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Problems addressed in this course

How to exploit biological databases to gain relevant knowledge,
build predictive models, and make interpretations ?

⇒ Genome Annotation (Chapters 1-4)

(sequence statistics, gene finding, sequence alignement, Hidden Markov Models)

⇒ Understanding Genome Variation (Chapters 5-8)

(mutations, natural selection, phylogenetic analyses, whole genome comparisons)

⇒ Understanding Gene Functions (Chapters 9-10)

(protein expression analysis, gene regulation networks)

⇒ Advanced topics (one or two seminars)
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Problems addressed in this course

How to exploit biological databases to gain relevant knowledge,
build predictive models, and make interpretations ?

⇒ Genome Annotation (Chapters 1-4)

(sequence statistics, gene finding, sequence alignement, Hidden Markov Models)

⇒ Understanding Genome Variation (Chapters 5-8)

(mutations, natural selection, phylogenetic analyses, whole genome comparisons)

⇒ Understanding Gene Functions (Chapters 9-10)

(protein expression analysis, gene regulation networks)

⇒ Advanced topics (one or two seminars)

NB. Bioinformatics requires knowledge in Biology to ask questions and interprete

answers, informatics to extract the answers from the huge amounts of data

available, and statistics to appraise the significance of these answers.
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Teaching methodology, material, exams

◮ Lectures: Wednesdays AM (9h-11h) (exceptions will be announced)

◮ Practical homeworks every week (Matlab Bioinformatics Toolbox)

◮ Material:
◮ Introduction to Computational Genomics

(by N. Cristianini & M. W. Hahn, see webpage)

◮ Slides of lectures (provided every week on webpage)

◮ Final evaluation: oral exam (January or June)

◮ Contacts persons: L. Wehenkel, O. Stern

◮ L.Wehenkel@ulg.ac.be: all questions related to this course
◮ Olivier.Stern@ulg.ac.be: questions related to the homeworks

Louis Wehenkel GBIO0009 - Bioinformatique (4/19)



Problems addressed in this course
Teaching methodology, material, exams, contacts

Chapter 1. The first look at a genome - Sequence analysis

Introduction
Probabilistic models of genome sequences
Annotating the genome: statistical sequence analysis
Finding data: GenBank, EMBL, and DDBJ
Homework 1

The first look at a genome - Sequence statistics

Objective:

◮ Describe the major features of genome sequences

◮ Show how to retrieve and handle genomic data

◮ Perform some simple statistical analyses, draw some
conclusions

◮ Introduce some simple probabilistic models of genomic
sequences
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The first look at a genome - Sequence statistics

Objective:

◮ Describe the major features of genome sequences

◮ Show how to retrieve and handle genomic data

◮ Perform some simple statistical analyses, draw some
conclusions

◮ Introduce some simple probabilistic models of genomic
sequences

NB. Many illustrations and exercises of this chapter are based on the genome of

Haemophilus influenzae, the first free-living organism for which the full genome

sequence was obtained (in 1995).
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Introduction

◮ History of completion of some genomes: start 1978, with first
viral genome (5368 bp), Human in 2001 (3.5 Gb).

◮ Genome ≈ set of all DNA contained in a cell
◮ Chromosomes: double stranded helix of complementary DNA

sequences
◮ Prokaryotes: typically single circular “chromosome” with

rather simple structure, 0.5-13 Mb
◮ Viral genomes: single or double stranded, DNA or RNA based,

5-50Kb
◮ Eukaryotic nuclear genomes: 8Mb-670Gb, contains a lot of

“junk” DNA (e.g. 5% codes for proteins), most are diploid
◮ Organellar genomes: mitochondrion, chloroplast (typically

10Kb)
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Ilustration

◮ DNA alphabet (of nucleotides): N = {A, C, G, T}

◮ Example of sequence: ATGCATGC

◮ Complementary nucleotides: A-T and G-C.

◮ Double stranded:
strand 1 5’-ATGCATGC-3’

strand 2 3’-TACGTACG-5’

◮ Transcription: from 5’ to 3’ end.

Louis Wehenkel GBIO0009 - Bioinformatique (7/19)



Problems addressed in this course
Teaching methodology, material, exams, contacts

Chapter 1. The first look at a genome - Sequence analysis

Introduction
Probabilistic models of genome sequences
Annotating the genome: statistical sequence analysis
Finding data: GenBank, EMBL, and DDBJ
Homework 1

Ilustration

◮ DNA alphabet (of nucleotides): N = {A, C, G, T}

◮ Example of sequence: ATGCATGC

◮ Complementary nucleotides: A-T and G-C.

◮ Double stranded:
strand 1 5’-ATGCATGC-3’

strand 2 3’-TACGTACG-5’

◮ Transcription: from 5’ to 3’ end.

NB. ◮ If we are interested in a particular strand, then we write it always in the
5’-left to 3’-right orientation. Strand 2 above is thus written GCATGCAT.

◮ To represent a double stranded DNA sequence, we could use either of its
two strands. The double stranded DNA above could thus be either
represented by ATGCATGC or by GCATGCAT.
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Terminology: concepts of sequence and subsequence

We denote by

◮ s a finite string over the alphabet N = {A, C, G, T},

◮ s = s1s2 . . . sn (where the length n is denoted by |s|),

◮ s(i : j) = sisi+1 . . . sj (j > i) (a substring),

◮ s(i) = si ,

◮ s(i , j , k) = sisjsk , where i < j < k,

◮ etc
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Terminology: concepts of sequence and subsequence

We denote by

◮ s a finite string over the alphabet N = {A, C, G, T},

◮ s = s1s2 . . . sn (where the length n is denoted by |s|),

◮ s(i : j) = sisi+1 . . . sj (j > i) (a substring),

◮ s(i) = si ,

◮ s(i , j , k) = sisjsk , where i < j < k,

◮ etc

NB. ◮ We will use the term ’(sub)sequence’ instead of ’(sub)string’.
◮ Notions introduced in this chapter apply also RNA and sequences of

amino-acids, or codons
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Probabilistic models of genomic sequences

Approach:

◮ Consider DNA sequence as a realisation of a random process

◮ Build a probabilistic model of this random process
◮ Make some statistical assumptions about the process
◮ Fix the values of the parameters of its probabilistic model
◮ (both choices depend on context)

◮ Estimate the probability of an observation by using the model

◮ Draw some conclusion about a biological hypothesis
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Probabilistic models of genomic sequences

Approach:

◮ Consider DNA sequence as a realisation of a random process

◮ Build a probabilistic model of this random process
◮ Make some statistical assumptions about the process
◮ Fix the values of the parameters of its probabilistic model
◮ (both choices depend on context)

◮ Estimate the probability of an observation by using the model

◮ Draw some conclusion about a biological hypothesis

NB. Some biological properties of DNA are related its 3-d structure, which depends

on the DNA sequence and on other molecules which interact with the DNA. In

what follows, we will only consider the information contained in the sequence.
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Multinomial sequence model

◮ Statistical assumptions:
Nucleotides are independent and identically distributed.

◮ Parameters of probabilistic model: p = (pA, pC , pG , pT )

◮ Probability of s: p(s) =
∏n

i=1 p(s(i)).

◮ Further simplification: assume pA = pT and pC = pG .
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Multinomial sequence model

◮ Statistical assumptions:
Nucleotides are independent and identically distributed.

◮ Parameters of probabilistic model: p = (pA, pC , pG , pT )

◮ Probability of s: p(s) =
∏n

i=1 p(s(i)).

◮ Further simplification: assume pA = pT and pC = pG .

NB. This model is not necessarily realistic, but it constitutes a useful baseline model,

with respect to which deviations and other properties can be studied
◮ Deviations from stationarity (the “identically distributed” assumption)
◮ Deviations from independence of successive nucleotides
◮ Comparison of different sequences
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Markov sequence model

◮ Statistical assumptions:
Probability of observing a nucleotide at position i depends

only on the nucleotides observed in a finite region around i .
◮ Order 1:

p(si |s(1 : i − 1), s(i + 1 : n)) = p(si |si−1si+1) (1)

⇔ p(si |s(1 : i − 1)) = p(si |si−1) (2)

⇔ p(si |s(i + 1 : n)) = p(si |si+1) (3)

⇔ p(s) = p(s1)

n−1∏

i=1

p(si+1|si ) (4)
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◮ Statistical assumptions:
Probability of observing a nucleotide at position i depends

only on the nucleotides observed in a finite region around i .
◮ Order 1:

p(si |s(1 : i − 1), s(i + 1 : n)) = p(si |si−1si+1) (1)

⇔ p(si |s(1 : i − 1)) = p(si |si−1) (2)

⇔ p(si |s(i + 1 : n)) = p(si |si+1) (3)

⇔ p(s) = p(s1)

n−1∏

i=1

p(si+1|si ) (4)

NB. Stationary left-right model specified by (i , j ∈ {A, C, G, T}):
◮ First nucleotide probabilities πi = p(s1 = i)
◮ Transition matrix Ti,j = p(sk = j |sk−1 = i).
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Markov sequence model: remarks

◮ Markov model of order k allows to represent ’range k’
dependencies among nuclotides.

◮ Essentially allows to represent the often observed fact that
certain patterns of nucleotides are more likely to be observed
than others.

◮ Although we will always use the ’left-right’ description of the
Markov chain model, this model is essentially undirected.

◮ The multinomial model can be viewed as a Markov model of
order 0.
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Markov model of order 1: illustration

◮ Starting probabilities (uniform)

π =
to A to C to G to T

0.25 0.25 0.25 0.25

◮ Transition matrix (favors AA, CG and TC transitions)

T =

to A to C to G to T

from A 0.6 0.2 0.1 0.1
from C 0.1 0.1 0.8 0
from G 0.2 0.2 0.3 0.3
from T 0.1 0.8 0 0.1

◮ Example sequence produced by this model

ACGCGTAATCAAAAAATCGGTCGTCGGAAAAAAAAAATCG
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Annotating the genome: statistical sequence analysis

Elementary statistics (carried out on a single strand):

◮ Global analysis: relative number of bases in the genome

◮ Local analysis: variation of relative number of bases along the
genome (for a certain window size)

◮ Global: relative number of dimers (in general kmers).

◮ Local: variation along the genome

◮ Genome signature: comparison of observed frequencies of
dimers w.r.t. to the predicted values under the multinomial
model
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Base composition of H.influenzae genome

Overall: A: 0.3083, C: 0.1898, G: 0.1916, T: 0.3102

http://www.computational-genomics.net/case studies/haemophilus demo.html
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Dimer frequencies of H.influenzae genome

*A *C *G *T
A* 0.1202 0.0505 0.0483 0.0912
C* 0.0665 0.0372 0.0396 0.0484
G* 0.0514 0.0522 0.0363 0.0499
T* 0.0721 0.0518 0.0656 0.1189
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Unusual dimer frequencies of H.influenzae genome

◮ Genome signature: N(xy)
N(x)N(y) measures distance of observed

dimer frequency from the frequency predicted under the
multinomial model.

◮ Allows to detect ’over-’ and ’under-represented’ dimers

◮ *A *C *G *T

A* 1.2491 0.8496 0.8210 0.9535
C* 1.1182 1.0121 1.0894 0.8190
G* 0.8736 1.4349 1.0076 0.8526
T* 0.7541 0.8763 1.1204 1.2505

◮ Question: are these deviations statistically significant ?

See: http://www.montefiore.ulg.ac.be/∼lwh/IBIOINFO/genome-signature.pdf
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Finding data: GenBank, EMBL, and DDBJ

There are three main sources of online available genomic data:

◮ GenBank: http://www.ncbi.nlm.nih.gov

◮ EMBL: http://www.ebi.ac.uk

◮ DDBJ: http://www..ddbj.nig.ac.jp

We will mostly refer to NCBI and EMBL sources in this course.

◮ For next week, have a look at the three sites and try to see
what kind of information you are able to find.

◮ See Section 1.5 of ICG (reference book) for further
explanations.
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Homework 1

Personal Homework for Chapter 1 (deadline: October 2, 2007)

◮ Download form GenBank the complete sequence of Bacteriophage

lambda, acession number NC 001416.

◮ What kind of organism is this ? What kind of genome (single
chromosome, diploid, single or double-stranded DNA or RNA
genome) ?

◮ Analyze its CG content with various choices of window size.

◮ Compare the statistical properties of human and chimp complete
mitocondrial DNA (respectively NC 001807 and NC 001643).

◮ Find ’unusual’ dimers in rat mitochondrial DNA ( NC 001665).

◮ Make a short report and send it in electronic form to
Olivier.Stern@ulg.ac.be upon deadline.
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