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Objective of the course

Biological data

Genomics technology

Interpretation problem

Algorithmic solution

Overview of tools and methods that define 
bioinformatics in the context of the 

development of genomics
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Definitions

Bioinformatics: The science and technology of biological information (in particular 
its processing by the cell)

• theoretical science

• uses mathematics, statistics and algorithms to interpret large-scale biological data

(Structural) Genomics: The study of genomes as static objects: their nucleotide 
sequence, the location and order of features such as genes, bands, polymorphisms, 
regulatory elements, etc.

Functional Genomics: The extension of genomics to quantitative and dynamical 
phenomena, in particular transcription and translation. 

It includes mechanisms regulating gene expression, protein-DNA and protein-protein 
interactions, etc.
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Cell state / cell identity
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Wagner, Regev, Yosef. Nat Biotech (2016)
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Sequencing DNA for....

Reuter et al. Mol Cell Rev (2015)



Sequencing DNA for....
A dynamic picture of the cell state


from multiple functional genomics data

Soon et al. Mol Sys Biol (2013)



The UCSC genome browser and database

genome-euro.ucsc.edu

Genome collection

position

https://genome-euro.ucsc.edu/


Chromatin landscape

Genomic coordinates

data at a genomic position

a track = an experiment



Zooming out
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Combining data
chr2 (qA1-qC3) 2qA1 2qA3 2qB 2qC1.1 C1.3 C2 2qC3 2qD 2qE1 E2 2qE3 2qE5 2qF1 2qF3qG1 qG32qH1H2 2qH3 2qH4

Quantitative 
data



Linked annotations
chr2 (qA3) 2qA1 2qA3 2qB 2qC1.1 qC1.3C2 2qC3 2qD 2qE1 E2 2qE3 2qE5 2qF1 2qF3 qG1 qG32qH1 H2 2qH3 2qH4



Querying tools
chr2 (qA3) 2qA1 2qA3 2qB 2qC1.1 qC1.3C2 2qC3 2qD 2qE1 E2 2qE3 2qE5 2qF1 2qF3 qG1 qG32qH1 H2 2qH3 2qH4



The Ensembl database

BioMart

ensembl.org

https://ensembl.org/


The Ensembl database

BioMart

ensembl.org

ncbi.nlm.nih.gov

https://ensembl.org/
https://www.ncbi.nlm.nih.gov/gene


Maps vs analytics

Taylor SR et al. Molecular topography of an entire 
nervous system. Cell (2021).



History of genome sequencing projects

genome.gov

https://www.genome.gov/11007569/figure-1-timeline-and-legend/


History of genome sequencing projects

genome.gov

https://www.genome.gov/11007569/figure-1-timeline-and-legend/


Shendure & Ji, Nat. Biotech. (2008).

Synthesize complementary strand

Visualize nucleotide incorporations

Computer-assisted image analysis

1 read at a time, 

~1kb

Sequencing technologies

Sanger (capillary sequencing)



Shendure & Ji, Nat. Biotech. (2008).

Sequencing technologies

High-Throughput sequencing

On-chip clonal colonies of original fragment

107-109 reads in parallel, 

limited to ~200bp

Optical reading



Sequencing technologies

Reuter et al. Mol Cell Rev (2015)



Sequencing technologies



Human Genome Project: 1990-2001

Two competing initiatives with different strategies: 

• Public consortium

• Private company (Celera Genomics, J. Craig Venter)

Chromosome:

100 Mb

Clones:

100 kb

Sequence reads:

1 kb

Hierarchical sequencing: 

• Create library of ordered clones

• Fragment and sequence them

• Assemble fragments


Whole genome shotgun sequencing: 

• Directly fragment the whole chromosome

• Use paired-end sequencing to resolve repeats



Fragments assembly

General Procedure: 

• Overlap → Layout → Consensus


Difficulties: 

• Computing overlap with sequencing errors (1-3%) and unknown orientation

ACGGTTA GTGGG

AAATCCTCGACGGTTA
CCGCAG

CCGCAG

CGCCG

GCAG

CGCAG

ACCGTTA

TCGGA

TGTTCC

Contig

(contiguous sequence)

TGTTC



Overlap size

 = length of genome

 = length of words

G
ℓ
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ℓ

Set of all possible words = 4ℓ

Set of genome words = G − ℓ − 1 ≈ G

Prob(x not in set) = (1 − 4−ℓ)G

x
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Overlap size

 = length of genome

 = length of words

G
ℓ

1 G

ℓ

Set of all possible words = 4ℓ

Set of genome words = G − ℓ − 1 ≈ G

x

x

Prob(x ± n mutations not in set) = (1 − dn4−ℓ)G

 mutationsx ± n



Overlap size

• Human genome is 3Gb, log4(3⨉109)=15

• We are assuming up to 3% errors, so two words with a few differences should be 
considered the same


• If we use 35mers with up to 6 “mistakes”, this is still “unique” in the genome
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Digression: sequence repeats

Iseli et al. PLoS ONE (2007)
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Digression: sequence repeats

Biscotti MA et al. Chromosome Res (2015).



Digression: sequence repeats

WGD tDNA % Masked

Yeast 1 299 -

Drosophila 0 295 20%

Mouse 2 463 42%

Human 2 691 48%

• WGD: Whole Genome Duplications

• tDNA: genes encoding for tRNA

• LINE: 6-8 Kb, contains 2 ORFs

• SINE: 100-300 bp (Human Alu, Mouse B1/B2)

• LTR: up to 80% of plant genomes

www.repeatmasker.org

https://www.repeatmasker.org/genomicDatasets/RMGenomicDatasets.html


Digression: sequence repeats

Databases and tools for repetitive sequences


• RepBase, Dfam: databases of consensus transposable elements

• RepeatMasker: a tool to identify sequences similar to these elements in other 
sequences (genomes)


• Common strategy in genome assembly is to mask repeats before computing read 
overlaps

dfam.org

girinst.org

https://dfam.org
https://girinst.org


Outcome of genome sequencing programs

• N50: size of smallest contig such that 50% genome is 
covered (L50 = nb of contigs)


• Mycobacterium Tuberculosis GC: 66%

Size (Mb) GC content Nb genes N50 (Mb)/L50

Yeast 12 38% 6'014 0.92 / 6

Drosophila 144 42% 13'962 21 / 3

Mouse 2'700 42% 22'198 59 / 15

Human 3'100 41% 20'080 58 / 18

L50

50%

ncbi.nlm.nih.gov/datasets/genome/

https://ncbi.nlm.nih.gov/datasets/genome/


Vertebrate genomes project

vertebrategenomesproject.org

https://vertebrategenomesproject.org


vertebrategenomesproject.org

Vertebrate genomes project

https://vertebrategenomesproject.org


Using numbers

• Human body:  cells

• Size of a mammalian cell: 100-10'000  (yeast: 20-100 )

• Size of a nucleus: 300  (10% of cell)

1014

μm3 μm3

μm3

bionumbers.org

~200 bp

1/3 nm
2 nm

6 nm ⨉ 6 nm

DNA

Histones

Proteins 3-6 nm



Using numbers

• Cell cycle time: ~1 day (yeast: 200 min.)

• Transcription: 50-70 nt/sec., average 3-4 kb/min

• Translation: 10-20 aa/sec

• Number of mRNA per cell: 300'000 (human), 15'000 (yeast), 1380 (e. coli)

• Mutation rate:  per basepair, per duplication 

• Misincorporation rate: 


•  per nucleotide (transcription)

•  per amino acid (translation)

10−8

10−4 − 10−5

10−3 − 10−4

bionumbers.org
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