Aninfrmeting M2, 1-8

s 10 Y Silrwnl i, ekl P

Aubosss L Pebissis Daler T e T4
Drigical Fapear

PuffAligner: a fast, efficient and accurate aligner based
on the Pufferfish index

Fatermeh Almodaress & 7, Mohsen Zakeri @ and Rob Patm*
Computer Sclanca Dapartmant, Linkealty of Maryland, Collaps Park, M0 3742 USA

B whoen cormaspon dane s shonld be addrnssnd
"Tha suthere wieh Bt ba kmown that, in thalr opirion, the Arekban suthore: thaukd be sgardad s Joink Rt Sathere
Basrwdain Folire Janet Kaln

b o DalnimrE, 200 roud el o el 30, 25 Lol Bl taalsinn on ey 14, XA

Abmrtruscct

Motivatine Saquanca allgrmant s ona of tha fisl staps In many modem ganomic anahysas, such a8 varlant deles-
ton, renecrdpt shund anca astlmation and mataganomic pofiling. Urforhmasly, 1L e oftan a computatinnal iy expan-
shra procacum. As tha quan ity of date and waalth of diffemsnt aessys and epplicallone coniirua I0 griow, tha nead
{or accumsta and Tast all gremant tools that scals o lerga collactions of ralerance samuances paraleie.

Famul fa: In this articla, wa Intmduca Putiilignen, & et acoumds and vasstlia alignar bullk on top of tha Pulfarfish
Indax PulfAlignar Is abla bo procuca highly sareliva all gnmanis, dmilar b0 thoss of Bowtla2, but much mom quick-
Iy Whila axhihling similar spasd b0 the ulmiset STAR allgrar PuffAllgnar raqpims comeld amiy laes mamory Bn
commiruct i incax and align eade. PuffAllgner sirdkes & deslmbla balanca with respact to tha Bme, spaca 6nd acour
acy madan s mada by difamrt aigrman boole and provlces & promieing ioundation on which b0 Lest new align-
mart |cans ovar larga collac one of saquancas.

Jaral ishll ity and Implamanistive Al tha dala usad {or praparing tha resulls of this papar can ba found with 10LE2A1/
zannon AT PulfAlgner s & fres and oparsourca aoftwamn. ks implamantad in G114 and can ba obialned

from hitpeyigithub.com COMBINE- alyputfarishiraskigar sirings.
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1 Irircahactiom
widely oo o 0 brweeost ond @oressible choology b0 peodoe
high=thwonghent eqoeosiog eods for ooy dmporiont biol ogi=al

-
'Ir'lll-:l:q::ni:g data that s grorvated o i on of shont rode,
menis of dheee dhiat s 0 some mfvnee o ey Stk pep o
muary derwwmierain hinkngheal ana s The pancrss of Sinding the segyoent
o the pefryrncr: dhatin maost similo e bn e ey e, and de e maot
ey b0 b the porwee of B Sragyrent feom whilh e o d oo doen, i
e an read] mapping or o] aligremni
Themain goalin rad algementin i0 find aligemens of contign-

om mobesiving of the mdedlyping eefrens Huat pields o ol chmom
et dimione |or mosknom alignment seoee] batwesn, dhe a4 and

e efreener egrenee of He aligement positinn. B e made ae
puirmdemndd, choromiesintia ofhee Hun the oignment soe ~on b
o b0 lier spovdom aligomest locodlom, ook as odentotion of
each endd of te aligoment pair (Iorward o evere] o detones bes
twemn tee aignmeniy weesponding to eade that oee el of e

same frogment
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Shontread aligness are o majne workhoree of modesn gnomis
(v heimpostoneeof gheoligoment proh em, o emendone mme
bex of diffreent toole bave been developedd b0 iockde dhin peobiem.
Snoe widdy owd smmpls o BA (LI and Derhin, KE9),
Brwiie] |Langmead and Sahberg P01 T], Fiaae? {Kim er ol I0HE
IfH9] and STAR |Dobin sl ol 2113].

Eximing aignment tonke o o wrely of indewing methads
Sooe tonke, mch s BTA, Bowtie? and STAR nee . fnl-irst indew
ovex e e seqrenees BETA and Bnwtie? nee varane of de
Filindes while STAR mes o snffiwareay.

A popokar akirevotive appeoach bo oll-ewt indies i o ioeieaad,
indew soh-aieings of gk & (d-mees] from e eefeenes ognenee
Teading off indew she for potenial sneitivity, sch indes on H-
ther index ol of e d-eew present o e mdedyiog efeenee o
some nnifnem o ineligently dhosen wmpling of A-mes Theee @
2 karge varedy of daneeshoss] aligoeen, indodiog ook B e
Snbeead] aligoer {Tian of ol K1), SHEWP? {David oz of | K1),
mefomt {Alkan of ol NN and mesfost (Hack «f ol ¥10] Ta e
doee the indew s, ooe con dhooes 0 seemt spesifie damem hawed
o0 winnnwing |or minimier] scheme This appenach kae been par-
terkdy somman in ook desigred] for bogeread enene aligo.
et il mosbsmop {Jain of ol 201 8] and mindmap? {11 20 §].
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Breently o et of oew indloes for stoving A-mers bhave been pene
poed] hawed] o pople, speciioly de Benljn grophe (digl. A O
Bemijn praphina praph over o et of dsiinet kamees wheee mach mige
conoess twd peighhorng demees thot appeor conesqoently in o e
e egence and theeefore ovedip oo 1" hoses KalEsio
(Beay of ol K1£], deBGA (Lin of of | FHE], Bt (Limamei
riol_ K116], Beownicdlpoer (Hepdad o ol X118) and Poffreish
|Abnodares of ol N18] are some tonle which e an inder =one
miind] ower e de Reviljn graph hollt feom Hee el sgnen e
Conrex {Ighal of ol 2(17], Vorl (kioggl o2 al_ X117], minhowish
{Abmndoresl of o Y] and mante {Pandey of of | X118] ar= alen
b e that e 0 onboees] cvm posied] g Renin graph foe nldog i
indew over 2 et of mw eeperiments. AR thes oppwnaches cover o
wide mnge of e pomible design g and dfeent deslgn decle
o yirkd Jiffreent preformonee adenffe

Gerrrally. the fomtret aligress (Hiee STAR] bare yery kirge mem-
oy el enty for indesing, and mak e some s §oes i sl -
iy to chigin their spreed. O te other hand, e most eolde
aigeers (ke Riwle?] have yery modesaie memary eonisemenis
bt ohioin their at the =t of o highr sl
Muinkining #he bokner hetwesn e and memory i eaprelally
mure it while olgning to o kege set 0f efreenes lie o kege
collesion of mi eobloll and viel prosmes which may be oead os an
indewin miwchinme or metagenomis shodies . As hosh g oll=tinn
of erene pronmes and e amonot of Eqoensing dak o
quoichdy. it s impont for aligoment inols 0 sl 0 oo bege ol
thone of datg and eeeeenes with oo blle e oo oo iemenis
whill rmaining fost and snsitie

Rawed] nn the compa ot Prrffeefish {Abmadoees] o2 ol 20H §] indew,
we inrodnee 0 oew aigoer molled] PoffAligeer dhat wre hdliee
mrkrs an ineresling ond mefol kkne in i design spaee
Poffdlgnes in designed to hea bighly sosiiive olignment tool while
smnlonromly, plisiog o peemion oo compoiotional ovedead By
nsing dhe wlneed compasied de Bniin graph bo factor onit eepeabed
mhb-rqoenes in g pefrenee it is able o Everage ghe gpeed and
cache i od Bnee of hasheiohleehowed aligners sl b= wll B conie oling

e perth in el of dhe indew eapeslly in e coniewt of e
dondant eeferener panen ey Theefoe e index peovides fo2voe-
ahle sokhllity. in ieame of indew she, mbnetion memoey and
tme sompaws] b0 popolar indewes sy o BretieT and STAR By
carefrlly eophoring e aignment dullenges that ariee in @ffreent
amayn, insdnding single-nrgoniem DA B A alignment ko
th oneviphone and meogroomic eqeencng, == e eogie
oeered] o vemaille inol ot sheilees deslob e lalones bedcen ooryw-
ey, manaey egolemenie ond spesd e mmpaee PoffAligoes to
some gy popolar aligners and show how it o gaies deee Gffre-
ent iraderrfe

2 Mutwrinln wred gty

PoffANpoer v an alignee bollion bop of e Poffrefish indeslng data.
siivee P ffee Sab i o spa o fileient ond fost ind e ioe dhe sol e
conpaeie] de Renijo graph |esdig]. A cobored compaosted de Beoljo
paph i o proph whee ey juivinge] o e composis] none
bhran~hing pashe of the ondesdying de Brofjn graph, with e reairis
thon that mach node alsn bave the mme ko et (et of ke
e e in whish it appeare]. The nodes in de oboesd oompacted
de Bemijn graph are eedeeved] b0 an noltige Fach nolig ~on et in
moltiple eefrvrncers and he mapped bo a list of Crefeme I, po-
oo odenigiion 3 oples. The mple deawibes e poeltion and
odmtaiinn with which e miilg mheqrenropprare in mach efee
encee Thehasl~ qoery opeatinn in He Pofierfish indes is 0 goeeya
dumrr from dhe inpt eqeenee ogoinet the indew Glven this qoeey,
the Poffrefish indew mivew the moigone position {and osentalon]
wheee this dxmee opprars in e cobneed] sompamisd d= Benijn graph
| 2 entiod voloe i this d=mer docs oot ooexe]. This mateh be-
e the qrery and the graphb ~an Hen be sanilly 'nopacded inbn e
implied list of matches with e ondesbping refren-s by indog ol
of e places shat e matrhed oolig appares in e ekene
[ LR

The main advantage of an aligroes hawed] 00 0 ompased] Epenee
praph, mch on Pofflliges o fem compared o digoers bowd on Borar
inlbient indlrseneh o dhe Pl in He eednction of o wsbead ko ied
0 mnpooios foer epeoed ohegeenes widhin o aovoee moltipls
mﬂ!ﬂﬂ:rm-ﬂtwmh#hﬁ.

eemlin with reapect 0 each o ey dan preineming e opeve-
mprenr idhlinlly. Thie ey goevy i e

hasi oprvation prrienes] by Pofferiish indes we astnally do oot goesy
ine ol e ke maiches ey in Pofflligner Toelead stanting feam g=
mee &y, we et e o b maich b o oolore moskmal e
matvch [oni-k T an inteodneed by (Lin of ol (21€]] whih i e bon-
et mabch of dhe o ond e ooty conlining 4y This ooll(TY i
ey e b0 st 0 Mosinol Faoot eGidben | WEM) which oo
Mowbrol Paoot Motk shows] betwreen the read] andd e rofaresce W=
niilae e molgreoes propesty of ooltige 0 ednee He operoaiionol e
b of RER ewiersbon pey wavh eefrrevwr 0 ooy ooer: e a8 oolily. We
erpandd 3 ok in Sfeent R by asigning e pefreene iofos.
matinn of e ookl Tef's ondievdying moillg i e ookMEW Ohing ki
apperach o oo on be g past of mokiiple R jost on o ookl
mn be o past of molliple peeenos Thoving WE osembly, s meege
rrekpping et ool gt o ol eponied] oo of
mmall brancde] ooitige Tn Hhis woy, we promnies e asywa=y perim.
ance of kiey moppiog sieps. and obibcin similer beba vioe dhat s mepeoed
om duleg with duie of M in moe diiiond  algenent
uppraches Py, ratber than folly aligning moch qoery sgoenerin e
that aw ot post of e Py st matobes] appraring within e .

et highaooring R cdhin are aligoed to e ekrnes we ol b
oo b TR alignment Fach of Heewe mivps o msplaieed in
driollin the follmcing emmiloe

2 1 Bxact maiching In tha Pulfarfish incas
The Poffrefish indew pen vides PoffAEgoer with an efi-ent inder for
dumer bonlmp within o list of efreenes b on o collesion of ooe
avip groes or groomes Specificolly, g core componenie of de
indew are ] 0 minkmal perfest hosh fonstion (WPHF), ] o mitg
o yector (] @ ooitig -o-pefreenee toble and (] 2 TEcbor
stowing te polion amncaied with each b-mer in the mitig e
qrencrresne. The mibig e o= yeoto e sontaine all He mitige in
e =y Rg In the Pofferfish indew o moillg s 2 monnchenmail = paith.
in e moloee] somposied] de Benljo praph, whees o coloe coeees
spondn o 2w of eefeenee | dentifiers. Heoes mach ooltig is o sob-
miving of some et of eefeen s Eqeenss Kb noitig is anniied
with b Bat 0f ierenes ot sonin te ooliig's eqoenee In dis
design o mitig can hdong 0 moldple efencoes and o ekene
ran cotain mnkiplenoltige

The Poffesish indew admie st et eoech for d-mers an
well an bonger matrdes Hat are ool gee in hosh e goerey sieing and
colnerd compasted d- Bmijn graph These il ook
MW wrere originally defioed in GeRGA [Lin of ol IHE]. A oo
WEW i o Mowikmol Fxoot Mokeh bewemn the goeey ee
qrence and o moitlg. Oeing the sombinadon of e MPHF and de
pomitinn et o d-mer i mapped b0 2 oolig in the oot seqoenee
e The d-=mer s then ewiended b0 @ nol-RFW s o Bocar sean
of the grery wqenee and dhe ool Egenee yectore Fach ool
WEW o appear in molipl diffrent ebenes, ond sieee oo
MFkis mmst be compledly sontoie] within o g i is pesible
for nitiple ool Py b0 be desty adjaent oo hoth e goeey
and mane pefre ey wheee dhe noitig oppeare.

smME M ooliartim: The fimtatep in ead algnment is 0 o=
et matchen sharey] hetwesn e qoeey (singlernd o paieedemnd
ﬂﬁ]nnﬂlhzﬁﬂu:hlhﬂh:ﬂ,ﬂim#ﬂeﬂhrﬂd-
lemiing the ot 0f ool Ffs Hut soensoe betwesn e goeey and
eirene PnffAlgnes sorlm proceming the el fom dhe lef-nad
and bnoks op mach bamer dat i enconnbeed] oobll 0 match ko the
indew in foond. Coee o makch in deorreesd it seieoded io both
qrery and He peferenee il ooe of e Esminoton sondditio s
oo ({{] @ mimmabeh s eoconnireed, (J] e md of the goeey i
eeached o |#l] e end of the onitlg in eached. This peoces ekt
in o nokMEW match shared] hawesn the qoeey ond efeen- oo
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W Pis w e eutersinn s vmingied an o peolt of eeashing dhe ;4
of o mitig most laier be omiosd and poteotly “olpaeed” boe
ik b0 foem MW with reapet in e e oes on whidch ey
ppear If e i swerslon is oot eeminaied on o esold of
aching dhe mad of e qresy, then the position in g ead i ineee-
menied by o small valee and the me peoeedoe i epeaied ne e
et d=mer oot . This proces continees ootll ey g ooi-
ML rwirreinn ireminairs beronee dhe mnd of e goeey s eached,
o beanee the kat dsmee of the g oery i earched] in e indes. Heee
we el on impostant properdy of il eetenslon dhat s 3
et foom pg MEMW reiemion o mosioom mppoble peix
| P enirsminn {[iobin of sl X13] Doe bo e definiiion of the
caiBg it i prasanieed] dhat ary k-mer appearing widhin g ool Rk
camnat appear in aoy obber milg io the sx1Bg Thos, eoeoding d-
mees 0 mawimal oo i Fels in s with respest to geesdy extenslon |
un mch Fnimnekn will e coe misslog o #smee dat ok kead
b0 anothes dnine oo shared between e goerey and efre-
encee The mnoepit of i ewtenelon of lonee matebes wan inen donoed
in Sarkar sfal | KI18]

Fiitarimg bighfy rapatithsr umbME Mr In order bn avold expend-
ing mmpoialon on pefoeming the b pent sieps m eglom of
reails mapping o highly repeaied eglone of de efeenee. any nol-
WP that ap mare thon o mee-tdefined onmber of Gmes in de
eirener iy decoeded. In this moomevipt we o e gheesbhold of
16K, This Alirr has o siwong impast on e preineman e o cven
if oo Aumer from the rod mape o0 0 bighly epetithee reglon of e

e folbrwing eeprrsive siepn of dhe dignment procrdinee
shul d heperfosmed] for svery moppiog posltinn of the ook EW b0

Hnd the dght oipoment for e eod while the e epetid v ool
WPAe alen map b0 e dme orgin of e ead on e elene os
well The drawhacd of shis fkier in shat for o yery mmall fromi oo of
e reasde whih are by originoting fenma bighby repediive eglon
ull oof e mairdes] Nkl s will be flliees] oot ond oo bt emoim
for aigning the e Hieeyer we find that in she caee of aligning
paired-mnd eade, nealy ore end of the ad mape 600 DO oeepeds
e eglon, then, the olignoent of e otber e m.n.l:l:n:m:nﬂ
neing orphan eervery (espkined in Seofinn 1 A).
nhnpnﬂﬁ:niq-ﬂﬂ:lﬂﬂp&hﬁmﬂlﬂﬂutniﬁuut:d-
Tt of i Sllter fine o elighttra denff on the algnment perfonmanee

umkME M cowmprctiree For poirdesndd eads, Poffdlignes oipm
each mdd of e rod i indvidoally. For each end, ol the noi-
M Fkin are sonieyd] on dhe bhasls of dhee posifione on de efeenee
First ihr 0ok Tids ar- ‘mopacdesT o thele e ponding onitig's
errnee Bt and amigeed 0 efeeener positinn by adding te midg's
ehutive poaliinn in e pefrense fn e ook EWS posiion in e
noitig. Afier mapplog the ool STl bo the e e it oo po-
sl b ot dhe Cread mnd, efeemnoe 5 WEE Fach WL i
defioed an Aiher o0 siogle ool or o o mhinotion of e e cooe
el v i Pl thot bave an overlap of d=1 on hoth e goeey
mﬂm&mmiwﬂchilnqmltn mreslap].
son peocem doe in ﬂ.ﬂ&gﬁemﬂdnnﬂ.ﬂ&lﬁzmqm
o of ook dhere i o lin of WMEWY which o shared
wmencres bedween e goneey and 2 set of eerene poltiom dat
are nonir] hawedd on the pefremn o posiiione

Cerrrally o R in cabnkitrd for mach paie of read and eefee-
e Thin meorm that in e mee of highly mike ekenves e
procem of Soding he e R of dhe e bos o b epeaied for
each efeenw Thengh He indest sominsion of P feam
ook Es wr goin o periosmanee hoost by eximndding the d-mer
onceper e and simply nsing de retended] snbeegnenee in MLy
ofthe rad i Gffeeene e feenes . Howeres, e shonter the onitige,
e shoeer e ook-Tis the moee k-mees per eead
oeed b0 be gresied] Thin will afies dhe pevfosmaonoe 0f MM ~mn-
snetion whish in the womst-cow aenavin s i to goeey for
each A-rer in dherod Howerer e fmer g oevies willl ooby lappen
oo per edch o] and oot onee pee rach poie ofeead and e

2 2 Finding pomising MEM chalrs
Vo the procrdfineres dewesdhed ahove, we kave momeraied] ol of de
pomi e MW of leogth ot ot & shared] bedweeen o0 eead and the

TR e
ogitere Ti' ez Tl

LS

ek
—

_———

g 1 Thim lppers shorvvn Hhn s shages olf chsss s bebe s - LR u lpgn s
. e Pl By L1171 I thin comcply, of, ol sd o ee
thw progpected. WL w N Hh luil s ool Hhw sl b ths selfrsscs sed od sl ;b
wrut b propected WU feen e rgght: s of e s e S et sbegy, S chosiein
sl ben. clorss the et chos off R0 Hust pucevics b e higlest cor sys o
h-l.di&d,h-ﬂ.n‘l-nii—.hhu-d-dm-*
AR cha i, oot gt el T, o st s Vo, mchh. sl o o

puthr blind the lomt i ol s ﬂi-ﬂ.-l:u'.l-nﬂ,—l-]—&&-
rd-njimﬁﬁ-.d-nﬂ."h'th:ﬁ.f_-l-dﬂrthﬂ.h
the wext shag, bebvoss DL srecmt For e pees (desherd o] ssss
L] o sigecest = recelcalebe] oo ther e oot csiches Ouly e -
nﬂ.hhﬂ.h&-ﬂphﬂlﬁr—ﬁﬂhlﬂd—ﬂmnﬂa

o ML) e g, ] sl o K51

eken- poenes As shoen in Figonee 1 having ol te Wi
from @ eead b0 rach target eefreence ghe gl of this siep i o fiod
promising shaine 0f My dhat e He most oolooe hases in de
e in g o]t foslhlon and dhat son potendally leadd b0 o high
quality algrament

To arsomplish thie we adopt the dpnami= pegramming ap=
proach o] in minkmop? (Ll X11§] for Sodog odioear chaios of
W FEkin that are Hiedy ol dates in soppont bigh aeoel ng e aligns
mrnie. As melooed] in mickmap? ol the W Fs from @ ead r oo
e pefremnee ¢ are soned by dhe ending positinn of the MTis on
the pefrenee Then this ol govithen sompoies 2 seoee for ok et of
W Fkis bawedd oo ithe ocomber of ool goe covees] howes o the ead e
curerage nevwr i alen penakhed by de bngth of te gopm hioth in
the oy ondd pefreen o egenee bedween rach ool ve paie of
W hls

In PoffAlgnes if dhe distones bedween eo M EE . and e,
oot eeadd and de eleeencee i dy and & ewpeci vy, tess oo
W Fhls shanld ot he dwined ingether if o= |G, whee C i
th masbmom albreed gap S0, the penalbadon eem e T valorin
|Li, 2{HA], in the soverage weywe coompniobion s maodified aoeoeding=-
Iy to peevent palving ofsnch WP

Abn, moilre whot s doos in micknap? (L1 2HE), ther dhan
conakiering e T Re that aee Swwn veved on boh ends of
2 pairedemnd read we comslder dhe chainlog for each end of de eead
wparaidy This in dore in order b0 makee it easler bn mdneee He
omtolinn sonslsiency of e individool daine Specifiedby, e

algorithm dhat i presenied in {Li, 20HE ] b doees o ane

sitinnin de reovwslon that =an benesd 0 rciich betoeen the WLy
that ore port of oo o and o thot ore part of e obber
Howeyer snch wwd ichl ng maokes it difi ool b enfoeos the ol mnioinn.
consistrncy of the dhaine that e hiiog hollt for rach eod of e
il O solntion in this problem in 0 add another Smemsinn to
th dymamic pogromming foble eosding f oo o oleady
rwiichey] from de W Ekis 0f ooe eead mod bo e otber, and e -
cowvence on be modied b0 albe ooy ooe ewitch from the o
e e b e adher albowing eoforesment of odentoiinon el e
ency. Howerer we fonnd that in proctis simply dining dee eead
exdn weparaiedy e ko hetiee performanoe

Ficlly, wr alan adopt she henristis peoposed by minlmap? (L
Iii)] when mbwlaling dhe bighest sowing choim That s, when o
MW i added to te ond of an ewisting choin it is oollkedy hota
highrs sonee for 2 chain soniining this MW will be ohiined by
adding it to @ preefing dwin Thos, wecoebder ooly o smoll §wed
nomber of enonds (by defnkt 1] of peeeding duine onee we hoe
T th e firwt chain b wisish we mon a0 the et W
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The dwining aigoeihm desvibed ahove finds the hest chaim of
MEkin shared bedwern ghe rmad rand she emienee £ in oeimniation
a. A chain s aorepied i ity sooree i geeater than o onfigneable frase
o, whish we =l dhe com s Frachine, Smes He lengpth of the
ead r. Theomoghoot all dhe cspedments o this momoeeeipt e
oo s mt Froachio s et in 06X Tf 2 chain pasees the sonenem frase
thon Heesb b, wecoll it valid dhain In additinn, ather than kreps
ing all wulld chaine we aleo iy highly smhopiimal chaine with
eeapet ko e higheet sooving chain Al valid =haimm
shared] betwrren randd I are soned by dede sneres, and cShaineg aviog
axwes within 1% of de higheat swding dwin for efeenee 7 oe
eletrd] an potenillal mappings of dhe wad r b0 e efeene f Thlle
thea fllires are memid for iopeoring the deonghpot of e algo-
sithm in finding she right alpomenit ey are =eefolly sedected B0
have very Bt offet on e semuitivity of Poffdligoee For ol the
eaperimenty o s momnecvipt e me defonkt sestings of e
parureiers arre med f oot mentin oed ool

2 3 Compulirg beas-tr-boes ol grimanis balwenn
MEBEhin
Afier finding the bigh-amring WEW choing for mach efeenee e
qrence o hawestnhoee alignment of the rad 0 mach of e ond-
daie pefrenee nren-s s mmpoisd. Bich sedested sain impliesa
pimitinn oo e pefremnee g oener whers e eod might eebibit o
high qnality aignment Thm, == can abiempt 0 oOopoie an opti-
mal aignment of dhe wad o e eedeeenes of thls impled posiiion
porildiy alkrwiog o smalll bik of paddiog oo each slde of dhe el
This apprnach nikhe the posiiinal infnemalon provided by de
WP dwim Howers he slosing posliion of dee oigomenis is
oot e ooly pleee of iofosmation smbedded o dhe choim Bather
each dhain of M {s onsieie 0f sohesegnen e of He ead |of sheat
leamt & thongh oftrn |ooges] whish match rsosly bo e eefremne
Thile te gptimol alignment of the e o e e e o the pos-
iinn beng oneldeeed i oot puorssterd 0 cmnkin Hes oo
maicley on ol pomenis of e oo eesponding soheieiogs, dhis is abmost
dbwayn e s in practiee

In PoffAligres we gim o eeplolt e icfosmatinn fom dhe log
maickes o aceelerole e sompotalion of e alipoments. In fos
sinre ooy daim with ot y high coveroge sne ae eleted o
kirgr pontinn of the rod seeanencres aee typleally aleeady maiched bo
e posltione in e refreencer: with wich ey will hbematched in de
fal opimal aignment For iostonee in Pigoe= 1, for dhe Sinal
chaing sl emirgd oo the eederenee pgoenee it s oleady koown for e
e and orarge sb-enrences preas 1 and 1] oo e et end of de
] peeriaedy wheee dhey obonbd olign bo e eefeeenee Tilewiee din
in he cow for the porple mb-wgenee 2eed 3] oo de dght e,
The onmapped eeginm of dhe reade aee ithes hoedeeed by e mraok
maichvs on hoth sdes, o dhey oooor o the cither o of e rad -
qence In £t other digners snch an STAR {Thobin of ol K1),
RWMAMTR |Li and Dorbin, K] and minkmap? (Li, X1§] eme
ploy thexme sivoiegy to amnme dhat the rm et matches | fomndd O oes
ing éhe qrery tme are pant of e final aignments b0 be Eponted .
Poffdlgnes skips aligning she whole oy seqoenes by comldevog
it mwart mairdey of te Wi in be port of the aligniment solotion.
Ang eearlt it i ooky eqoied 0 mpnie diealigomenit of e small

oomappesd] eglone, whish eines e mmpototion bosden of e
ol

Then applying sk an appenash, o diffeeent ypes of aligne
menit proh lerm ar e intvndn e, which we ol hoonded soh aegoeoee
aignmenit and enading nb-seqoenee glignment B hoond ed snbeses
qrence aignment. we oeed bo pin bally align some inteeral 1, of the
e o an doierwal 0 of he mEenee B and 0 g of dfoeent
engtie, e algnmenit solotion will neeemorlly insdnde inestinm o
defetione T £ and 1, aee of she same lmngih Hen ghe opimal ghohal
aignment hetwesn tem may or may oot indnde indeds For each
moh honnded] h-seqrene aignment;, == deieamioe de optimal
aipmnmt of & bo 0 by conpniing o glohal pairesie oligrment hes
twem e and mtiiching te anling cEgommt ngrther
with e et match e Hhat hoond e eginm

[xpnat e beginning or e end of e o are spmmedvs ces
and mo we dencwibe withont lom of groesality, the oo wheers e

i an moligeed] inieeral of e ead afier dhe ket MW daeed hes
twemn the pad and he e In i o o= 0eed 0 sobee e
ending soh-sgnenee alipament pechiem. Heee the noaligoed i nire-
val of e read consists of the soheiving spamning feom de kst o=
clentide of dhe treminagl WEW in te chain, op deangh the ket
onclenilde of dhe o, Thee i oot o deardy defioed] inteeral oo e
eken-eonene Thile gl =it end of He e erant e feens i niee.
val in defioed by e knt refeenes deolde gt i pant of e
bomiding W the dght eod of te ko inteeval shookld b
detrmined by asnolly solving an soeoslon o “eod e’ oBgnment
problen. We addersn shis by perfornming eet=nslon aligomens of e
nmaligned inierval of e eod 0 an interral of e eefeen e dat
hegines oo thereferenoe ot thepnd of she teaminal WEW and exiende
for the length ofthe mnaligned qoery inierral plos te length of some
problan-dependent hoffee fobi=h s dedesmined by e masimom
keopth difrene beiween the eod ond eefeenss ineerols dat
wook] mill odmit an cipomest within e orreploble seoe
thweabn k]

Pofitlgoey nees ESWRT (L, X118 Smoki ond Komhaors K118]
for sompnilng the alignments of He gape hatwesn the WELY and
fior aligning the mding wqoencrs . KSWI eopoees o ooamhier o f aligoe
met modes mch an ghohal and el on aligemens. For aligning
e homded eeginm, ESWI aipnment in he ghohal mode s pee-
fonmed, and Sor e gape af e begiooiog or eod of eeade,
IofAligner men dhe ewtenslon maode b0 Sod e hest posible align-
ment af Hwt eeginn For incveosing the == oy of oigomesnt sme
potaion we alen employ some spectic ecdbnignes in FoffAligoer
whilh arr mwpliicoed in Sopplementary Seetion 51

2.4 dring mappings for mad ands

Fialy, oo alignimenty hayeheen sompnie] for the indin dool mode
of a eead, ey most be paieed together 0 peodnee walid alignments
for the mniiee frogyment At this point in e peoces o0 eackh efre.
ence qoenee dheee gre o ponber of boeodom wheee the kb eod of
each read o dhe ight end of each eead, or both, are mapped o de
eiken= For the porpoees of dedenmining whicdh moppioges will b=
eponed an 2 valid paie e mappiogs are joioed togedher onby i
ey nxwe on gpposiiesvands of He ekene and | fibey e with.
in 0 maslmnm alnwed Fopment Imph Ther e o Sffent
types of paieedend aigemenis dhat can e epontedd by PoffAligoee
conment ond dsnedant If PoffAlgnes in dsollmeed from epone.
ing discordont aligoments, dhen e mappiog odeoiotion of the ki
and sight md shonld ageer wiih e Bhrary preeparaiinn preoboenl s of
it peaaln Paoffh Bgnes fiew it bries b0 find ooeodont mapping poies on.
2 efrrenee wqrenee and i o0 cooeosdast mappiog s deeoreed
and the indl is being oo in 0 mode whese denekint moppings ae
i, dhen PoffABgoer repo o paies that map disoedandy. Heee
disment poiem may be paim that do oot for sample; ohey e e
qoieement of odginaiing feom oppole swands While this i oo
enpeaed] o boppen feqnendy, it may oo if deee bos b an io-
versinnin dhe wanen ey proome with gt bn e eefren e

3 R

Foxr oeamnving the perfor manes of PoffAlgoer and oomparing it to
aihrer alignees . we have deiged] o eesies of eapesments neing hoth.
smnkied and repedimentol date fom Sffeent sgensing omays
Te mmpare Pofiligner with Botie? (Langmead and Sahberg
IfH1), STAR {Taobin «f al | X19] and d-RGA (Lin of ol B8]
Brwilel in o popokie seomillve and aocywaie aligones with ghe henefit
ofbaving yery modest mesmaoey ool rnenie. STAR eeqoies o moch.
karger amoont 0f memory, bot s moch Deer ton Rl e? and can
disn perioen apiend oipument’ ogoimt 2 efeenee  jchich
Pfflligner RuretieT and deRGA svently dn notallow] eBGA i
musterrkairs] bonl o PoffARgoes sonceqpeinally. an it s an aligner with
2 ool o] sempa st de Benijn graphdhased indewthat in Snoneed on
enploiting rdondaney in the refeen g e
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Te nee Sffeert medvls b0 osess bolh e perinemanse and ao-

cowa=y 0f rach method on 2 varety of bypes of EqeenEing amples
Theae eoprrimenis are designed o sover o varedy of difernt nee-
cames for on aligoer spomning e gomnt frvem shivatiom whe e most
dipanrnis ars eepesied o b oolge [DBA-eq], o slinatiom
wherr rach frogment in sxpected b0 align in many b widh simior
goality |EN A and metagenomis sqoensing], and spanning e
range o findewslws from small e aeviptomes in kege onlestione of
(=

PofiAlignes"s ooderdying indew, Pofferiish mpponts o index

"denw? and " | D nthe defonkt indew and sparee

in antivaird] meing dhe"a" optinnin dhe indew bolld siep). The "spoee®
versinn trades 0ff bookop dme for indew she and prord des o smaller
indewiin which d-mee looknps oke longer Howerer in e align-
ment peocrs descvibes] beee sioee e pepe ofier $he initial loolop
are e main hottined in aignment e e ompasting ool
MW intn WEWe cwining WP ond folly perfomming hes
twen -l aigament], w= eommend he spars e Pofferfish index
to be dhe shnie This i de indew yesion == ke need Soe ol
enpeviments in this maomesipe

Firnt | we shurw P ffAlgrer cuhihiin similor ocrvwa =y for aligning
D Aaeg eeadde 0 Bowilel hot it s consldeob by fosiee Tn dhe o
of experimeniol eeade sinee the e oeigin of she ead is oolmesn
e e e moh as mapping e and snaedanoe of aligo-
mrs b0 compare the oethods Fosthesmaoee o Soppleoeotory
Seatinn 57 we evabotr dhe aorywa sy of aligness by aligoing shmn-
k] DA -aey e that incnde variofon jel oglesoneentide vors
ianl and small indeds widh espest o e pefeenee]. For aligoiog
BN Aewrn) i, we mmpare B impact of aigemenis peodnoed by
each aligney on downseream anabysis moch ae ahoodonee smiimation
Filly, wr show Poffllgoer in rery effident for aligning metage
nomis samples whess theee in o high degees of shared seqoeoee
g ity refeergyer peonames beiog indesed. We aleo Sostroe ot
nuing aipgnmenis peadnced by Poffligoer yiekds the bigheat orvw-
wey fore abondan e mimation of metogenomiesamples

3 1 Aligrmant of whola ganoma saquancing reads
Firnt | wr evalate ghe prrinemance: of PoffAlgoes with o wholegen-
o egencing (TGS mmple from the 10E Gronmes peojest
{Comantiom of ol 2101 5]. Te dowoloaded g ERBI1IUM e
from mample HGHRH ), which i o2 bhwomeroge sample foom 2
Fimnish mole speneed o Aoind fapefes w ool
e egfd 2o -pun ol fsam ple TICE 190). Thee ae 18 257 36X
paimd-mnd eade, each of keogih 108 ondentides in shin mple
Oeing fomp (Chen of ol 18] w= e ow goality ends and
adapte eqrencey om Hese rods After moming, deee e 15
A 417 eeaile pemainlog io te wmple ndiees for each of e tooke
are holit over all DNA cheomosemes of e homan geoome
[CROCHMN (Sedreider of ol | 2(17T]] which in chiaied f0m grenende
eedeawre v33 |Frankish of ol , B119)] | by e, g degrnes org’
bomandrleae 33 himl). AR the tool, if posdbhle are mnin e =one
] e ] i it mwp e et

The aignment rate mo-ime memory mage and anning Hoe
for ol the algrers are prewenied in Table 1 Theesasnn dhat deRizA
han e highrst mapping eair io Table 1 conparesd w0 otber took i
that it in kool alipemenis for dhe radn dhat are oot ol gnabl e end o=
endd nndee e swding parmeires for the oifer tools Brstie? and

Tiabds 1. The performn s of difisn b ook or sligning sspe—kmn=

il B Ay remmi s

Pubi Bpmer LU | [ P 184
deMGA 575 L 1HE - #LE4
GTAR Sk Ly X3s
Rewnde} CLE 1618 isn

Mo The sair mpers ar besckaisdod sl r wtmdeg op e i
et e et il il e = o ey el nee e e

Pfflligner are hoth abie b0 find end-to-mnd alignments for ahont
rfl TR of the reade STAR and PoffAEpoes are the fostrst bk, with
STAR being somewhot Gwirr than PoffAligoer T the oifter hand,
Poffdlgnes i ahble to olign maoree reads than STAR, whille weqnieog
e than balf an moch memary. The memory osageof BowtieT i the
mnaliest, mine Bowticl's index does oot oonkain o bosh kbl
Howeyes thin somes ot the st of having the |ongest smmning o
comparey] tn other medhnds. Creroll PoffAligoer beoedits from e
fout grery of hashehowed] indloes while i s ime memoey mage
whirh i mostly domingied by e she of e indey, in ol prificonthy
mnalier thon oiber kashhowd aligern Alhongh -RGA"S indey i
bhaws] o she de Renijn grophs simllar a0 e Poffrefab indew e
panimbr eocodiog foe ik in oot an spoce-sficent o that of
Pufierfish

T book maoer oy hiw the mappings hetwesn e tooke diffee,

we imestigatr the agreement of the e whidh o mapped by
Burwiiel STAR and PoffAlgnes Weore ooly comparing e e
methede which perform eod-to-eod aligoment io this plot, sioes oo
Hem fom dhe losal oipements sompnied by deRGA woold odhere-
wie dominate e phot Mojneity of dhe eade (-8 20 eade) aee
mapped by all deer aligrers Thenent kegrst ot |~-K10K reads) eep=
ety e e which o ooy mopped by Bowtie! and
Poffdlignee AN the othry win o moch smolier sompared] b0 e
fewt twen ein. Thin £t Sloeivoirs that the bighrt ageesment in e
e in betwrersn Bnwtie? and PoffAligoer We hove alen visale
e the rwolis in oo opeet plot io Sopplemeniory Pgoes 51 miog
it Opeeift Bheary {Comcay o2 ol Y]

Ewploring a sevies of ind vidnal reode frnm the smolier sedn in e
npeetphot, soggess thot some o f e diffeenoes boppen os g ekt
of mnall diffrrences in He sweing sonfigeation. while some ekt
from diffeent wearch beoeistis adopied by the dfeeant took
Snpplemmicry Agoee 51 shues he mbernee hetween e aligne
menis eepone] by the boole by alen indodiog she rwst lowtinn bo
whilh the radin arealigoed in dhe r efeenee

3 2 Trarmoript shundance astim st on fmom RM-san reacs
Mapping s rensing eeade in farget rarsewiptn mes i Hee inido | siep
in many pipdioes for eefreencershaed oo ovpt abod anee eellimg-
thon. While Eghiwright mapping appeoache (Broy of ol 2016
Poten of ol KI117] peeady speedenp ohondonoe estimadinn by, in
punt, ciding she mmpotaion of ol oligoment betwesn eade and
trarmeripin, tere in evidens tot ol pomenis sl piedd He mok a0
gt abnndonee retbmairs by providiog ioeeeoeed] snsitivicy and
avniding spornm mappings (Sorkor of ol | X183 Sevastora f ol
TN Vooog et al | K18] Thm shesontioned] devel opment of et
clent methade for peodneiog woywaie wanscoelptome aligom eote of
EN Aeard) reaiie reamai e 2 bopl = ofi nleeest

In Sopplemeniory Sestion 55 we compoes e st of aligne
mes peadneesd by sach ool on e aorywarey of BENA-en ahmoe
danee mefimation We find dhat EWNA-en qranidf=ation baed on
i pen s prodoeed by Pofiligpee, STAR and BowtieT reaches the
mame lered of acewo ey Howerss, PoffAlignes in e Saiest aligoer,
beng at leamt 1 Sx fomer don STAR and 25 x4 Gimter thon RaratieT
whill the remory nsageby PofAlgoes in ooy I 1 keger tun mem-
ory oed by Bowtiel! and 3.dx smaller dhon STAR (foll detoile in
Seotinn 6]

4 3 Aligrmant o a collaction of mooomanisme—
simulalas short rmeacds

O main peopeety of mekgennmic amples s ot dey conkin
e fom o varedy of gronmes Some of sheee peonmes aee bighly
simillor and some are oot even amembled pet=—nd benee ooloersn.
To demmeivaie e perinamanee and acwacsy of PoffAlgnes for
metugenmic mmples we design oo (Effeent Spesimens. The
Trmt which wr il " Siogle-sircin” exprsiment s desl goed o spesifis-
aly evabaie e ehted b0 dhe dmilovily chollenge and e e
cond, the "hol i reprviment svalnaies aligoness io the prsenes 0fa
high variety of speries in the saomple in ad Sdon b the bigh simila vy
of pefrenes We dawws the s of the Tolk® capeviment whicdh
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in 2 more compeedersive ooe ) in e follnwing parageaple The " sin-
ge-araic’ repeoent s descvibes] in Soppl sneniorey Semilon 585

Tre oot B indlers of PoffAligoer, Bowlie? STAR and
deREA ona sandom et of KK omp e o st ol geoomes dowoe
loaded fenm she WCRT miceohial dakhas Sopplamenory Table 55
shures the Bmeond memaoey reon e for comienoting ea 0 of Hee ine
dies, in addiion o e she of e §mal indew on Seke el
Pofflligner and Rurctie? show o simillar trend in time and memaory
emirerenty, while STAR ond deBGA eqoiee on oeder of mogyie
indemare memory. In e of de Sl indes e BaowiieT bas the
mnaliest indew, PoffAligees has e seeond-smallest, and STAER bhas
e krgrat

Te wlex dhere Jnming T0E mmples with asrminn e
SERINASTTT (Fiber HNIHK]) SER11IISTS and SRE118964ED,
e deioile of which o sepliioe] in Sopplemeniory Table 5 and
mmnkie ~SW rode for rach deongh dhe proces eepkined in
Sopplenmory Seln 9.1

The asrssment of aemeosy' Seeslly fom she aligoed reade in
oot 2 vkl tosk Thoe to e high e of molmopping in e
smokied] samples, and doe o e fost thot moltiple oy on
peodnee alignmenis of He ame qralily an He ee® oeigin of de
e, wecabnkite dheosoywg oy by comparing e o onsd eellimaied
ashondancs ming o quantifiziinn 0ol fo thie o Slmon] satber
than by mmparing He read aligomenis dieesty. In Table T the o
oy meddon o cabekoir] over te adbondonees esimatioo
obtained] neing the alignmenty pendnees] by moning de alignes in
the dfrent modes gpecified The list of mebvis for medogesn mis
expremlon eralnatione are Sprarwrss Cornlstiom, Weas A snluds
Ralxtive Diffawnce [MAERD]| bre Abaniufe Emw (MAE] and
Muem Spiored Log Erver (MELE]. Themedsd o bave besn chown to
beslmikr bo prerions work mnch anin Beacden (Lo of ol X117 and
Korp |Breppefl and Wiremhee E118]. The definition of each of theme
metviw i peovided in Snppl smenio ey Egnatinn 57 in Sopplenentory
Maiesial

This experiment keade to dhees maio cherratiom. Mt egaed-
e of dhe aligoment mode. qranifi=odone devived feoam e deRGA
uipmnmis wem 0 kEod o spwemotic deeeslimotion of ahooe
danr Hiwerer PoffAlignes STAR and Rox el show veeyrimikre
bdhuvie with mpey 0 arywacy STAR in dhe bt in primaory
muie an well an when albring X alipemenis, doedy Solowed by

IFofAlignes When albowing np to 2(E] aBpnments pee read, Barsotie T
e i piedd the momto s roie g ndonees, again with Poff A lgoer

Table ¥ Asmirsy of shurdess ssthrslion with Ssbmon weing
slignmants mporisd by ssh sliger for the mosk meiegenomis
ssmope sl ] e SR DA Aeleed

Al v el Tael

Epeammam MARTY MAR MATR
404- |

Erlnary Puifillgesr &5 £1 ErEh 1%
Rewrnked L | 4R4Lx ] 15 A1k
ETAR [ Ry [Rirs] 1493 OoE
AMGA il | Oels wfafdh =53
OpmH Emfillger 0% £ e o4 0600
. i} L iR | or: A
ETAR [ [ 03 0ot
ARGA [+ - | aF eXal  Emf
Op = MR Emifillge-r 057 B ek 0% 66m
. [ ool [RL-J T
ETAR & £ ek o-rs A6
ARGA 1 - | oFM a7in  EEF
Rewr mrars Puiftligeer 057 0 Oir: 0% oo
ETAR L5 £L Eetb o LR

ety of et o il P vl o ol e e e gl eed Bl

being e doe smrernp Thee ewin denmosteore  Hat
Poffdlgner ing rlibie aNgoment tonl shiwing @ stoble padiren of
being mmparabie in e best algoer nnder ol e senordoe et
That i, she pond pefosmane of Poff Migoes in sohost owme 2 o=

ety of diffreent paromeiee sshiiogs.
Momnver, doe in e e e of e metagenamies dokg et bgh
degees of ambignity and plog=—wr muprat b0 e mpenTes

mmt in te acmeaey medlow an moee aligomenis e Eposied pee
il an dhis leovde b0 g highey ol While STAR"s aorwwa oy changes
ooy slightly fom N1 agnments to XE¥] algemenis ooky impearring
MAT] dhepranbis o PofflEgner and RBowtie? impe ore comsldevab by
whrm alkrwing more alignmenis per ead Hiwever, this higher o
cxwa=y comew in dhe st of aigoement e for Rnwtie? as shmenin
Figoee 1 The diferenes hesomes eapedlolly erident when albmoiog
op to NI aignmenis per e, wheee PoffAlignes is 4 tioes fomer
than Rrwlle? In addifion in repeimental dto, mary of e digo-
mes eponied do oot oeeesorlly hove high gollity, and ooy ap-
pearinthe onipnt an ooe of Hee 2] alignments for the ead In fact
we ool the pimike osww ooy aobiers] by Poffllignes in bexiBir aie
madde compaeed] to when we dlow op o B aignments per mad.
This obeervatinn in alen csnsistend ocvnm e oifer ben simokaied]
samples in Sopplementary Table 55, it cows with Po ffARgpoer
heing dhe maw tasmeaie alignes in diffeesn maodes for hoth mmples
Crrewall, s reanliy abng with other similor cepedmmie in
Snpplemmiory Seollon 8§ and Sopplermentory Table 55 indl ot that

Pffligner in a eermitive and fwt aligeer Specifilly Poffdligrers
enhibity simillor aorywsmy fngd i sonstimes moee o=l an well-

known alignes lilie Bewtie? and STAR. On dhewe dota) it el biin
meanry el renenie choee to thoe of the memaorp-fngal Rnwtie] |
whils heing moch Gsirr Figoe 3 shiwn dhat PofABgnes han the
lowest mming §me, mven when e oombey 0f allowesd alignmenis
pex mad inceawes In Sopplemeniory Seetion 511, we explain e
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