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Some points from other lectures
• Population Genetics: Practical Applications 

Lynn Jorde
– Described patterns of human genetic variation among and within 

populations, linkage disequilibrium and HapMap and how all this 
relates to the search for complex disease genes.

• Linkage Analysis and Complex Traits 
Elaine Ostrander
– Linkage based approaches to finding disease susceptibility 

genes.
• Studying Genetic Variation I: Laboratory Techniques 

Karen Mohlke
– Types of sequence polymorphisms and genotyping methods.
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Genetic Variation Discovery

The primary method for 
discovering sequence variation 

is by sequencing DNA and 
comparing the sequences
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Trace Archive Search query:
trace_name='S213P602260RC9.T0' OR trace_name='50766946'
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Overview of Topics

• Review of genetic variation discovery
• Database of SNPs, dbSNP
• Other types of genetic variation
• Medical sequencing
• Next-generation sequencing and SNPs
• Targeted Genomic Selection
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A few definitions
• Alleles

– Alternate forms of a gene or chromosomal locus that 
differ in DNA sequence

• Single Nucleotide Polymorphism (SNP)
– The most common form of genetic variation in the 

genome: a single-base substitution
• Minor Allele Frequency (MAF)

– Proportion of the less common of 2 alleles in a 
population

• Polymorphic
– Usually implies a MAF of at least 1%
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NCBI dbSNP database
of genetic variation

• http://www.ncbi.nlm.nih.gov/SNP/

• This is the main repository of publicly 
available genetic variation data.  

• You’ll also find information on allele 
frequencies, populations, genotype assays 
and much more.
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Review of Genetic Variation 
Discovery Efforts

• Expressed sequence tag (EST) mining
• Clone overlap
• The SNP Consortium (TSC)
• Haplotype Map Project (HapMap)
• Chip based sequencing arrays
• Human Genome Structural Variation (HGSV)
• Personal Genomes (available from NCBI trace 

archive)
– Craig Venter (PLoS Biology Vol. 5, No. 10, e254)
– Jim Watson (http://jimwatsonsequence.cshl.edu/cgi-

perl/gbrowse/jwsequence/)
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Clone Overlap
• The human genome was sequenced from BAC clones 

(containing about 150kb of sequence each).

• These overlapped to various levels, and within the 
overlap regions, high quality base differences indicated 
the position and alleles of SNPs.
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Clone Overlap
• About 1.3M SNPs in dbSNP come from mining of clone 

overlaps.

• Special care was required to insure that the overlapping 
clones came from different haploids. (see references)

• This can be accomplished by 
– looking at the source DNA for the two clones to see that it 

originated from different individuals, or 
– if from the same individual, that the variation rate within the 

overlapping regions indicated that the DNA was from different 
haploids of one individual.
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The SNP Consortium
• A two year effort (1999-2001) funded by the Wellcome

Trust and 11 pharmaceutical and technology companies 
to discover 300,000 SNPs randomly distributed across 
the human genome.

• The SNPs were developed from a pool of DNA samples 
obtained from 24 individuals representing several ethnic 
groups.

• The initial target of 300,000 SNP was passed quickly, 
and now the sequence generated from that project 
contributes over 1.3M SNPs to the public archives.
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Perlegen used Affymetrix’s chip design process to place 
60M probes on a 5x5” chip.  From 20 single haploid 
chromosome 21 chromosomes, they discovered 36k 
SNPs.

http://www.perlegen.com/
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More SNPs for HapMap Project
• This project required many more SNPs than 

were available when it started in October 2002, 
which totaled about 2M.

• Additional random shotgun sequencing has 
brought this to 8.2M SNPs for the HapMap 
Project.

• It has been estimated that there are perhaps 
10M common SNPs (> 5% MAF), so there are 
many more SNPs yet to discover.
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Table 2. Estimated coverage of the Phase II HapMap in 
the ten HapMap ENCODE regions

NATURE Vol 449, 18 October 2007
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Genome-Wide Association Studies

• Enabled by the HapMap project and spinoff SNP 
genotyping chips

• Availability of large, well studied sample cohorts 
• Funded internationally

– Genetic Association Information Network (GAIN, a 
public-private partnership)

• http://www.fnih.org/GAIN2/home_new.shtml
– Genes, Environment and Health Initiative (GEI)

• http://www.genesandenvironment.nih.gov/
– Wellcome Trust Case Control Consortium (WTCCC)

• http://www.wtccc.org.uk/
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200520062007 first quarter2007 second quarter2007 third quarter2007 fourth quarterFebruary 2008 

Manolio, Brooks, Collins, J. Clin. Invest., in press.
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A Catalog of Published Genome-
Wide Association Studies

• http://www.genome.gov/26525384

And 130 more entries…
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JAMA. 2008;299(11):1335-1344. 
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dbGaP

• http://www.ncbi.nlm.nih.gov/entrez/query/
Gap/gap_tmpl/about.html

• The database of Genotype and Phenotype 
(dbGaP) was developed to archive and 
distribute the results of studies that have 
investigated the interaction of genotype 
and phenotype.

• http://www.ncbi.nlm.nih.gov/entrez/query/
Gap/gap_tmpl/dbGaP_HowTo.pdf
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Overview of Topics

• Review of genetic variation discovery
• Database of SNPs, dbSNP
• Other types of genetic variation
• Medical sequencing
• Next-generation sequencing and SNPs
• Targeted Genomic Selection
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What’s recorded in dbSNP
• From their main web page, they have extensive information on how

to submit SNPs, genotypes, validation experiments, population 
frequencies, etc., for any species.

• SNPs that you submit are called Submitter SNPs and get ssIDs.

• If there is a reference sequence available for the species submitted, 
they will map SNPs to this reference using the flank information you 
provide.  

• SNPs that cluster at the same locus, are merged into Reference 
SNPs which have unique rsIDs.



13

25

Cl
ick

http://www.ncbi.nlm.nih.gov/SNP/index.html
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http://www.ncbi.nlm.nih.gov/sites/entrez?db=snp
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http://www.ncbi.nlm.nih.gov/sites/entrez?db=snp
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dbSNP record for rs1045012
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Viewing SNPs in Browsers
NCBI Ensembl UCSC



17

33

Overview of Topics

• Review of genetic variation discovery
• Database of SNPs, dbSNP
• Other types of genetic variation
• Medical sequencing
• Next-generation sequencing and SNPs
• Targeted Genomic Selection

34

Other Types of Sequence Variation

• Deletion/Insertion Polymorphisms (DIPs)
– Also called indels, sizes from 1base to ~1kb
– More difficult to detect and automatically type
– Occur at less frequent intervals; about 8 times less frequent 

compared to SNPs
• 2.1M DIPs and 9.3M SNPs
• More difficult to cluster, e.g. rs34505627 and rs10581774:

• Structural Variation

• Copy Number Variation

atttatttatttattt reference
attt----atttattt rs10581774 
atttattta----ttt rs34505627
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Definition of Terms: Larger Scale Variation 

Genome Res. 2006 16: 949-961
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Human Genome Structural 
Variation Project

• NHGRI funded initiative
• A sequence-based survey of human structural 

variation aims to characterize common structural 
variants that are larger than (>5 kb) 

• Types include multi-kilobase deletions, 
insertions, inversions, translocations, and 
duplications

• The approach entails sequencing the ends of 
fosmids and BACs from multiple individuals
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37Nature. 2007 May 10;447(7141):161-5.

38Nature. 2007 May 10;447(7141):161-5.

• Sequence from 1M fosmid ends (2M sequence reads) covers the 
genome to about 12X template coverage

• Or about 6X coverage across each of an individuals 2 haploids
• This is enough coverage to detect deletions and insertion as small 

as about 5kb
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39Nature. 2007 May 10;447(7141):161-5.

40Nature Genetics 37, 727 - 732 (2005) 

Sequence level identification of deletion and 
insertion events



21

41

Structural Variation Project Goals

• Generate fosmid and BAC end sequence 
data for up to 48 HapMap individuals

• Sequence for 9 individuals are available
• Twelve more are “ongoing”
• Mine the data for common and rare 

structural variants
• Mine the trace data for SNPs and DIPs

http://www.genome.gov/25521748
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Copy Number Variation

• This is structural variation, however the 
methods used to detect CNVs do not give 
precise local structural information

• Typically detected using an array-based 
technology, e.g.
– SNP genotyping chips
– Oligonucleotide arrays
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Copy number variation detected using representational 
oligonucleotide microarray analysis (ROMA)

Science. 2004 July 23;305(5683):525-8 

44



23

45

Future of CNV detection

• New SNP chips are being designed to include 
more features to detect CNVs at a higher 
resolution across the genome

• These new chips will be applied to many more 
samples
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Overview of Topics

• Review of genetic variation discovery
• Database of SNPs, dbSNP
• Other types of genetic variation
• Medical sequencing
• Next-generation sequencing and SNPs
• Targeted Genomic Selection
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Medical Sequencing Project 
Initiatives

• Mapped Autosomal Mendelian Disorders
• Allelic Spectrum in Common Disease

http://www.genome.gov/20019648
• Tumor Sequencing Project

http://www.genome.gov/19517442
• The Cancer Genome Atlas Project

– NCI GRAND ROUNDS Lecture by Dr. Collins
http://videocast.nih.gov/Summary.asp?File=14383
http://cancergenome.nih.gov/about/index.asp

48http://www.genome.gov/20019648

Mendelian Initiative:
- mapped Mendelian disorders to intervals of about 10 Mb or less
Allelic Spectrum Initiative:
- sequencing genes implicated in common disorders in large, well-phenotyped cohorts  
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Medical Sequencing

• This is accomplished using PCR 
amplification of selected targets followed 
by Sanger sequencing
– Regions of interest (ROI) are defined, e.g. all 

coding exons in a suspected disease gene
– PCR primer pairs designed to cover ROIs
– PCR amplification and sequencing
– Sequence variant detection
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Choice of Genomic Regions

The regions of interest (ROIs) are 
typically defined by their biological 
context (coding, conservation, 
regulatory function, known variation). 
When features are in close proximity, 
the number of amplimers is 
automatically reduced, maintaining 
optimal coverage.

Primer Design
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Watch out for segmental 
duplications or CNVs
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Primer Ordering 
and Tracking

The design coverage 
of the ROIS and the 
status of amplimers are 
tracked with the 
interfaces above.  
Once the design 
coverage is considered 
satisfactory, the primer 
pairs can be ordered 
automatically.  
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Exploring the data

Q20 per 
individual

List of projects and 
progress overview

List of 
subjects

54
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The system keeps track of analysis performed on the data and 
coverage attained for each ROI. It also allows a user to browse the 
detected genotypes. 
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We are 
developing 
interfaces that 
allow exploring 
the results and 
identify 
interesting 
results as well 
flag problems. 

Three examples of same SNP detected in 
overlapping amplimers. This information 
is used to assess accuracy of the 
detection.   
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Heterozygous DIPs “Dye blob” Detection 
saturation

Some of the challenges of variation detection
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Future of Medical Sequencing

• Many sequencing centers have medical 
sequencing pipelines in operation

• Next-generation sequencing platforms will 
radically change this approach
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Overview of Topics

• Review of genetic variation discovery
• Database of SNPs, dbSNP
• Other types of genetic variation
• Medical sequencing
• Next-generation sequencing and SNPs
• Targeted Genomic Selection
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Next-gen Sequencing

• Introduced by Dr. Margulies in an earlier 
CTGA lecture

• How these can be used for variation 
detection and genotyping

• Techniques for targeted genomic capture 
in combination with next-gen sequencing

• Large scale efforts for greatly expanding 
the list of known variants in the genome
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Genome Analyzer
(Solexa)

Sequencing by synthesis

454 FLX

Pyrosequencing
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Platform Comparisons
Criterion ABI 3730 Roche 454 Illumina

Sequencing 
chemistry Big dye 

ddNTPs Pyrosequencing Sequencing 
by synthesis

Ligation-
based 

sequencing
Amplification 
approach

Linear 
PCR Emulsion PCR Bridge 

amplification
Emulsion 

PCR
Paired ends/ 
separation

Yes/ 
variable Yes/3kb Yes/200bp Yes/3kb

Time/run
(bases/run)

1hr
(65kb)

7hr
(100Mb)

4d/8d
(2000 Mb)

4d/10d
(4000 Mb)

Read length +650 bp ~230 bp 36 bp 35 bp

AB Solid



32

63

Next-Gen Sequencing
to Detect SNPs from Diploid DNA

• 454-FLX, Solexa and SOLiD generate sequence 
from clonal substrates

• If one would like to know both alleles at each 
base, sequence coverage must be high, e.g. 
over 10X

• To sequence an individual’s diploid genome, 
therefore, would require at least 30Gb of 
sequence
– 300 454-FLX runs (100 machine-days)
– 15 Solexa runs (120 machine-days)
– 8 SOLiD runs (80 machine-days)
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SNP Genotype Sensitivity
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Example of short read sequence 
alignment
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SNP/Genotype Calling
• Alleles at each base with aligned data called 

using a Bayesian based method

– ten possible genotypes, four homozygous and 6 
heterozygous

– Non-reference genotype prior probability is 0.001, 
sequencing error rate is 1.7%

– Score is the difference between the log-odds of the 
most probable genotype and the second most 
probable genotype
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Overview of Topics

• Review of genetic variation discovery
• Database of SNPs, dbSNP
• Other types of genetic variation
• Medical sequencing
• Next-generation sequencing and SNPs
• Targeted Genomic Selection
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Targeted Genomic Selection

• Multiplex PCR
– Expensive to cover large regions

• Reduced representation using restriction enzymes
– Inexpensive, but cannot be targeted

• Long Range PCR 
– Difficult to design, suffers from allelic dropout

• Hybridization capture
• Molecular Inversion Probe capture
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Microarray Direct Capture

• 385k features / chip  (6MB seq.)
• 24-30k exons / chip
• 55-85% specificty (seq in ROI)
• 12-50% total ROI seq coverage*
• Exon coverage 40-78% (22-60% dropout)
• Non-uniform seq. depth
• 20 ug DNA input

Hodges etal. Nature Genetics 39,  1522-1527 (2007)
Okou etal Nature Methods 4, 907-909 (2007)
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Molecular Inversion Probe Capture

Porreca etal. Nature Methods 4, 931-936 (2007)

Repair,concat, 
shear

Sequence

• 55,000 capture oligos (1 / exon)
• 6.7 Mb total seq.
• Specifity = 98.6% (small sample)
• Exon coverage = 91% (9% dropout)
• Each exon targeted with 1 probe
• 750 ng - 1.5 ug DNA input
• Highly non-uniform seq. coverage 
(several logs) - but consistent

• Het calls - 96% sens.

72

High Throughput Synthesis
Of Long Oligo Libraries



37

73

Molecular Inversion Probe Capture

74

Experimental Design - Workflow

Design Primers

MI Capture

Library Prep

Probe Amp

Sequencing

Analysis

3-4 days

4 days

3-4 days

1-2 days

3 days
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Experimental Design - Primers
• 4000 probes - (492kbp)
• Use primer_tile to design - similar to PCR primers
• Capture Region Criteria

- length of region: 90-280bp, 200 optimal
- GC% in targeting pairs: 45-65%, then 40-70%
- minimize non-specific targeting pairs using ePCR
- no Nt.AlwI or Nb.BsrDI restriction sites in targeting arms
- no SNPs in targeting arms

76

Example Region
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Example Zoomed In
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Which technology to use depends 
on the scale of the project

• PCR with Sanger based sequencing
– 10s of exons
– 250 amplicons

• Targeted genomic selection and next-gen 
sequencing
– Over 2Mb of sequence
– Entire exome
– Part of a chromosome
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The 1000 Genomes Project
• An international research consortium launched in 

January 2008
• With funding from

– The Wellcome Trust Sanger Institute, UK
– Beijing Genomics Institute, China
– NHGRI, USA

• Sequence at least 1000 people from around the world
– Vastly improve the genome-wide map of variation
– Allow discovery of nearly all SNPs with MAFs down to 1%
– Assist confirmation of rare variants

• http://www.1000genomes.org/
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Concluding remarks
• Along with the emergence of the human genome, we 

also have a growing database of variations that are 
critical to the overall value of the human genome 
sequence.

• These variations are what make us all (phenotypically) 
different, and impart different levels of resistance and 
susceptibility to disease.

• The collection of human sequence variation as well as 
that for other species will continue to evolve rapidly.



41

81

References
EST SNPs

Hu G, Modrek B, Riise Stensland HM, Saarela J, Pajukanta P, Kustanovich V, Peltonen L, Nelson SF, 
Lee C.,  Efficient discovery of single-nucleotide polymorphisms in coding regions of human genes. 
Pharmacogenomics J. 2002;2(4):236-42. 

Clifford R, Edmonson M, Hu Y, Nguyen C, Scherpbier T, Buetow KH., Expression-based 
genetic/physical maps of single-nucleotide polymorphisms identified by the cancer genome 
anatomy project. Genome Res. 2000 Aug;10(8):1259-65.

Irizarry K, Kustanovich V, Li C, Brown N, Nelson S, Wong W, Lee CJ., Genome-wide analysis of 
single-nucleotide polymorphisms in human expressed sequences. Nat Genet. 2000 
Oct;26(2):233-6.

Clone Overlaps/TSC
The International SNP Map Working Group, A map of human genome sequence variation containing 

1.4 million SNPs. Nature 15 February 2001, v409, 928 - 933 
Ning Z, Cox AJ, Mullikin JC, SSAHA: a fast search method for large DNA databases. Genome Res. 

2001 Oct;11(10):1725-9.
Marth G, Schuler G, Yeh R, Davenport R, Agarwala R, Church D, Wheelan S, Baker J, Ward M, 

Kholodov M, Phan L, Czabarka E, Murvai J, Cutler D, Wooding S, Rogers A, Chakravarti A, 
Harpending HC, Kwok PY, Sherry ST. Sequence variations in the public human genome data 
reflect a bottlenecked population history. Proc Natl Acad Sci U S A. 2003 Jan 7;100(1):376-81.

Targeted Resequencing
Haga H, Yamada R, Ohnishi Y, Nakamura Y, Tanaka T. Gene-based SNP discovery as part of the 

Japanese Millennium Genome Project: identification of 190,562 genetic variations in the human 
genome. Single-nucleotide polymorphism.  J Hum Genet. 2002;47(11):605-10. 

82

References
Chip based SNP discovery

Patil N, Berno AJ, Hinds DA, Barrett WA, Doshi JM, Hacker CR, Kautzer CR, Lee DH, 
Marjoribanks C, McDonough DP, Nguyen BT, Norris MC, Sheehan JB, Shen N, Stern D, 
Stokowski RP, Thomas DJ, Trulson MO, Vyas KR, Frazer KA, Fodor SP, Cox DR. Blocks of 
limited haplotype diversity revealed by high-resolution scanning of human chromosome 21. 
Science. 2001 Nov 23;294(5547):1719-23. 

Human Genome Structural Variation
The Human Genome Structural Variation Working Group; Eichler EE, Nickerson DA, Altshuler D, 

Bowcock AM, Brooks LD, Carter NP, Church DM, Felsenfeld A, Guyer M, Lee C, Lupski JR, 
Mullikin JC, Pritchard JK, Sebat J, Sherry ST, Smith D, Valle D, Waterston RH. Completing 
the map of human genetic variation. Nature. 2007 May 10;447(7141):161-5.

Haplotype Map Project
The International HapMap Consortium. A second generation human haplotype map of over 3.1 

million SNPs. Nature 2007 449, 851-861..
The International HapMap Consortium. A haplotype map of the human genome. Nature 2005 

437, 1299-1320. 2005.
The International HapMap Consortium. The International HapMap Project. Nature. 2003 Dec 

18;426(6968):789-96.
Goldstein DB. Islands of linkage disequilibrium. Nat Genet. 2001 Oct;29(2):109-11.
Hinds DA, Stuve LL, Nilsen GB, Halperin E, Eskin E, Ballinger DG, Frazer KA, Cox DR. Whole-

genome patterns of common DNA variation in three human populations. Science. 2005 Feb 
18;307(5712):1072-9.

Crawford DC, Nickerson DA,  Definition and clinical importance of haplotypes. Annu Rev Med. 
2005;56:303-20.



42

83

WEB pages
http://droog.mbt.washington.edu/PolyPhred.html
http://www.ncbi.nlm.nih.gov/SNP/index.html : dbSNP home page
http://www.ensembl.org : Ensembl home page
http://www.ucl.ac.uk/~ucbhdjm/courses/b242/2+Gene/2+Gene.html
http://www.hapmap.org/: Haplotype Map Project home page
http://www.hapmap.org/cgi-perl/gbrowse/gbrowse/hapmap
http://www.broad.mit.edu/personal/jcbarret/haploview/
http://genome.perlegen.com/browser/index_v2.html: Perlegen’s HapMap
http://www.genome.gov/25521748 : HGSV


