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Multi-String BWTs



MSBWT iy

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

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

Analogy:

e Instead of searching for a substring within a single book, search every book of a library
o Each book has it's own text, suffix array, and end-of-text delimiter
o 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
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Naive Construction

e Create all rotations for all strings in the collection
e Sort all rotations together (Suffix Array)
e Store the predecessor of each suffix
e Strings are “cyclic” String1l Sorted MSBWT
i i ACCAS$ $ACCA A
e The pre.decess;(-)r is ?Iways from the same string CCASA SCAAA 0y
e Impossible to “jump” from one string to another CASAC AS$ACC C
. . A$ACC ASCAA A
e Strings can have different lengths SACCA AASCA A
AAASC G
String2 ACCAS $
CAAAS CASAC C
AAASC CAAAS $
AAS$CA CCASA A
ASCAA
$CAAA
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MSBWT's FM-index

Identical Definition EM- index
Striggl gorted MSBWT $ A C
: i “e A ACCA ACCA A 0: 0 0 0
e Findk-mer“CA CCASA $CAAA A 1: 0 1 0
e Initialize to full range (") CASAC A$ACC o 2: 0 2 ©
_ A$ACC ASCAA A 3: 0 2 1
e |o,hi=0,10 $ACCA AA$CA A 4: 0 3 1
. " AAASC B 5: 0 4 1
e Find occurrences of 'A String2 ACCAS $ 6: 0 4 2
o lo = Offset[A] + FMindex[lo][A] =2 + 0 = 2 ;@g gﬁ;ﬁgg . w113
i = N i AT = - AA$CA CCASA A 9: 2 4 3
0 hi = Offset[A] + FMindex[hil[A] =2+ 5=7 428 i 5 B =
e Find occurrences of “CA” $CAAA offset: 0 2 7

o lo = Offset['C'l + FMindex][lo][C]1=7+0=7
o hi=Offset['C] + FMindex[hi][C]=7+2=9
e Searching and extracting suffixes are identical to a BWT
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Incremental MSBWT Construction

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

e 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.

e Variant of find(); Find the insertion point of
new string's ji" suffix, s

e Add last character to msBWT

e Update the FMindex
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Our original BWT code

In [8]: def FMIndex(bwt):
fm = [{c: 0 for c in bwt}]
for ¢ in bwt:

row = {symbol: count + 1 if (symbol == c) else count for symbol, count in fm[-1].items()}
fm.append(row)

offset = {}

N=20

for symbol in sorted(row.keys())
offset[symbol] = N
N += row[symbol]

return fm, offset

def recoverSuffix(i, BWT, FMIndex, Offset):

suffix = "'

c = BWT[i]

predec = Offset[c] + FMIndex[i][c]

suffix = ¢ + suffix

while (predec != i):
c = BWT[predec]
predec = Offset[c] + FMIndex[predec][c]
suffix = ¢ + suffix

return suffix

def findBWT(pattern, FMIndex, Offset):
lo =0
hi = len(FMIndex) - 1
for symbol in reversed(pattern):
lo = Offset[symbol] + FMIndex[lo][symbol]
hi = Offset[symbol] + FMIndex[hi][symbol]
return lo, hi
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Inserting a new BWT into an existing msBWT

In [9]: 1 # Constructing a multistring BWT one suffix at a time
2 # first let's take a look at the implicit suffix array

+

3 bwt = "TGAGSTGCSAAASAA"
4 fm, off = FMIndex(bwt)
5 for i in range(len(bwt)):
print("%2d: %s" % (i, recoverSuffix(i, bwt, fm, off)))
print()

# New string to include
new = "TATAS"

11 inserts = []

12 for i in range(len(new)):

13 rotation = new[i:]+new[:1i]

14 1, h = findBWT(rotation, fm, off)

inserts.append((h,new[i-1], rotation))

print(inserts)

18 # Insert into original BWT in reverse order
19 for i, ¢, rot in sorted(inserts, reverse=True):
bwt = bwt[:1i] + ¢ + bwt[i:]

22 # Look at result

23 print(bwt)

24 print()

25 fm, off = FMIndex(bwt)

26 for i in range(len(bwt)):

27 print("%2d: %s" % (i, recoverSuffix(i, bwt, fm, off)))
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$ACAT
$ATAG
$GAGA
ASGAG
ACATS

1 AGSAT
. AGASG
1 AT$AC
. ATAGS
: CAT$A
1 GSATA
: GASGA
. GAGAS
: T$ACA
: TAGSA



Before and After

OO~ sWNPRFEO

1 SACAT
1 SATAG
: $GAGA
: A$GAG
: ACATS
1 AGSAT
. AGASG
1 AT$AC
. ATAGS
: CAT$A
10:
1 GAS$GA
: GAGA$
: T$ACA
. TAG$SA

GSATA

[(15, '$', 'TATA$'), (8,
TGAAGTSTGCTSAAASAAAS

OCO~NOOTOHEWNPREO

16:
> 17:
18:
= 19:
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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

msBWT merging alternates between sorting and interleaving

Pass #2 Pass #3 Pass #3

Pass #1

Consider the BWTs as a tuple of
(character, BWTid) pairs

1.
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Done!

Select
from

Sort

from by base

Select
BWT

Sort

from by base

BWT

Select

Select

from by base

BWT
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In Python

M def mergeBWT(bwtl, bwt2):
0) for c in bwtl] + [(c,

bwt1
bwt2

A WNRERO
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interleave = [(c,
passes = min(len(bwt1), len(bwt2))
for p in range(passes):

i, j=20, 0

nextInterleave
for c,

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

b = bwti[i]

i+=1
else:

b = bwt2[j]

j+=1
nextInterleave.append((b, k))
if (nextInterleave == interleave):
break

interleave = nextInterleave

return ''.join([c for c,

"TGSTCSAAAA"
"AAGTGTAS$AS"
bwt12 = mergeBWT(bwtl, bwt2)
print(bwt12)
FM, Offset = FMIndex(bwt12)
for i in range(len(bwt12)):

k in interleave])

j = (i>>2)+(i&3)*(len(bwt12)//4)

print("%2d: %s" % (j,

$ACAT
$ATAG
$GAGA
$TATA
AS$GAG

5:

© 00 N O

TGAAGTSTGCTSAAASAAAS

ASTAT 10:
ACAT$ 11:
: AG$AT 12:
AGA$G 13:
AT$SAC 14:

ATAST 15:
ATAG$ 16:
CAT$A 17:
GSATA 18:
GASGA 19:

recoverSuffix(j, bwt12, FM, O0ffset)),

GAGAS$
T$ACA
TASTA
TAG$A
TATAS

1) for c in bwt2]

"\n" if (i % 4



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
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Compression of high-throughput sequencing

e Using Run-length encoding again
Reasons we expect compression:
o True genomic repeats: gene families, long repeats, etc.
o Over-sampling: 30x coverage means we expect 30 copies of every k-mer pattern
e Sequencing errors may break up runs
e Technical errors may cause biases for or against a particular pattern
e Real Mouse DNA-seq:
o 368654191 x 151 x 2 = ~112 Giga-bases
o Compresses to ~15.3 GB using RLE (1.09 bits/base)
e Real Mouse RNA-seq:
o ~8.9 Giga-bases
o ~1.2 GB using RLE (1.05 bits/base)
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K-mer Search & Read Extraction

Basic Use:

CC Genome: CC001M4363_UNC_NYGC
799,869,982 strings with 121,580,237,264 bases and index size of 16,944,071,172 bytes (1.11 bits per base)

Target: GACAGGAATGTCGAAATTACTGAAAAACGTGAAAAATGAGAAATG
Found 19 times (8 forward, 11 reverse-complemented)

.atgacatgggGACAGGAATGTCGAAATTACTGAAAAACGTGAAAAATGAGAAATGCacact tggaatat tgaacat tgagaataacactctttaggtagtgaaatatgacgagaaatattgaa$.
.ggggattccatgacatgggGACAGGAATGTCGAAATTACTGAAAAACGTGAAAAATGAGAAATGCacact tggaatat tgaacat tgagaataacactctttaggtagtgaaatatgacgaga$
aggggattccatgacatgggGACAGGAATGTCGAAAT TACTGAAAAACGTGAAAAATGAGAAATGCacact tggaatat tgaacat tgagaataacactctttaggtagtgaa
gcaagaaggaccaaggggattccatgacatgggGACAGGAATGTCGAAATTACTGAAAAACGTGAAAAATGAGAAATGCcacact ggaatat tgaacat tgagaataac.
....... $tcagattcgacactgtcaagaaggaccaaggggattccatgacatgggGACAGGAATGTCGAAATTACTGAAAAACGTGAAAAATGAGAAATGcacacr tggaatat tgaacat tgagaataa
gcggtgactgtcagattcgacactgtcaagaaggaccaaggggat tecatgacat gggGACAGGAATGTCGAAAT TACTGAAAAACGTGAAAAATGAGAAAT Gcacact tggaatat tgaacatcacggaas$. ......
agagcggtgactgtcagattcgacactgtcaagaaggaccaaggggattccatgacat gggGACAGGAATGTCGAAAT TACTGAAAAACGTGAAAAATGAGAAATGCacACt tggaatat tgaacatcacggs. .
..agagcggtgactgtcagattcgacactgtcaagaaggaccaaggggattccatgacatgggGACAGGAATGTCGAAATTACTGAAAAACGTGAAAAATGAGAAATGCacact tggaatat tgagcatcacgg$
...cagagcggtgactgtcagattcgacactgtcaagaaggaccaaggggat tccatgacat gggGACAGGAATGTCGAAAT TACTGAAAAACGTGAAAAATGAGAAATGCacact tggaatat tgaacatcacg$.
. .$aagcagagcggtgactgtcagat tcgacactgtcaagaaggaccaaggggat tccatgacat gggGACAGGAATGTCGAAAT TACTGAAAAACGTGAAAAATGAGAAATGCacact tggaatat tgaacatc. ..
. .ataagaagcagagcggtgactgtcagattcgacactgtcaagaaggaccaaggggattccatgacatgggGACAGGAATGTCGAAATTACTGAAAAACGTGAAAAATGAGAAATGCacact tggaatat tgas. .
.$ggataagaagcagagcggtgactgtcagattcgacactgtcaagaaggaccaaggggat tccatgacat gggGACAGGAATGTCGAAAT TACTGAAAAACGTGAAAAATGAGAAATGeacact tggaatat t.
tgactgtcagattcgacactgtcaagaaggaccaaggggattccatgacatgggGACAGGAATGTCGAAAT TACTGAAAAACGTGAAAAATGAGAAATGCacactgcaggacctggaatatgge. . . .. . .
gactgtcagattcgacactgtcaagaaggaccaaggggattccatgacatgggGACAGGAATGTCGAAATTACTGAAAAACGTGAAAAATGAGAAATGCcacactgcaggacctggaat .
gactgtcagattcgacactgtcaagaaggaccaaggggattccatgacatgggGACAGGAATGTCGAAAT TACTGAAAAACGTGAAAAATGAGAAATGCacactgcaggace. . .
gactgtcagattcgacactgtcaagaaggaccaaggggattccatgacatgggGACAGGAATGTCGAAAT TACTGAAAAACGTGAAAAATGAGAAATGCacactgcaggace
gactgtcagattcgacactgtcaagaaggaccaaggggattccatgacatgggGACAGGAATGTCGAAATTACTGAAAAACGTGAAAAATGAGAAATGCcacactgcaggac.
,,,,, aa gactgtcagattcgacactgtcaagaaggaccaaggggat tccatgacat gggGACAGGAATGTCGAAAT TACTGAAAAACGTGAAAAATGAGAAATGCacactgcagygac .
3 tgcgectgteett gactgtcagattcgacactgtcaagaaggaccaaggggattccatgacatgggGACAGGAATGTCGAAAT TACTGAAAAACGTGAAAAATGAGAAATGCacacs
AAAAAA TGCGCCTGTCCTT, T,  TGACTGTCAGATTCGACACTGTCAAGAAGGACCAAGGGGATTCCATGACATGGGGACAGGAATGTCGAAATTACTGAAAAACGTGAAAAATGAGAAATGCACACTY TGGAATAT! TGAACAT! TGAGAATAACACTCTTTAGGTAGTGAAATATGACGAGAAATATTGAA. .

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

e  Search for all reads with a given k-mer
e  Extract all reads with that k-mer and its reverse-complement
e  Build a consensus
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Moving over a little bit

CC Genome: CC001M4363_UNC_NYGC

799,869,982 strings with 121,580,237,264 bases and index size of 16,944,071,172 bytes (1.11 bits per base)
Target: CGAAATTACTGAAAAACGTGAAAAATGAGAAATGCACACTGCAGGACCTGG

Found 46 times (25 forward, 21 reverse-complemented)

ACGAAATTACTGAAAAACGTGAAAAATGAGAAATGCACACTGCAGGACCTGGAat at gaaagt

C rarrtgacgacttgaaaaataaCGAAATTACTGAAAAACGTGAAAAATGAGAAATGCACACTGCAGGACCT Gaatat gaaaat

gaaaatcatggaaaat

taaatac a(‘ar‘[g[aggacgfﬂaaarm t
gagaaataaaa$. s

gagaaatacacac Ltlaggacgrnaaafm t ggaaaatt$

ggaaaat . .

$gtggataa([(agaga(gttcacrmannarnrnnaarar gctaatcatggaaaat tectettgacgact tgaaaaataaCGAAAT TACTGAAAAACGTGAAAAATGAGAAATGCACACTGCAGGACCTGG. .
saaaatttagaaatgtccacrnrammmmnaar,.. gaaaatcatggaaaat r‘cacttgacgacttgaaaaaﬂgaCGAAATTACTGAAAMCGTGAAAAATGAGAAATGCACACTGCAGGACCTGGaata S s
: ..$gggtgaat tctectagatgactt GAAATTACTGAAAAACGTGAAAAATGAGAAATGCACACTGCAGGACCTGGaatat aa gagaaatacacacttta.
(gtccactg(aggaca[ggaatatggcaagaaaactgaaaa(carncaaaar t[gaccccttr rAAATTACTGAAAAACGTGAAAAATGAGAAATGcACAcrccAeGAccmGaa(aaggcgagaacacs .................................
. . .aaaatgaCGAAATTACTGAAAAACGTGAAAAATGAGAAATGCACACTGCAGGACCTGGaatat gaaaat
- $aaaaat gaCGAAATTACTGAAAAACGTGAAAAATGAGAAATGCACACTGCAGGACCTGGaat at gataat
ccacg[gacgccg(gaaaaatgaCGAAATTACTGAAAAACGTGAAAAATGAGAAATGCACACTGCAGGACCTGGaa(atggcgagaaaac(gaaaa[

gagaaatacacactttaggacgtgaaatat

gagaaatacacactttaggacgtggaatat

taaaaagttggaa$.

aaggaatacacactttaggacgtgaaatat

tacacactgtaggacgtgaaatat

.................................. gaaaaatgaCGAAATTACTGAAAAACGTGAAAAATGAGAAATGCACACTGCAGGACCTGGagta gaaaat
$aatcatggaaaat C rarttaaccacttgaaaaatgacGAAATTACTGAAAAACGTGAAAAATGAGAAATGcAcAcTGcAseAccTrraarar gaat gagaattacacactttaggacgtga
$aaaatggtaaaca(ccact tgaagacttgaaaaatgaCGAAATTACTGAAAAACGTGAAAAATGAGAAATGCACACTGCAGGACCTGGaatat gaaaat
catacacttgacgacttgaaaaatgaCGAAAT TACTGAAAAACGTGAAAAATGAGAAATGCACACTGCAGGACCTGGaatatggcgagtecact
tgagaaacatccacttgacgacttgaaaaatgaCGAAATTACTGAAAAACGTGAAAAATGAGAAATGCACACTGCAGGACCTGGaatat gaaaat

gagaaatacacactttaggacg tgaaatatggcas

gagaaataaacac [ttaggacg tgaaats

| .. .ggaaaatgagaaacatccact tgacgact tgaaaaat gaCGAAAT TACTGAAAAACGTGAAAAATGAGAAATGCACACTGCAGGACCTGGaat at gaaaat
gaaaatcatggaaaat ccacttgacgacttgaaaaatgaCGAAATTACTGAAAAACGTGAAAAATGAGAAATGCACACT! TGGtatat gaaaat gagaaata.
gaaaatcatggaaaat ccacttgacgacttgaaaaatgaCGAAATTACTGAAAAACGTGAAAAATGAGAAATGCACACTGCAGGACCTGGaatat gaaaat gagaaa$. .

stc(acactctttccctacacgacgctcttccgatctaaaatcatggaaaatgagaaacatccact tgacgacttgaaaaatgaCGAAATTACTGAAAAACGTGAAAAATGAGAAATGCACACTGCAGGACCTGGaatatggcgagaaaact . .

.ggaaaatttagaaatgtccactgtaggacgtgaaatat gaaaatcatggaaaat ccacttgacgact tgaaaaatgaCGAAATTACTGAAAAACGTGAAAAATGAGAAATGCACACTGCAGEACCTGEABS . . . . v v vv v eeeeeeeeennnns
,,,,,,,,,,,,,,,,, tccactgtaggacgtggaatat gaaaatcatggaaaat ccacttgacgact tgaaaaatgaCGAAAT TACTGAAAAACGTGAAAAATGAGAAATGCACACTGCAGGACCTGGaatatggcaagaaaactgs. . .
gggaaattranaaarnrrrarrnrannarnrnnaarar jaaaatcatggaaaat ccacttgacgact tgaaaaatgaCGAAATTACTGAAAAACGTGAAAAATGAGAAATGCACACTGCAGGACCTGGARS . . .. v v v s evs s st

gaaaatcatggaaaatgacaaat .

ccacttgacgacttgaaaaatgaCGAAATTACTGAAAAACGTGAAAAATGAGAAATGCACACT! TGGaatat
ccacttgacgacttgaaaaatgaCGAAATTACTGAAAAACGTGAAAAATGAGAAATGCACACTGCAGGACCTGGaatatg$

| aatttagaaatgtccactgtaggacgtgaaatat gaaaatcctggaaaat

gagaaat ;. arartttaggacgtgaaatatggcgaqg

ccacttggccact tgaaaaatCtCGAAATTACTGAAAAACG TGAAAAATGAGAAATGCACACTGCAGGACCTGGaatat
'GAAAAACGTGAAAAAT

.Sagaaatgtttactgtt tet gtaact t ccacttgacgact tgaaaaatgaCGAAATTACTGAAAAACGTGAAAAATGAGAAATGCACACTGCAGGACCTGGaatatggcgaa.
$ggacgtggaatat gaaaatcatggaaaat ccact tgacgatt tgaaaaat gaCGAAATTACTGAAAAACGTGAAAAATGAGAAATGCACACTGCAGGACC TGGaat at ggegagaaaactgaatateacy
..$tat tcatagaacct tacacctgacget ttgaaaaatgaCGAAAT TACTGAAAAACGTGAAAAATGAGAAATGCACACTGCAGGACCTGGaatat
gaaaatcattgaaaat ccacctgacgact ttaaaaatgaCGAAATTACTGAAAAACGTGAAAAATGAGAAATGCACACTGCAGGACCTGGaatat gacaat
it ane $aaatacccaact tattcacgacataaatgaCGAAAT TACTGAAAAACGTGAAAAATGAGAAATGCACACTGCAGGACCTGGaatat gaaaat
.tat gaaaatcatggaaaat ccact tgacgact tgaaacatgaCGAAAT TACTGAAAAACGTGAAAAATGAGAAATGCACACTGCAGGACCTGGaatat cgagtagggs
gactgtcagattcgacactgt tccatgacat tUCGAAAT TACTGAAAAACGTGAAAAATGAGAAATGCACACTGCAGGACCTGGaat atggcgagaaaact gaacatcacgs
ctggaatat gaaaatcatggaaaat ccacttggccact tgaaaaat CECGAAATTACTGAAAAACGTGAAAAATGAGAAAT GCACACTGCAGGACCTGGaatat
ctggaatat gaaaa(rarnnaaaar

nanaaraamrtcntaggtagtgaaatatgacgagaaa:attgaas

atgacatggggacaggaatgtCCAAATTACT! \TGAGAAATGCACACTGCAGGACCTGGaatat gaacat
ggggattccatgacatggggacaggaatgtCGAAATTACTGAAAAACGTGAAAAATGAGAAATGCACACTGCAGGACcTrraa tat gaacat

gagaataacactctttaggtagtgaaatat

rnanaafazrarrr‘rt[aggtagtgaa

e tgacat QtCGAAATTAC  TGAAAAATGAGAAATGCACACTGCAGGACCTGGaatat gaacat
$caaattcgacact tccatgacat tgtCGAAATTACTGAAAAACGTGAAAAATGAGAAATGCACACTGCAGGACCTGGaatat gaacat
$tcagattcgacactgt tccatgacat tgtCGAAATTACTGAAAAACGTGAAAAATGAGAAATGCACACTGCAGGACCTGGaatat gaacat
gtcagat tccatgacat gtCGAAATTAC  TGAAAAATGAGAAATGCACACTGCAGGACCTGGaatat: gaacat:

tgtCGAAATTACTGAAAAACGTGAAAAATGAGAAATGCACACTGCAGGACCTGGaatat
tgtCGAAATTACTGAAAAACGTGAAAAATGAGAAATGCACACTGCAGGACCTGGaatat
gtCGAAATTACTGAAAAACGTGAAAAATGAGAAATGCACACTGCAGGACCTGGaatatggcgagaaaactgaacatcacg$
LgtCGAAATTACTGAAAAACGTGAAAAATGAGAAATGCACACTGCAGGACCTGGaatatggcgagaaaactgaacatc.
tgtCGAAATTACTH  TGAAAAATGAGAAATGCACACTGCAGGACCTGGaatatggcgagaaaactgas. . . . .
tgtCGAAATTACTGAAAAACGTGAAAAATGAGAAATGCACACTGCAGGACCTGGaatatgg cgagaaaac t. .
gactgtcagattcgacactgt tccatgacat gtCGAAATTACTGAAAAACGTGAAAAATGAGAAATGCACACTGCAGGACCTGGaatatgge .
gactgtcagattcgacactgt JtCGAAATTACTGAAAAACGTGAAAAATGAGAAATGCACACTGCAGGACCTGGaat .
. TGGAAAATTTAGAAATGTCCACTGTAGGGCGTGGAATATGGCAAGAMACTGAAAATCATGGAMATGAGAMCATCCACTTGACGACTTGAMMTGACGAAATTACTGAMAACGTGAAAAATGAGAAATGCACAC TGGAATA

tccatgacat gaacatcacgg$

\agagcggtgactgtcagat tegacactgt
gactgtcagattcgacactgt

\... cagageggtgactgtcagattcgacact tccat

G .$aagcagagcggtgactgtcagattcgacacru. tccatgacat

. gactgtcagattcgacactgt

..$ggat gactgtcagattcgacactgt tccat

gagcatcacggs.

Moving over 12 bases shows a different story
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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

Comp 555 - Spring 2020

Log(count)

DNA-seq

RNA-seq

16



Iterative Reference Correction
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2

1

i

1

&00 8000 10000 12000 14000 16000 18000 20000 22000 24000 &00 8000 10000 12000 14000 16000 18000 20000 22000 24000
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Uncorrected Corrected

149,838,013: 0 TTGATGGCTCGATGCATTCATTACCTGATCACTGCTCCCG
149,838,033: 0 TTACCTGATCACTGCTCCCGTTATGTAGGGAATGGGTACA

V

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
o Permutation of characters that represents a suffix array
o  Run-length encoded for compression
e FM-index
o Derived from BWT
o Exploits LF-mapping property
o 0(k) search time for arbitrary k-mer, independent of BWT's size
o Used in many fast aligners
e MSBWT
o Applies to string collections
o Enables database-like access to reads via k-mer searches
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