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Overview
1. The Human Genome
2. The Molecular Biology Dogma: DNA, RNA and Protein
3. Beautiful Algorithms: Rigorous, Practical, Elegant code
4. Chapter 1: Sequence Alignment Algorithms
5. Chapter 2: Combinatorial Pattern Matching Algorithms
6. Chapter 3: Phylogenetic Trees Algorithms
7. Chapter 4: Machine Learning Methods: Hidden Markov Models Algorithms
8. Chapter 5: Genome Assembly Algorithms (Introduction)
9. Chapter 6: Genomic Privacy (Introduction)
10. The Bioinformatician as a Detective – two puzzles:

The Adventures of the Dancing Men code, by Sherlock Holmes/Arthur Conan Doyle
The Prison code, a code used in a prison in California



Beautiful Algorithms
o Rigorous:          state-of-the-art, mathematical analysis of their accuracy
o Practical:           very efficient, work on large data sets 
o Elegant code:    “simplicity is the ultimate sophistication” 
o von Neumann’s “esthetic criteria”

many applications to different areas 

-----------------------------
o John von Neumann’s “Beautiful” criteria
o “By a model is meant a mathematical construct which, with the addition of certain verbal 

interpretations, describes the observed phenomena... Furthermore, it must satisfy certain 
esthetic criteria – that is, in relation to how much it describes, it must be rather simple 
...One cannot tell exactly how “simple” simple is. ...Simplicity is largely a matter of 
historical background, of previous conditioning, of antecedents, of customary procedures, 
and it is very much a function of what is explained by it.” 

o – John von Neumann 





Nothing in Biology Makes Sense 
Except in the Light of Evolution

Theodosius Dobzhansky (1900-1975)



Darwin’s Finches

6

and Coco





The Sequence of the Human Genome

J. Craig Venter, … , Sorin Istrail, …, "The Sequence of the Human Genome" Science, 2001





J. Craig Venter, … , Sorin Istrail, …, 
"The Sequence of the Human Genome" Science, 2001

Sorin Istrail, … , J. Craig Venter, 
"Whole-genome shotgun assembly and comparison of human 
genome assemblies" Proc. Nat. Acad. Sci. USA, 2004





Biomolecular Data
“Data! Data! Data!” he cried impatiently. “I can’t make bricks without clay.” 

Sherlock Holmes

“The more I see the less I know for sure.” 
John Lennon







The Molecular Biology Dogma







The set of 20 amino acids



The Genetic Code



SNPs  &  HAPLOTYPES 



A SNP is a position in a genome at which two or more different bases 
occur in the population, each with a frequency >1%.

GATTTAGATCGCGATAGAG
GATTTAGATCTCGATAGAG

o The most abundant type of polymorphism

The two alleles at the site are G and T

Single Nucleotide Polymorphism 
(SNP)



tttctccatttgtcgtgacacctttgttgacaccttcatttctgcattctcaattctatttcactggtctatgg
cagagaacacaaaatatggccagtggcctaaatccagcctactaccttttttttttttttgtaacattttacta
acatagccattcccatgtgtttccatgtgtctgggctgcttttgcactctaatggcagagttaagaaattgtag
cagagaccacaatgcctcaaatatttactctacagccctttataaaaacagtgtgccaactcctgatttatgaa
cttatcattatgtcaataccatactgtctttattactgtagttttataagtcatgacatcagataatgtaaatc
ctccaactttgtttttaatcaaaagtgttttggccatcctagatatactttgtattgccacataaatttgaaga
tcagcctgtcagtgtctacaaaatagcatgctaggattttgatagggattgtgtagaatctatagattaattag
aggagaatgactatcttgacaatactgctgcccctctgtattcgtgggggattggttccacaacaacacccacc
ccccactcggcaacccctgaaacccccacatcccccagcttttttcccctgctaccaaaatccatggatgctca
agtccatataaaatgccatactatttgcatataacctctgcaatcctcccctatagtttagatcatctctagat
tacttataatactaataaaatctaaatgctatgtaaatagttgctatactgtgttgagggttttttgttttgtt
ttgttttatttgtttgtttgtttgtattttaagagatggtgtcttgctttgttgcccaggctggagtgcagtgg
tgagatcatagcttactgcagcctcaaactcctggactcaaacagtcctcccacctcagcctcccaaagtgctg
ggatacaggtgtgacccactgtgcccagttattattttttatttgtattattttactgttgtattatttttaat
tattttttctgaatattttccatctatagttggttgaatcatggatgtggaacaggcaaatatggagggctaac
tgtattgcatcttccagttcatgagtatgcagtctctctgtttatttaaagttttagtttttctcaaccatgtt
tacttttcagtatacaagactttgacgttttttgttaaatgtatttgtaagtattttattatttgtgatgttat
ttaaaaagaaattgttgactgggcacagtggctcacgcctgtaatcccagcactttgggaggctgaggcgggca
gatcacgaggtcaggagatcaagaccatcctggctaacatggtaaaaccccgtctctactaaaaatagaaaaaa
attagccaggcgtggtggcgagtgcctgtagtcccagctactcgggaggctgaggcaggagaatggtgtgaacc
tgggaggcggagcttgcagtgagctgagatcgtgccactgcattccagcctgcgtgacagagcgagactctgtc
aaaaaaataaataaaatttaaaaaaagaagaagaaattattttcttaatttcattttcaggttttttatttatt
tctactatatggatacatgattgatttttgtatattgatcatgtatcctgcaaactagctaacatagtttatta
tttctctttttttgtggattttaaaggattttctacatagataaataaacacacataaacagttttacttcttt
cttttcaacctagactggatgcattttttgtttttgtttgtttgtttgctttttaacttgctgcagtgactaga
gaatgtattgaagaatatattgttgaacaaaagcagtgagagtggacatccctgctttccccctgattttaggg
ggaatgttttcagtctttcactatttaatatgattttagctataggtttatcctagatccctgttatcatgttg
aggaaattcccttctatttctagtttgttgagattttttaattcatgtgattgcgctatctggctttgctctca
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n Human Genome contains ~ 3 G  
basepairs arranged in 46 
chromosomes.

n Two individuals are 99.9% the same. 
I.e. differ in ~ 3 M basepairs.

n SNPs occur once every ~600 bp

n Average gene in the human 
genome spans ~27Kb

n ~50 SNPs per gene



G C T C G A C A A C A G
G T T C G T C A A C A G

Two individuals

C A G HaplotypesT T G

SNP SNP SNP

Haplotype 



Mutations 

Infinite Sites Assumption:

Each site mutates at most once



Haplotype Pattern

0 0 0 0
1 1 0 1
0 0 1 0
0 1 0 1

C A G T
T T G A
C A T G
C T G T

At each SNP site label the two alleles as 0 and 1.
The choice which allele is 0 and which one is 1
is arbitrary.



G T T C G A C T A T T A

G T T C G A C A A C A T
A C G T A T C T A T T A

Recombination



G T T C G A C T A T T A

G T T C G A C A A C A T
A C G T A T C T A T T A

The two alleles are linked, I.e.,
they are “traveling together”

?

Recombination
disrupts the linkage

Recombination



What is the meaning of this DNA sequence?

A code to break!



Can you break this code?



Chapter 1: Sequence Alignment

Image, courtesy of Vincent van Gogh Museum 



Avrilla Xinyue Qian



Chapter 1: Sequence Alignment Algorithms





Whole genome sequence of the 2019-nCoV coronavirus, in one of the first French cases,
made at the Institut Pasteur (Paris), using a unique Platform (P2M), open to all 
French National Reference Centers. Credit: Institut Pasteur/CNR of respiratory infection viruses.



Margaret Dayhoff & 
PAM Similarity 

Matrices



Dr. Margaret Oakley Dayhoff
The Mother & Father of Bioinformatics



The Atlas of Protein Sequence and Structure 1972

“To those who would know the biochemical 
structure, function and origin of man and 
would strive to improve his lot.”



Group & Subgroup Names Amino Acid Residue Group Properties

Hydrophilic
-Small Aliphatic

-Acid amide

-Acid

-Hydroxyl

Alanine
Proline
Glycine

Glutamine
Asparagine

Glutamic Acid
Aspartic Acid

Serine 
Threonine

Small, Simple, Hydrophilic
Not hydrophobic, smallest

Slightly basic, amide, carbonyl

Acid, carbonyl

Hydroxyl, small

Sulfhydryl Cysteine Uniquely Reactive, Small

Aliphatic Valine
Isoleucine
Methionine
Leucine

Hydrophobic
Similarly branched

Basic Lysine
Arginine
Histidine

Basic, Nitrogen, Large

Aromatic Phenylalanine
Tyrosine
Tryptophan

Aromatic Rings, Hydrophobic, Large

Special Histidine
Tryptophan

Cysteine
Serine

Phenylalanine
Leucie
Isolenine
Methionine

Heterocyclic rings

Close similarity in shape

Hydrophobic; similar size





The 
Smith Waterman 

Algorithm



Smith and Waterman at Los Alamos, New Mexico
Photo by David Lipman, Taken Summer of 1980



Viral src gene products are related to the catalytic chain of 
mammalian cAMP-dependent protein kinase.

ARTEMIS Summer 2008
Professor Istrail

AUTHORS
W. C. Barker and M. O. Dayhoff

ABSTRACT
The transforming protein sequences translated from the Rous avian and Moloney murine sarcoma
virus src genes are shown to be related to the catalytic chain of bovine cAMP-dependent protein
kinase (ATP:protein phosphotransferase, EC 2.7.1.37). The avian transforming protein, also a
protein kinase, shows greatest homology with the bovine protein kinase in the carboxyl-terminal
half, where the protein kinase activity is localized. Moreover, lysine occurs in the inferred
transforming protein sequences at the position homologous with the proposed ATP-binding lysine
of the bovine protein kinase. This relationship is consistent with the hypothesis that the src genes
originated in the host genomes, in which they are members of a superfamily of distantly related
protein kinases that are normal constituents of mammalian cells. In the host, these sequences
are much more highly conserved than in the viruses.



Viral src gene products are related to the catalytic chain of 
mammalian cAMP-dependent protein kinase

1 BOV-PK Q I E H T L   N E K R  I   - - L Q A V  N F P F   L V K L E F S F  K D N S N L Y M V M E Y V  P G G E  M F S H 
2 MMSV S Q R S F W A  E L N  I  A G L R  H D N I V R  V V A A S T R T  P E D S N S  L G  T  I   I M E  F G G N V  T L H 
3 RSV-PC S P E A F L   Q E A Q V  - - M K K L  R H E K L V Q  L - Y A V V S E E P  I  Y  I  V  I   E Y M S K G S  L L D  F

S     E    F  L       E         I         L             N             L V     L                         S N     Y      V I   E Y         G G                H
* * *

1 BOV-PK - - - - - - - - - - - - L R  - R  I  G R  F - S E  P H A R  F  Y A A Q I  V  L T  F  E Y  L H S  L D  L I  Y R D L 
2 MMSV Q V I Y D A T R S P E P L S  C R  - - K Q L S L G K C  L K Y  S  L D V V N G  L  L F  L H S  Q S  I  L H  L D L
3 RSV-PC - - - - - - - - - - - - L K G E M G K Y L R L P Q  L V  D M A A Q I  A S  G M A Y V E  R M N Y V H R D L 

L         R      G K    L S L P                   Y A A Q I V G          Y     H S                  H R D L 
*  *  *                              

ARTEMIS Summer 2008
Professor Istrail



Viral src gene products are related to the catalytic chain of 
mammalian cAMP-dependent protein kinase

1 BOV-PK Q I E H T L N E K R I - - L Q A V N F P F   L V K L E F S F K D N S N L Y M V M E Y V  P G G E M F S H
2 MMSV S Q R S F W A E L N I  A G L R H D N I V R V V A A S T R T P E D S N S L G T I   I M E F G G N V T L H
3 RSV-PC S P E A F L   Q E A Q V - - M K K L R H E K L V Q L - Y A V V S E E P  I  Y I  V  I   E Y M S K G S L L D F

S E F  L E I         L N L V     L                          S N Y V I E Y G G H
* * *

1 BOV-PK - - - - - - - - - - - - L R - R I G R F - S E P H A R F Y A A Q I  V  L T F E Y L H S L D L I  Y R D L 
2 MMSV Q V I Y D A T R S P E P L S C R - - K Q L S L G K C  L K Y S L D V V N G L  L F  L H S Q S I  L H L D L
3 RSV-PC - - - - - - - - - - - - L K G E M G K Y L R L P Q L V D M A A Q I  A S G M A Y V E  R M N Y V H R D L 

L R G K L S L P Y A A Q I V G Y H S H R D L
*  *  *                              

ARTEMIS Summer 2008
Professor Istrail

A = Alanine
V = Valine
F = Phenylalanine
P = Proline
M = Methionine
I = Isoleucine
L = Leucine

D = Asartic Acid
E = Glutamic Acid
K = Lysine
R = Arginine

S = Serine
T = Threonine
Y = Tyrosine
H = Histidine
C = Cysteine
N = Asparagine
Q = Glutamine
W = Tryptophan

G = Glycine



Information Theory

o How long an alignment 
should be to be statistically 
significant?



Chapter 2: Combinatorial Pattern Matching 

Image, courtesy of Vincent van Gogh Museum 





Chapter 2: Combinatorial Pattern Matching 
Algorithms



Rube Goldberg’s Innovation

GENOMIC 
REGULATORY
SYSTEMS

Mixed character of the problem :

continuous mathematics  
discrete mathematics



Open window (A) and fly kite (B).String (C) lifts small door (D)allowing moths (E) to escape and eat red flannel shirt (F). As weight of shirt becomes less,  shoe (G) steps on switch (H)which heats electric iron (I) and burns hole in pants (J). Smoke (K) enters hole in tree (L),    smoking out opossum (M)which jumps into basket (N), pulling rope (O) and lifting cage (P), 
allowing woodpecker (Q) to chew wood from pencil (R), 
exposing lead.
Emergency knife (S) is always handy in case opossum or the

woodpecker gets sick and can't work.

Rube Goldberg’ s Pencil Sharpener invention



A Tale of Two Networks

Sea Urchin Drosophila



The Dogma



Genomic Regulatory Regions



Phylogenetic Trees (Ch. 3) ???

Phylogenetic trees are not good models for the Regulatory Genome



TF Binding Site Complexity



Genome Complexity 1 Billion DNA bases
20,000 Genes



cis-Regulatory Modules Complexity

200,000 cis-Modules



The DNA program that regulates the 

expression of endo16 in sea urchin

§THE FIRST GENE



§THE FIRST NETWORK



The View from the Genome



A Case 
Study



The CYRENE project seeks to address the fundamental problem of determining de novo the function of
regulatory sequence by developing the cis-Lexicon, a database of known cis-regulatory modules, the cis-
Browser, a next-generation regulatory genome browser, and a library of tools for assisting in the annotation
pipeline. The cis-Lexicon will be a comprehensive catalog of experimentally-validated gene regulatory
knowledge, designed to be a foundation and benchmark for future prediction algorithms. The cis-Browser is a
high-speed integrative environment for viewing and annotating all types of genomic information. It is capable
of displaying data from the cis-Lexicon, public online databases, BLAST hits, and precomputed comparative
genomics analyses. To aid annotators' entry of information into the cis-Lexicon, we are developing high-
throughput tools for finding relevant literature and assisting in the extraction of correct information. We suggest
several algorithms to analyze the cis-regulatory data as the cis-Lexicon expands. The CYRENE project is being
carried out in cooperation with Eric Davidson at the California Institute of Technology.

Regulatory Genome Browser Ryan Tarpine



The cis-Browser

Outline
View

Annotation
View

Property
Inspector
View

Subviews

Zoom
Focus
Slider

Zoom
Slider

Description
Line

Loading
Indicator

Selected
Region

Annotation 
Workspace

Tier

Selected
Feature

Promoted Annotation
Tier

Memory
Usage
Meter

Popup
Curation

Menu

Genomic Axis



Transcript Curation



Sequence Comparison



66



Inter-species comparison



A Proposal for Nobel Prize

“Programs built into the DNA of every animal.”
Eric H. Davidson

Genomic Regulatory Systems

One gene, 30 years of study, 300 docs and postdocs



The View from the Nucleus



Building Protein-DNA Assemblies

§Inter-cismodule linkage
§Insulation

§Communication

§cismodule

§DNA

§Cooperativity
§Linear-amp
§Gates
§Potentiality



The Building Blocks

§Protein

§Free Energy

§DNA
§Protein-DNA
Binding (free energy)

Free energy is the “GLUE”



Information Processing



0 1 1  0 0 1  0  0 

§Boolean  Circuit
§Synchronous input and output
§Completely defined gates

0



0 1 1  0 0 1  0  0 

1.40.5

§Synchronous input and output §Asynchronous input and output

§Completely defined gates §Incompletely defined gates

§Boolean  Circuit §Boolinear  Circuit
§0 §1.1



ORAND

NOT

1 1    0 1

OR

1

IF (x1 = 1
AND
x2= 1)

THEN
…..

GTAGGATTAAG
…...
CATCCTAATTC
…….
GTATCTAGAAG
…….



Chapter 3: Phylogenetic Trees

Image, courtesy of Vincent van Gogh Museum 





Chapter 3: Phylogenetic Trees Algorithms







SARS-CoV-2
(COVID) phylogenetic tree

The SARS-CoV-2 phylogenetic tree – the family tree that shows the evolution of
all the sequenced coronavirus samples worldwide. 



Herbert Simon’s Parable on Evolution
“The Parable of the Two Watchmakers”

A mathematical theory 
of “interruptions”

How can we quantify 
the Speed of Evolution?

HORA              TEMPUS



Chapter 4: Hidden Markov Models

Image, courtesy of Vincent van Gogh Museum 





Chapter 4: Hidden Markov Chains 
Algorithms



“For one rational line or true sentence there are thousands of 
nonsense cacophonies, mountains of verbal trash and incoherencies.”

Jorge Luis Borges

Gene finding in a genome using HMMs 
algorithms



Chapter 5: Genome Assembly Algorithms: 
An Introduction

Image, courtesy of Vincent van Gogh Museum 



Chapter 5: Genome Assembly Algorithms



"The Sequence of the Human Genome" Science, 2001



Genome Assembly Algorithm 
Celera Assembler



The Father of 
All Dot Plots

The Human 
Genome



Whole genome sequence of the 2019-nCoV coronavirus, in one of the first French cases,
made at the Institut Pasteur (Paris), using a unique Platform (P2M), open to all 
French National Reference Centers. Credit: Institut Pasteur/CNR of respiratory infection viruses.



Chapter 6: Genomic Privacy

Image, courtesy of Vincent van Gogh Museum 



HOMER’s attack:

Genomic privacy studies on Genome-Wide Association Studies (GWAS) 
were first introduced as the well-known Homer’s attack (2008) that 
showed that publicly released GWAS statistics can be used to estimate 
a GWAS participant’s disease status from knowing her/his genotypes at
certain risk factors.



Enjoy working on large data?
Solve mysteries in your spare time?

Are you hard-boiled?

Work to uncover the mysteries of complex disease! 
Take CSCI2820: Medical Bioinformatics in the Fall

Tuesday/Thursday
2:30-3:50pm

Use your detective skills; analyze a 
matrix of billions of DNA bases!



Homer, 
implicate the 
gene that 
made you 
bald!

D’OH!!
If only I took      

CSCI2820…

Do not 
make the same mistake as Homer

Take CSCI2820: Medical 
Bioinformatics and study the genetics 

of complex disease.

Topics include
• Hypothesis testing 
• Haplotype phasing

• The missing heritability problem
• Genome-wide Association Studies
• Tag SNP selection
• Coalescent Theory

CSCI2820
Tuesday/Thursday 2:30-3:50

Cartoon by 
prof. Alper Uzun (Brown Medical School)



CSCI1820 Algorithmic Foundations of Computational 
Biology

http://www.cs.brown.edu/courses/csci1820/
Prof.  Sorin Istrail

"The Sequence of the Human Genome" Science, 2001
"Whole-genome shotgun assembly and comparison
of human genome assemblies" Proc. Nat. Acad. Sci. USA, 2004

http://www.cs.brown.edu/courses/csci1820/




o De-novo genome 
assembly algorithms 

o deBruijn graphs and 
Poisson theory of k-
mers and NGS

o Lander-Waterman 
statistical theory

o Haplotype assembly

"The Sequence of the Human Genome" Science, 2001
"Whole-genome shotgun assembly and comparison
of human genome assemblies" Proc. Nat. Acad. Sci. USA, 2004

Genome Assembly

CSCI1820 Algorithmic Foundations of Computational 
Biology

http://www.cs.brown.edu/courses/csci1820/
Prof.  Sorin Istrail

http://www.cs.brown.edu/courses/csci1820/


The cis-Regulatory CYRENE Genome Browser

The Regulatory Genome

Eric Davidson and Sorin working on "Logic functions of the genetic cis-regulatory code"

o The social network of 
Transcription Factors

o DNA combinatorics and 
statistics of Transcription 
Factor regulatory architecture

o Poisson clumps heuristics
o Chen-Stein Statistics

CSCI1820 Algorithmic Foundations of Computational 
Biology

http://www.cs.brown.edu/courses/csci1820/
Prof.  Sorin Istrail

http://www.cs.brown.edu/courses/csci1820/


"The Sequence of the Human Genome" Science, 2001

The science and art of mapping DNA fragments, 
genes, and genomes to genomes

o Suffix trees in linear time
o Burrows-Wheeler transform
o Karlin-Altshuler Statistics
o BLAST algorithm: Random 

walks, Information theory and 
P-values

CSCI1820 Algorithmic Foundations of Computational 
Biology

http://www.cs.brown.edu/courses/csci1820/
Prof.  Sorin Istrail

http://www.cs.brown.edu/courses/csci1820/


"The Sequence of the Human Genome" Science, 2001
"Whole-genome shotgun assembly and comparison
of human genome assemblies" Proc. Nat. Acad. Sci. USA, 2004

Topics include
o Genome sequencing and assembly: 

algorithms and statistical theory
o BLAST algorithms and statistical theory 

of alignment and searching
o Mapping reads and genomes to 

genomes
o DNA combinatorics and statistical 

theory of regulatory regions of genes
o Hidden Markov model algorithms and 

gene prediction

CSCI1820 Algorithmic Foundations of Computational 
Biology

http://www.cs.brown.edu/courses/csci1820/
Prof.  Sorin Istrail

http://www.cs.brown.edu/courses/csci1820/


Published Genome-Wide Associations through 2011
1,617 published GWA at p≤5X10-8 for 249 traits

Autism marker Multiple Sclerosis Marker

The GWAS Human Genome

Prof. Sorin Istrail



Published Genome-Wide Associations through 2011
1,617 published GWA at p≤5X10-8 for 249 traits

The GWAS Human Genome

Genetic Heterogeneity

The Common Disease Common Variant (CDCV) 
hypothesis is dead. 
Long live the Common Disease Many Rare Variants 
hypothesis! 

The CDCV ‘s classical drawing metaphor as “Needles in 
the Haystack,” with few needles with a common look in 
a large haystack, needs to be replaced now with a van 
Gogh-like drawing, with many needles each differently 
looking and private to areas in the large haystack.

Vincent



Published Genome-Wide Associations through 2011
1,617 published GWA at p≤5X10-8 for 249 traits

The GWAS Human Genome

The Missing Heritability Puzzle

Additivity of alleles? Just a convenient approximation, 
friendly to “heritability” measured as a correlation 
coefficient.

Ronald 



Published Genome-Wide Associations through 2011
1,617 published GWA at p≤5X10-8 for 249 traits

The GWAS Human Genome

• haplotype phasing, linkage disequilibrium, tagging SNPs, 
identical by descent (IBD), pedigrees, trios

• coalescent theory, Polya urn game, Ewens sampling 
lemma, genome-wide graph theory algorithms

• the genetic heterogeneity problem, the missing heritability 
problem

• statistical models of disease, association tests and multiple 
hypothesis testing

• autism, multiple sclerosis, type 2 diabetes

Topics include



Bioinformatics is detective work

o The Dancing Men code, Sherlock Holmes

o The Prison code, a real life code used in CA



The Adventures of the Dancing Men
by Sir Arthur Conan Doyle 

“Sherlock Holmes”



The Adventures of the Dancing Men
by Sir Arthur Conan Doyle 

“Sherlock Holmes”



The Dancing Men code 
by Arthur Conan Doyle: “The Adventures of the Dancing Men”







The Prison code

The Prison code
Solution: An Algorithm based on Markov Chain Monte Carlo



o Web page :
o

http://www.its.caltech.
edu/~chyuh/cathy-
mirsky-info.html

Caltech, Davidson Lab
October 2004



Eric Davidson 
– in memoriam


