
INSTRUCTOR:
Aureliano Bombarely

Department of Bioscience
Universita degli Studi di Milano
aureliano.bombarely@unimi.it

Genomics and Transcriptomics

Class 07 - Sequence Mapping



1. Basics of read mapping.

2. Short read mapping.

3. Long read mapping.

4. Mapping of transcriptomic reads.

5. Visualization of mapped reads.

6. Uses and analysis.

Outline of Topics



1. Basics of read mapping.

2. Short read mapping.

3. Long read mapping.

4. Mapping of transcriptomic reads.

5. Visualization of mapped reads.

6. Uses and analysis.

Outline of Topics



1. Basics of read mapping.

Read Mapping:
It is the process of search the location of a read comparing the its sequence and the sequence of a 
reference. 

ATGGCGTGGCAGCGACCAGTGACCAGTGACGTGTGCAGACGTGATATGCAG

GCAGCGACCAGCGA
||||||||||| ||

1........10........20........30........40........50
ref

read

ref:10..23

Sequence Alignment:
In bioinformatics, a sequence alignment is a way of arranging the sequences of DNA, RNA, or protein to identify regions 
of similarity that may be a consequence of functional, structural, or evolutionary relationships between the sequences. 
Aligned sequences of nucleotide or amino acid residues are typically represented as rows within a matrix. 

http://en.wikipedia.org/wiki/Sequence_alignment
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Read Mapping:
It is the process of search the location of a read comparing the its sequence and the sequence of a 
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Read Mapping

Sequence 
Alignment



1. Basics of read mapping.

Read Mapping Considerations:

• Length of the read. 

• Number of reads. 

• Size of the reference. 

• Differences with the reference

+

ref:100..203 ref:1010..1279 ref:89100..97203



1. Basics of read mapping.

Read Mapping Considerations:

• Length of the read. 

• Number of reads. 

• Size of the reference. 

• Differences with the reference NGS short reads

Sanger sequences

Genes/Transcripts/Sequence fragments

NGS long reads

Contig/scaffolds

Chromosomes

25-300 bp

> 1 Mb



1. Basics of read mapping.

Shorter is the read, more possibilities of ambiguity

ATGGCGTGGCAGCGACCAGTGACCAGTGACGTGTGCAGACGTGATATGCAGGCAGCGACTGCGTTG

GCAGCGAC

GCAGCGACC

Read Mapping Considerations:

• Length of the read. 

• Number of reads. 

• Size of the reference. 

• Differences with the reference
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Sanger sequences

Genes/Transcripts/Sequence fragments
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1. Basics of read mapping.

Read Mapping Considerations:

• Length of the read. 

• Number of reads. 

• Size of the reference. 

• Differences with the reference

Short reads
(NGS)

Millions of 
sequences

Long reads
(Chromosomes)

Dozens of 
sequences

Medium reads
(Genes/Transcripts)

Thousands of 
sequences

Computatio
nal re

sources

-

+



1. Basics of read mapping.

Read Mapping Considerations:

• Length of the read. 

• Number of reads. 

• Size of the reference. 

• Differences with the reference

ATGGCGTGGCAGCGACCAGTGACCAGTG
ACGTGTGCAGACGTGATATGCAGGCGCG
AGATGAGGAGAGGTGAGAGGAGGAGTTG
ACGACGACGACGATGACGAGTGGGGATG
ATGACGACGATGGATGATTGAGTAGCGC
GTAG

ATGGCGTGGCAGCGACCAGT

GTGGCA

Smaller it is the reference, faster will be the search



1. Basics of read mapping.

Read Mapping Considerations:

• Length of the read. 

• Number of reads. 

• Size of the reference. 

• Differences with the reference

Missmatches

GCAGCGACCAGTGACCA

GCAGCGACCAGCGA
||||||||||| ||

Gaps

GCAGCGACCAG-GACCA

GCAGCGACCAGCGA
||||||||||| ||

GCAGCGACCAGTGACCA

GCAGCGACCAG-GA
||||||||||| ||

Reference Read



1. Basics of read mapping.

Read Mapping Considerations:

• Length of the read. 

• Number of reads. 

• Size of the reference. 

• Differences with the reference

GCAGCGACCAGTGACCA

GCAGCGACCAGCGA
||||||||||| ||

More differences with the reference, more difficult will be to align and to map

GCAGTGACCAGTGACCA

GCAGCGACCAGCGA
|||| |||||| ||

GGAGTGATCAGTGACCA

GCAGCGACCAGCGA
| || || ||| ||



1. Basics of read mapping.

Read Mapping Considerations:

• Length of the read. 

• Number of reads. 

• Size of the reference. 

• Differences with the reference

MAPPING 
SENSITIVITY =

Reads mapped correctly

Reads mapped incorrectly

Sensitivity

Speed

Computatio
nal re

sources

-

+



1. Basics of read mapping.

Read Mapping Methodologies:

•Hashing methods 

•Suffix array methods 

ATGGCGTGGCAGCGACCAGTGACCAGTGACGTGTGCAGACGTGATATGCA

Reference (L=50)

Indexing with Kmer = 20    (31 Kmers)

CAGTGACCAGTGACGTGTGC 
AGTGACCAGTGACGTGTGCA 
GTGACCAGTGACGTGTGCAG 
TGACCAGTGACGTGTGCAGA 
GACCAGTGACGTGTGCAGAC 
ACCAGTGACGTGTGCAGACG 
CCAGTGACGTGTGCAGACGT 
CAGTGACGTGTGCAGACGTG 
AGTGACGTGTGCAGACGTGA 
GTGACGTGTGCAGACGTGAT 
TGACGTGTGCAGACGTGATA 
GACGTGTGCAGACGTGATAT 
ACGTGTGCAGACGTGATATG 
CGTGTGCAGACGTGATATGC 
GTGTGCAGACGTGATATGCA

ATGGCGTGGCAGCGACCAGT 
TGGCGTGGCAGCGACCAGTG 
GGCGTGGCAGCGACCAGTGA 
GCGTGGCAGCGACCAGTGAC 
CGTGGCAGCGACCAGTGACC 
GTGGCAGCGACCAGTGACCA 
TGGCAGCGACCAGTGACCAG 
GGCAGCGACCAGTGACCAGT 
GCAGCGACCAGTGACCAGTG 
CAGCGACCAGTGACCAGTGA 
AGCGACCAGTGACCAGTGAC 
GCGACCAGTGACCAGTGACG 
CGACCAGTGACCAGTGACGT 
GACCAGTGACCAGTGACGTG 
ACCAGTGACCAGTGACGTGT 
CCAGTGACCAGTGACGTGTG 

GACCAGTGACGTGTGCAGACCTG

Read (L=23)

GACCAGTGACGTGTGCAGAC 
ACCAGTGACGTGTGCAGACC 
CCAGTGACGTGTGCAGACCT

Kmer = 20 (3 seeds)
Perfect seed hit

Extension Extension algorithms
• Needleman-Wunsch
• Smith-Waterman
• FSA
• … A T G A C G T G C

0 -1 -2 -3 -4 -5 -6 -7 -8 -9
G -1 -1 -2 -1 -4 -5 -4 -7 -6 -9
C -2 -2 -2 -3 -2 -3 -6 -5 -8 -5
C -3 -3 -3 -3 -4 -1 -4 -7 -6 -7
G -2 -4 -4 -2 -4 -5 0 -5 -6 -7
T -3 -3 -3 -5 -3 -5 -6 1 -6 -7
G -4 -4 -4 -2 -6 -4 -4 -7 2 -7
C -5 -5 -5 -5 -3 -5 -5 -5 -8 3
T -4 -6 -4 -6 -6 -4 -6 -4 -6 -9
G -5 -5 -7 -3 -8 -7 -3 -7 -3 -7



1. Basics of read mapping.

Read Mapping Methodologies:

•Hashing methods 

•Suffix array methods 

ATGGCGTGGCAGCGACCAGTGACCAGTGACGTGTGCAGACGTGATATGCA

Reference (L=50)

Indexing with Kmer = 20    (31 Kmers)

CAGTGACCAGTGACGTGTGC 
AGTGACCAGTGACGTGTGCA 
GTGACCAGTGACGTGTGCAG 
TGACCAGTGACGTGTGCAGA 
GACCAGTGACGTGTGCAGAC 
ACCAGTGACGTGTGCAGACG 
CCAGTGACGTGTGCAGACGT 
CAGTGACGTGTGCAGACGTG 
AGTGACGTGTGCAGACGTGA 
GTGACGTGTGCAGACGTGAT 
TGACGTGTGCAGACGTGATA 
GACGTGTGCAGACGTGATAT 
ACGTGTGCAGACGTGATATG 
CGTGTGCAGACGTGATATGC 
GTGTGCAGACGTGATATGCA

ATGGCGTGGCAGCGACCAGT 
TGGCGTGGCAGCGACCAGTG 
GGCGTGGCAGCGACCAGTGA 
GCGTGGCAGCGACCAGTGAC 
CGTGGCAGCGACCAGTGACC 
GTGGCAGCGACCAGTGACCA 
TGGCAGCGACCAGTGACCAG 
GGCAGCGACCAGTGACCAGT 
GCAGCGACCAGTGACCAGTG 
CAGCGACCAGTGACCAGTGA 
AGCGACCAGTGACCAGTGAC 
GCGACCAGTGACCAGTGACG 
CGACCAGTGACCAGTGACGT 
GACCAGTGACCAGTGACGTG 
ACCAGTGACCAGTGACGTGT 
CCAGTGACCAGTGACGTGTG 

GACCAGTGACGTGTGCAGACCTG

Read (L=23)

GACCAGTGACGTGTGCAGAC 
ACCAGTGACGTGTGCAGACC 
CCAGTGACGTGTGCAGACCT

Kmer = 20 (3 seeds)
Perfect seed hit

Extension Extension algorithms
• Needleman-Wunsch
• Smith-Waterman
• FSA
• … A T G A C G T G C

0 -1 -2 -3 -4 -5 -6 -7 -8 -9
G -1 -1 -2 -1 -4 -5 -4 -7 -6 -9
C -2 -2 -2 -3 -2 -3 -6 -5 -8 -5
C -3 -3 -3 -3 -4 -1 -4 -7 -6 -7
G -2 -4 -4 -2 -4 -5 0 -5 -6 -7
T -3 -3 -3 -5 -3 -5 -6 1 -6 -7
G -4 -4 -4 -2 -6 -4 -4 -7 2 -7
C -5 -5 -5 -5 -3 -5 -5 -5 -8 3
T -4 -6 -4 -6 -6 -4 -6 -4 -6 -9
G -5 -5 -7 -3 -8 -7 -3 -7 -3 -7

Observations:
Small K, more sensitive but slower
High K, more specific and faster but bigger databases



1. Basics of read mapping.

• Exercise 7.1: Decompose the following sequence in Kmers 
of 10-mers

ATGGCGTAGGTGACCAGTGA



1. Basics of read mapping.

Read Mapping Methodologies:

•Hashing methods 

•Suffix array methods 

Burrows–Wheeler indexes

https://en.wikipedia.org/wiki/Burrows%E2%80%93Wheeler_transform

The Burrows–Wheeler transform (BWT, also called block-sorting compression) rearranges a character string into runs of 
similar characters. This is useful for compression, since it tends to be easy to compress a string that has runs of repeated 
characters by techniques such as move-to-front transform and run-length encoding. More importantly, the transformation 
is reversible, without needing to store any additional data except the position of the first original character. The BWT is thus a "free" 
method of improving the efficiency of text compression algorithms, costing only some extra computation.

https://en.wikipedia.org/wiki/Burrows%E2%80%93Wheeler_transform
https://en.wikipedia.org/wiki/Character_string_(computer_science)
https://en.wikipedia.org/wiki/Move-to-front_transform
https://en.wikipedia.org/wiki/Run-length_encoding


1. Basics of read mapping.

Read Mapping Methodologies:

•Hashing methods 

•Suffix array methods 

ATGGCGTGGC

Reference (L=10) Build a suffix tree

A

T

G
G

C
G
T
G

G

C
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1. Basics of read mapping.

Read Mapping Methodologies:

•Hashing methods 

•Suffix array methods 

ATGGCGTGGC

Reference (L=10) Build a suffix tree

A

T
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G

C
G
T
G

G

C

T

G
G

C
G
T

G
G

C

G
G

C

G
G T
C
G
T

G
G

C

G
G

C

C
G
T

G
G

C

C
G
T
G

G

C

GCGTG

Read (L=5)

Follow the tree

Observations:
Very fast
With errors the search space increase quickly



1. Basics of read mapping.

• Exercise 7.2: Build a suffix tree with the following sequence

ATGGCGTCGGT



1. Basics of read mapping.

2. Short read mapping.

3. Long read mapping.

4. Mapping of transcriptomic reads.

5. Visualization of mapped reads.

6. Uses and analysis.

Outline of Topics



2. Short read mapping.

Read Mapping Software:

Name Type Input Output

Bowtie Short sequences Fasta, Fastq Sam

BWA Short sequences Fasta, Fastq Sam

Novoalign Short sequences Fasta, Fastq Sam

SOAP Short sequences Fasta, Fastq Sam

Stampy Short sequences Fasta, Fastq Sam



2. Short read mapping.

Read Mapping Software:

http://bowtie-bio.sourceforge.net/bowtie2/index.shtml



2. Short read mapping.

Read Mapping Software:

III.  SAM/BAM
SAM (and its binary form BAM) format is designed to store read mapping 
information to a reference. It has 11 columns.



2. Short read mapping.

Read Mapping Software:

III.  SAM/BAM
SAM (and its binary form BAM) format is designed to store read mapping 
information to a reference. It has 11 columns.

The 2nd column: FLAG defines the status of the read mapping.



2. Short read mapping.

• Exercise 7.3: Translate the following SAM flags

• f = 5 

• f = 73 

• f = 161 

• f = 289



2. Short read mapping.

Sam/Bam file manipulation:

http://samtools.sourceforge.net/

http://samtools.sourceforge.net/
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3. Long read mapping.

Name Type Input Output

Mauve Long sequences Fasta, GenBank backbone (positions)
XMFA (alignments)

LastZ/MultiZ Long sequences Fasta several (maf, sam…)

Blast Medium sequences Fasta Blast formats (0 text file, 6 
tabular file)

Blat Medium sequences Fasta Blast formats + Blat tabular 
format

Long Read Mapping (Traditional tools):



3. Long read mapping.

Long Read Mapping:

Long reads produced by NGS are “noisy" (full or errors).s

+

ref:100..203 ref:1010..1279 ref:89100..97203

* * * * * *
* * *

* * * *
*

* * * * *

*



3. Long read mapping.

Long Read Mapping Software:

Name Type Input Output

BlasR Long sequences Fasta, Fastq Sam

GMap Long sequences Fasta, Fastq Sam

Minimap2 Long sequences Fasta, Fastq Sam

NGMLR Long sequences Fasta, Fastq Sam

LordFAST Long sequences Fasta, Fastq Sam



1. Basics of read mapping.

2. Short read mapping.

3. Long read mapping.

4. Mapping of transcriptomic reads.

5. Visualization of mapped reads.

6. Uses and analysis.

Outline of Topics



4. Mapping of transcriptomic reads.

exon 1 exon 2 exon 3 exon 4

transcript

intron

Transcriptome read alignment needs total into account:
• Intron-exon boundaries
• Alternative Splicings

exon 1-2
exon 2-3
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transcript

intron

Transcriptome read alignment needs total into account:
• Intron-exon boundaries
• Alternative Splicings

exon 1-2
exon 2-3

exon 2-3



4. Mapping of transcriptomic reads.

Name Type Input Output

Tophat2 Short sequences Fasta, Fastq Sam

Hisat2 Short sequences Fasta, Fastq Sam

STAR Short sequences Fasta, Fastq Sam

Salmon Short sequences Fasta, Fastq Sam

Read Mapping Software for Transcriptome:



4. Mapping of transcriptomic reads.

Read Mapping Software for Transcriptome:
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5. Visualization of mapped reads.

Tablet
https://ics.hutton.ac.uk/tablet/

Tablet is a lightweight, high-performance graphical viewer for next generation sequence 
assemblies and alignments.



5. Visualization of mapped reads.

IGV, Integrative Genomic Viewer
http://software.broadinstitute.org/software/igv/

The Integrative Genomics Viewer (IGV) is a high-performance visualization tool for interactive 
exploration of large, integrated genomic datasets. It supports a wide variety of data types, 
including array-based and next-generation sequence data, and genomic annotations.
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6. Uses and Analysis.

Transcriptomic analysis 

Epigenetic Analysis 

Comparative genomics

…


