet e oorewa =y of Hese 05
frveat apprnachen in e leved of segoenoe (specifiolly g edersl]
ambignity preeeot in hesimnkied doto This is oot postienkod y soe-
prosing as oeither CrlHEonges {eilhey yevslon] nor e mallr pl pedine
e capabie of appeop ety bondiog mch sinatiom § = o whee
shurld an T be amigeed if it corvesponding rad maps egnally
well bedwren molliple peom?] Howers oodersionsfing dhin effes
erme impostant a he degees of grre-armh ignom eade in 2 bppleal
B ey rargres from -0 3% b0 73% of the boball e de | Sevasor
wial_ H19]

To nindy e pffest of poeders] amhigoilty oo gunantifi=oiion
piplioes, wehare s i fied dhe ghohal soeed allion plot with Fepes
to e wm kg s e eof o geoe The ool geeness sne s specified
by the ratin of teo qaniliee nomber of d-mees nolgoe b0 @ grne
jiLe ooly appearing widhin onsewipie of ths geoe] 0 e okl
oonber of deiins danem prsmt io e geoe Aesnding o thin
medel = e most-nnl g greoe will baye o sooee 0f 1 ond the lasta
aowe of (L The stratified phots (Fige I and J) demoneieaies $hat in
e "hasl" dmnbtinn e prefoemance of all deer inols are ghobale
Ir high nireestingly, = noir it CellBongre-3 does slighiby heis
ter han Cel-Rorgey-? (whish in o perfosme better dhan e
malir pipefine] for non-mnikne penes despite g fost gt it does
ot have o specific medonien for esolviog ook oeem Oo e
oiher band, in she ‘ol et simnkition, whees geoed vl o
awmbi golty was ampled o maich the degeer cheryed o aew 25r
mrsl amky e exprerimental daio (dhls dataeet eebibite ~10% pe-
kevel mobimapping meaning oree 1% eqoencing eads map in
molidple genomie bna], de global peedommane doweaaed. O
pomible intrrpeetoiion of mch 0 moeldeoble peeformane gap
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between Jffeemi tonle o be e speddiic method soch method
oww o g dipemenis [hongh all plpeliors o STAR
|Dobin of al, X113] an thele aigonee ], an well an diferensrs io ghe
aigorihre they nee o ewobe TiTe. k i dear, bowerer, dhat foille
ing to eeanlye e molimopped e mn bare o detdmenta | effes
e armea oy of ol of He qnantifi~otinn pipelioes. The perfrmans
pap b mognified when we ineeae dhe fosion of e de sampled
from lem-nnlgoe groe e oences Thim, it shonbd be noiesd dhat foill
ing to mode empieicn By obeeryesd kerds of egoenes amhignity can
et in te dmnktinn of ooealslc egnenesd fropments, that
fall in =apheeimpostantchar sl on of ol daio) and whee de
varahility of different toole aee hard 0 spot. Thm, b0 oeeate moe
ol ond epesatotie smoloed doo, & oppeaes 0 b

Tabls 1. Spesrmen soreistion sl MARD ere ssbe et wih ==
st o gnund uth nder e difset s figostions be i

o e s gers-a ot e s procs sed by Eplrner
CR2 23 mids CRY CH1  moke

A sl odl 080 AOT3 087 00 oY
- s O&5ifF 2 Ok0 00463 056 007
Tarerabl- aosy O5FF A8 O8N O o047

Most: CHI1 sl CEHI maied o ColBaager]l aid Coll Hasger3,
reipedeedy

Tabls ¥ Thming sl mesmory e bed by mivassy ioosm) e de e
with verioerm persmsiers

Readn Colla MR epdes Theads Theejbemeem] mem (ER)
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impostant b0 coeefrlly match the degees of groedersd mokimope
ping olmeryed] in ewpesimentol dak

In the Spdxfevhawd simolciinm, wr bave meplneed the perin ame
ance of goantifie-ofon pipelines oo data eeperaenting o specstnm of
degrers of eqrener-l eyl ambignity. S0 kxtiee e groerative models
to pendnee e groe-cmnnt maelx Thessfoe whil e the distrdbn one
al darotrrinti-e of e simokiied oooobe e devigeed b0 acned
wih mwprrimmiol dato e in 0o spesifie ekl o bip beiseeen e
e ol and sped e geoe peeent inon organiem  Whille
s presnin 3 oo lerge el frent mappings of simoloted sonnks tn
diffrent groves will ekt in J st goontifiotion pedn amo n o
it alan prewenis g degees of freednm o sepioe bow te prrinmone
of ool chongrs as wr hold e monis S hok aliee e mapplogs
betwemn coonts and sped §egroes. We nee this feedom bo mod A e
e oo, and bo explore it ol vity of Sffeeent qoonifi-
callon pipdices an we alier bow coonis o mapped to specl i
e Specifi-dly, we coneld eeedd He e 8 fee ot eeenarns. Fiest o
et groe- mnin peoess seoees defioed ahove bosoet dhe et 0fgroes
in ineaming o der (f0m least in most oolgee] Then, o= amign e
e with bhxwest minenes s b0 e bighest coperesed geoe
kbd |oggegaied over ol elia] from e Spixtir-rhivined] maowx
and s oo This biaesd alln<lon poepnesinlly inoeeaes He dale
lenge 0f wnintinn for dowxstvean toole We ol this oofigeatinn
"wdvemeialf In the mond oofigeation, we ke seee] o oo
dom et of grnes and folbowees] the rrolimll ' oofigoradon by miog
the efrenrdoees] mmpanted de Benljo groph and e groes
leved anhigulty dmieibolon (a8 deomeed io Sestion 2717, Sollow-
ing the e meyention. We ol this dookition realim . Finally,
e thied confipreotion eepeois the proces of"advemariF ot in e
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enpest 0 e minkmom leed of ambigonml y mapyed wade, Heeeby
making e gnontifi=adinn sollmge el vy oy doe ol doeo-
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it ohove penorim We have alen plosied (= Sopplemeniory Fig
51) the dimvihotion of thess medlw fior ol 106 =dl in te smok-
thon 0 shure dhe shi & in globhal mean i both sprasman coedadinn
and mean aheoinie e ol ve 8 frences (RARTY]. o Soppleoeotory
Figee 51, == oleerye dhat for dhe "adremork P dato| e periname-
ance of ol pipelioes i comlderably deprmed. Corressedy, for e
Yowwahle" dak et |hobtom wnw], He pefommanee of all pipeline i
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arn, e dnonding of gror-amhignom eade can ke 0 mldere-
ahle pfiey on gnontificadinn aeneary, mren onder ol degeres
of gravd eyl seqrenee ammhignily
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im b0 FRAETY Sk by s e for ach ol This ks in e op-
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ool fioe den pletdh g woft W e data Tt g des the st onmpyees
hrosbre fomework o llookiie soch dake o He e el
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