Multi-String BWTs
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MSBWT

A BWT containing a string collection instead of just a single string

» Earliest: Mantaci et al. (2005), used concatenation approach
e Bauer et al. (2011) - proposed version we will discuss today

Analogy:

« Instead of searching for a substring within a single book, search every book of a library

» Each book has it's own text, suffix array, and end-of-text delimiter
» Searching allows us to find how many times a substring appears and in which texts

Bioinformatics?

e Search all genomes? You could, but that's not the main application.
e Search multiple chromosomes of an organism? You should, but even that is not the killer app



Naive Construction

Create all rotations for all strings in the collection
Sort all rotations together (Suffix Array)

Store the predecessor of each suffix

Strings are “cyclic”

The predecessor is always from the same string
Impossible to “jump” from one string to another

Stringl
ACCA$
CCASA
CASAC
ASACC
$ACCA

String2
CAAAS
AAASC
AASCA
ASCAA
$CAAA

Sorted
$ACCA
$CAAA
ASACC
ASCAA
AASCA
AAASC
ACCAS
CASAC
CAAAS
CCASA

MSBWT
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MSBWT's FM-index

. pt FM-1index
Identical Definition Stringi Sorted  MSBWT $ A
ACCAS gACCA A 0: 0 0
. & s CCASA CAAA A 1: 0 1
e Find k-mer “CA cgmc A%ACC C 2: @ 2
RUR T " ASACC ASCAA A 3: 0 2
o Initialize to full range (") SACCA AASCA A 3 B 3
1 = AAASC s 5: 0 4
. 1‘53? hi=o0,10 - String2 ACCAS$ $ 6: 0 4
e Find occurrences of 'A CAAAS CASAC ¢ 7e1 4
T At . L AR "$C C-‘ LAA$ $ 8 i 1 4
= lo = Offset['A'] + FMindex[lo]['A'l=2+0=2 Agﬂ,;c,q CCASA A 9: 2 4
- & P Al . M A" = = ASCAA 10: 2 5
hi = Offset['A'] + FMindex[hi]['/A'l=2 +5="7 SCAAA Offset: © 2

Find occurrences of “CA”
= lo = Offset['C'] + FMindex[lo]['C'l=7+0=7
= hi = Offset['C'] + FMindex[hi]['C']=7+2=9

Searching and extracting suffixes are identical to a BWT
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Incremental MSBWT Construction

A key tool missing from the BWTs toolbox--
adding new strings to an existing msBWT

You could reconstruct the suffix array of the
msBWT using suffix(i, fmindex) for all i, and then
insert the suffixes of the new string.

Variant of find(); Find the insertion point of new TATAS
string's jt suffix, i ] ATSA
Add last character to msBWT TATAS ATA?i Amé;
* LAIY
Update the FMindex ' mh oo aplarse
] GASGA GSATA
A GAGAS GASGA
IO GAGAS
TAGSA TSACA
TASTA
TAGSA
TATAS



Merging msBWTs

BETTER YET! Rather than inserting new strings, build a BWT of the
new strings and merge the new and old BWTs

Suffixes of BTWs are already sorted

BTWs are interleaved

In the worse case (ties) the entire suffix must be considered, but
general the longest common prefix of suffixes is smaller

Minimal overhead

Well suited for divide an conquer approaches (like merge sort)

Easy to merge multiple data sets!

Compression improves!
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Merging Steps
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« msBWT merging alternates between sorting and interleaving



In Python
def mergeBWT(bwtl, bwt2):

interleave = [(c, 0) for c in bwtl] + [(c, 1) for c in bwt2]
passes = min(len(bwtl1), len(bwt2))
for p in xrange(passes):

i, =08, @

nextInterleave = []

for c, k in sorted(interleave, key=lambda x: x[0]):

if (k == 0):
b = bwtl[i]
i+=1
else:
b = bwt2[j]
j+:j_
nextInterleave.append( (b, k))
if (nextInterleave == interleave):
break
interleave = nextInterleave
return ''.join([c for c, k in interleave])
bwtl = "TGETCSAAAA"
bwt2 = "AAGTGTASAS"

bwtl2 = mergeBWT(bwtl, bwt2)
print bwtl2
FM, Offset = FMIndex(bwt12)
for i in xrange(len(bwtil2)):
print "%2d: %s" % (1, recoverSuffix(i,bwti12,FM,0ffset))

TGAAGTSTGCTSAAASAAAS
: SACAT
i SATAG
: $GAGA
: STATA
: ASGAG
: ASTAT
: ACATS
: AGSAT
s A ATS
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MSBWT Applications

Instead of building a BWT of a reference genome, build a MSBWT of every sequenced reads
Arbitrary exact-match k-mer queries

O(k) time

Enables fast searches/counting

Recover an arbitrary read of length L from MSBWT

O(L) time

Enables extraction of user-selected reads



Compression of high-throughput sequencing

Using Run-length encoding again

Reasons we expect compression:

True genomic repeats: gene families, long repeats, etc.

Over-sampling: 30x coverage means we expect 30 copies of every k-mer pattern
Sequencing errors may break up runs

Technical errors may cause biases for or against a particular pattern

Real Mouse DNA-seq:

= 368654191 x 151 x 2 = ~112 Giga-bases

» Compresses to ~15.3 GB using RLE (1.09 bits/base)
Real Mouse RNA-seq:

= ~8.9 Giga-bases

» ~1.2 GB using RLE (1.05 bits/base)
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Basic Use:

LRI U A R IR R R R LR

K-mer Search & Extraction

PR R R IR R LR A R R

BN RS RN EA L EES PR AR R B R

e R R Rk

B R R LR R EE RO B E RS U R R G R EE O E S E R B B R E S A E RN R E RS R R R E RS EEE R AR R R A d U SRR EEE AN N AR

fadiraresarraaieaansaesse s CPATEGACATORGTCTGACCAACGAGAAGCCCAATCOGEAACTCECT AT Togagetct t tocagCcajocoCogyoaacaagaccytgacctact ipggasagttegot ticgactctecttccAactgytgocaggacaacatcattags.

vearrraresa e - FUCACICACCCCLCCCCRCICLOCCCCPEICTCCQCAgapaRTOTQaTGeACATOGETCTGACCAACGAGAAGCCCAATCOGGAACTCLCT TATLCRAQCICTIICCaAgCCAgCCCCCrancaARpRCCQUYacCIACTIQOOaBagticy. . cov e vn .

Vs Jcteggettcactcaccecteccctctet cococgetctecgtagagaat gt gaTGGACATOGE TCTGACCAMGAGAAGCCCAATCOGGAACTCECt tat togaget et t becage cagecocogicaataagaccgt gacct act tgogas
1] ac geagagaatgty Qg agroag i) gaccgtg @ag

o e S o e e e ERL T SS quagc:qpctcggcu:uu:au::ctccr.ctc:cr.ccc:cgctctccgcuqa.gu:gtqarﬁmn‘rcﬁmcrE.ﬂ.tcm:vsmmcmrcwﬁmcrctcuuttcgaqctcutccag:cngcccccw:aMulwccgtqmt e S R S L e
diesaae s eeee s DEOQEgECgEgRCCCggagecggcteggctteactcaccectcccctctet cocecpgetctecgeagagaat gt gaT GGACATOGE TCTGACCAACGAGAAGCCCAATCOGGAACTctet tat tegagetet b tecagocagecoeegiea®. . .. . .. v o vv i i iva v raa i ncanraarsasrnasnnarnns
Vuwene e s« PEACCEEGRCYCOgCgECCogagroggetoggcttocactcaccoctoccctotoctococoogotctocgoagagaat gt gaTiGACATCOG TCT GACCAACGAGAAGCCCAATCCGOAACTCECT Lot topagat cY@aRgagegRegigEs. .. . . oo v vv v ve v an i earnarsnanransnasrnarrsnrnns
voee o SQCaaggacctggEogoogoggccoggageoggotopgettcactcaccoctcccctctotcoccogetctocgtagagaat gt gaTeGACATCGETC T GACCAACGAGAAGCCCAATCOGEAACTCECE LAt LOQARCECE ERCCAMOCAR . « v a v v v e v su s b as s uns ieasseasons nsansassnassnssnsasssa
e e SPCARQEACCTIQRCYCogogaccopgageoggotoggct teactcaccoctcccotctctconoogototoogoagagaat gt gaTEGACATCEE TCTGACCAACGAGAAGCCCAATCOGRAACT CtCt tat toRAGCtCE EECCAEOCEE - « + v« v v v e v v s a s b es s un s e asseassns nsssnsasssns nssnsansss
. «Sctgggoaaggacctgggegecgoggcccgyageoggotocggct tcactcaccccbocectetoteoccogotctocgoagagaatgtgaToGACATCGGTCT GACCAACGAGAABCCCAATCOGEAACTCECE LAt LOPAGCECEERCEAE- « v« o v v u s ruatsoa s asssasnaaasansiassnsannasssnsinssnsnnnna

.« SCCQg@CcaagPaccTggpcycogogpcccggagecgaciopgctioacicaccocioooCte ot coCCopotCcioogCagagaatgrgaTEeACATCEETCT GACCAACGAGAAGCCCAATCOGEAMCTCICT AT TCPAGCTCTLICCAR. « o oo va s

. .ScLgggcaaggacclggicgccgegccogiageegocteggcl Leac teaccectecectic Lot eotcegete LEcgCagagaat gt gaTGGACATCGETCT GACCAACGAGAAGCCCAATCOGEAACTCLCL LA LEAGCEEL LEEERD. . .. - oo vu . .

. - cTOgQCaaggaccggpegocgeggccoguagtegpciogpeticacicaccecioeoeie et CoCeoQoIeiCCgCagapaatgUgaT GGACATCGGTCT GACCAACGAGAAGCCCAATCOGEAACTCICTTATTCpAQCICTTIICCADS
Setactee tgggcaaggacctgggegecgeggccoggagecggeteggct teactoaccectecect c et ecceeget e tecgeagagaat gt gaTEGACATOGE TCTGACCAACEAGAAGCCCANTCOGEAMCTE Let LAt tegaget et
veaee s CLACTCCTQQOQCARQUACCLgQRCCCgegpCcopagecgCicpyciicacicatCCCiCCoCCCLCCRCCQETCiCCOCaAQagaatgrgaT GGACAT GG TCTGACCAACGAGAAGLCCAATCOGGAACTCLCITALLCRAgCRELE. .. .. .. vcv v r e ma i rms

JSgacgtgtgctet tecgatctgpacctggpcgcegegpccopgagecggeteggcttcactcaccectcccctctet cocecpetctecgtagagaat gt gaTGGACATOGE TCT GACCAACGAGAAGCCCAATCOGEAACTEEEEEAtEEd. . . oo v v v v v v i v i csrnarins

Crarrsarrea e s - SIACCEQQRCgCCgegpCCpagagccgctcpgcttcactcaccoctccoctctotcoCceCpotctCCgoAgagARt gt QAT GGACAT CGG TCTGACCAACGAGAAGCCCAATCOGGAACTCECL LAR LCOAGCLCRERCCAQECAPCCERE . .o o v v v a v mr v s s rrss s s ma s rmsnrmmrrmarmnnns
Ceaabeaareaassaaraaee i ea e s e e SEPCCECteggcttcactcaccoctccoctctot cocoopetctocgtagagaat gt gaTGGACATOGE TCTGACCAACGAGAAGCCCAATCOGGAACTctet tat topagetet t tocagocagococogjcaataagaccglgacetac. . . ..o v ve v ennianrnaans
Vraarsaaresarsa e esrearrsa e en e SPPECggCtoggottecectoaccoctccocictctcoccogetctcogoagagaat gt gaTGGACATCOG TC TGACCAACOAGAAGCCCAATCOGEAACTCECL tat topagc et LCCAQCCAGCCCCCgCARCARQACCYLQACCTAC, . v os v ve s aa v nsrna e
JBgeaccetctactcobgopcagggacctggpcgcogoggocoggagocggotoggot togetcaccocicccotctctcotoogoiciocgiagagaatggaTiGACATCGG TCTGACCAACGAGAAGCCCAATCOGEAACTCECEEAREC . . oo v e i e e i i i ea i e i s b b e e b s s a s s aa R R e B

TOTEATGOACATCOGTCT GACCAACCAGAAGCCCAATCOBEAACTCTCTTATTCOABCTCTTTCCAGC CABL

tiearsaarsaans . BaAtgtgaTOGACATCGGTCTGACCAACOAGAAGCCCAATCOGEAACTCLCE Lat togagetct b bccagecagecocoggcaacaagaccgtgacctact tgggaaagttcgetttcgactctecttccaactggtgccaggacaacatca. .
viee e sBototocogoagapaatgtgaTEGACATCGETCTGACCAACGAGAAGCCCAATCOGEAACTCICT TAtTogagetct T tocage cagococoggeaacaagaccgigacciact tpggaaagttcgetitopactictocttocAACTORTECE. (oo v v o s
ri s::nncgntr_' tccgCagagaatgtgaTGGACATOGGTCTGACCAACGAGAAGCCCAATCOGEAACT Lot tat togagec et E tecAgccagccoCCgicaACARQACCLgacct act tggganag ttcgoct tiogac totecttecaacty
....... PR R R R LR R R R E R AR R R AR .'L"I:U:H:l: coccopicioogragagaatgugarGeACATORGTCT GACCAACGAGAAGLCCAATCOGRAACT CTCTTATTopagecT TiCCaAgLCcAgLCOCCOQUaacaagaccigacciactipppasagiicgetiiTtopaciciocrs
fctoecctetctecccegetetccgtagagaat gt gaTGGACATOGETCTGACCAACGAGAAGCCCAATCOGEAACTetct tat tegage et t iecafe cagecoocgicancaagaccgtgacctact tgggaaagt tegetttogac te

carreareea e s s Stcecccctoccoctototooccoogeote tc:v:gc:aga.gnatqtgaTGGﬂEhTﬂGGTCTGAEC!MGM.GDECMTCCGGMEMI:t:ttatthagctc:ttt:cagccaqccmcggnlmngaccgtgm:tmttwglngttcgcttt. T
. .IHI:I'I"‘I"C'I'HZ‘I:WWIMImmm:MfmnmmCMMT:TCTmtET CLCCOGLAACAAGACCOTOACCTACTTRGOAAAD

TCTCCTTCCAACTHE TGCCAGGACAACATCATTAG .

Green: query k-mer. Red: forward reads. Blue: reverse-complement reads.

» Search for all reads with a given k-mer
o Extract all reads with that k-mer and its reverse-complement
e Build a consensus
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Reference-based Searches

Given a reference genome and region of that genome
Split reference into k-mers

Count the abundance of each k-mer and plot

Fast - O(k) time per k-mer

Similar to a post-alignment pileup

Log(count)

1500

DNA-seq

RNA-seq

12



Reference Correction

6000 8000 10000 12000 14000 16000 18000 20000 22000 24000 d00 8000 10000 12000 14000 16000 18000 20000 22000 24000
+1.4983e8 +1.4983e8

Uncorrected Correcteo

lc:::::;"149',..BSE..M‘::IIIS: 0 TTGATGGCTCGATGCATTCATTACCTGATCACTGCTCCCG
149,838,033: 0 TTACCTGATCACTGCTCCCGTTATGTAGGGAATGGGTACA

'

149,838,013: 18 TTGATGGCTCGATGCATTCATTACTTGATCACTGCTCCCG
149,838,033: 17 TTACTTGATCACTGCTCCCGTTATGTAGGGAATGGGTACA

CAST/EiJ DNA-seq for annotated gene Igf2
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Summary

e Burrows-Wheeler Transform
» Permutation of characters that represents a suffix array
» Run-length encoded for compression
« FM-index
» Derived from BWT
» Exploits LF-mapping property
» O(k) search time for arbitrary k-mer, independent of BWT's size
» Used in many fast aligners

« MSBWT

= Applies to string collections
» Enables database-like access to reads via k-mer searches
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