Mapping Reads to Reference
Genome



DN A the Molecule of Life f

\A‘ ;

TTGATAACCGCATGTT

* DNA carries genetic information

* DNA is a double helix of two complementary
strands formed by four nucleotides (bases):

Adenine, Cytosine, Guanine and Thymine
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The Central Dogma of Molecular Biology

= /

Transcription Translation

Protein

MRNA

* Gene expression is the process by which DNA is

transcribed into mRNA (eventually translated into
proteins)

 Mechanisms controlling gene expression are not
fully understood yet
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ITTTTTGGTGGGTTTTAA
CTTTAGGTAGATAAAGAA
ATAATTTTTATCTAATTT
AATTATTGTTTGGGTATT
TTATTAGGAGTGTGGAGG
AGAGATTCGTTTTGGTTA
TAGGAGAAATTGATTTAG
TTAGTAGATGTAGGTGAA

GGGTTTTTTATTTTTGGA
ATGATTGGTATTTGGGTT

DNA library DNA sequencing DNA reads
preparation

* New-generation sequencing technology allows
fast and inexpensive DNA sequencing

* Helps biologists to study cellular processes
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Example: Identify Transcription Factors binding sites

Promoters are located upstream from the DNA region
that contains the information to be transcribed into

MRNA
gene
e N

S DR X

promoter transcription region termination sequence

(T Activator protein
Upstream I
Enhancer sequence Promoter sequence Transcription

% Upstream

Activator protein |
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Example: Identify Transcription Factors binding sites

N f = \a
) \
/

J

Cell diagram adapted from LadyOfHats' Animal Cell diagram. Wikipedia.

4 Cross-link protein to DNA
N f e
/) /5 \
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Example: Identify Transcription Factors binding sites

Shear DNA strands
v by sonicating

cell lysate

Add bead-attached antibodies
¥toimmunoprecipitate target proteins

E s

I . . .
7 " precipitate -
tz "

;" Unlink protein; purlfy DNA ' of 31




Example: Identify Transcription Factors binding sites
N

{7\ .
¢/ J sequencing

A
ATG.CTGALGIG

Y
map to genome

Reference genome

TATRTTTATOC TRATTC ARG TT . TARATAT RO ARATTGARRC AT TOTOTTTAGT OO C TTTOTT A= = = = = A OO OO TT O C ARC AR C T TTO A ARC OO CACO O ARTTTG]
TATATT ATOGCTATTCAGTTCTAAATATROGARATTGAAACAS OTOTTTRAGTGCCTTTOTT === ==l CCCCTTGCARCAAC aaccocagggaattogt
tatatttatgotattocagttotaaatatagasatt acagotgbgtttagtgoctttgttcd=e===acocoootty aacaacottgagaacococcagggaatttgt
TATAT TATOGCTATTCASTTCTAAATATROARATTGAAACA ctgtgtttagtgoctttgttcsess==accooctbgoaac ACCTTOGRGARCCCCACOGARTTTG]
TATATTTR gctattcagttcoctasatatagaaattgasacaget OSTTTROTOCCTTTOTTCACATRACACCCOCCTTOCAA aaccttgagaaccocagggaatttgt

TATATTTATOGCTATTCRGT SAARTTGARRC ARG TOTGTTTAGTOCCTTTGTTCR coocttacaacaaccttgagaaccocagggaattt
tatatttatgoctattcagt SCCTTTOTTCARCATRGACCC OO TTOC ARCARCCTT cagggaatttgt
tatatttatgotattcagttcta AG== === O CCCCTTOC ARCARCC TTGAGARC OO CRGOGR
TATRTTTATOSCTATTCROTTCTRA Ae=eee WCCCCCTTOC AR ARCC TTCAGARCCOCRGOG A
TATATTTATOGCTATTCRGTTCTAAR Ae=eee ACCCCCTTOC AR ARCC TTGAGARRCCCCAGOGRA
TATRTTTATOSCTATTCROTTCTAAR TECARC AR CTTORCARCCCCACOSAATTTSE
TATATTTATOCTATTCRGTTCTAART TECARC AR CTTGRGARCCCCAGOGAATTTSE]
TATATTTATOSCTATTCROTTCTAAAT TECARC AR CTTORCARCCCCACOSAATTTSE
tatatttatgotattcagttotaaatatagaaatt tgcaacaaccttgagaaccocagggaattogt
tatatttatgotattcagttotaaatatagaaatt CAACCTTOGACARCCCCACOGARTTTG]
TATTTATSC TATTC AGTTATARATATRGARAT TG ARAC A CCTTGRGARCCCCAGGGARTTTG]
atttatgoctattcagttoctasatatagaaattgan CTTSACARCCCCASOCIAATTTG
tttacgcoctattcagtactaaatatagaaattgaaa CTTGAGARCCCCAGOGAATTTG]
ttatgoctattocagttoctaaatatagaaattgaaac gggaatttgt
reads

20,000 40,000 B0, Gk o, 0040 5 4



 Mapping DNA reads back to a reference
genome is the first step in the data analysis

* Mapping short sequenced reads back to a
reference genome is a string search problem:
given a text and a query, find all (approximate)
occurrences of the query in the text

TCAAG

ATATGTTAGTCAAGTTAAGACCTATGTTAG
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Group Work

* Assume that a human reference genome is
given (a string of 3 billion characters long)

* Assume that you need to map 1 million 50bp
reads to the genome

e Come up with a method to map fast the reads
to the genome

Problem statement:

Given a string S of length n and a short string P
of length m (n >> m), find all locations where P
occursin S TCAAG

ATATGTTAGTCAAGTTAAGACCTATGTTAG



Methods for Mapping Short Reads

* To speed up mapping, search space is reduced by
focusing only on those regions of genome that share
the same seed(s) with a read

* Aseed, or k-mer (g-gram), is a substring of a read of
length k

« Common data structures to index the data (genome)
and speed-up the search:

» hash tables
» suffix trees
» suffix arrays

» Burrows-Wheeler transform (BWT) with
Ferragina-Manzini (FM) index



Hash Indexing

reference ATATATTAG
read ATATT — seed ATA

value |  ATATT
ATATATTAG

ATT[5 | 1

| TAG|7 |
ATATT
(TAT24 | ArATATTAG

3

* Hash all genome k-mers into a hash table using seeds
of fixed length k as hash keys, and corresponding
genomic positions as values

* Use the k-mers in a read as hash keys to retrieve
locations that are potential hits

* Align the entire read to the potential locations and
count the number of mismatches
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Hash Indexing

Seed Size |Table Size Space, GB
32 18,446,744,0/3,709,600,000 147,573,952,590
28 /2,057,594,037,927,900 576,460,752
24 281,474,976,710,656 2,251,800
20 1,099,511,627,776 8,796
18 68,719,476,736 550
16 4,294,967,296 34
12 16,777,216 134 MB




Hash Indexing

Disadvantages:
1. The longer seeds, the more space demanding
2. The shorter seeds, the more time consuming



Group Work

1. Build a hash table for the following sequence
using seeds of length 2 and 3

ATATGTTAGTCAAGTTAAGACCTATGTTAG

2. Map read TATG to the given sequence using
the seed TA (TAT) and your hash tables. How
many different alignments did you have to
make?



Mapping

. Reads are generated from both
strands of DNA

. Reads are always sequenced
from 5’ to 3’

. Mapping is performed to
only (+) strand of DNA CTGGC

. Map reverse-complement of a
read: ATTGC, rc: GCAAT

CTGGC

GCAAT
a@ QOO DD D QDO

EEEEEEEEEL

af O 0 0 G O X b

<4 BEORIOO Q00O OO O 0O

ATTGC



Mapping

Output format

Read ID Read Chromosome Position Strand

1 CIGGC 1 1 +
2 ATTGC 1 4 -

CTGGC

GCAAT
Qe v le e el eie. 0 v

HEUHEE R H




Encoding of Reads
A = 00
C=01
G=10
T=11
ATTGC = 0011111001

Advantages:
1. Each character takes 2 bits instead of 8 bits

2. Retrieval of all positions where a seed occurs
takes O(1) time (use encoding of a seed as an
index for a hash table’s bin)



Suffix Array

reference ATATATTAG — ATATATTAGS
read ATATT — seed ATA

circular shift

ATATATTAGS
TATATTAGSA
ATATTAGSAT
TATTAGSATA
ATTAGSATAT
TTAGSATATA
TAGSATATAT
AGSATATATT
GSATATATTA
SATATATTAG

lexicographic sorting

SATATATTAG

AGSATATATT

ATATATTAGS

ATATTAGSAT
ATTAGSATAT
GSATATATTA
TAGSATATAT
TATATTAGSA
TATTAGSATA
TTAGSATATA

'— ATA

Find all circular shifts of the reference genome
Lexicographically sort the circular shifts

All circular shifts that start with the same substring are
consecutive

Record the starting indices of the circular shifts
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2356 89
ATATATTAGS

M

1 SATATATTAG
2 AGSATATAT"

3 ATATATTAGS
4 ATATTAGSAT
5 ATTAGSATAT

6 GSATATATTA
7 TAGSATATAT
8 TATATTAGSA
9 TATTAGSATA
10TTAGSATATA

Suffix Array

10/8/113/5.97.2/4.6

For a given string S, Pos|i] = j, such that
S[j...n] is a prefix of rowiin M

To find a given pattern W of length m,
we know that all rows having W as a
prefix in M are contiguous; hence,
positions of P in S are stored in
contiguous range [L, R] in the suffix
array Pos



2356 89
ATATATTAGS

M

1 SATATATTA
2 AGSATATAT
3 ATATATTAG
4 ATATTAGSA
5 ATTAGSATA

6 GSATATATT
7 TAGSATATA
8 TATATTAGS
9 TATTAGSATA
10TTAGSATAT

Suffix Array

10/8/113/5.97.2/4.6

if ‘EP AP{}S[D] then
LFF — ()
else if " > p A p,spy—17 then
Ly ¢« N
else
{ (L.R) « (0,N-1)
while R—L = 1 do
{ M« (L+R)/2
it " <p A pyspan then
R« M
else
L« M
h

Ly <« R

j

Suffix arrays: A new method for on-line string searches
Udi Manber Gene Myers



2356 89
ATATATTAGS
M

1 SATATATTAG
2 AGSATATAT"

3 ATATATTAGS
4 ATATTAGSAT
5 ATTAGSATAT

6 GSATATATTA
7 TAGSATATAT
8 TATATTAGSA
9 TATTAGSATA
10TTAGSATAT:

Suffix Array

10/8/113/5.97.2/4.6

Time to find all occurrences of Win S
is O(|W|log(n)), where n = |S]|
Space to store a suffix array is 4n

The authors also proposed algorithm
with time O(|W/| + log(n))

Suffix arrays: A new method for on-line string searches
Udi Manber Gene Myers



Input Format

Reference genome is usually given as a set of
files, each file per chromosome.

Each file is in Fasta format:

=Gene 45382 Conserved Region
GACTAGCATGCAGCATOCAGAGCTAGCAGCGAGCAGCAGC
ATGCATGCAGCAGCAGCATCGAGCAGCAGCATEGCATGCAG
CAGCAGCAGCAGCAGCAGCATGAGAGCAGCACGCAGCTAG
CTAGCATGCATGCATGCATEGCAGCATEGCATGCATGCATGC
ATGCTAGCTAGCTAGTCGATGCATGCATGCAGCGACGATAT
COAATACAGCGACGATOCATGCATGCATGCAGCATGCATG

CATGATGATATAT

*Region 1 taxid=9606|spec=Homo sapiens|chr=1|ctg=NC 000001 |str=(+) |start=1655789 |and=1655989 | lan=201
BATEATATANT AL AT . Tl U A AR T AR AL A A sl T O T TN T s A T T O T T T U T e s
EEATEATHALGUCAT AR AU T T TR T O AR TOCAR AR ARAL T s T AT AT TOCLALCTTC

GLROGLGELECGLLGCGECGAGCAGAGCGACGCOGACTTTTG

*Region 2 taxid=95%606|spec=Homo sapiens|chr=1|ctg=NC 000001 |str=(-) |start=8014301 |end=8014551 |len=251
GOCCTGACAT TTGAGGO GG TEETECAA GHEEEARART TCTGACACCGAGT T TE TEAGREFEOCTGEEARMCGEITTE
o T T O A A T s T A A O O O A o TNl A O A A R AR T OO AL D L T D s
ARRCCTACOEA L T AL T AT EA T Al T A T T O A AT U AL DDA T T AT U A

TCGCAGTGGGC
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Input Format

Reads are usually given in FASTQ format:

BERRO30BE7.1 HWI-BRUNOP1GY_0001:8:1:7336:107380/1 Read ID
TNTGG&TTﬂDﬂTGTGGﬂTGﬁGGTTGﬂTTTﬁﬂTﬂﬂTGGGG&TﬂGGGNHNGT

\
i1 55555554 A 44555555555 > . ottty Sequenced Read
SERRDI0BE7. HYI-BRUNOPTBX D0O1:0:1:10288:107380/T\  |onore
TrmGTr::TTTr:r::c.tuGr:r::mm:mmGmemmmmmeemcwwwea g

5#1 BE+4344 IIIII:t55DFD.'J.F11111#1#111#11##############ﬂ######## Quality Info
BERRO3I0BE7.3 HWI-BRUNOP1GY_0001:8:1:13787 107340
ﬂHGTTGGT&TTGGGGGGGGTGTﬂﬂﬂGGﬂﬁﬂGDﬂGTTTG&GDGGTﬂHHHG&

+

A5 550555 AGGGGTFFFFFGHGGE GRGGEGHE GGO: CHEHTHIREHH
BERRO3I0BE7 .4 HWI-BRUNOP1GY_0001:8:1:15358:10748041
CHGTTOAAGOAGAAGACGTTOT GRGCETCTGTATGGEACACT GATONNNAG

+

AH5555250000 J40EGHGGEGGEGHAR ; > A A4 > AHERSHHHI T
BERRO3I08E7.5 HWI-BRUNOP1GY_0001:8:1 166931073401
CHAGT COGTCACTOCATCOTACCCT TAT GGECCAGET & A GLCA ACHNNGE

+
AH#555) JBEE=<H<F@1=E:88< (=55441 A7AADCEF BRHHHHHIEHTH



Homework 1 discussion



Next Lecture

e Approximate string search
* Smith-Waterman algorithm

* Hash table, suffix array for approximate string
search



Burrows-Wheeler Transform

reference ATATATTAG — ATATATTAGS
read ATATT — seed ATA

circular shift

ATATATTAGS
TATATTAGSA
ATATTAGSAT
TATTAGSATA
ATTAGSATAT
TTAGSATATA
TAGSATATAT

lexicographic sorting

SATATATTAG
AGSATATATT
ATATATTAGS
ATATTAGSAT
ATTAGSATAT
GSATATATTA
TAGSATATAT

'— ATA

AGSATATATT
GSATATATTA
SATATATTAG

TATATTAGSA
TATTAGSATA
TTAGSATATA

Build Burrows-Wheeler transform (BWT) for the reference genome

Find positions within BWT corresponding to suffixes whose prefix is
a seed of the read

Calculate from these positions genomic positions

Align the entire read to the potential locations and count the
number of mismatches
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Methods for Mapping Short Reads
| |Hashindexing | Burrows-Wheeler transform

Seed length for a read fixed variable

Time to find genomic

positions for a k-mer o s> e leg it
Time to map entire read of
length P to Occ genomic 0(Occ - P) 0(Occ - P)

positions, where the k-mer
occurs

* The length of the seed used in hashing is fixed and usually
shorter than the seed for BWT

* Hence, Occ with BWT is smaller than Occ with hash indexing

* We need to check a smaller number of full-length read

alignments with BWT, thus, mapping of short reads with
BWT is more time-efficient
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Find positions within BWT corresponding to suffixes
whose prefix is a seed of the read

Given: P, a pattern of length p
1 SATATATTAG

BW Search(P[1,p])
2 AGSATATATT .
3 ATATATTAGS ¢ = Plpl, i=p
4 ATATTAGs.A.T Sp = F[C] + 1, ep = F[C+1]
5 ATTAGSATAT whilesp<epandi>1
6 GSATATATTA c=P[i-1],i=i-1
7 TAGSATATAT sp = F[c] + Occ(c, 1, sp-1) + 1
8 TATATTAGSA ep = F[c] + Occ(c, 1, ep)
9 TATTAGSATA orint sp and ep

10TTAGSATATA
Example: BW _Search(ATA)

F

ig c=A,i=3

Cl5 sp=F[A]+1=2,ep=F[A+1]=F[C]=5

= i=3:c=T,sp=6+0+1=7,ep=6+3=9
10 i=2:c=A,sp=1+1+1=3,ep=1+3=4

At each iteration i, sp points to the first row of M prefixed by P[i,p],
and ep points to the last row of M prefixed by P[i,p]



Calculate Genomic Positions from [sp,ep]

2356 89 » Mark row of M corresponding to each 3-d genomic
GI .

Store explicitly these positions in array Gl

» |f i-th position in BWT is marked, Occ(1, 1, i) is index for

M genomic position in Gl ( e.g., GI[Occ(1,1,3)]=Gl[2]=1)
;iﬁ'ﬁﬂiﬁﬁ :, » |f i-th position in BWT is not marked, do LF_mapping

3 ATATATTAGS 1 until encounter marked position j, BWT]j] = 1, marked
4 ATATTAGSAT 0 g Pos(sp) = Number_of LF_mappings + GI[Occ(1,1,j)]

5 ATTAGSATAT 0
LF_mapping(sp)

10(1 (7 |4

6 GSATATATTA 0
7 TAGSATATAT 1
8 TATATTAGSA O c = get BWT_char(sp)

9 TATTAGSATA 1

10TTAGSATATA 0 sp = F[c] + Occ(c, 1, sp)

Example: 1. LF_mapping(4)

F

5[0 c=get BWT char(4)=T

% ; sp = F[T] + Occ(T, 1, 4) = 6 + 2 = 8 (not marked)
G5 2. LF_mapping(8)

T 150 c=get BWT char(8) =A

sp = F[A] + Occ(A, 1, 8) =1 + 2 = 3 (marked)
Pos(sp) =2 + 1 = 3 (total of 2 LF_mappings and GI[Occ(1,1,3)])



Why LF_mapping works?

=YYV Xeldl * \Why do we identify correctly the genomic
2 AGSATATATT 0 position for unmarked BWT]i]?

3 ATATATTAGS 1 * Given row M[i] starting Wlt.h prefix P, we find
the closest marked preceding genomic
4 ATATTAGSAT 0 position

WUV NelF WUl ° Since the rows of M are the circular shifts of
A TS, the last character of i-th row, L[i]
ATATATTA ’ : o ’
g Ex 0 precedes the first character F[i]

7 TAGSATATAT 1 [ Let L[i] = c and ri be the rank of the row MIi]
8 TATATTAGSA 0 among all rows ending with c. Then F[j] =cis
the corresponding character to L[i] in T, where
9 TATTAGSATA 1 oy . . L
? M[j] is the ri-th row of M starting with ¢
10TTAGSATATA O N

Define LF_mapping as

23.56 89 LF[i] = F[ L[i] ] + ri
ATATATTAG




