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Techniques for Analyzing Genomes (II)

Elliott H. Margulies, Ph.D.
Genome Informatics Section

National Human Genome Research Institute

Sequencing Complete

International Human Genome Sequencing Consortium (2001) Initial sequencing and analysis of the
human genome. Nature 409: 860-921.

International Human Genome Sequencing Consortium (2004) Finishing the euchromatic sequence of
the human genome. Nature 431: 931-945.



NHGRI Current Topics in Genome Analysis 2008
Techniques for Analyzing Genomes II

Elliott Margulies, Ph.D.

2

Decoding the Human Genome

 What other functions exist?
 Where are they encoded?
 How are they encoded?

What are Genomic Functional Elements?

 DNA sequences that either encode for some
functioning unit (i.e. RNA) or that bind to proteins
that perform some function

Protein

Protein-BindingProtein-Coding Structural or 
Regulatory

Functional ElementFunctional ElementFunctional Element

RNA
RNA

Non-Coding

DNA
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How can we analyze genomes
to find functional elements?

Comparative Sequence Analysis
Human

ChickenFugu

Tetraodon

Rat

Rabbit

Horse

Cow

Pig
Dog Cat

Platypus HedgehogVervet

Orangutan

Lemur
Armadillo

Gorilla

Mouse lemur

Mouse

Opossum

Wallaby

Next-Generation Sequencing
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Comparative Sequence Analysis

 How comparative genomics “works”
 Steps involved involved

– Sequence Generation
– Homologous Co-linearity prediction (synteny)
– Base-pair alignment
– Identification of constrained sequences

 Lessons learned from comparative
analyses

OUTLINE

TGCCGCGGAACTTTTCGGCTCTCTAAGGCTGTATTTTGATATACGAAAGGCACATTTTCCTTCCCTTTTCAAAATGCACCTTGCAAACGTAACAG
GAACCCGACTAGGCANAYOUGFINDAMEGGGAGGAGGAGGAAGGCAGGCTCCGGGGAAGCTGGTGGCAGCGGGTCCTGGGTCTGGCGGACCCTGA
CGCGAAGGAGGGTCTAGGAAGCTCTCCGGGGAGCCGGTTCTCCCGCCGGTGGCTTCTTCTGTCCTCCAGCGTTGCCAACTGGACCTAAAGAGAGG
CCGCGACTGTCGCCCACCTGCGGGATGGGCCTGGTGCTGGGCGGTAAGGACACGGACCTGGAAGGAGCGCGCGCGAGGGAGGGAGGCTGGGAGTC
AGAATCGGGAAAGGGAGGTGCGGGGCGGCGAGGGAGCGAAGGAGGAGAGGAGGAAGGAGCGGGAGGGGTGCTGGCGGGGGTGCGTAGTGGGTGGA
GAAAGCCGCTAGAGCAAATTTGGGGCCGGACCAGGCATHISAISAIMPORTANTGSTUFFGTGAAGGCGGGGGAAAGAGCAAAAGGAAGGGGTGG
TGTGCGGAGTAGGGGTGGGTGGGGGGAATTGGAAGCAAATGACATCACAGCAGGTCAGAGAAAAAGGGTTGAGCGGCAGGCACCCAGAGTAGTAG
GTCTTTGGCATTAGGAGCTTGAGCCCAGACGGCCCTAGCAGGGACCCCAGCGCCCGAGAGACCATGCAGAGGTCGCCTCTGGAAAAGGCCAGCGT
TGTCTCCAAACTTTTTTTCAGGTGAGAAGGTGGCCAACCGAGCTTCSUPERCALAFRAGALISTICEXPEALADOTIOUSAGTATGGGTTGGGTT
TGGGGTAAAGGAATAAGCAGTTTTTAAAAAGATGCGCTATCATTCATTGTTTTGAAAGAAAATGTGGGTATTGTAGAATAAAACAGAAAGCATTA
AGAAGAGATGGAAGAATGAACTGAAGCTGATTGAATAGAGAGCCACATCTACTTGCAACTGAAAAGTTAGAATCTCAAGACTCAAGTACGCTACT
ATGCACTTGTTTTATTTCATTTTTCTAAGAAACTAAAAATACTTGTTAATAAGTACCTAAGTATGGTTTATTGGTTTTCCCCCTTCATGCCTTGG
ACACTTGATTGTCTTCTTGGCACATACAGGTGCCATGCCTGCATATAGTAAGTGCTCAGAAAACATTTCTTGACTGAATTCAGCCAACAAAAATT
TTGGGGTAGGTAGAAAATATATGOTBLUEGTATTTATTGTTATGAGACTGGATATATCTAGTATTTGTCACAGGTAAATGATTCTTCAAAAATTG
AAAGCAAATTTGTTGAAATATTTATTTTGAAAAAAGTTACTTCACAAGCTATAAATTTTAAAAGCCATAGGAATAGATACCGAAGTTATATCCAA
CTGACATTTAATAAATTGTATTCATAGCCTAATGTGATGAGCCACAGAAGCTTGCAAACTTTAATGAGATTTTTTAAAATAGCATCTAAGTTCGG
AATCTTAGGCAAAGTGTTGTTAGATGTAGCACTTCATATTTGAAGTGTTCTTTGGATATTGCATCTACTTTGTTCCTGTTATTATACTGGTGTGA
ATGAATGAATAGGTACTGCTCTCTCTTGGGACATTACTTGACACATAATTACCCAATGAATAAGCATACTGAGGTATCAAAAAAGTCAAATATGT
TATAAATAGCTCATATITMADEGTHISTSLIDEAONGMYABIRTHDAYGSEPTEMBERGTWENTYEIGHTHAGCATGTGCAGTTAATCCTGGAAC
TCCGGTGCTAAGGAGAGACTGTTGGCCCTTGAAGGAGAGCTCCTCCCTGTGGATGAGAGAGAAGGACTTTACTCTTTGGAATTATCTTTTTGTGT
TGATGTTATCCACCTTTTGTTACTCCACCTATAAAATCGGCTTATCTATTGATCTGTTTTCCTAGTCCTTATAAAGTCAAAATGTTAATTGGCAT
AAATTATAGACTTTTTTTAGCAGAGAACTTTGAGGAACCTAAATGCCAACCAGTCTAAAAATGCAGTTTTCAGAAGAATGAATATTTCATGGATA
GTTCTAAATACTAATGAACTTTAAAATAGCTTACTATTGATCTGTCAAAGTGGGTTTTTATATAATTTTCTTTTTACAAATCACCTGACACATTT
AATATAGGTTAAAAAATGCTATCAGGCTGGTTTGCAAAGAAAATGTATTACAAAGGCTGCTAAGEEKSAMAKEAGOODCHUSBANDSTGTTCTCC
AAAATATTTCATAAGGTGCTTTAAGAATAGGTATGTTTTTAAAAGTTAAGTTCCTACTATTTATAGGAACTGACAATCACCTAAAATACCAATGA
TTACAAACTTCCTTCTGGCCTTCTGGACTGCAATTCTAAAAGTGTAAAAAACATATTTTCTGCATTAAGTTAGGCAGTATTGCTTAGTTTTCAAA
GTGGTAGGCTTTGGAGTCAGATTATTTTGATTCAGATCCTACATCTACTGTTTAGTAGCTCTGTTGCCTGAGGCAGGTCCCTTAACATCTCTGTG
TGTGACTTGACCTTTAAAAONETDAYALEFTIESTWILLARULEATHEGWORLDTATGAATGTGAAAAGTTAGCCTAATGTTAACTGCTATTATT
ATGGATTACCATATTTTCACATTCATCACAGTACATGCACCTTGTTAATATAAGATGCTCAATTCATCTTTGAGTATAATTTTGTGACTCTCAAT
CTGGATATGCAATGAGTGGGCCTGTATGAGAATTTAATTTATGAAAAATTGTGTTTCACATGGCCTTACCAGATATACAGGAAACACGTCACATG
TTTCTATTGTATGTTGTTAAATGCCTTAGAATTTAACTTTCTGAATAGGATCCCTTCAGTTTGAGAGTCATAAAAGAGTAAAATTATTATGGTAT

>target1:1308901-1311845 

Comparative Genomics to Decode the Genome
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Rationale Behind Comparative Genomics

 DNA represents a “blueprint” for the structure
and physiology of all living things

 Mutations occur randomly throughout the
genome
– Neutral theory of evolution (M. Kimura, 1983)

 Mutations in functional DNA are less likely to
be tolerated

Kimura M. (1983) The neutral theory of molecular evolution. Cambridge University Press, Cambridge
[Cambridgeshire]; New York.

Fewer Mutations are Found in Functional DNA

 Functional sequences will be “more similar”
when compared between different species

Functional ElementFunctional Element
DNA

Comparative Sequence Analysis Provides an Unbiased
Approach for Detecting Non-Coding Functional Elements
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Comparative Genomics

 Find sequences that have diverged less than we
expect
These sequences are likely to have a functional role

 Our expectation is related to the time since the last
common ancestor

Human

Platypus

HorseChimpanzee

Rat

Evolutionary Distance

Zebrafish

Four Major Components of Comparative Genomics

Sequencing
Genomes

Reconstructing
homologous co-linearity

Base-pair sequence
alignment

Sequence constraint
detection

Finding related segments of DNA between genomes
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Sequencing Genomes
Nature (2004) 431: 931-945.

Genome Res (2004) 14: 2235-2244.

PNAS (2005) 102(13):4795-4800

“Finnished”
Essentially Complete

High Contiguity

“Comparative Grade” or “Draft”
Majority of Genome Represented

Contiguity varied

“Low Redundancy”
60-80% of Genome Represented

Contiguity low

Reconstructing Homologous Co-linearity
(Synteny Mapping)

 Chromosomes do not evolve as single co-
linear segments

Sequenced Genomes

Reconstruct Homologous Relationships



NHGRI Current Topics in Genome Analysis 2008
Techniques for Analyzing Genomes II

Elliott Margulies, Ph.D.

8

Approaches to Reconstructing Homologous
Co-linearity among Related Genomes

 “Chains and Nets”
– Kent, W.J., Baertsch, R., Hinrichs, A., Miller, W. & Haussler, D.

Evolution's cauldron: duplication, deletion, and rearrangement in
the mouse and human genomes. Proc Natl Acad Sci U S A 100,
11484-11489 (2003).

 GRIMM
– Tesler, G. GRIMM: genome rearrangements web server.

Bioinformatics 18, 492-3 (2002).
 Mercator

– Dewey, C.N. Aligning Multiple Whole Genomes with Mercator and
MAVID. Methods Mol Biol 395, 221-36 (2007).

 Infinite Sites
– D. Haussler group, UC Santa Cruz

 Ortheus
– E. Birney group, EBI, Hinxton UK

Slide (though modified) Courtesy of Jim Kent

“Chains and Nets” – The UCSC Way

 Chaining bridges the gulf between large
syntenic blocks and base-by-base alignments

 The Challenge:
– Local alignments tend to break at transposon insertions,

inversions, duplications, etc.
– Global alignments tend to force non-homologous bases

to align.
 The Solution:

– Chaining is a rigorous way of joining together local
alignments into larger structures.

Chaining Alignments
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Protease Regulatory Subunit 3

Slide Courtesy of Jim Kent

Chains join together related local
alignments

Net Alignments: Focus on Orthology

 Frequently, there are numerous mouse alignments for
any given human region, particularly for coding
regions.

 Net finds best mouse match for each human region.

Slide (though modified) Courtesy of Jim Kent
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Click here for a more complicated example

Genome-wide Multi-sequence Alignments

Significant challenges:
 Finding the correct sequences to align
 Not all sequences should align
 Dealing with insertions/deletions
 Handling duplications and rearrangements
 Missing data challenges (i.e., sequencing gaps)

This is not a “solved problem”
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Base-pair Sequence Alignment

Genome Research (2004) 14:708-715 

Genome Research (2003) 13:721-31

Genome Research (2004) 14:693-699

Types of Alignment Artifacts
Lunter et al. Genome Res. 18:298-309, 2008  

Gap Wander

Gap Attraction

Gap Annihilation
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Genome Res (2008) 18:199-200

Genome Res (2008) 18: 298-309

Science 319, 473-6 (2008)
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Genome Browsers

http://genome.ucsc.edu

http://www.ensembl.org

http://www.ncbi.nlm.nih.gov/mapview/

Multi-sequence Alignments at UCSC
Click here for 

track details page
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Summary of Alignments

 Not a solved problem
 Accuracy of alignment significantly affects

downstream analyses
 Choosing the correct orthologous sequences

to align is a major challenge

Constrained Sequences

 Highly conserved sequences
 Sequences under purifying selection
 ECOR – Evolutionary COnserved Region

– Variant: ECR
 CNS – Conserved Non-coding Sequence
 CNGs – Conserved Non-Genic sequence
 MCS – Multi-species Conserved Sequence
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CACGGGCTAATTCGCCCATTGGCTATGGGG-CCCAGCGTA
|| |||| |||| |||||||||| |||||| |||| ||||
CATGGGCAAATTGGCCCATTGGCCATGGGGGCCCACCGTA

85% Identical
Species 1

Species 2

Significant

Not
Significant

Species 1

Species 2

Compare to some measure of neutral evolution

Finding Constrained Sequences

Neutral Evolution

 No selective pressure/advantage to keep or
change the DNA sequence

 Amount of observed variation correlates with:
– Rate of mutation
– Length of breeding cycle
– Amount of time since the last common ancestor

 The neutral rate can vary across the genome
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Types of Neutrally Evolving DNA

 4-Fold Degenerate Sites
Third position of codons which can be any base and code

for the same amino acid

http://psyche.uthct.edu/shaun/SBlack/geneticd.html

Types of Neutrally Evolving DNA

 Ancestral Repeats
Ancient Relics of Transposons Inserted Prior to the Eutherian

Radiation

Adapted from Hedges & Kumar, Science 297:1283-5
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Conservation vs. Constraint

 Conservation is simply a measure of similarity
 Constraint implies purifying selection

Genome Res. (2008) 18: 201-205.

“Conservation, when observed to be in excess of the levels
predicted by a neutral model, can be used to infer constraint”

Major Approaches used for Sequence
Constraint Detection

Genome Research (2003) 13:2507-2518

Genomic Evolutionary Rate
Profiling

Binomial-based Method 

Genome Research (2005) 15:901-913

PHylogenetic Analysis with 
Space/Time models

binCons

GERP

phastCons
Genome Research (2005) 15:1034-1050
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Insights from Human-Rodent Sequence
Comparisons

 Sequence Conservation
– ~40% in Alignments
– ~5% Under “Selection”

• ~1.5% Protein Coding
• ~3.5% Non-Coding

Nature 420:520, 2002

Nature 428:493, 2004

Determining the Fraction of Sequence Under
Purifying Selection

Genome-Wide
Distribution

Neutrally
Evolving

Conservation Score

Functionally
Constrained

Adapted From Figure 28, Nature 420:553

Neutral + Functional = Genome-Wide
Genome-Wide – Neutral = Functional
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Drosophila 12 Genomes Work

The ENCODE Project

 ENCODE:
         ENCyclopedia Of DNA Elements
 Goal: Compile a comprehensive encyclopedia of all

functional elements in the human genome
 Initial pilot project: 1% of human genome
 Apply multiple approaches to study and analyze that 1%

in an international consortium
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Integration of ENCODE Data

Gene Annotation

Comparative Sequence 
Analysis

DNA-Protein Interactions

RNA Expression

Promoter Identification

All 44 ENCODE Regions
29,998,016 Bases

Coding32%

68%

8% UTRs

20%
Other ENCODE
Functional
ElementsConstrained

Sequence
Other

40%

01/06/2006 MSA-Compiled Dataset

Constrained
Sequence
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Assessing the Overlap between Constrained
Sequences and Experimental Annotations

Overlap between Constrained Sequences and
Experimental Annotations

Margulies et al. (2007) Relationship between Evolutionary Constraint and Genome Function in 1%
of the Human Genome. Genome Res, 17:760-774.

The ENCODE Consortium (2007) The ENCODE Pilot Project: Functional Annotation of 1% of the
Human Genome, Nature, 447: 799-816
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Current Understanding of Relationship between
Constrained and Functional Sequences?

 40% of all constrained sequences do not
correspond to functional annotations

 Many functional annotations fail to overlap at
least some constrained sequence

Why not a Complete Correlation Between
Sequence Constraint and Sequence Function?

 Likely not due to false positive experimental
annotations

 Did not ascertain all functions at all time-points
 Reproducible biochemical events with no biological

consequence to the organism
 Annotation is larger than the functioning unit
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Resolution Issue

DNA
Constrained

Sequences

Minimum Functioning Element

ENCODE-Identified 
Functioning Element

Why not a Complete Correlation Between
Sequence Constraint and Sequence Function?

 Likely not due to false positive experimental
annotations

 Did not ascertain all functions at all time-points
 Reproducible biochemical events with no biological

consequence to the organism
 Annotation is larger than the functioning unit
 Not constrained throughout all mammals

Lineage-specific constraint beyond this 5%
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Lineage-Specific Sequence Conservation

Adam Siepel
Cornell University
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Why not a Complete Correlation Between
Sequence Constraint and Sequence Function?

 Likely not due to false positive experimental
annotations

 Did not ascertain all functions at all time-points
 Reproducible biochemical events with no biological

consequence to the organism
 Annotation is larger than the functioning unit
 Not constrained throughout all mammals

Lineage-specific constraint beyond this 5%

 Fail to detect constraint that is not reflected in the
primary sequence

What about DNA Structure?



NHGRI Current Topics in Genome Analysis 2008
Techniques for Analyzing Genomes II

Elliott Margulies, Ph.D.

26

Next Generation Sequencing

Why Sequence DNA?
1) De novo Sequencing

2) Variation (SNP) Detection

3) “Counting” Experiments
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Plateau in Sequencing Technology

AB 3730 xl

Current Topics in Genome Analysis, E. Green, Lecture 1

Trade-offs with Newer Sequencing
Technologies

Th
ro

ug
hp

ut

Length of Read

~700

Capillary-based
(AB)

454
(Roche)

~250~40

Solexa
(Illumina)

kb

Mb

Gb

Throughput = Amount of Sequence Generated
Unit of Time or Cost
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454 Sequencing Technology

Nature 31st July 2005

Emulsion PCR (Template Prep)

Each bubble in the emulsion will potentially contain a different fragment.

Slide Courtesy of Alice Young, NISC
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Load PicoTiter Plate

Packing beads and enzyme beads
Slide Courtesy of Alice Young, NISC

PicoTiter Plate Apparatus

Instead of 96 reads/run, there are hundreds of thousands.
Slide Courtesy of Alice Young, NISC
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PyroSequencing

Luciferin

Slide Courtesy of Alice Young, NISC

Figure 4, Genome Res (2001) 11:3-11
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Data - Flowgram

Slide Courtesy of Alice Young, NISC

454 Sequencing Summary

 Run time ~8 hrs
 Produces 100’s of Mb of sequence
 Read length ~250 bp

– projected ~400 bp reads “soon”
 Most “mature” of the next-generation technologies

Applications:
 de novo sequencing
 Variation detection
 Gene Expression
 “Metagenomics”
 Publications using 454 technology:

– http://www.454.com/news-events/publications.asp
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Nature, 2006 November 16; vol. (7117), 444 330-336 

 Science, 2006 November 17 ; vol. 314, 1113-111

http://popsci.typepad.com/photos/uncategorized/2007/10/25/laluezafox1lr.jpg

Illumina/Solexa 1G Genome Analyzer
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DNA
(0.1-1.0 ug)

Single molecule array
Sample

preparation Cluster growth 5’

5’3’

G

T

C

A

G

T

C

A

G

T

C

A

C

A

G

T
C

A

T

C

A

C

C

T
A
G

C
G

T
A

GT

Sequencing

Bioinformatics Analyses

Illumina/Solexa Sequencing

Slide Courtesy of Dale Yuzuki

The Illumina Genome Analysis System

Sequencing & Imaging

Flow Cell

Cluster Generation
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100 MICRONS

Pseudo-color Enhanced Image

Slide (though modified) Courtesy of Dale Yuzuki

5’

G

T

C

A

G

T

C

A

G

T

C

A

G
T

3’

5’

C

A

G

T
C

A

T

C

A

C

C

T
A
G

C
G

T
A

First base incorporated

Cycle 1: Add sequencing reagents

Remove unincorporated bases

Detect signal

Cycle 2-n:  Add sequencing reagents and repeat

All four labeled nucleotides in one
reaction
Base-by-base sequencing
No problems with homopolymer
repeats

Sequencing By Synthesis (SBS)

Slide (though modified) Courtesy of Dale Yuzuki
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Base Calling from Raw Data

T T T T T T T G T …

T G C T A C G A T …

The identity of each base of a cluster is read off from sequential images.

1 2 3 7 8 94 5 6

Slide (though modified) Courtesy of Dale Yuzuki

Bioinformatics

 ~3 days per run
 ~1Tb of “raw” data per run
 >1Gb of sequence

– 25-40 million reads

 Significant computing horsepower
needed for primary analyses
– Image analysis to base-calling
– Alignment
– Assembly
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Illumina/Solexa Summary

 Well-suited for “counting” based experiments
 Alternate approaches to alignment
 Quality of individual reads vs. depth of coverage

– De novo genome sequencing
– Variation detection

 Cheap sequence fast!

Cell (2007) May 18;129(4):823-37.

 One of the first publications using
Solexa data

 Reproducible data production
 Correlates with other sequence-

based counting experiments
 Identify biologically-relevant

patterns of histone methylation
– Transcription
– Enhancers
– Insulators

 Stay tuned for Laura Elnitski’s
lecture!



NHGRI Current Topics in Genome Analysis 2008
Techniques for Analyzing Genomes II

Elliott Margulies, Ph.D.

38

Nature. 2007 Aug 2;448(7153):553-60

Sequencing-based methods equivalent to
Microarray-based methods

Cell. (2008) Jan 25;132(2):311-22.
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Future Horizons

SOLiD HeliScope SMRT Technology

True Single Molecule Sequencing

Ligation-based extension

Sanger Sequencing becomes the ‘old’ generation

Nature Methods, January 2008 Issue

Good overview of latest-generation sequencing technologies currently available
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Current Topics in Genome Analysis

Next Lecture:

Regulatory and Epigenetic Landscapes of
Mammalian Genomes

Laura Elnitski, Ph.D.
National Human Genome Research Institute

National Institutes of Health


