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ABSTRACT

A primary challengs In lhe analyals of ANA-sq clala
Is 1o lcloniliy cliisranilally supraased geres or iran-
acripls whils conrolling lor lschnicel blasss. Tceally,
a slaligiical lealing procechrs should Incorporaie
iy Inharanl Lncariaindy of The sbunclance sallmele
arising rom e cuaniificalion slsp. Mosl popular
madhoels lor PMNA-ga cliipranilal seprasslon analy-
aln i o parmmadric mockel 10 b counlylor sach gang
or ranacipl, and o auheyl of melhocs can Incormg-
ke Lncariaindy. Prgvious work hag shoun Bhal non-
prampiric mosiels for PNA-98 cifigranilal sapres-
slon mexy have beller conirgl of 1he lnley dacovery
mby, arel aciepd windl 1o reawr el hypas withold ry-
rpiring rpdormaation of & peramairic mocdsl. Existing
ronpramaiic mocsls do ol lake Inlo accound In-
iprandlal uncariaindy, lsadng ko an Infisled falae da-
conrary raky. In pariicuiar al e raracripl gl We
Poposs o nonparamair: mocdyl or dirsndlal s
prassion analysls Laing Infsranilal replcals counis.,
selareiing the adaling 5AMag malhod 6 accounl
ior Indprpnllal unceriaindy. W compars our malhosd,
Sudgh, with populer difisrenilal seprasalon aralysls
malhorla Swish has Improved coniml of the dnle
clacqrary rolg Inpariiculer ior raracripls wilth high
infarpnilal LUncoripindy. Wi apply Swish 1o o singly-
ol PNA-ga celasal. sassasing difaraniial supres-
alon halunen sub-popuialions of calle, and compars
Na pyrformance ko Ty Wilcoeon el

NTRODUCTION

Cuantification wncartamty in PMNA-gaq ariem from frag-
mwmiy that am comsigtent with suprespon of ome or mom
framripta within g gema, or fmgmeaty which map to mul
fipls pene, Abumdyncs astmation glacrithme pon by bl i
cally aasign frgmen 0 tremxripty, snd may simulmEne

mualy axtimate technics]l hine prrameiem, povading 3 poing
mfimate of ramecript abundance, Tramerip: gtundancs cun
he comparad aomm smmple diractly or tmasEipt Al
dancem can ba summgrrad within g gene to ponide gene-
lewe] com perisnmy Acmm mmpe, However, monrpommiing
the uncertainty of the quantification step into smfiskicel
tefing of shumdance diferencen acrom smmples iy challang-
ing, bt mervertheloms crificy], ga the infamntml uncertgnty i
mt aquRl A mm tTAnACTiE o gamem, i i higher for gemes
with mamy wmiler t asripy (ransrip-leve | incarainty)
or genm that belemg to larps familie with high level of se-
e homology (gane-lawl imcartanty],

Mathody devigned for ramcrip-lovel diferential o
sion (DE) groplyyn inclwde Bt Fag (1), EBSay (2), Qi
{3}, FsaDE (4) and slawh (5}, BitSeq wm MCML smmplan
fmm the poaterior dritution during shhmdance esyrima-
uilnufuachmmﬂn,tubmﬂ amdulufmlmmlmm
w. R AT A A pRTameITE
Heymizn model o wﬂthhthnﬂ wiritutimm fior the
stundanca in 3 wngls snmpls heing conjugate, such that the
posterinr mfsremos comparng somm smple B mact, EF
Feaq takem imio account the mumber of remxcripts within a
geme whan perfrming disperion estmation, whils Qi
¥£2 modal biclogics] varmbility acrom rephicaies thmugh
rver-higpersion, an well as the uncerminty of pmigming
Gyt to tramripte within g geme, weing the batn negetive
Hnomigl mivtum datautiom, fraDE gnd shask lverags 5
s men of quantificaiom imcartainty foom boowirap-
ping ready when perfiorming DE snalywis, Them methods
thamfore may ofer hetter comrol of FDR fir tramxcripe
or gonen with high yncertpinty of the shundance, B Sag
ERSay, Qg und sleuth incorporatas Wolngicsl varmno
and nfemnrial uncartainty o A parame iri; modelof gene
(T {Enxriy aupmeyim, whils faoDE fncumss m compar
Bom of hootstrap dimriiniomy for fwo smples gt 8 fme,
apgragaiingowr madom prim or a1l paim of sem ple in fwo
gmupain the came of Hologicnl rephcntes, Anct her method,
BAT: (8), poviden 7 test fior differenfinl trmasript umae
(DTLI}, RATY talen nfaranfigl uncertsinty imo scenunt by
mpanting the stateticsl teting meocadurs socmm niemn-
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til mplicate (pewterior mmple o hoosirap mplicatm),
and then offers g filter on the fmcim of m:ﬂ.tmtu amaly-
am which achinwed smtistice] significance, In this ml}f.

fin o i e ] framecApt euprewion (OTE) g differ-
antinl gema mupmeion (DGE), the ntter de finead 59 5 changa
in the e gl mupession of g guuanmnallufimmnmm

BitFeq, ERSeq, Quffift? and slauth rely (n parametric
maiely of the tmnszipt or g ab asyuming m-
derlying distritagiom for the data and sometimes alo for
the prrameterein the context of 3 Bawemn model, The diy-
trtruticmy am typically chiowmn fior heing rotrust gorom mamy
superimemty and fior efficient inferencs, 1n 3 Mot simols-
tinn benchmark of DTE and DGE, EXSay gnd shaurk did
hpen impreved perfrmancs fordetect ng DTE com parad (o
mathode devigned fior geme-level analyvein for E5Seay when
smmple sz way large (r = &) and fior shewk when the mm-
Dl wize was low to moderste (= £[3, 6]) (7], Lnading suppert
finr thess mdely specinfized for ranmript-level infamnca,
In thin wimnlgtion hemchmark, Ef%eq and sk performed
mimilgrly 1o met hods designed fior de tecfing DGR, whers un-
carfRimy in ginmdancs swimeation s grently mduced aade-
scribed by Boneon of ol (£),

Previous srudion hnw shown that nomperame tric meth-
oy ior diferemtial supmmion anElysia mey he mom okt
cempamd 1o paramerric models when the dara for certain
gonm 0T tmasziph devinies fom disirittiomal aenmp-
1o oif 1 he made]1 (93, Linnd Tihahiram (9) poposed S40-
sy, which e Wigh mmitivity and good coninol of FDRE gt
the pena-lovel, when the spmpls stz is 4 per gmup or higher
(710,11}, 54 Mseg unm g multiple m-sampling peocedurs
to At fior i Temncen n lihrary wiee Ao sample, and
them pverngen 3 rank-hamd text smtstic over the m-smpled
dutasety to0 produce 5 vingls score par gene, Wi conyidemd
whather the 54 Meay modal could he stendad to aoonumt
finr infm ot ]l uncertaingy during 3 bundance ast mgtion, g8
wall gy haich afect and smpls pairing,

Further, we imvesigated whether 3 nonpammetric
mwthod for compsrism of counm, which account for
inferenfinl yncartgnty, would provide henefit for new type
of data euhibiring different digtritutions compamd 1o bulk
PENA-paq suparinwnty, Sngs call BNA-maq (scFENA-saq)
porvides reseamhem with high-dmemsioms] tmnsripiomic
pmiilm of wingls cally (12), revenling imter-call b em gene-
ity and in perficular sub-pepulaticng of celly that may
be obamred I ik detases Dus to the lmited amoumt
of BMA material in 3 singla cell and the low capture
aficiency, 8l current pmiecols for s PINA -5 q s xpearinen
use amplification techmiques. To reduce the smplificarion
bima, it B common 0w UTnigue Molacular Ldentifigm
(LM}, short random sequencen thet are attached to the
DNA molecule por call (13), ldmlly, by counfing the
ol number of distingt 1TM1s per gome and per cell, e
obigne 3 dimgt covnt of GDNA molacules, raducing by
fmm amplificatim,

Among the mulipls difersnt types of aseyn silghls
fior UM1-tapped scB NA-paq, dmplet-tesed protocn s have
beem of particular mportancs hecaums of theirrelafively Lo
cawyt, Wghar captum mie, m et ne and ocuracy i game-
conant agtimetion, However, current decENA-mq {droplst-
haond sngle-call ENA saquencing) pmtocol are Emdted
in their resolution, a9 they only sequencs the 3° end of
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the mENA molacule, This complicate full ransrip-level
quentificarion, and in fagt such quantificarion in ot poss-
bh fior collac iom of transcripie that am not disem b ted

7 soquanced fragment'y langth of the 3 and, More-
m; finge decENA-saq pmitocol typically rely on om-
wdembls amphiication of gencmic materml, the 1TM1 e
quences designed 10 help identify duplicate fragmenis are
oftan et to error innand seqwmcing,
Mon decFEINA-nag qmﬂ-ﬂmunnmnhmuild—lﬂ thys n-
chude some method for de-dupheating wimilyr 1TMIs (e,
LMl within some small adit datance) stachad to rende
that ghign to the smme gene, Thew decP NA-mq quantifi-
caron pipelines (14-17) smphfy the pmblem of geme-lovel
count asfimaion by discanding the gene-ambiguous mady,

which mpresmt 2 comidemble portiem of the deim (12-33%
a0 mparted by Srvmatpm af 2l (18], Alswin [ 18) 7 the firgt
tonl 0 pmpose 3 method to sccount for seaquancing and
ampliicaticn ermr W cellular baroodes (CH) and 1M
whils 3lan fiing o aconunt geme myli-mapping remdy
diring quanmifimtion, To monlve gene ambiguity, Alevie
firg vam the Parmmmmiowm LM1 Graph (FLIG) resoh-
tion glgorithm, In the cnee that pamimomy fily to distin-
guigh 7 wingls hext gena girindancs i sxtimated by it lizing
the pmportion of ymiquely-mapping mads por gene 1o dis-
oAt ambiguom count by a0 apecmiormaymiz g ion
pmcadurs, Alevie alan can pmchuce inferemiml mplicate
in the form of mulipls mairicm of ssfimated couniy v
honmrapping of the comm in their PG model, We as-
semmeud himw oo rperafiem of thin infarenfial uncartainty w-
ing Swish reyulted in diffemnt mte of DE genm compamd
o thom callad by 5 ranichamad eyt ignoring imoertginty, in
the comtent of caling DE.ganey et waen sub-populsticman
cally chtected in acE MA-pag,

Wo descrite 3 nomparame ity method for gme or
transcript-ewl diferanfizl mupmehion seplysis HAMsg
With Inferentiy] Sample Halpy', or Swdsk, that pmpagates
quenfification ineertainty fom Githe poyterior smmple
gonernind by the Sebmon (19) met hod for tmnsip qumn-
tificurien, In addition to the incorparation of wncertginty in
the coumts, Sedek alan autemdy the two gmup comparism in
SAMsay by Ipnidling suparimemts with discmte batches or
sEmpl pairing, We show through smoulgtion stdies thet
the poepomed method ks better contml of FOR and bat-
tor semmitivity for DTE, comparad 0 ewiyiing methody de-
wigned fir t mamcript-lovel or gene- kvel goalyee, For DGE,
Fuich tandn tn perform 2n well 8 sunting mathods de-
wignad fior gene-level anghorin with better comml of FOR
than A Mseq for gene with high nfereantizl uncertainty,

Wa glan compere Swish, lveraging numamn uncArtginty,
with 8 Wilcouon teyi 0n gene supmesicn inscENA-saq muib-
populaficms of calls i the develo ping memums train, Sedch
gvailghle within the #4 nhpend cndwctor (20 prck-
age bt o #fbiocond uetor. o rpf packoape atfinhpomd,
MATERALS AND METHODS

Madipo-raiio walsd comniy

In crdar t0 Apply nonpammetri; rank-bamed methods o -
tmated couni per gome 0T TTAmRTID, wa Gt mmamen -
anm on the covnin dwe 10 Ehmry sz differences or change
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n the affactive langth of the gene or remgdpt Remm mm-
pm (19). R 3-tageed damsem, where we do not ewpect
counts 10 be roperinmal 1o langth, we correct cnly for 13-

wze but net fior effactive langth, which is net com-
Tt sealad TPA county are genargtad which nra roughly
rm the sle of oiging] mtmated county, W am adjwsted
o Agenumt for techmnice] tase with repect to e factive ran-
wIipt Or gene lmgth (£). W perform medmn-ratio normal
Zation (21) of the aceldTPAM, 10 remow aoy mmdunl i
farencey in seoladTPA aoroms mmple dus to rary sz
diffamncan, The myulting salad covmte cin them ba directly
crmpared Rcmm srm e,

Buppome 3 mairin ¥ of eytmgted county from Saleon,
The mrwn of the mair mpresmiy gewe r TRmxTipy, (g
=1,..., A, 8nd colyumms represmt smmple, (1=1,..., =),
Lat ¥y dencta the count of RNA-peq fragmem s semgned to

o] smmﬂnt The myfimaied counin ¥3 aradivided by a
hummmmmhthmﬂu—um&uﬁﬂmmﬁ
of the gene or franmript, donnted a9 Ly (8,22), W first acale
the by by the ganmet ry; memn over 4, goving 3 bing correcfion
torm by, conterad around 1;

b =ted([ T}
Then wa divide the by from the estimated coum e

1
¥ =t
Chalr™
fior 3" tnpped dats, we et 4 = by = 1in the ahove,
ﬁmﬂuﬂmﬁammﬁn:ﬂaﬂufmmm
depth, by
X{HE-"EJ
ﬁ i Jml gl
For each mmple 4 3 medmn-rafio foe facier 3 cempagad an
}-
h= nndum.—g (1}
(T 330

whers the medinn B fplen over g where the mmerstor g
denrmingier are hoth gmater than zem, Rr scBENA-aq
duts, snultemative e facior evfimete in used, a9 describad
in g lgter sectiom, Lantly, the scled count wsed for nonpas-
martric mett hode B ghven by
]ﬁ
- ;
After scmling wa filfer fantures (gonm or ramripe) with
Inwnclad county and themfcrs Lew powes for bulk BNA-
mg, we recommend keping fenturen with an estimated
coumt of gt least 10 acom & mnimal menher of semples,
and ham we mi the mimimgl mmber of smmple to 3, For
1M1 de-dupicated scP NA-saq dats, we Lnwerad the mini
mm om0 3 and maquine a1 lemet 5 celly, 59 describad in
1 lgter maction,
Wi male 81l of Febwmow's Gibbe sm pled seimated coum
mptricm wng the ghove pmcadyre, For posiefiormmpling,

Mucled Aeddy Revsroh, 210, Vol 47, No. J§ £I6%

Sabron adepts 3 wmilar appeech to MASEQ (23 to par
form Gibrbs smpling om abmudance estimatem, ahermfing
hetwean (i) Muliinemizl smmpling of talingniim 1o
aquivilence classm of tmncrips and (1) condifioning
thams fmgmant allocationy, Gammy mmpling of the tran-
wript shndancs g9 dexribad in further detailin the Sup-
plementary Mote 2 of Faim & ol (19), The Githe semples
am thimnad mery 16th ieration (0 meduce auo-cormelaim
([Febmre'y dafault setting) amd 20 thimmed Githe smmplas
am wmd o the postericr mmplein the Dllowng methods,

Inferiind rolpil meinoce

For ench gana (o tramscript]) from ench spmple, ¥ Gitba
s plad aatimgind countn 3re panergind ¥ing Salwen, By
fimgted couni are then scplad And fiersd 59 described

Wi defing the feferamsdal relotine rarkmces [InfEYY par
gem anud par symple, 5e

maufs — o, 0
F_ 1

whers 52 in the semple variance of scaled counts over Gitrba
mmple fnd 1 B the memn sled count over Gitds mm-
pm. 1n practics, we alao add 5 pemudoomunt of 5 o the
denemingior and add 0,01 cverall, in order to sahilizg the
st atic and make it sirictly positive for log tranginrmation,
InfRY iy themicrs 7 memaum of the ncertamty of the et
matad counm, which a mughly sebifzed with respect 10 0
(Eupplemeniary Figum §1), The lrger the InfRY, the Higher
the uncertainy in quanification for tha gene or tramxipt
mn that snmple mlgve o ofher gemes with the mme memn,
Nota thyt InfBY & not wasd I the Swich satisficy] testing
poncacum, W only wed s work fior v Emmtion par
pomn, 0 cEleprine geney Or {rAmxTime by their infamn
finl uncartHEinty, in 8 way that i mughly indepandent of the
mnge of covmin fior the femure,

InfRY =

Tt windimic omr G menpley

In Surisk, wa commder guperime iy with spmple gomm two
crmdfifiony of miemet, Wa pdditiommlly alliow for two or
mrs batche 0 e wdjusted for or comparsom of privd
duta, decribad balow, We firgt comsider an suparment with
twi cenditiom and no bache, Lat sz donote the smmple
size I conufition k, E=1, 2, and . + s = e, Lat Cude-
nata the collection of snmples that gre from condition E,

For the fiollowing, consider 3 single marriv 3 of scalad
county from cma of the Gible smples, (= 1, .-, ¥). For
geme g, the scaled counm ¥y, estimated faom (2) am ranod
over 2, T brenle fiem in 30 mrurfu #z hinlogica] smmple, 2
sma1l mndom vehie mdmw o 1T finrm 0, 10,13 gl auckdd
hefinre compting the ranks, s inLi and Tikehimni (99, Let
Ky denate the rank of sgmpls 2ammg e Hologicalmmplen
firr geme g, A in L3 and Titwhirani{'9), or 8 two group com-
perimn wa us the Mamn-Whitney Wilomuon test statiic
(24} fior gona g

mn{m+ 1]

—T - ®
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LUindar the mill iypotheyis that gene g in not difemntinlly
suprewed, WY ks supacintion zern,

For every gene g =1, -, &, we calculate Wy fior all Gibie
samplad acaled coymt mytrices {5 =1, -, 5). As i Lignd
Titghirani (9, we compae the mwan over mprted coumi
mairicen 7 the final tew srarieic for e g

1 X
i
The main difarence heiwam Sedok and 54 Mg i the
o of famnfinl mplicate count matrices from an

UpaITEm
quaEnfificgtion me g9 inpit to the Mann-Whitnmy
Wikeuen test, 29 opposed 1o Poison dewnsampled count
matrican, Addifinmglly, Feish suimdy 4 Meeg fir variom
other muperimen m] devigm, describad helow,

B v ied ol mimiimis

In puparimwniy with fwo or more batches the ahove test
siatstic can he generpBzad to 3 siratitied text satmi: aade-
azribed in van Elteren (25}, W we e following to pmduce
8 mmmarized teyt ota it

1, Btratify thea mmple by the mimnce covarige (ag
batch), Bupposs we have 7 siratm, In sirafum f the mm-
pla size fir condition kinwe, , and the toral mmpls size
i, G, oy, R =

2, Forgirahum J, compute the test smiistic 7.,

3, The final test statitic in caloulated s the weightad com-

bingtiem of I cver 7 strats

1;“‘=tﬂu1i"1 ®

where ay = im the weight asemad to stmm ),

When the diffomnce m suprewion for gene g in comais-
temt peormy betche, tha waightad tast statists: mavimtm the
power oif tant (28],

ligraes}- rnaskc pimd il Koe pairesd dntw

In muperinwmiy with parad smmple g hefirs and after
tmgmemi wa 1 3 Wileruen wignad-mnk feyt smfistie (24)
in (@) I Iy of the Mann Whitney Wilomon satmic (3).
Forpmirindm p=1,..., ®/X

= Eu&su[ﬂ:,]ﬂ:. i)

whmﬂn.mfudffurmm]"' fior the two emplm in pair
P, 8 nﬂnrmﬂr.wurpamuflﬁ:,I

LUnlike the Mann-Whitney Wikmum and siratified ver-
wrn demeribed previcusly, the wigned-rank simtisfic i ot
nacammrily ddentical after trnsformation of the dem by a
m o ame; function, e.g, by the squmee mot or shified log-
arithm, W chooms 10 keep the datm sascaled counis when
cemputing the mgnad-rank stafisfic snd net to perfiorm the
square ront or ather ramyformetion, a0 8810 pmmote the

Pars 40F 12

am:itinnof higher ranks to matched semplas with higher
scAled counts fir 3 given gene or {ERRTIT,

Mpon-"Whiiney Wilcoxon for dliEarancay nemey oo goopy

In superimwnm with two gmups of paired mmpem, o2,
hefom and after treatment, with paim of semplay ddded
RGN T 1T e I, e may b it ereyed in teating if the
aifinct of trentoent in the same scrom the two gmups, Here,
we e 1 Mymn-—Whitney Wiloruen eyt statistic on the log
finl ¢hangem compited o tha prir, again tking the masn
of thiy smtistic mer infemnt i\ replicytes, This et will reject
the myll bypothesis fior genm or ranscriph whers the mlfi-
pheative afeq o counn difern acmm the two mamem,
whils comirolling fior gny differencen at haseline, 1t in gnaio-
2019 {0 teyiing g misrpc o term in nepr mode], The log
finld changs in chowm ham, a8 cpposed to the differencs in
conunt fior the wigned-rank st chosn shove, 59 1he 181
ter winild e semyitive 10 diferencen of the baseline couny
acmes tha two trem memty, which s net desred,

Perrapiwiion e apimndion of FTEE

Linder the mill lypothesis thet gene g is not difemminlh
enpromed, the disritrtio of et smtistic T D (446 B
nat imawn, Intead, folowing the appromch in 54 Msey (93
We U8 permuaiion tes 0 comyrc the mill disribution
fior Ty [by default 30 parmutntiom), In the camss of siratified
data, we perfirm parmutaiinm ntly withinsirats
s cakulate 2 weighted et sintistic 28 in (5), For peimd
dats, we randemly permuts condition kbals within pair,
Fimally wa use the parmngation plug-in method (27) 1o efi-
mate the ¢-value for enchgane g, levemging fumcticny in the
F packngs qealue (27, Wa provide the aption to astimate
ey, the pmponion of mull, frm the chmred tes sty
tice gnd the permutaticn null dtritation, ut by default
wea gt = 1, which reduces o the method of Bexjamini-
Hichherg (28) fir FDR contm), 1n practics, 4 mmple per
group i mfficient for the permngation method to keve wm-
mtivity to detect diferential mupramiom (9,11],

FSirmi Sy olf Bl BENLA -y

In crder 0 evalugte Swih and other methody, we make
e of 3 pmvinusly published wmulated ENA-geq dutaset
(7}, which wa trisfly dexzibe ham, palyestar (297 wan wmd
to mimylate primd-emd ENA-paq mude nemm four groums
of mmples twn condition grou with variows diferentisl
mpropnon paiterm dexzibed halow, which were halmond
acmm two teiche, Cme taich dememyirated maistc frag-
ment (O b, and cme heich demnomt rated appomimete by
umform cowrage, The fragment GO Has was dervad v
almipe (30) frem GELTYADIY samplen (31), Likewing, the
hameling tmnmript aupresion wes derived from 3 GEL-
YADIE mmple, Bach omdifion gmup had 12 samples in
total, aqually aplit gamg the two betchen giving 24 mm-
plan i 31l Fragmemiy wam simuated fmm 46 933 supmewed
tranncripm balemging to 15017 gaman [Gancods [ ) relenmw
2% hyman refamncs tmnsrips).

054 of the gene were simplgied with no difemmntial m-
pomionacmm amdition, whils 1084 of the genes bad g1l of
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their tranmrips diferenrizlly eupmesed with the sme fiold
changs, 1054 of the genm had 5 yingls tmnscrin dfamn
finly supremed, and 1095 of the ganm had shifis m aupres-
mnn amemg twn of their rnmript soforme which renled
i no change in total supresion, For the purpom of gene-
Jew ] (hiffierem tin] mupeassion, 2096 of the geney wam non-mll
thus 10 changes in toE] eupeewion, For ramcrip-loel dif-
feremtin] eupresyicon. g1l tramcEpy eupresed in e vt cat-
egory wam i m oty exprmmd, aawsll as 0ne tramxrip
per gene fmm the meond catepory, and two tmnTipy por
gem Trom the third catesery,

Tranmrip ware quEntified wing Sabwon v0,11.3 and
dolleta (33) w0440, with bing cormection amabled fir hoth
murthods, and generating 20 Gitbe smmples i Selwaon and
20 hootytmp smple for Faliesn, The scripts wsad 10 gan-
erio the smulgtion am provided in the Code Avgilghilyy
mefion, gnd Inio to the raw made and quantifistion filee
gm linted in the Dary Availahifity mection,

il ey vl ny
W avalusted merthode acmos fmur s tings:

1, DGR anghwin with e beich of spmples (fmgment GO
Hns), wix semples in mach of the two comditiom,

2, DGE anghywis with two balanoad baiches of mmple, 12
mmplm m each of the two condifioms,

3, OTE analywn with cne beich of mmple (fmgmen GO
tine), win snmplen in ech of the two comdifion,

4, DTE gmulywn with two balancad beiches of smmple, 12
mmplm N each of the two conditions,

Th evalugte the performance of methods on DGE and
DTE, wa w the IDDER A package (34) 0 ommetrct plote
of the rus positive rate (TR owr the @i discowry
mate (FDR) 5t thme nomingl FDOR thresholde 1%, 5% g
107, The methode comparad mclwde Sk, DESeq? (11),
ERSesy (21 Neve with woowr ransformgfiom (35, SAM-
seq (9, and shauh (5), We chom 5 et 5 methods to mpre-
mnt poplar choiom smemg classe of sppmache, We note
thet adgeRt (36) and afgeR with qums-lelihood (37) par
frrmed well . 5 previous henchmark of this damset (7,
with hoth perfiorming dmilady 1o Mewae, E5Seq and slauth
am deyigned for DTE or DG E gnabin teking the infamn-
finl uncerpinty of quant e fon into agcoumt, whils S4400-
g, DESsq?, and Husra nm designad for gane-lavel analy-
ain, tut bmve heen shown nevert helmw to be ahle 1o recowr
DTE when supphad with tmnscrip-lewl esimated coumnts
(7). W povided mimime] filtering acrom all mathody, re-
maving tEnKTiE or genm withmut an etmated count of
10 or mom acme gt lemst 3 snmple, We alao wed the
default meommemded filtering functiome £11+erByRrpr
and alenth prep for B gnd slask, mopecfively,

Faor DESeq?, EESeq, Yo and FAMzeq, wa pmvided
the methode with counts on the gene- or (mnsrip-lowl
grmargied by the bdwport prolmge (), wing the legih
Fealad TP mathod . For the two telanosd batches mpar
o, we peenaded A1l me thods with the baich warmble, m-
capt EBSaq and 4 Mreq which do not have much an op-
furm, Fr ERFeq and F4 Maeq, for the two aichouperimems,
w firet adjwsted the county weing the known batch varishle
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and the renmoveiatshEf famt fmetion i the Heseas [38)
ke, which mproved the two methods' parformancs,
For slewuth we divectly parvided belists qumntification fils
o the mathod, and for detection of DGE, changay in the
total suprawion of 31 the tramcripn of 3 gama Boom oon-
ditiem, we 1med the count mmmasmmtion opiiom,

Nempmrame irk; me thode keve the advantags of heing ro-
et t0 cuiliom in mquencing datm, Th evaluate the noboe-
o of our method, we intmoduced mutlereinto the counte
of thres randemly chopen tmnscriph that wers ot dfer
et flly supmmwd W the smlation, For epch of thew tran-
mripis, we madomly selectal o snmpls smeng the 12 1o-
tal smpley, and mltfipling the eyimated counm and the
Gibvtn samples by 1000, We comparad the ¢-valum or ad-
Tusted Poalusnoi thew thme ramcipaimm Sk, e,
DESeq? gnd ERSeg ( Fwisk, compamd to thres pprgmetric
marthods that can take g input the modifiad count mets
cmy), Hor DESeq2 we tumed off the Coolcy- diamnce- bamad
filtering poocadum, 1o demnmyirate the snsitvity of the un
filterad test remulte to outliery,

Highly replicad ] B NA-peq dninesiy

Th geem the perfrmance of Sk on resl bulle BNA-maq
dutasetn, in particular im comtml of the mrgst FOE, we
downlcmded two datasem that contain  lamee mmber of b
rlogica] replicatas, which maio them wwfulfor eachmark-
ing wiatistical methode for differential eupeosyion anabmis,
Tha firet dataset includes 43 high qumlity binlogical repli-
cutm of wild typa Secchowwrpoes sarevisies [39), Bandom
min of 10, 20, 30 gnd 40 sempley wers chomn from the to-
tal of 43 mpmplen, and randemly apll Nt twn gooup 1o
firm tot datasets, For sach mmple won we mpeat the re-
mmpling pmcey 100 timem, The second dytast includan 16
high quakity Hological mplicate of wild typs Arabdimsis
thotizns (40}, Agsin, randem sets of 10 smple, or the an-
fim dutaset of 16 smmplan wes chommn, and madomby splif
mtn two gmups, Parfitiom of the deta were chosn o bal
ance 1he mumber of semple fmm hatch 1, a9 we fmund thin
tmich o sepame fom beiche 2and 3 nsupleratory dats

amalysia {fupplememinry Figurs 52}, Agpin for mch mm-
pie oze, wa repemtad the mmmmpling process 100 +imes, For
the want dataoet, we focumd on gene supramdicn, whils fior
ﬂnmmdaMHimnﬁmhdbuthmmdm
wript suprewyion, Ay the smmples n g1l cume wem fmm e
mma mperimenty] condition, gnd ware chosen to halincs
with mape;t t0 techmica] varmtion when pmsent, we do met
SUDACT ALY Senem or irAmTime 10 te mpored aa diffamn-
finlly suprmyned. Wa foqmed mm Swok, SAMreq and e
fior thin aoplyein, 39 Heene had simng coniml of the FOR
In mamy camm in the smulted dats, and becawe Swdnk in
an mitemiom of the Fd Mray mathod, For aach mathod, m
mch rondom mull detamt we recorded the pmportion of
geme (T (i rapored o gn FOR mt fior 5 55 tar
got, which can heimterpmiad aaa flme powitive rms (FFR),

Rliogle coll B NA-yeq simplnilon

In onjer 10 seme the abliy of Selck 0 male ww of un-
cartpinty infnrmeticn contmined in infamntiml replicate ior
fngls coll BNA-aaq, we comyrucied 3 smulgion com-
Hning the splester (41} and polpezer (29 Bincmductor
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packnpan, We sl the yman referancs cDNA tmasripn
fom Busemiy] misam 95, and smulated gene supressicon fior
35 583 gmen. Pemd covmin were smoulaied fior 40 celly in
twn groups usng splatter with DE factor location of 3 on
tha log; acale, and DE fietor seole of 1 cm the g2 scnle,
10%% of genen were chomn 1o be diferentially suprewed,
Hiranded singls and rendy of length 100 hp wam genamied
uyngpaolyester, drawngimm the 900 bpclows o the 3 mmd
of coe of the tmasrips per gene, ynlew the ramcipt was
ghorter than 400 bp in which fragmemis wem dmwa from
the enfim tramscrpt, Thin aapact of the smoulgion was cho-
mem ) bt reflact 3- tmgoad ;mBENA-seq data, nwhich there
in mom ymeertainty in peigning rendy (0 g, compamd
tofull-lmgh BNA-soq datm, Gone-lvel supmosion wes m-
tmated by running Selson wying the Enmmbl full length
¢DNA mference tramxripn 39 the indew, withowt lemgth
gorTactinn (g9 racnmwendad for 3'-tngoad remde) aad sum-
marizing county to the pene leval with oo,

Fiogle coll BN A-por off oaom oomrooy

We deanlcaded 5 dataset of scPNA-paq of the develeop-
ing mou hram W ordar to evalunte the performancs of
Swish oo ENA-aaq counis with 3 diffemn dirivgion
and with mome gene-level inferantinl uncartminty than bulk
FENA-gaq. In thiy dataset, colls fmom the cortes, Hppocam-
pm 7 ventricular zeme of 8 embryemi; (B1E) mums wers
demsncigted and sequanced m the 10w chmmiym pipsline,
wPENA-paq datz wes quenfifisd by Alvie (18) +0.130
with the default command line perameters along with - -
nunCel1BootatTaps 30 0 genarate 30 bootstmp ei-
mated count mairices, The totel mmber of calls was 931,
andd the mym ber of genes wae 52,325 (Gancods (32) relenm
M6 mamums referamcs framcripm),

In 3 gemprehamyive anchmark Bonesm gnd Bobmon
{42) comperad DE methods designed for both P NA-mg
and ik BNA-sag, and found thet the Mann-Whitney
Wik e (24) bad fpworahle perfrmanon compamd to
mumwroys othar methods n detection of DE g acmm
call, Hinwevaz the Wikouem test was Extad 29 hpving tha
downside of not accommaodating complax dewigm e.2. oo-
varigte conirol, sampls pairing Or interaction terma). Wa
theretore compamd Swdsk to the Wikoum text siatisi: in
detection of gene differentially suprossd scmm clst e,

Fevmor (43) wan voeed 10 cluster the celly in the datamet,
Fingt, calln with low quality wars remarvad, bemd on quakity
i plers (S up plema ot ary Figurs 83), Thome callyhaving
« 1500 qr 6500 geriey suprmyad wers mmeread tased on the
quality cemirol plot, Additionally, 1home cell with =d% of
mitochendrial gene detacted were mmrved, These filtem
regulfed in £35 colly mmaining in the dutmeet, For Sasar
chustering, goma county were then normalzad by their total
oo, multiplied by 10 000, gnd the shified logerithm was
appliad, with 3 shifi of 1 10 pmserve emm,

Cmly highly varighle gene wem wed for clustering by
Feumor, which wan determined by culculafing the memn -
pmmionofscaled counts and dapersion for ach gona, bin-
ning genem by megn aupresnon mto 20 bing aad cakulat-
ing racoren fir #7u (the sampls varmnce over the mm-
pln mwmn) within each bin, The highly varishls gemem wers
defined 79 thowe with memn muprewion betweem 00125 and
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3 (o the nuturel log scule and xacome of 0.5 or larger, A
linvmr monle ] we fif o the log scaled coumty, o further re-
mave By techmical artifacis aesnciaped with the ol mem-
ber of L1y detected por cell and with the pament of mito-
chondrig] gene detectad, Tha top 10 (rincipgl componanty
of redumls of highly varishle geoes wem wsed to chuster
the cally, using Fasery graph-hamd umuparvised chuster-
ing ot hovd,

After defining clustery wring the Kghly varmble ganes, we
returned to the mairiv of eyfimated counts and gt temped
o find penen which wera diffamntinlly mupremesd acmm two
spacific chustem, The clusters wem chomn tesed (m sxpre-
wim of neursl diferentiztion merker genem mporied by 8
pmvious siudy (44), We spplisd hoth Sedsk and 5 sndard
two-grmpls Wikouen test to the scaled counts of cells in
e e clustery, Wi ncnled the covmi wing wize fuctors efi-
mated with the mifingtype = *possounts’ o the DE-
Feq? packege (111, 5o recommemnded for scF N A -pag oifer-
anfigl suprewion anabywis (45), Genes without 8 et of
thres or mume W five or mom cally wam removed pricr to
the DE amplysia acmm clustem, Swdok produce 3 4-valee,
whily the F-vahum from the Wilcouon text wem adjwted w-
ing tha Banjsmim-Hochharg (28) method to pmoducs nom-
il FOR. hounded s,

Tio nosey the perfirmance of Felnk compamd o the two-
mmpl Wilcouon tet om reml B NA-maq datn, we mught
an independent datamt that we could CLER. TS
goid-gmndard. Ay eENA-sq may g 1 own sywtematic
hiasen we Sncused forvalidatiom cmg bull BN A-aq datamet
alan of embrwmic; (B14.5) mowe train, which smployed
lamer-captum microdise cicn in onder {0 Wokte varime re-
gicma of the brmin (46), We dewnlonded and quantified fve
smmpley fmm the wntAmular zone (VZ) and five smmple
of the cortical plate (CF) wring Selwsr gl then auglyzed
the bulk ENA-saq detm on the gene- ol using Hebepor: fiol-
Lerwad by DESsg?,

RESILTS
Fimpiptfon off bl BN A-poag

We mmlunted the InfEY in the wisnlaied uk ENA-mq
dutaset 5t the gane and tramcrpt vl At the transcript
Lol there are two main smircm of gmsdancs uncarming
{1} among diferent tramxripie within 7 gene and ([11) dues
o hemologo s saquence of ramxripe acrom genm, Af the
gona laval, wa observed sutetanfinlly lam shundancs uncer-
teinty, sempeaciad (Figum 1), At the gone level, the uncer-
tainty anmg tramcripe within 3 gane hee been collapaed,
and cmly the lattersourcs of uncar sty remaing, aleo ned
by Bonesm et al (£)

At the gane level, wham there wan lew quantificntion ym-
cartinty, Swish had wmilar parformance an DGE mathod
evamll (Figurs 2), For the sxperiment with 5 singls barch,
Swisk had gmilyr TP gnd FOR. t0 E8Seg, Heme, 54 M-
sy andd sleurk, and better commlof FDR compered o DE-
Seq?, Swizh b tmpreved FDR control compared to S4M-
fey, bt omly mlightly mo, s thin minnr perfiorma nes o ifer-
ance was supaciad 58 there was relebaly low InfFY com-
pamd 10 tEnxTim- law] amaheis, For the superiment with
twn tatchen, Swdk, Beme, mud ERSeq showed the hest per-
formance, with good st vity and comml of FOR., Swick
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than or ranel b ominel PR, wibils pn open o mis idisies gresiey shen nomine| FOR

kad tight comtml of FDE fior tha 554 and 109 tmrget whils
FA Mg had chaerwa] FDE of 109 f1r the 5% taroet, and
ohmowed FDR of 18% fior the 1054 mmpet (Supplemeniary
Fgurs 54}, dauk suhitited lom of comirol of the FDR fior
the 5 gud 1086 target in the fwo aich superiment (Sup-
ﬂmniaryﬁgu:mﬂi_l. . .

Ap the tramcApt level, Swck had comyisently Migh mn
ativity snd gond contml of FDE, where other methods o3
thar b Lo me o tivity o Lom of FDE Gomirol i oo mes me-
fing, Swisk cenirolled FDE for g1l nemingl FDE targets
(1%, 504, anud 1054), whils S.4 Aray tendad to gucend the 54
and 100 targat for framcript with medivm-to-high 1nfEY,

hoth fior the wngls batchaupe rment { Fgum 1), and the two
mich euperment (Supplementary Figurs 96). As cpposed
0 gane-low] analyyis where thers i relatfively low InfEY,
gt the tramxzip leval the padformance diffemncs barweem
sk g F4 e g in mon obviow for the amxcripe with
the most quentificfiom uncartginty, 59 supacted, Thin cin
b maen in the bottom right panels of Figurs 3 and Supple-
mwniary Figurs 98 which show the top thind of ramxczipe
in the dataset by InfRY, Heve had mouced menst vty fior
all InfFY categeriss, for hoth euperimenm, due 1o filering
of DTE tmagzipn by #11terByRrpe (47), With 3 lewm
siringent filtering ruls, bvsre showsd mpmwd mmifivity
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cempamd 0 e defgult mitings, taut miill = 10 helow the
nemusittvity of o har methode aominolling the tmrget FDR. -
chuding sk (Fupplemen mry Figurs 57}, EBFar had hgh
wemuifvity tut losyof FOR contml fior the tramcips with
high InfRY, sl parformad wall in tha wingla batch muper-
imemt, i ot comml of FDRE for the 5% and 10946 mroet
in the two tatch euperimen; (3 upplementary Figurs 98),

W amemed the Mann-Whitney-Wilcoeon text on sald
conuny, with Enenr-model-based remevel of baich efect for
the two baich eupariment, folowed by mulfipls test gor-
ractiom with the method of Benjamini-Hochherg (28] to
cemiml FOPR, 1n the gene-lewel and framcript-level super-
imenty, fior baoth one and two bach ewperimenty use of
the Mpnn-Whit ey teyt parinrmad similgdy to
S irey Bupplement ary Figumy 89812},

Wo mnminad how the methods pafiormed m the sim-
ulfion acmm 3 finer grid of smple size,. We focused on
tnaTipt-lewl analywia, amd on the one batch superiment,
and varied the per-gmup sample se owr the range, £ {3,
4,59, 12 15, 18 20]. At sumple size 3 and 4, Fuoh re-
turned the same set of ranmripiy fior the 1%, 5% and 1004
tarpet FDR., which comtrollad 5t 106 FDR for n=3, and
cemtmlled 8t 1%, 5% and 1084 fir # = 4 (Fupplemeniary
Figurm 813 and 914), 1n comirast, S4Mrag returned oo
tmnrips for amy tamget FOR gt n=3, and no tmaxzipn
fior the 1% mraet FDR. 5t n—=d, The n=5 supaimem (Sup-
plomeminry Figurs ¥ 15) had gmilyr reyulty to » = & (Figurs
3), tart with lwer soeitivity for 54 Mg fior the 1% tmraet.
In the syperinwnm fmma =90 & =20, the top 1 Hird tmn-
xzipin by InfRY revenled 8 diference hetween Swdnk and

s
= aad
=

Ieie 23,1926 +33)

FAAMsay wham the tter eucends the ¥ and 10%% FDE. tmr-
gata, In thesn higher mample gize superinwmiy, ek did not
crmim] FOR for the 554 and 1054 target, or the 1% target
formatantmgat 15 {Supplementary Figurm 816925,

Whan the count finr 3 wingls sampls fior 3 mill transript
wis modified 1o te a0 euiremw mutlier, Sk did not eall
thin tramcrip: B diffe et Wiy supemed, with g-value clom
to o, 3 did Heeee with e adiwsted P-values (Gupplemem-
tary Tahle 51}, DESae? with it cutliar Sagging procedure
turned off and ERSay with defqulf soifingg miumed very
small adjustad Fovahum for the ganes with ierted out-
ligry, Thin cam demomirated ancther hemefit of nonpars-
m tric madd el in their rotuumess 1o model mis-specification
e ek o wall 5, 10 0

Crvergll perin wall gt 1 g level, -
perfiorming the methiod SAMzag, which it u‘gﬂ‘mud upon, in
the two batch supariment in terma of FDR contml, Sk
nu-parinrmed other mothody &t the tmnscript vl both
fiorthe ningle and two batchauparimenty, where other meth-
nda ither had roducod somifiviry or Low of FDE in some
mi g,

Highly repllownd BN A-pon deineaty

In the two highly mplichied ik PNA-seq daiases Sk
had lewar folee powitive mate compared to SAlsay, and
mmilgr o Moo, In hoth datpsets, in which ao fagtures
sheuld b detecied nodiferentinlly muprewssd by comyruc-
tinn, Fwick in particular ked fewer modom partitiom in
which =54 of the femurm were called difemminlly m-
pmomid, In the wast datamet Swdnk rmrely called =56 of the
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Tentumoas d i eremnt inl Ly o upeomend, whils 5.4 Afesg had mom
much iterptinm whers =56 or even up to 0% of the fm-
Turm would be called difiemmmlly mpsesd (Suppleme -
fary Figurem S26-529), Orverpll Hesns tended to cull wry
Torw pemomy 5 d i erem tin Dy o promwedd i 1 ha a1l comperincms,
M yr v b tive parfirmancs could be sem in the Arabddn-
gr dutaset, though owerall thers wem fmwer itemtiom with
igh ratem of falee poyitive cally for gy met hod, com pared
0 the yeust detmmet. At the tmnscript level, thers wers rarely
gy floe powitive calla finr gy met hod (Supplamen ary Fig-
ure B30 and §31), At the pene lavel, thers wam sill faw cally
T A May tended 1o hegv mere ieratioms with nomaem
Talen pawritive rare, compared 1o the other two methode{Sup-
pementary Figum 932 and §33),

e BN - gy plirm i i

The global perfier mance of Swenk and the Wilomuon test was
aimdlar (m the splosterpatpester lation, BHll we idemi
Tind 7 mamiber of ind bridhun ] o)l geme in which e Wikmum
et follewed by Benjamimi-Hochberg adijeiment remulad
5 very Low adjugted Pvplus, while Swsk did not det et
thana genem 5t 3 4 nomingl FDE targat, After smukting
m RN A0 coumns finr two groups of 20 calls each, and tet-
g at 3 fmrget % FDR. Swick kd 91, 7% sensifivity and an
ohmoed FOR of 5,3%, while the Wikouemn test had 92.4%
momitiviiy and 5n o reed FOR of 5755, Hmwevas wede-
tactad 3 mumber of mll geney with spurious supremion vyl
wm in a0 MA-plot of the demmet Fupplenentary Fgum
H34), Thess mull gene wers Rasignad nom-em axtima ey of
muprawrirn—and diffamnt @iy a0 acrom the two simlated
gmupy of cells — due 10 sequencs homology with nther
genen which wem smlated aa diferentmlly suprmead. e
frxuged on 14 genes that could be iden fifled int MyMA plot,
which kad 3 totel comunt acrom calls =5, had @ r-atatistic = 5,
and g InfPY =0.2, For g1l of thess 14 genem, Swdok geen 8
gmatly increnmd g-valun (e sigmificant) compared 10 the
addjwyted Pvalyue from the Wikomum test (Supplementary
Fgurs 335), much that 9 of the genm wem not detecied in
% 5% nomingl FDE pet, Flotiing the mferential replicaten
fir g1l of the 40 colls fior tham gane mvemlad that thers wan
autenton mierantinl uncartamty fiorthe son-zer county for
thess genm (Supplemenmry Figurs 536), Whils uamining
mly 3 point extimate of the supmevion may lead 2 e thod
o infar diferentip]l eupmmsion fior such mpll genem midng
the mfsrentinl uncertginty mto accnumt durng the st
Al et ing lend 1o mors correct meyulte for these gemem, whil
nnt gffecting the oversll mmitivity of the method fior frly
diffamnfinlly eupremed gonan,

i BN -y ol o gy Ty

W mvghugted the mitent t0 whichinchison of uncartpinty in
the gene-level gtundance would afect diferel opee-
ion i an e NA-gaq dataset. As dexzibed n the Mate-
faly and Methode, Famer wan wmd 10 denfify chuyters in
7 datnset of 835 celly fmm embrynms mowe bran, S
sdemtifind 3 totalof nine chuters, viugizad in Suppleman-
tary Figura 837, BEuprasyion level of Immwn call-1yps mark-
ery fior devaloping mumuse hrain, g reported by Loo of 2l
(44}, wan overdnid o the +Dimrituted Stochasic Neigh
hor Embedding (18WE) (48) plnt, Eswres, 5 gomg axpoomd
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in naursl propenitor calls, wes hiphly supmmed in cluy-
ter 7, whils Mewsoa? 3 marier of differentinted neuroms,
wag highly mupremed in churter 5 (Supplemmmry Fgum
H38), Wa compared the tewt ramulte of 3 two-gampls Mann-
Whitney Wik (24) test 1o Sk gerom gmups of calls
fovm clumter 5 and chuster 7, W defined sote of genm which
wre callad by Swrdch orthe Wilcmem test 518 56 thrmhold,

Wo med an independent tulk ENA-mq daiamt as 8
porwdo-gold-gendard, o valdate the cally of Swdnk and the
Wiloowm eyt (46), Thiy datnoet coniming bulk EMNA-mq of
five smple from the veniriculsr zone (VE) and five smm-
Pl fmym the corticsl plate (CF) of mice embrymofa fmi
Inr g (B14.5] 10 the mice embrvos in the scB NA-saq data
{B18), The twan regicms were Boliied wsing laser-capium
micmdiseact ion, We chow the ¥VZ and CF mgions fmm the
Figtz at ol (46)datamt o beve higheyt correlyfiom with gl
tare 7 and 5 from the mPNA-gaq detamt the VZ ipen
Aehed with progenitor celly marked by Eses, wiile the CP
manrichad with diferen tigted neumms maried y Nasod?,
Wa refer to the ulk ENA-maq dameet a9 3 "pesdo-gold-
siandani’, an the mgom produced by micmdimection con-
tmin various gl types and so the comprrism of il withie
2t porrtad wingls cally in not et Neverthelew 3 Pegram
errrelation of 0,61 was obmined when comparing the log
finld changes from the scP NA-saq, chuster T vemus cluster
5, with the log2 fiold changem from the fulk ENA-aeq, ¥YZ
wrms CF, a0 the pamudo-gold -smndgrd should therefom be
et ul for ameming mathod performance

Comparing random subsets of 20 cally anch (20 calle to-
]} from cluster 7 and clster 5 did not mwesl larpe &f-
farencey in parfirmancs hetweem Swdsh gnd Wilomuon
thin particular datmmet, I comimat 10 the clemr enrichmme o
of flse pomifiven peen in the splaster-polpester s NA-saq
amulyfinn, However, when madomly s lscting subseis of 10
cally emch (20 cally totl) from the two clusters, Swise md
8 clear advanmge mver Wilomum testy in terme of mmber
ot gemem recoverad 2t the srme otmerved FDE level (Sup-
plement ey Figure 8393, For the 54 and 1095 target FDE,
Fwish wan abls {0 cull 50 more genm than the Wikmum
tomt, 5t comparmhls oerved FDP, incramsng the mpmbaer
of reporiad genen by mure then kelf 5t 554 mrget FOR 3o
by mare than cma thind 3t 105 target FOE., Both Swirk
and Wiloruon test wem clo 10 hifiing their 55 and 1094
FDP. targety cm the detamset of 20 calls totel, whils they hoth
tended to eucead the targets cn the dataset with 40 cally to-
tal, Bome micew may ba gtiritagshie to the fet that the ¥Z
andd CP hmin regiom compeisg mers 1 an e indsdd ] cell
populations mokted inclusters 7 and 5 from the scB NA-sq
ALy,

DISCUESI0M

Many ri; maiely kv heen proposad 1o inchude
them uncartRint yinto smtistical tet ing pmandumn
when svalimfing differentinl ramcdipt or gene mupremim,
Wa sutended 30 suisfing nonparameiric frameneodc, S
e, threagh the incorpersfion of nfarentinl mplicnte count
mutricen, a0 that the teyt siateic hetter misch the ncer
tinty of the syiimated county, We show that thiy miemion
meivers comiml of FDR in parficular for tramcripin with
Wigh inferential relative variance, We wed poseriormmplan
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ganerated by 3 Gibhe sempler with thinning to mehuce au-
tocormlstion, although bmmu'appmﬁn af rTlu o gmmt;
inferential replicaiem in sl compeiibls with our pmpom
mathod, Swkk additicnaly euends F4lzag by gllowing
fior comtml of discrete batches using tha stmtifisd Wilomon
tomt, anad Al ing fior anglywin of paired smmples wing tha
Wikun migned-rank test, We nuote that Swdok malen e
of mferaniinl replicaim that poevide infiormeation ahowt -
cartaimy due to the asegnment of rede, Other sources of
uncarininty, such 19 supermeninl ncertginty, may not be
captumd by the inferentinl replicates A wimple supmpls &
the uncerminty of mupmeim for genes which mosive no
remidy from 5 lowly saquanced smmpla Mewrthelom, previ-
o wirk hmy shown thet in some casm, cormet quani-
cation cun be momvered despiie misving fragmenm duwe to
o fechmicy] Hase o sequencing dats, to the degres
that the hine can be modelad (19,300,

Swish ke the greatest acvanage over other compating
mwthode 5t the tramecript level, whils i parfiorms smilgrly
tother methode gt the geme Level, W additiomlly de mem-
siraied the v of Swch m scPNA-aaq counm gememied
by the Alewin method, maldng we of booisirap inferatial
replicaten ot the gene level, On wimulnted scP NA-mg dats,
we fiund clenr avidenca of false positiven which woild ba
callad by 5 siandard rank-bamd method, which are appm-
prtely oot called aa difemmiinlly suprewssd by Swenk dus
to ity mignce on inferetinl m i the texiing mroce-
dura, On the mows neuromy demmet, wa found thet Sk
ot perfinrmed the Wilomm test fior comparisme of small
mumitvrs of cally (e, 20 cally toE], W perfrmed fmilgr
finr lnrger sete of celly, 5t lenst in o far ag we could detect
uyng s paudo-gold-smndard dataset fior validation,

Wa note that, although we amsessed the method onog real
dataset fmm the 10w ¢hremium pipaling, Al followsd ty
Swish on mfamntinl mplicatm could Hoewim be perfiormad
on gther platfiorme mch ga Fliidigm—ihough Alswin'y big
manie] could b further optimized fior alternste platforme,
We snicipate thet taking into account uncerminty from
inferentinl rephonten for wBENA-gaq will e aqually vah-
ahla fior gane-laval differentin]l supresyion for amy 3-tapoed
pmincol and S tnsripi-low ] diffe mats] expresion for
any full langth pmtncol, Inthis acE WA-mq anabmis, wa did
not ks o acoount that we firet clusterad the data bamd
on Mghly varable gemey and then perfirmed diferentinl
anzlymy wying thome and other genem which may genaraie
anfi-comarvaive infamnca ne noted momitly by Zhang sral
(49). Wi are int erested In et icmawhich may allediate thi
pmblem gnd in pemerg] help o gvid compariame acmm
wreyteble clieytery (50-53).

S of the Tmd mtioms of qur proposed work inclide the
type of auperine iy thyt it can be wed o anabze Bacaym
it mEm rm parmation of semples (o genersts 8 mill iy
tAtim over 51l ramcrips or gene, FAMrsy g Sk
in practice do not necewmrily knve sufficent power to de-
togt diffamnfia]l upmmion when the sample size iy <4 per
group, Addiiomlly, cortmin terma which cgn be inchuded
in linemr mackaly, such a9 comimling fior comtmosome wari-
ghlm, crnnot be easily incorpomted into the soapammeiTic
framwerk, W focumd on inferance scmm g discrete mé-
WA GavaTiate, ST mampl mmpls pmpmration aiche,
which mofivated the stratifid eyt statetic, as well 29 -

Farm 100F 12

forenca nemm 3 discmte meondary coveriste of interet,
fior euample 3 scondery tmarmemt, which mattated the
o ifferemice- acrime-two-gZm ups msthod . Hiows ver, we cannot
ot Rocommdy e mare com A mumus s of

a8 thoss amtimated by RUFSap (54] or swesay (55, imlam
much factore of umvsnted variation could be digmfized
withut substantizl lom of information, Currently, Sk
SUPRCTT TWl Zmup compariaemy, with discrete covariate
cerTactinn, mmple paidng snd compadson of comdiion
effactmacmm g menndary covarigte, although we could m-
temd 10 other anahis type slrendy supported by S4 Afeg,

inchuding mulfi-gmup com prrisems viz the K i l-Walls
minfistis, quentitaive assncdsfion vig the §pesrmen correls-

tim;,'ur marvival analysis vis the Cme peopertioms] hasmrde
miida],

CODE AVAILABILITY

The aswinh fimgtion ® aveilable W the fiskpond
B/Hocenducior (20) peclmge at hipedhioconducter,
ng/packmgediishpond. The implemenmiom in efficien,
with vectorzed code fior mw-wise mniing cloultion v
the wratrixStots packaps, Tha softwars rum in compambla
or famer fime 0 DESeg?, tgling 1-2 n per 1000 genm fior
small datasety, a2, toml # £ [L0—20], For largar datmses
(total e = 1000, Swrick sculen hottar then DESeg? [Supple-
memary Figum 840}, The default mmber of inferential
rephcate smmplen (200 and permutaticns (30) way wed for
{mming,

The pacimge comiaimg 2 detailed vignetie with 1ve code
mpmplm, showing how 10 impert Sebeoe quentificaion
flley uying the frdwese package podiorm difemnial tmn-
®Tip or gens ouprewicn aoplyss with swdah, and vimegl-
izn reeulty fior ench tramwript or gene, The peclmge vignet ta
inchuden 0 eugmple of 8 pained ENA-mq snabis, hoth g
twn gmup example and 5 differences acmes gmups mEm-
pla. The softwem vignette lewmgen 2 submt of the BNA-
aoq dafs fmm 3 momt pubication on luman macrophsge
immna revpo e (34) (Supplemen mry Figars 841},

Tha sriptn wmd t0 pemernta the Lovs & a! (7)) simuls-
tinn dats are availshle @ the following linlc b tpeffche doi,
orgf10, 5281 fenodn, 1410443, The sctipm wd In mvalimting
the methode hem, amd in gnplyzing the scP NA-peq daraset
have been pomiad 5t the following linic hifpectathob.oom
a2 by 51 Hywish Py per,

The weminm of softwars wsed in the paper arx firk-
pord (Fwisk methody 0,932, sewr (SAMray method):
20, queher 2,18, 1, Sabnner 0,113, Abewtr 0, 13,0, Scbmpor;
1.10,1, kalBicta 0,44.0, shack 0,300, DESsq?: 1222, ER-
Fan 1221, B, 3,383, Fagan 234

DATA AVAILABILITY

The wmulgted dom used 0 evalume the meth-
ody iy published in Low ef 2l (7). Tha raw mad
flles cpn be accewed i the following linke hiipe
ot org!10,528] frenod, 1291375, it tpaffddod, omgf10, 5281/
eennd 1291404, hitpaeifdclorg!10, 5281 feemnd 0, 25641 76,
hitpeffidoiom/10, 538 femod 0, 2564261, The processd
wmulgin quEntifcaiion flm o be acommed #f the
follewing link: hitpeifdciomg!10, 5281 faenodin, 2564115,
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