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Abstract

Maotheation: Cusntification estimnates of gene expreasion from single-cell RN A-ssq (scRNA-ssql data have inherent
uncertainty due to resds that map to multiple genes. Mary existing scRNA-seq quantification pipelines kgnone mult-
mapping reads and therefore underestinnate expected read counts for many genes. alevin accounts for mult-
mapping reads and allows for the generstion of ‘Inferentlal replicates’, which reflect gquantification uncertainty
Previous methods heve shown innprowved performn ance when inconporating these replicates into statlstical analyaes,
bt storage and wse of these replicates increases computation tinne and memnory Fedgul reanents,

Resual ta: We dennonstrate that atoniing onby the mesn and varance fron a set of Inferentlal replicates |‘conmpression’t
iz sufficlent to capture gene-level quantification uncertalnty, while reducing disk storage to as low as %% of original
storege, ard memory usage when loading data to as low as 6%. Using these values, we generate ‘pssudodnferen
tial’ replicates fromn a negathee binomiel distribution and propose 8 genersl procedure for inconporating these repli-
cates into 8 proposed stattatical testing frannework. When applying this procedure to trajectory-based differential ex-
pre=sion anahses, we show falze positves are reduced by more then a third for genes with high levels of
quantifizathon uncentalnty. We sdditionally estend the Swish method to incorporate pessudo- nferential replicates
and dennonstrate lnprovemsents in computation tinne and memaory wsage withouwt ary loss in pefomance. Lastly,
we show that discarding multknnapping resds can result in significant underestiom ation of counts for furcthonally -
portant genes in a real dataset

Avrallability and implementation: arakelnffeps and spiiSwish are implemented in the RBloconductor fishpondg
package availlable at hitpa:fbloconductor. org’packages flshpond. Anabvaes and simulated datasets can be found in
the paper's GitHub repo at htps yigithuboeom s kbean buren'se UncertaintyPaper Code.

Contact: nnichoel lzadahlowvedg nedl conm
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1 Introduction

Singhecdl EMA-saqnencing juc B hA-saq | albws for analyss of gene
expression dara arche level of individoal cdls. This cd b leve ] esgpns.
s & often summarnized in erms of expeced read comms for each
gene. Many scenmific qoessans shar were previomly difficok ro ads
dinss mming holk RMA-5:0 can now he direcd y soodied winh scR N A
aeg, mchading divecr senmficamon of comples and gare cell

€ Tha &uthars ) 2021, Pubikshad By O rd Uriversiey Frass

papnlarions as well as rhe analyss of cellular devel apmens mrajeaa
mies | Hwoareg e d @l 018 How ever, commean [pipelines for o braimng
genedevel] expressim estimamxes o schMA-seq arher dscard muoki
mapping reack emmirely, which may kad ma hosed qonamificamon
canmures, ar have no mears o evaloare ghe qoamificanan oncers
raimy in expresion cmmans thar & mpamed by soch reads
{Brvasmava e ol 2019 A& recent pahlicasion leming deven grand
challenges in singhecell dara soence dewnbed egmanon and
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PrEapaganan of measarement oeerminey as an Sorgent elmemary
theme” recorning acnoss many specific singlecell dara analyss wsks
| Ldbhmemann & al, BOET).

alewin Perivasmva er @l 2019 is a deoplerdhased scRMNAsseg
(b BMA-5e | quammificanion papeline thar holdds opon Salaon
(Pazen er @l 20017 and improves opon prear pipaines for B
seq) in several impormnr ways. Farsz, aleein & ahle oo qoannify neads
thar map ra mokipke genes by firss nesobving moks-mapping reads
nsing 4 parsimony criverion, and rthen resolving eqoally parsimoni
ot slmicns by me of the EM algonhm. Ths redoces sysemazc
hiaz= in qoanmified geneleve cooms (Sovasmea e al, 1Y)
Companed ro pairedsand bolk BMAseq, dee BN Aseq exhihis a 5°
cewerage hias and generans one read per ramscnipr seqoence., which
warsers the mpact of mols:mapping reads relasve oo gopical balk
expenimens. Comhbined, these effeas may resok inas many as 23%
af reads mapping o mokaple ganes, which are discarded by defaok
by akemmre qoanmificamon merhods ghar do nor employ the EM al
garithm, soch as drpFa (Pemakhow @ gl E1E], Call Ranger
{Ahemg e al, 20177, STARsak {Dabin & oL, X015 ar bactonk
1Bl s o0l 2019, When compared mo exisan g sl M Aseq qoan
mificasan pipelines, slads mproved the accoracy of qoanificanon
resals when ocompaning pseodoholk sampls of monse resina dara
generawd with sch M Aseq o bolk BMA-saq of the same mssoe rype
(Rrvasmava o oL, 3009, Improvemenr was grearess for genes with
bvwer kevds of seqoence oniqoeness (higher poremial for muoki
mapping reads], and kb for genes with 100% 0o ness |k wer
porensial for moksomapping reads). We demonsmare laer thar dis
carding muki-mapping reads can resol i sgnificans ondenesmma
mn of coomrs o fonoemally impomane genes osing recenely
published sl M A-seq dara of devela ping mice embryes | Pjoan =k
el K119)

Second, aleviy can addimenally assess she inheremn quamifiazion
nncemainty i cellbevel expeced read comns camed by muki
majpping reacs by examimng the dernbomon of qoamificanon s
maes derived from hoorstrap replicares from the original se of
readk. Speafically, each haammap replicare is ahmined by ming a
heemsmrap sampling procedure ta sample reads from cell-speaific
cquivalence clisses, The quansficanon procedare & then repeaned
amn eich ser of sampled reads ro aleain separare qoamifcanon s
maes for each ser. Bayesian models for e pression essmanes alemma-
mvely may draw replicares direcrly from a correspanding posnenion
dismnitaon, afen osing MOMO medhods sadh as Gaibhs zampling.
These rwn gypes af replicaes can he collenive y referned m as Sinfer
ermil replicars,” and dher rype provides a melasive measane of the
kevel of quamificason oncerminmy. Inferemmial replicaes have heen
previnaely nzad in bolk BMA-zeq oo cypmore i ferenmial oncemainy
af gene ar wamscnipr-kvel quansficanon smmares (A Secn od al,
i1 Bray ad ol 318 Fromsicos e al, 301% Liand Dewey, 201 1=
Wlandric & @l 30172 Parro &t @b, 31 7: Pimenme] &8 oL, 2017 Tihen
and Raohinsan, 2020 Taro & ol BHiils Van Boren and Hashid,
2B Fha e oal, 2009 By defank, eladn stares anly the sample
mein and vanance ofche heosmrap neplicaxs for each gene and cell
instead af the foll ser of replicars. Thi “compression’ procedore
gready redoces the amonn of disk space and memary reqoined for
starage and dowmsrream analysts. Hewewer, ®@ has nor heen eval
mamed wihedher this pra cedore sofficiendy caprores the qoamificanon
nncemainty reflaced ina foll serof inferemmial replicaes, therchy jos-
mifying the avaidance of their sorage and direor me in dow nesneam
amalyss.

Inrhis amicl, we demorssrare thar starage af anly dhe mean and
varimnce of the haorsrap replicans & sofficenr ra capmre dhe gene
kevel inferengal nncemainy. Thes grearly redoces the amoant of disk
space, mamary and kad mme reqoired for dosnsmream anal yse. We
addimsomally esmend rhe Saisd merhod ro aperarne on * pee o - anfenen:
mal’ replicares drawn from a negamve hinomial dissribobon wing
sromed compresem parameers. We show thar the ose of pasodoe
inferenmial replicaes has comparahl: performance m resols dhar ime
sread oalied haorsmrap replicanes. Lastly, we evaloawe rhe impacr of
acononmng for gquamifioanon oncemaiey i majecryshased
s A san differensial expresion anal yss oing feadefeg | Van den
Barrge et @l B0E0), and demoms mare thar impr ovememes in the falke

discavery rase (FDHE] can be ohmined by moonporming [paeodae
inferenmial replicares.

2 Materals and methods

2.1 Uncentadnty sware acRMA-ge0 workflow with

oo prees 2l on

A sommary of the memimyawane o EMNA-sa work flow wish
compression & gven inPgore LA lsr of FASTO) fil s aniginazing
from a dsch M Aeseq expeniment ane wmilized as inpa, where aleain &
ron 'with the fhg =mmCelRoommraps 20 o condocr she qoanmifio.
min and stere the mean and sariance of 3 hoosrap replicaes
from each gene and cell. Under dhis seming, the haomsmrap replicaes
are morrerained. We addimanally evaloaned ghe nseof 100 hoarsmrap
replicares isread of 20 Paramerers far a negasive himomial disaniba.
mem are then denived from rhese compressed essimarns |see Semon
2.5 for mare deradl] and are nsad mo sample peendo-inferenmial nepli-
cames forF mee in vanas downsmream msks i Ben of dhe anginal
homsmrap replicares. Psendosin e renmial replicans can he ganerared
separardy for each gene, allvwing rasks soch as differensal exp nes.
s analyses o he easily dismnihored acnnss ssparae CPUs or jobs.

2.2 Sirnuletion procedune

Using smrsrical simolason, we evaloased the perfarmance henefi of
M COMPrSEon W0 o qUanmiarnn oncEmainty i
standand groophased schEMAsseq differensial expression amalysis.
We also evalnared the performance henefiv for majeaary-hased dif
feremmial expression analyss. Trajecmry analyss for whMA=eq &
an impamant develpment thar enahles smdy of the collacgon of
pashs, ar lineages, in which a cell of ane gpe differemians ima a
new cell gpe {Camnodr @l 20018 Saekers o b, X019 A collecs
micn off lineages & often referred oo as a “mrajeaary, and many meh.
acks are avaidlible i condocr mrajpaenoryshased differenmial e pression
analysi, indoding fradeSeg (Van den Berge e ol 20201, tradefeq
firs a separae madified generalzed addisve madel (GAR) | Hasze
amdd Tihahiram, 1988] o exjpression valoes for each geme o madel
hore: valoes change aonass lineages and Sps endomimes,* rem paral vari
ahbs sharare nor measared nexacr mnis e ndex movement from
the hegmming of a lincage mowarnd the end. Here, feade g was med
in comhmarion with peeodo-inferensial replicanes sach rhar rhe ana-
lysis wonld he sersimive oo qoammificason moemaimy. Sese Semon
2 for implame masion specifics.

T smmlame dara onder smphs wo-groop d ifferances for the for
mer scenano, we miliaed the Splet merhad from the splesder package
{ALappia e al, 201 7). Samilar ma Aho a2 gl (2019, we ser the DE fao
tew kgt paramerer o be 5 on the log, smle, the DE feder wonle
parameer mahe 1anthe kg, scale, 10% of genes oo he differenmial-
Iy expressed, and simokized dam for 100 el neach of reo groaps.
The fEcter bostion pammersr and fackor soale parameners were
medified from their defank valoes o prodoce large fold changes he-
rween gromps of cells, aldhongh in ths work the fooos & on oncers
raumy in estmaren of percell connm valoes. To simolare dara onder
the hamer majecwory-hased scemania, we med the dpaerse frame
wark shar was previomly med o henchimark mrapg@ary infenanoe
mezhads (Sackrs o0 sl 2019, and was aka med n henchmarking
tradefag (Van den Berge er @b, Z020). In pamioobr, we consdened
“hiforcasing” and “triforcanng’ mrapoonies, amillady o Yan den
Berge et ol [ B0HI], for harh 100 and 230 cdk. We ser the kevel of
differenmial expression ro he 30%, as in dhe redefeq paper. Barh
smubimars med 80 179 genes, corresponding o the nomber of
genes from the GEMOODE wersan 52 amnorasan from the refers
ence dhromesomes cnlly | Frankish er @l 2009 Farrow o @l 5015
thar were ahle ma he quamified by sleedn. Simuolired comms were
assigned o aoml genes hased on the rank of ghe geanes average ex.
pression from qoansifeanon of o daraser of penipheral hkod moane
ncluar cells {PRMC), spacifically the pohlicly availabl: PEMC 4k
damser| A hen efal, 50171 The PRMC 4K dara can he downkaaded
from 10X {Genomics welsie. This procedore preserved the rank of
the genes hy expressiomn aorces simolaed and real dara.

AT LT R R U]

\Zo engey 77 ouo psenb g BEEE L5 L0 O ST ML CRUE SRR | V0 E S < LI, U S AL S L e O L S



Compression of scANA-seg quantifcafion uncertaimiy
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Falkiwing the generaman of genedevel coonrs, we anlizad the
prianewy framework (Sardor & @l 2019 mo mmokne realissic
s A sa reads cornesponding, o the simolared comns from splai-
ter or dymperss. o is able oo simolre deBRN A neads
accomnmng for impomam characensmcs of real deEMAse dana,
indnding polymerase chain reacsan amplificamon, cellubir harcodes
(] and OB ernors, omgoe modecobr adermifiers (L] for each
read, and sequence fragmemmason. sisew impamndy & ahle ma
aconont for realiesic pamems of oncemminry and moki-mappng of
reack hy ims nse of a |ookored compamed)] De Brogjn graph insread of
sampling reads direcly fraom mrascnpr saqoences. The ranes of
muakimapping wsed in sampling seqoences from she De Broijn graph
were estimaed from she aforememioned PEMO 4K damse. The
reznlmng decHMA-zaq reads wene then quansfied with alads, and
2 hoorstrap rejpl icamwes of gene expression valoes wene generanad for
cach cdl. We addimimally evaloaed the nse of 100 homsmrap repli
caes isread of X Al resols omleed anmoranon fillss connesponds
ing o the previosly disoossed annegarin comresponding ma the
reference chromosomes anly from GEMNCODE  wersion 52X
Ooannfied dara for dhe waproory analyss simolimoes wene
impamed imma B osing the sedmpers package Sonmeson 0 2l J014a)
o altwain simjple lsr aonpor. Dara from the ample roo groop differ
ence simolimon were mmpomad meing dhe fvdseds package |Love
ed al, X0 mo abrain SummariedE speriment abpeas o smplify
nse with she S kb meshod | Ao e el 2019,

2.3 Evaluation of bootatrap replicates

We compared she homsmap replicares fom @fady ro she onee simu-
lared coonm, svaloasng the ocoverage of vanoos @merak con
stncred from ghe hoorsmrap replicars. To cormacr for differences in
remal conme per cell doe mo reads nor aligning, we scaled rhe simo.
lared comnrs for cach cell mo haw the same moral mapped connr as
from alewin hefore evaloasng merval coverage. Addmemally, -
aew i nnah ke ma generare reads for genes whase rransonipr sequences
are shomer than the simolaned read kengrh (1011 Oor simolamon
had 3068 soch genes, and we remaved dhee genes from oo mbder
amn heforne calenlasing onverage.

We consikred 93% imervak comswomed using the foll ser of
hocrsrrap replicars and using qoarmiles from 4 negas ve hinamial
dismrihomon whess paramesers were desermined from the men and
varemnce of the hoosmap neplicans. 1f the lamer immerval gope pro-
vided mimillar resnks oo the former rype, compressian of ghe hoan
strap replicares coold he performed wihoor o boss of redevanr
infnrmaman. Mare thar regasive hinomial was nsad here for she dis
mihmicon of oomms dor one gene and one cdl acwes hoorsmrap

replicares, nor aoroes genes oF aos cellk. As we do nor madel
comms acnes cels or genes, a 2eneinflamon component & nor med

ar nacssary. Speafically, ler ¥V, he the conne for cell § =1 ... .8,
for gene gp= 1, .6, and in lﬁu‘nrq: replicare j =1, . XL K
we kr Vg = { Vg, ... Vigai)h he she emmire vemar of hoorsorap val-

nes far cell fand gene g, we comamoed the former immer val rype far

sample § and gene g as {Jons-Queech Where gome and gpar e ane
002 5 and 097 5 quansl e valoes of Vg respeaively. Since vhe 002§

and (U975 goanmiles are nor definad ewerdy with 30 valoes, srandard
menpobirem  mchnioes are osad o esmmare dhese  gqoamiles
(Hyndman and Fan, 1995, The kmer nrerval gepe was consmooed
nsing a negare hinomil dsmmhomon wich paramererss poand &
chasen such thar E{¥) = yand Van(¥} = u=+ 4. The parameser &
governs the amaom of exyra-Poisson dispersion, with lrge valoes of
& indicaning a dismwibomon doser o Passon, and small valas of &
assaciaed with higher averdispersion. Leming [y, he she sample
mean af Y, and a:,?‘ he the sample variance of Vi, we consroced
the megasve hinmialhased merval for sample § and gere g as
{8ty przs - Mg ez o Wi ity o A W ey ame ghe quanrikes from a
negaive hinamial disribudion with i = fi, and = 5. Inprac
mice, we wer the masimom valoe afg o he 1000 when ﬂ:a o pg-
The *coverage” for a given gene within a cdl was defined as eqoal
mo e if the scaled, simuobired comme & conraimnad in dhe imerval and
renn atherwise. The averall coverage for a gene was ahmamed by
averaging the coverage valoes for the gene across all calls. In general,
if the simuoblired replicares aconramly refleced she moe expression
profile they were simolaned from, we wonkd expecr coverage of the
mre comie i he dese ra the nominal valoe, eg. 93%. Addisanally,
if saorage of cnly the mean and vanance of ghe boomsmrap neplicaes
wis sufficen oo caprone the gene-level inferemmal oncemaingy pre
semm in the hoorsorap replicares, then coverage of the rwa mmerval
rypes shookd he similar. Borh inrerval gypes ane similar o Bayesian
credihle imervals { Lo lman & gL, 201 5% Haff, 200%), where the par-
amerer of mmerness in oor case wonld he she scaled, simolanesd conn.
Hewever, mre thar the nse of hoorsmrap replicaress mo comsmncr the
inervak mears these imervals cannar he thanghs of as praper aned-
ihlke inrervalk sinoe o postenorn dismnibmeon & weed nochedr con s e
mcn. We anly comsddered genes thar had comnms of ar keasr 10 in ar
krasr 10 cells in oor main ooverage evalmrms. This s hecaose oo
valos of zro proved solsramully caser o cover than pesigve
comms, a5 we will demomarae laers, rsoking in overy lowdy
eapressed genes overly mflasing oo verage stasisscs when mdoded.
T sammarnize the amoonr of goamiicanion onecerminy preenm
per cell and per gene, we millized she mfEnennal relnve vannoe
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{InfRN| sramene praposed by Aha e @l 20090 Ths gounsey &
defined for each celll and gene combinas on as:

I

where #i anel i, are dhe sampl: vasiance and sample mean valoes
af the hoorsmrap replicaes for cdl i and gene g, nspacmvdy. This
queunminy is ronghly ndependens of ghe range of the coonrs, and the
quanmimies § and 0.01 are respecavely added o szahilize the stassec
and erenne the final quanmy & sncdy peive for kg oransiomme
arim.. The final InfRY valoe for a gene can then he raken as rthe aver
age af each cell-specific valoe for the gene. The InfR VY sansie & nor
dinecely mconporaned fmmo any esring procedone. nsead, s med
o camegonze genes hasad an qouamificison onceminy for ploming
and ma evaloae how meahode perform acres diffening kvds of
e A on o neemaany.

il = fig 0
TnfR VY, = By = i O
¥ ¥+j

2.4 Incorporation of uncertainty into achMA-seq trajec-
tory anahesia

Pasndoeinferemmial replicazes were generanad from a neganve hina
miel disrrihorion wng d srriboronal parameers valos denived fiom
the compressed oncerminny estimaes, as deaiked in Secren L35,
Lincages and peendommes were fir oming the slingaber merhad
(Roreer ed @b, Z01E], and feadeSag was nsed m fir dhe GAMs o e
pression cooms omlzing thes lneages and pseodomimes. The pra-
cedore was repeansd on each replicare, and nesobs were combined
acress replicanes mwing rwa different ap proaches descnbed momrne
demaill helow. We mllized the predefined associamonTesr and
pamernles within the feedeSeg merhod m rest for general diffenen
ces in expresion within a single lneage and hemween several dissine
limeages, regpecaively. We addimsnnally omlzed ghe stamVsEndT s o
resn for differences in exjpressiom herwezn ghe stam and end of line
ages and she diffEnd Tesr ra et for differences in exjpression he-
rween separare lineages near the end of ghe lineages. The firmng and
resting procedone was repeaed on 20 prendo-dnferenmial replicaes
amolied fram a pegasve hinomial demmibmen wih pramees
caknbined according v the procedore discmsed in Secrwm 235, We
cemsdered several marhads ma combine resals for a gene aorass the
simnblied damsers.

The fir stmeshed was momvared from Sadeh Ao o 2l 2019 6n
thar & ma= dhe mean ear stassse aver iferenmal replicars as =
fimal st sansni. In comrass o Sadsh, which mes permummsan ma
demenmine s grificance, the mean ress s mosnic & comjpared mo 4 paras
memee moll demhoen o deermine sgnificance. Specifacally,
trade S millizes Wald resysmansrics, which follow a chi-sqoared mll
dismribaman, for cach of s sgoificance eas Bowever, the assoc.
ared degrnees of freedam jdf) of the dhissqoared noll dis miborors can
change aorass genes and replicaes for cemain s To accomnr far
i, we firsy rrarsfor med Pavalos acmoss replicars: i a clhisqoaned
diszriboson with of eqoal ma the maos commonly ahserved df valoe
aver the pssdodnfeenmial replicass. Whik: the mean of chie
smared random varahls dos nor ollw o dhiesqoearad  dis o
men, we assamed the mean resr starsaie aoross replicanes oo e
spomcs m a single hypothess war for dhe gene of imees. We then
wene ahle ra comjpare shis mean net stassme ro the sume chi-sqoaned
diszrihoson mwed n rhe mverse Povaloe mrareformarnon abave ma cal
cubare fiml Pavaloes for each gene demnmine significance. Mo dhar
rhe final Povaloes will nor necessarily follow a omfonm dismibmion
onder the moll hyposhess wih sthis approach. This merhod &
referred ma in Besakbs as “MeanSard ferdnvlhitg.”

The sacomd approach sdecms a spacific percenmle of the vecwr of
raw Povaloes aonoss replicares o he the fiml Pavaloe for each gene
and performe FDE correcson on these sdeced Pvalos o deer-
mine significance. We considened the $ikh and 7 Sth perceniles, and
refer o these mahods i Besols as PvalfdPers and Pval? FPerc”,
regpecively. Ths procedone & smilr oo the procedare osbzed by
RATs {Fronssees of el 2009, which resrs for diffenemmial orame nipr
nzage (DT in holk BRA-seq dara. RAT: nconporaes inferermial
nncemainty by negomring a cemain propomen jdefanle0.9 %) of FDR-

adjosred Povaloes acra s inferenmal replicaes (eihar Gihlks ar hoar
strap] w show sggnificance ar 4 given pominal FDE kevel for che
gene w he comsidered ro show significans DT However, chis ap-
proach requires ghe foll ser of FINEadjmsred Povaloes acmes anfenen
midl replicaes o he remained o sgnificance & o he evaloamed ar a
differens FDE dhnshiald. Depending an the momber of sggnificance
rers and inferemmal replicares weed, the disk space and memory
required ro soore and load all Paaloes conld he prahihinmve. In con
mrasr, oo propesed approach erahles evaloarim of mokaple FIE
cmaffs whike anly nequoining swrage of a single Fovaloe for each sig-
nificance e We will demamarae lrer thar oor praposad ap-
proach provides very simibir performance in pracrice oo the one
omlized hy RAT:

2.5 Modification of Swishto use paeud o-lnferential
repllcates

We addimsemally modified rhe ewining Saich implamenranion |ha
el 019 oo emahle i owowe prendo-infer enmal neplicaes gener-
azed fram a negasve hinamial dismibmion This can greardy redoce
the amomnr of dsk space and memary requoined oo inconporare inders
emmia]l  replicare infrmazson mm exisang  amalyses. Psedo
inferenmial replicans can he simalired ozing the makelnfHeps fone
mm in the fishpond Beooondooar package. The splvtwish fuonoion
wis aken added w the package, and allves masz of the Surdsh come
pmasiors o he diswiboed aons cores ming Saalkesake | Kfisner
and Rahmann, 2012). Kesoks fram each cane are gasheread priar oo
cakalimian of the final g-valoe, oming the qvaloe package and fonc
win {5zoney, ZO0I). Only the compressed inferensial starssics [,
am #I?.:m serm ma edch core, with psenda 4 iferenmial replicans gen-
erawed and meed as peeded per core. This forher redoces moral meme
airy and monning rime per jah.

2.6 Sirnulation evaluation
Ta evalmare the performance of the previonsly dizooseesd samoks
mms, we nsed the JOOBRA package |Scmeon and Kohmson, 20146]

ro generane plos thar compare the woe pemve ranme (TPH] aomoss
different fake discovery raes (FDR] ar nominal FOE dhreshalds of
1%, 3% and 10%. We addisonally szranified she plom hassd on
InfEY m compare parfarmance acies diffening kvek of qoanmificea.

TR ONOE TNy

2.7 Mouse embiryo data

We evaloamd the effecr of mols mapping reack and qoamificamnan
nncemainny an majecmryshased differenmial expresson wish dara
from a recent sc M Aseq smdy by Payoansak 20 ol (2019 This
atody sequenced EMA from 116 312 angle celk from momee eme
by, colbenad armine seqoenmal Sme poims thar range from &5 ma
8.3 days prsr-femilzanon. We comadered dara ar a sobser of rime
poinm, specifically 800, £.2F and 850 days s emilizanon, m
fowms on cdls wizh dhe ghohal cell-nype anmeranon “go’. These cdls
coarrespand oo maroning gar cells dhar were demansmaned o have
disminer marker genes thar can indicae differenmanon herveen dif
ferent cell rypes. Camne expression was quanmifisd msing sleydo mon in
its defank mode, which nconparars moki:mapping reads via the
EM algonehm, with 20 hoersmrap replicares addisonally ganerared
mo ahmin ghe means and varances for com presssd] oneemainng an.
lysis. We addirsmally ran eleads withoo the EM step by ming the =
noem flig, which discards mokimapping reads and thos pravides
queumificasion resols more oomparahle o depEcl or Cell Ranger.
The memse embrya dam can be downloaded nsing the s mooxme
fomnd i the Downbaadbome Embrypalbamomd file m the GeHob
rejpositary for this pajper.

The amalysis of celk ar 800, 828 and .80 days pose
fermillizarsnm inval ved 30401 cellk, and we randomlly dhose 300 from
cach mme poine o inclode i the orapoary analyss. The solsaming
wis performed o meonpaorane cells fram each mme poine thar wene
dismritoed akmg the emmire deve apmemal rrapeomany while ansoning
campomrsonl scabhbiley for the reoks ron on the pssado
inferenmial  replianes.  Trjecmryshased  differenmal  expression

AT LT R R U]

\Zo engey 77 ouo psenb g BEEE L5 L0 O ST ML CRUE SRR | V0 E S < LI, U S AL S L e O L S



Compression of scANA-seg quantifcafion uncertaimiy

amalysi was condoored mang the procedone d s d in Secmon 24,
Hyposhesis resaing was condooed oming he associmion Test fom
trade S vanest for general differeances i exjpression acnees lneages.
We ran she procedorne on she coomrs from elads thar inconporare
muki-mapping reads ming she EM alporichm, and repeared rhe ana-
iz on the coones tharda nor moanporase miaks: mapping reads and
were genenaed withom ming the Eb algonidhm. We addmsomally
amulied X peado-mferenmal replicares from the neganve hina
mil dismniboson osing the procedore desorihed in %ecmion X5, and
camhbined resals aonoss replicanes nsing dhe procedons desoribed in
Lamon XA Closenng assgnment of cdl and smmansd pseodae
mmes and hneages were fixed 1o he dhese essmared from che EM
comint paine estimaes in all cass m ersore all resabs couald he come
parad as direcdy as possihle.

3 Results

3.1 Disk space and Mennory conmpar on

We firsr comppared ghe mml disk space fin GB) raqoined m soore the
fall abgecr ampm by tadsport for the mrajeoory simolasoms m a
gzip comprssed hinary formar as well as dhe mml memary requined
{im (B ma load she ohjecr in B with and withoor indoding 20 hoon
srrap replicaes aoroes 100 and 230 cells in Sapplemenmary Tahlke 51,
Marrics widhin the abjear are soared i a sparse formar, greardy
redocing disk space and memary requaned w kad ghe ahjecr inm R.
Herwever, heeh disk space and memary required ma khad the abpeo
inm B oincreased approsimardy lneady wich the momber of cells,
and srorage and memary neqoramerss for resals withoom ha arsarap
rejplicares are approsmaely 18% and 4% of the amoons reqoined
for mesuks mdoding all 2 hoorsrap replicans. Addimonal resoks
ghommn in Sappkemenzuy Table %22 demansmrane dhar the campora
memal improvements from the compression procedone hecame mone
pronamnced as the mmher of cells inoreased. Specifically, dhe disk
space and memory reqoired for dara from 1000 cellk withoor hoon
strap replicares were approximaely % and 8% of the amooms
required for resals mdoding haasmrap replicans. Especually given
recent acdvances in s KN Aseq rechnology thar have made i possihle
thar a single experiment coold comprise many thomands or even
millicns of cells (Ldbmemann ef @, 2000, vhe disk space and mem-
anry redpoinad ra stare resnks thar indode all hacrsorap replicares can
quicldy heoome imramahle as she nomber of cellk or replicass
inoreases.

3.2 Coverage

Ceverage of each mmerval mype was evalmared mwing the dara from
the rwa groop difference simobison, srasfiing by InfBY and exs
pression kevel. The InfEY measone & dscmsed in Seasan 25, e
hresfly, ir & a4 nomenc measone thar goannifes infeenmmal oncers
raimy thar & roughly sabilzed acrss the ange of the conms
(b et el Z019). Resoks show neary denmical coverage valoes
heween she mvo nerval rypes. Thes indicared storage of he
sample mean and sample vanance of the hoosrap replicares &
sofficient ro caprore she genedevel inferanmal oncerminry present
acress the replicans (P Il Coverage remded o he kower for
some genes inothe apper 10% of InfRY level shar are nor in the
npper 10% of exprssion kvl Inerval wickh endad o he lrger
for gemes in the opper 10% of expression and for genss i the
rop 10% of InfRY Sopplemenmary Fig. 51). The dismibmiom of
inerval wickls were nearly idemmical herween the mwva inerval
cemsmrncinn methads.

Cioverage of each imerval gope was ako evalmred acnoss the
kevel of onqoeness n the reads conmibming ra the gene’s expnes.
som, as reoonded n othe genehyscell “ger® informaeon oospor by
aleadn {Srvasmava & gl B9 A specific gene and cell combhin
amwimn & assggned a mer valee ranging from 0 ma 5, wirh a valos
af O mdiagng na reads from a cell mapped o dhe gene, 1 indic
canng thar rhe gene had soome onigoe reads (smher all, or a mix
of onigoe and ambigoons], ¥ indicaning e gene had only ame
higoas reads b appeared in 2 moki-mapping nerwark in which
ather genes had onigqoely mapping meads and 5 indicaring rhe

gene isadf, and all arher genes i s moks.mapping nereark, had
anly amhigoons reads. The overall mer valoe for a gene was come
pmed as rhe average of all cell spacific mer valoes thar are greamer
than zemn oo ersore cells with mo reads mapping o a pamionkr
gene did nor affear che gene’s overall mier raming. Coverage
decrezed as the owverall mer wvaloe moreased, corresponding mo
kvwer owverall nniquoeness i dhe neads comniboning o the gene"s
expression dcrass celk {Fer. I Coverage was neary sdemmical
acress the rwo merval gpes, agamn mdeanng storage of che
mean and varance was sofficiens o caprore the gene level dndier
ermil moerminy pressor in the boosorap replicars. The median
wichkle of the imervalk deoreased as gene mer increased pass X
(fewer mnioe reads for qoamificasaon) bor did nor differ appre
cihly heaween rhe ma  meral  oomonecdon meshods
(Sappkememary Fig. 2. Simillar plos ming a4 gene’s onigoensss
raren, which & rhe propomion of Rmers of kengrh 51 present in
any of the gene’s mansoripes shar are nor shared wih any orher
gemes |Srvastava e oal, H9], are given i Sapplimenmary
Figores 55 and 4. Coverage deoreased as she seqoences commiboe
ming mn the gene hecame ks oniqoe b the widdh of the mmervake
did nar dhange apprediahly aonoss gene mmigqoeness. A& simpls noy
cxample of geme oniqoenss valos & shown in Soppleme
Fregare %5, Nare thar a gene can have a gene omqoeness valoe of
zerag, which evaloams mnkpenss in the seguense of the gens,
while sl having a nanzera gquansy of reads mapping o the
gene. We addimemally examined rhe difference in coverage he
rween the mo imerval rypes on a pergens hasks |Soppleme mary
Fig. %8). Coverage was idenmml herween the mon merak for
0% of genes. Addmenally, the coverage was mare than 5% dif
ferenr herween she mea immerval rypes for only 535% of genes,
and the megamve hinomial imervak provided  higher  coverage
than she hoomrap imervak in almesr all of these cass.

We addisomally evaloarad genesspecific coverage perfnnmanoe
acrees cells in Sapplemenmry Figores 87 =510 Coverage of the simo.
lred connr vanied gready acees  genss and  cdls, wish
Supplemenziry Fegore 57 demomsraning ke ooverage aoass cells,
Sapplemenmry Fegores 88 and 59 demamsraning very high coverage
acress cell, and Sappkemenzny Fggore 510 irrnmmlrg more
varanan in coverage acrees cells. Mo thar the gene onigoeness
FaTRG & 2ana i s pp kemersany Fagore 510, cornssponding i the gane
sequence having mo onkgoe &omers, while there are sall many cooms
majpping o this gene. Mo thar, averall, coverage resoks were again
very simikir herween dhe rwn inrerval ppes.

Ta ewlmre the impacr of gene filenng on coverage, we repli-
camed rhe gene mier coverage plors oeing all 57 111 genes thar wene
ahle ra he nsed acwes the simokeon pipeline |Sop plemenmary Fig.
£11). Coverage nencked mo he higher than the corresponding nesaks
rhar fikerad genes (Fog. 21, mdicaning Lowd y expressed connrs nended
o he easier po cover with imervak than maore highlly expressed anes.
This was fomher confimed hy removing all coomrs of O foom the
cewerage evalmman for all 37 111 genes, which resuoled in ssgnifi-
cantly lower coverage for genes with high overall mer valoes
(Sapplememary Fig. 512, Addimemally, coverage nesobs prsemed
in Figare £ did ner differ appreciahly when osing 100 hoorszrap rep-
licares irsnead of 30 Fopplemenmary Fag. 5135].

Lasaly, we evaloarad coverage mming the simolied sajpeczary
comms from the dwerse framework. Resols from she oiiforcasing
mrapecry simubizeon with 100 cels are presenmed in Sappleme nmary
Figores 514 and 515 Coverage from this amol@ion rended o he
sggnificamly bower dhan the coverage for ghe rwo groop diffensnce
asmublimon presemed i Fegore I for genes i the opper 10% of
quumificasion onoemainry. Ths was likely hecanse ghe expression
kevelks aora s genes are significansly higher shan & rypically presenrin
real darasers, wih nearly 30 000 genes heing highly expressed
eringh ro pass fikening for this smmo bseon.

3.3 Trajeciory-based differentl al expression H‘lﬂ'fﬂh

We med fradefeg v evaloaw the effecr of incarpararing qoanmific.
e mncerminy imo ooy hased differemmial e pression ams
lysis msing psendo-inferemial replicaes. Using anly the aleadn paine
eanmures of ahmdance generally neoled in high sersigvig and
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afren comserved the deared FINE shreshakd. Heowe ver, incanporanion
of quamrifcason oneemansy resoled noedoced FDR, pansoolody
for genes an the upper X% of nflY. The was especully troe for
the sramVaEndTess and parern T e vesols fr ohe 100 &l mvifancas
ing, mapc oy smokion. Resoks for chese ran msrs ane shown in
Sopplemenmry Figores £168 and £17, respeaively, whide rembs for
the asencirion Test and diffEndTer are shown in Sop ple me moary
Figares 518 and 219, respecnvely. Sensimiviny when ising the mean
sraginic and Pral3dPerc approoches was comparable o e of the
NI ST IS,

An example of how the monmparason of quamificarson oncer
masmy can henefic analpses can be seen m she somVsEnd T ea
resilm. Specdically, oee of the paint esnmazs of conms for genes
withmn the hgghes InflY camsgory resaled o 8% aleerved FDE
ar 4 nomimal $% FDOR, whie the shinee  ince maim ry-inoo i ra s ng
meshock all had olserved FDR ks dhan noonaeld $%5 and shese
fome redicing she false posaives by more than o drd for shia
smmobisan We npre thar the seomsviny mmully appers m e
hggher when ming only the ponr snmaes W othe oz
Herwever, this incnsse is offser by moreasad FDHE levels, and we
thins cammion agasesr oeerpresng the morcased TPR shaown as an
indicariom of heser performance. Addmwmally, resols anabogons
w0 Sapplamemary Fgues 516 and 517 mme oo dhe acoml boas
smap replaanes. from #lads are shown i Sapplemenmry Figares
230 and 521, Thee significance nsoks are peardy sdenzcal o
resals discresed aheve, indicaning thar e of pseodo-mferensial
replicares gemenamad from o negative hinomald  desnbogion in
plac: af dhe aomml hoosmrap replicass resuls dos wn sigmfic
camly  impac  dowmsmeam  resubs. Hesols analogous  mo
Soppemenmry Fgores 516 and 517 mm omwing 100 amokied
preudieinferenmial replicars did mor ddfer sohsmsmially foem
mesnlm wich only X Sapplememary Fags 822 and 525). This mdi
camd X psenckianferermial seplcans were suffcens o meomar
are quamEifianon oncemamsy  inm she anabss. Lasly, oor
proposed PralfdPerc and Peal? 3Perc approadhes showed  wery
simiar perfarmance o the  simiar procedore memivazad  foem
EATs {Fovedon o @l 2009, The procedore from RATE

camdocrs FOR correcmon hgfosr seleaing the Beh or 7izh per
cengle of adjosred Prvabloes as che finad valoe irsnsad of peronme
mg the FDRE comecren afer scekomg the fia] aw Poalos
(Sopplmermary Figs S84 and 52,

To dlsmrare she advammages of quansficanon wnoemanry on
paronbiy genes, we focosed on 1$ moll gemes ghar had a mean
comne 3§ aonoss cdb and had bigh infersmmmal moemanmy {average
IofRY = (LF] Povabes for chese genes from dhe sansEnd Test far
resils cabobived meing rhe alaia poimr esfmanes as wdll as for
Tval¥IPerc  and  Twal?3Perc  are  respeavely  plomad  dn
Supplamemmry Figores 536 and 537 Lke of the inferenmial repli
caes chmmared fake posaives ar rhe L01 FDR level: me of
PvalfiPerc clminamd 7 of 15 fabke posmives, whik e af
Pal?3 Pere dlimimated 10 6f 15 fake posmmes. Pval?3 Pere onmre oy
shifed the Paovaloe mward 1 for all cases, while Pral® Perc shifred
the Povaloe soward 1 in every case excepr ame.

The 230 cell miforcanng majecwry samolrson ako showed
reduced FDR kevels b she FIRE frcoan the alad s poms estimae s was
bvwer in this simulimon than for she 100 el smmbmon, meamng
less improvemens in the FOE from iconporariom of qoamidicanion
nncemamey was possihle We @werprer this oo he mdicagive of
moreassd acooracy in the psendemime and lineage ssamanon relagve
rer mhe 100 cell case, resubmng in quanzficanon moenaary haing
ks imppacr an final signifeance resals acwes all genes. Kesals for
the 230 cell sforcaring lineage simolinen  are  given dn
Supplammmry Fegores SX-55]. Sigmficance resulrs for she hifor
caning lineage simolnom showead samikor pamenns 1o resals from the
mifwrcanng majecwory sammbinen, wish the FDE always heing
reduced by moorporasmg quamificason nncemamsy via mierenmal
meplicares fam nor shownl. However, the improvemens  wene
amaller than shose presese m the eniforcaning sragoory, mdicasng
guumificason ey bad o smalls efiecr on rhe final g fi-
cance resals shan for dhe tnforcanng majecmry mse Two-dimen
asomdl prmapal comporess plis of eich cel acnes knowen
pemckmimes for the 100 cell and 2530 cell onforcaring simolamons
are given in Sapplemersary Figores 252 and 855, regpecrive v, winh
the firlmeages from siagshed heing plooed mang ghe blck bnes.
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Tabla 1. Computation comparisons for Swish and splitSwish for
tiha w0 g rou o difle e non simuladion

Mok R oot Mhx e - Lexad Ccengrate
e ey lal ial
(ME Wil
Skl i3 4. %0 2 Tk
siplla Saud s 11 Lag 3 M

Westes Revales imcdale 60 179 gesesacns 200 cells, with X0 boosess -
Bcarss for Necdnk s 20 pcedo inderrm il seplicecs bor spht Sodd. R objos
it ool Bl i ol e vy i e s, o ofnk e el e e peepln e
et i v Bl it el i e e el mmirrEaimey. Max stem-
oy ctell vty gt are e il e ool i = B e e S,

3.4 Swilsh with paeudo-inferential replicates

We addisonally evalmred and compared Fwich wish ghe proposed
splitFaish foncrien. Load mme, compme gme and memary com pas-
wome are given i Tahke 1L Usage of splitfaish mmead of Sadch was
ahle o grearly redoce vhe size of the qoamificason abecrand mems
ary required m complee the analysks. Compme mime  somiming
across all eighr pobs was incrsased with gplitfudeh oompaned o
Saigh, hor per job dhe compoe dme was redoced ahom foar-fokd.
fermmviny and fake decovery rars were comparabl: hemeesn
skt Fanish and Saieh | Sopplemenmry Fig. $54).

3.5 Mouse embirvo data
We hstly evalnared rhe impacrof mols-mapping reads and quoansfi
camiom mnoersinry on a majecanrys hased difenenmial expnssion anes
lysis af momse emhryo dama calleced ar 800, 825 and 850 days
prerfemlizason. We fomd dhar coonm  moonporanng  moks
mapping reads can differ grearly from those ghar do o for cemain
genes while hang vimmally onchanged for ather genes. This was
even o for genes withina common gene family, where coons for
cemain genes within che family were significandy ondenessimared
withonr mnonnpor asng mokimapping reads. Previos work on balk
RMfeseq has shown thar dscanding muoks:mapping reads can kead
ro nnderesmmarion of coonrs for genes relevane o homan disease,
recammending col kypsing acnoes o bmap ping oo s | Kob e and
Warsom, 201% Tar ef @l 2 04). For example, the Mmel and
Mmel genes are known ra he parr of the Nm23 gene family, and
hawve heen shown m e responsthle for the majoney of NDF kimse
acavity i mammak |Peerel @ 2l 2009 along with orher cellolar
proceses (Bossan o @l M08 Mmel and Mme? can he oo
mramscribed, forming a foson progan (Akva e @l Z00% Prakash
ed gl B Mice vhar had hash genes dellesed have heen previonsly
fomnd o soffer sooned growsh and die permamlly (Posod o8 ol
2000, demarsrrasing the clear impamance of the gene family in
mammalian development. The gene fumilly has addimsonally heen
shemn m play a wiral rale in pon-mammal vemehrare speces
| Desvignes o ol 2009, and kow expression of MmES has king heen
denmfied o ply oodal ek o cancer mesmsis i homans
{Harmongh and Sreeg, 2000 Jarresr &t @l 301 % MacDvonald & &,
1993

In ghe mamse embna damser a comparsan of Mme ] and MNmeX
comns esamaed with and wighomw the EM algonzhm | hencefamh
referred rooas “EMT and ‘oo EMY, respazively) ane presamed in
Fagare S Commrs dor Mme 1 were nearly i denscal whether incanparas
ing muolsmapping reads ar nor, nsoling o the predioed onoms
acress paencdorime for each bneage having similar shapess with and
withom mcorporaning muoki-mapping reads Sapplemenmary Fig.
S35 In comerser, commnzs for Mme? were foond mo be moch kbwer and
near fera withom mconporasing mok-mapping reads. This sesoled
in che pradioad oooms aooss peendomme for cach lneage heing
much kvwer when ignaning mo ks -majpping reads | Sapplemenmry Fig.
553 despie che dear presence of nniqoey aligned conmes far many
cells acmes the samples analyzed foppleme mary Fg. 556].

Pasndoeinferemmial replicans and the proposed  Pral $(Perc
method wene osad o condoor sgnifiance rewing for che

nncamann-awane mapanay  analysis (EM oweh ancerainy”).
Adimed Paalos foom the assocamonTess wene highly signi ficans
1« 10712 for all dhree scemanias (B, M winh e Ty, na
E®| for Mmel and MmeX, However, o mamal inspecsan of ghe fir
Laf bls im Sap plemen iy Fagore 55 5 for the "na EM” resoks revealed
the predicrad commrs neverhdes do nor differ mo a lrge exmenr
acress prencorime. This wonkd kead o ohe inconnea condosen thar
Mme? was always very kiady expresed acros preadonime, despie a
starsrcally sggnificany associanon wirth pssodomme. Yery similkr
resals were fonnd when she fiv lincages and reso biing A Ms for the
‘na EM” resols were allvwed oo differ fram those fir for she “Eb°
resuls | Sapphkmemary Fig. 557,

Addimnal examples of ganes with moch ko o esnimaed ooonrs
when gnoning mokimapping reads mdode Hmgh1 and Rplisa
|Sappkememary Figs 538 and 559). There were lirge differences in
the fir GAMs for hoth genes for he “EM® and ‘no EM® nesobs
| Sapplkemenmary Fig. 54|, choogh Povaloes from the associasonTes
were all highly significans | < 107'%) far heeh genes for all shnee
scenanks. samilr differences in smimaed coones when nor noonpoe
raning muoki-mapping reads were aka present for 3588 genes when
sobseming hased on dhe roml gene connracwss cellk hang moane ghan
30% higher ar kower acress quansficarion meshod |Sop pleme mary
Fig. 541

4 Discussion

Previoms wark had demonsmared the necessmy of moonporasng
muokimapping reads inm s ENAse) analyss, a5 dismanding hem
cembd resalrinop raa 23% decrease in she nomber of reads nsad far
quennmificasian ovasma @ gl 20019] and indoce symemasc hias
for cemmin groops of genes hased on coverage and seqoence bame
allagy. slevin incanporaes these muolkimapping reads and addizon.
ally allvws drawing hoosmap replicaes o estmane qoamificanon
nncemainty thar s preen doe o these muols-mapping reads. Here,
we demorsmare thar siorage of the sampls mean and sampls vari
amce estimeares af these homsmap replicaes from aleady & sofficien
mo capmane the genedevel iferansial oncemminey present in sumpled
replicares. Peoodosnfememel meplicaws can he genenawed from a
negarnive hinamial dismibomon as needed, enahling easier imeor por
amwm of quoanmificason nncermingy o down sreum . anal yees. Whls
cewerage of the roe conne does nar generally differ widh and wirh.
T O T s o of GpoarTifca o n oncemainy, cermin genes showed
very kiw coverage. Some of these genes showed high kvels of qoan
mificasan unoermamry, hm ideally even high qouamificason ancer
raimy shoold nor direcrly resok in decreased coverage bor insread
anly brger inmerval widdhs, We plin ma exzend alesdn w0 prodoce
peestenior Caihhs samples for the onderdping Bayesian modd. Since
Laihts sampling explores the emmire paramernc space by fising orher
eaamares b ane, we helieve the e oling d b mmeon willl repreent
the oeeminy more accoramely dhan homsmap sampling. Use of
faibhs sampling woold addisonally allow corsmooed coverage
inervak o he imenpreed as Bayesian oredihle meralk since a valid
st ar diseriboson wonld he meed in their corsmnoaion.

A lmimmon of the compressed nncamainy procedore we hawe
proposed & dhe facrrhar ivanly preserves the masginal gene-kve -
ferenmial replicane dissnboson soch thar ir can’t he med with meh.
ok thar mequoire covaniance harween pairs of genss or mran son prs,
soch as senllepee | Tarra & @l 2004 ar Serminus {Sarkar ed sl
0B The proposed approach thar nss Povaloe qoamiless from
resuls nepeansd across peendo-inferenrial neplicaes o derenmine sg-
nificance has dhe advanmage thar iz can be applisd @ any sanemcal
meshed withaor direcly requining any addivimal as sompricns. The
propased appraach thar mes the mean rest sanssic acnes replicaes
[ :Iniul}' fhewilhile hor assomes dhar the mean resr smarsnc ollhws o
paramesr i mll dsmribarion ra derermine siggnificance. This assomp-
e mmay nr held in cemain simanns.

Fromore work ooold imvessigae addimona approadhe ma moonp:
QI CoArTEfR T n nncemainTy i dowrsineam stansmcal analyses
and ma moonporae mnoeminry o addmonad meshods and woorks
Tl s, Quamificanan oncemainty has heen previomly shown ma ime
prove performance when imonnporaed @mo mamis ficonzason for
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micranray analyss {Wang ezal, Z0048] and ordinason meshads far
micrchiome analysis { Moo and Hodoes, 507 Ben o ol X017,
and shese and similar metheds could e omended w0 moonponace
commpressed mnoemainry. Fumore wido ok anod npo raning uncermaney i
ey analyse speoifically coold addimemaly seek o evaloae
the effea of finmg cherer assiggnmens, paeadodmes and bneages
aches pretdacinferenmial replicases. Keepmg these conssrens aonoss
peeckeinieremmul replicans prevems ismes dhar can oompleae
combmaren of msuks aoass replcaes, soch as differens replicaxs
resulmng in a differere momber of lneages or m differcor saming
and ending diners. However, this approach will nor moonpornare
nncenamy thar manifess wsell dhr oogh differences in chser assgne
mem e, preadomimes and lineages themeebves.
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