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Human Genetic Variation

Variants contribute to rare and
common diseases

Variants can be used to trace
human origins
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Origins of Variation

• Mutations are produced by errors in
DNA replication

• Errors in DNA replication during egg
or sperm formation lead to new
mutations

• Average 2.5 x 10-8 mutations per
nucleotide site or 175 mutations per
diploid genome per generation

Human Genetic Variation

• What types of variants exist?

• How are variants found?

• How are variants scored?

• How are variants used?
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Human Genetic Variation

• What types of variants exist?

• How are variants found?

• How are variants scored?

• How are variants used?

Human Genetic Variation

• Sequence repeats
• Single nucleotide polymorphisms
• Insertions and deletions

– Nucleotides to kilobases

• Rearrangements
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A typical sequence from the human genome…

GGCATCTTTGTGTTACTCTGCTCAACATTCAAAGTCCCAGGGGAGAATATTATTAGTTGGGCTTAGGTCACATGCCCACATGGCTGTACTGGGATGAGA
GAGAAGGAATCCGATGAAAGGAGCCCACAGTAACCCTTCTGCTTCTGTTATTTGGGGGCAAGACACACCAATCTGTCATACACCAGTCTGAAAACAATG
GGGGAGAGGATTTCCTAAAAGGAAACTAGGATGTTATTTACTTATTTTTATTTTTATTTTTTTGAGATGGAGTCTTGCTCTGTCGCCCAGGCTGGAGTG
CAGTGGTGCAATTTCAGCTCACTGCAACCTCTGCCTCCCAGGTTCAAGTGATTCTCCTGCCTCAGCCTCCCCCCATAGCTGGAATTACAGGCATGTGCC
ACCATGCCCAGCTAATTTTTTTTGTATTTTTAGTAGAGATGGGGTTTCACCATGTTGGCCAGGCTGGTCTCGAACTCCTGACCTCAGGTGATCCGCCCA
CCTCGGCCTCCCAGAGTGCTGGGATTACAGTTGTGAGCCACCATGTCCGGCCCTAGGATATTTTCAATTAAGAAAAGAATGCTGGATAGCCAAAGTGAA
AATACACACACACACACACACACACACACACACACACACACAAAACCCCGTCCATAAAAACTGGAGCTCAAATAATTCGTAATTATTTAATAAAAGAAA
AACATCAGAATCTTTCATCTTTGAAGGCACAAAGAGTTAGTATTCACAGAGGATAGCTATCTTATCTCTCCTCTCTGGAGGGTTCAGAAAATGTTTGAT
CTCATCCTGGGGAAAGCCAGATGATAACGTTCAATGGAGCAAAGAAAAGGTGCACACAAATTGAGGTGTCTTACAAAACAAATGGAAGTTTCATATCCT
GCTACAAAGGGCCAGAGGAATATTTCCCATAAAAGCATTGTTGCGAGGGATGAATGAGATAAGGATGTAGACCTCTGAGTATGATAAATGGTTAGTTCT
TCCTATTAGTTGTTGTTTCTGATGTAGAAACAGCGTCTTTCTCCCTATATCTGGTCTAAAATCCAACCTGATAGGAGACGTTTTCGTTTGGGATTATGG
AAAGATACAACAGTTCTGGGGGTTGAGTTCAGGGCTAATTTTCTGAAGGATAAGAGAGCAAGCCCCAGCCAAGAGCCAAGAGAAAGCAATGATGAGGAA
GCGGGCAGTAGCAGCCATTTAGACTGGTTGCTTTGTGGGACTCCCTTCTATTTGTACATTATTAGGCTTTCCAACAGGGGACAATAAACAGTATGAATC
CAGACAGGATGAGGGTGGGTTGCACAAGCAGCTGGGCCCACTGAACTAGAGCCTGACTCAAAAAAGGAAGGAGGCTGGGCGCAGTGGCTCACACCTGTA
ATCCCAGCACTTTGGGAGGCCGAGGCGGGTGGATCACGAGGTCTGGAGTTCGAGACAAGCCTGGCCAATATGGTGAAACCCCATAGCTACTAAAAATAC
AAAAATTAGCCAGGCATGGTGGCAGGCACCTGTAGTCCCAGCTACTCGGGAGGCTGAGGCAGAAGAATCACTTGAACCTGGGAGGTGGAGGTTGCAGTG
AGCTGAGATTGTGCCACTGCACTCCAGCCTGGTGACAGAGCAAGACTCCATCTCAAAAAAAAAAAAAAAAAAGAAGGAAGATCTGCCATGGTGTTAGGA
CCCACCATCCGTTCCTTCTGGTCGAGTCAGGCTGTGTCCCCATTGACTGGGGCATGATTGCACTTCTTGTGATCCGGTAGCATGTTCCCAGGCCCAGGG
AGTGTCCAGGCAGTGCATCAGATTATCAGGCATTGACCAGAGATACCTATAAGCTGAGAGCTACAGCCATTTTGGCAAGCTCTGAAAACCCAGAGTTGG
CGCTGTTCATGGGGGAGGGATCTGCATGGTGACTCGCTGAGCCGATGGTTTTTGTGTTCTGTTTGGAAAGCCTACACATATGTGTTTAAACCATCCCTA
TGCATCATTAGCCTGCT

…from sequence on chromosome 3 stretching
from base positions 187543053 to 187545049 of
the human genome hg16 (July 2003) assembly.

Microsatellite
GGCATCTTTGTGTTACTCTGCTCAACATTCAAAGTCCCAGGGGAGAATATTATTAGTTGGGCTTAGGTCACATGCCCACATGGCTGTACTGGGATGAGA
GAGAAGGAATCCGATGAAAGGAGCCCACAGTAACCCTTCTGCTTCTGTTATTTGGGGGCAAGACACACCAATCTGTCATACACCAGTCTGAAAACAATG
GGGGAGAGGATTTCCTAAAAGGAAACTAGGATGTTATTTACTTATTTTTATTTTTATTTTTTTGAGATGGAGTCTTGCTCTGTCGCCCAGGCTGGAGTG
CAGTGGTGCAATTTCAGCTCACTGCAACCTCTGCCTCCCAGGTTCAAGTGATTCTCCTGCCTCAGCCTCCCCCCATAGCTGGAATTACAGGCATGTGCC
ACCATGCCCAGCTAATTTTTTTTGTATTTTTAGTAGAGATGGGGTTTCACCATGTTGGCCAGGCTGGTCTCGAACTCCTGACCTCAGGTGATCCGCCCA
CCTCGGCCTCCCAGAGTGCTGGGATTACAGTTGTGAGCCACCATGTCCGGCCCTAGGATATTTTCAATTAAGAAAAGAATGCTGGATAGCCAAAGTGAA
AATACACACACACACACACACACACACACACACACACACACAAAACCCCGTCCATAAAAACTGGAGCTCAAATAATTCGTAATTATTTAATAAAAGAAA
AACATCAGAATCTTTCATCTTTGAAGGCACAAAGAGTTAGTATTCACAGAGGATAGCTATCTTATCTCTCCTCTCTGGAGGGTTCAGAAAATGTTTGAT
CTCATCCTGGGGAAAGCCAGATGATAACGTTCAATGGAGCAAAGAAAAGGTGCACACAAATTGAGGTGTCTTACAAAACAAATGGAAGTTTCATATCCT
GCTACAAAGGGCCAGAGGAATATTTCCCATAAAAGCATTGTTGCGAGGGATGAATGAGATAAGGATGTAGACCTCTGAGTATGATAAATGGTTAGTTCT
TCCTATTAGTTGTTGTTTCTGATGTAGAAACAGCGTCTTTCTCCCTATATCTGGTCTAAAATCCAACCTGATAGGAGACGTTTTCGTTTGGGATTATGG
AAAGATACAACAGTTCTGGGGGTTGAGTTCAGGGCTAATTTTCTGAAGGATAAGAGAGCAAGCCCCAGCCAAGAGCCAAGAGAAAGCAATGATGAGGAA
GCGGGCAGTAGCAGCCATTTAGACTGGTTGCTTTGTGGGACTCCCTTCTATTTGTACATTATTAGGCTTTCCAACAGGGGACAATAAACAGTATGAATC
CAGACAGGATGAGGGTGGGTTGCACAAGCAGCTGGGCCCACTGAACTAGAGCCTGACTCAAAAAAGGAAGGAGGCTGGGCGCAGTGGCTCACACCTGTA
ATCCCAGCACTTTGGGAGGCCGAGGCGGGTGGATCACGAGGTCTGGAGTTCGAGACAAGCCTGGCCAATATGGTGAAACCCCATAGCTACTAAAAATAC
AAAAATTAGCCAGGCATGGTGGCAGGCACCTGTAGTCCCAGCTACTCGGGAGGCTGAGGCAGAAGAATCACTTGAACCTGGGAGGTGGAGGTTGCAGTG
AGCTGAGATTGTGCCACTGCACTCCAGCCTGGTGACAGAGCAAGACTCCATCTCAAAAAAAAAAAAAAAAAAGAAGGAAGATCTGCCATGGTGTTAGGA
CCCACCATCCGTTCCTTCTGGTCGAGTCAGGCTGTGTCCCCATTGACTGGGGCATGATTGCACTTCTTGTGATCCGGTAGCATGTTCCCAGGCCCAGGG
AGTGTCCAGGCAGTGCATCAGATTATCAGGCATTGACCAGAGATACCTATAAGCTGAGAGCTACAGCCATTTTGGCAAGCTCTGAAAACCCAGAGTTGG
CGCTGTTCATGGGGGAGGGATCTGCATGGTGACTCGCTGAGCCGATGGTTTTTGTGTTCTGTTTGGAAAGCCTACACATATGTGTTTAAACCATCCCTA
TGCATCATTAGCCTGCT

A dinucleotide marker named AFM059XA9 and
D3S1262 is located at position 187,545,049.

CACACACACACACACACACACACACACACACACACACA
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Microsatellites

• Many alleles, highly informative

• >50,000 in human genome

• Relatively high mutation rate

• Used to build first framework map

More typical sequence …
GAAATAATTAATGTTTTCCTTCCTTCTCCTATTTTGTCCTTTACTTCAATTTATTTATTTATTATTAATATTATTATTTTTTGAGACGGAGTTTCACTCTTGT
TGCCAACCTGGAGTGCAGTGGCGTGATCTCAGCTCACTGCACACTCCGCTTTCTGGTTTCAAGCGATTCTCCTGCCTCAGCCTCCTGAGTAGCTGGGACTACA
GTCACACACCACCACGCCCGGCTAATTTTTGTATTTTTAGTAGAGTTGGGGTTTCACCATGTTGGCCAGACTGGTCTCGAACTCCTGACCTTGTGATCCGCCA
GCCTCTGCCTCCCAAAGAGCTGGGATTACAGGCGTGAGCCACCGCGCTCGGCCCTTTGCATCAATTTCTACAGCTTGTTTTCTTTGCCTGGACTTTACAAGTC
TTACCTTGTTCTGCCTTCAGATATTTGTGTGGTCTCATTCTGGTGTGCCAGTAGCTAAAAATCCATGATTTGCTCTCATCCCACTCCTGTTGTTCATCTCCTC
TTATCTGGGGTCACATATCTCTTCGTGATTGCATTCTGATCCCCAGTACTTAGCATGTGCGTAACAACTCTGCCTCTGCTTTCCCAGGCTGTTGATGGGGTGC
TGTTCATGCCTCAGAAAAATGCATTGTAAGTTAAATTATTAAAGATTTTAAATATAGGAAAAAAGTAAGCAAACATAAGGAACAAAAAGGAAAGAACATGTAT
TCTAATCCATTATTTATTATACAATTAAGAAATTTGGAAACTTTAGATTACACTGCTTTTAGAGATGGAGATGTAGTAAGTCTTTTACTCTTTACAAAATACA
TGTGTTAGCAATTTTGGGAAGAATAGTAACTCACCCGAACAGTGTAATGTGAATATGTCACTTACTAGAGGAAAGAAGGCACTTGAAAAACATCTCTAAACCG
TATAAAAACAATTACATCATAATGATGAAAACCCAAGGAATTTTTTTAGAAAACATTACCAGGGCTAATAACAAAGTAGAGCCACATGTCATTTATCTTCCCT
TTGTGTCTGTGTGAGAATTCTAGAGTTATATTTGTACATAGCATGGAAAAATGAGAGGCTAGTTTATCAACTAGTTCATTTTTAAAAGTCTAACACATCCTAG
GTATAGGTGAACTGTCCTCCTGCCAATGTATTGCACATTTGTGCCCAGATCCAGCATAGGGTATGTTTGCCATTTACAAACGTTTATGTCTTAAGAGAGGAAA
TATGAAGAGCAAAACAGTGCATGCTGGAGAGAGAAAGCTGATACAAATATAAATGAAACAATAATTGGAAAAATTGAGAAACTACTCATTTTCTAAATTACTC
ATGTATTTTCCTAGAATTTAAGTCTTTTAATTTTTGATAAATCCCAATGTGAGACAAGATAAGTATTAGTGATGGTATGAGTAATTAATATCTGTTATATAAT
ATTCATTTTCATAGTGGAAGAAATAAAATAAAGGTTGTGATGATTGTTGATTATTTTTTCTAGAGGGGTTGTCAGGGAAAGAAATTGCTTTTTTTCATTCTCT
CTTTCCACTAAGAAAGTTCAACTATTAATTTAGGCACATACAATAATTACTCCATTCTAAAATGCCAAAAAGGTAATTTAAGAGACTTAAAACTGAAAAGTTT
AAGATAGTCACACTGAACTATATTAAAAAATCCACAGGGTGGTTGGAACTAGGCCTTATATTAAAGAGGCTAAAAATTGCAATAAGACCACAGGCTTTAAATA
TGGCTTTAAACTGTGAAAGGTGAAACTAGAATGAATAAAATCCTATAAATTTAAATCAAAAGAAAGAAACAAACTGAAATTAAAGTTATTATACAAGAATATG
GTGGCCTGGATCTAGTGAACATATAGTAAAGATAAAACAGAATATTTCTGAAAAATCCTGGAAAATCTTTTGGGCTAACCTGAAAACAGTATATTTGAAACTA
TTTTTAAAATGCAGTGATACTAGAAATATTTTAGAATCATATGTA

…from sequence on chromosome 7 stretching from
base positions 49,719,732 to 49,721,733.
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Single nucleotide polymorphisms (SNPs)
GAAATAATTAATGTTTTCCTTCCTTCTCCTATTTTGTCCTTTACTTCAATTTATTTATTTATTATTAATATTATTATTTTTTGAGACGGAGTTTCACTCTTGT
TGCCAACCTGGAGTGCAGTGGCGTGATCTCAGCTCACTGCACACTCCGCTTTCCGGTTTCAAGCGATTCTCCTGCCTCAGCCTCCTGAGTAGCTGGGACTACA
GTCACACACCACCACGCCCGGCTAATTTTTGTATTTTTAGTAGAGTTGGGGTTTCACCATGTTGGCCAGACTGGTCTCGAACTCCTGACCTTGTGATCCGCCA
GCCTCTGCCTCCCAAAGAGCTGGGATTACAGGCGTGAGCCACCGCGCTCGGCCCTTTGCATCAATTTCTACAGCTTGTTTTCTTTGCCTGGACTTTACAAGTC
TTACCTTGTTCTGCCTTCAGATATTTGTGTGGTCTCATTCTGGTGTGCCAGTAGCTAAAAATCCATGATTTGCTCTCATCCCACTCCTGTTGTTCATCTCCTC
TTATCTGGGGTCACCTATCTCTTCGTGATTGCATTCTGATCCCCAGTACTTAGCATGTGCGTAACAACTCTGCCTCTGCTTTCCCAGGCTGTTGATGGGGTGC
TGTTCATGCCTCAGAAAAATGCATTGTAAGTTAAATTATTAAAGATTTTAAATATAGGAAAAAAGTAAGCAAACATAAGGAACAAAAAGGAAAGAACATGTAT
TCTAATCCATTATTTATTATACAATTAAGAAATTTGGAAACTTTAGATTACACTGCTTTTAGAGATGGAGATGTAGTAAGTCTTTTACTCTTTACAAAATACA
TGTGTTAGCAATTTTGGGAAGAATAGTAACTCACCCGAACAGTGTAATGTGAATATGTCACTTACTAGAGGAAAGAAGGCACTTGAAAAACATCTCTAAACCG
TATAAAAACAATTACATCATAATGATGAAAACCCAAGGAATTTTTTTAGAAAACATTACCAGGGCTAATAACAAAGTAGAGCCACATGTCATTTATCTTCCCT
TTGTGTCTGTGTGAGAATTCTAGAGTTATATTTGTACATAGCATGGAAAAATGAGAGGCTAGTTTATCAACTAGTTCATTTTTAAAAGTCTAACACATCCTAG
GTATAGGTGAACTGTCCTCCTGCCAATGTATTGCACATTTGTGCCCAGATCCAGCATAGGGTATGTTTGCCATTTACAAACGTTTATGTCTTAAGAGAGGAAA
TATGAAGAGCAAAACAGTGCATGCTGGAGAGAGAAAGCTGATACAAATATAAATGAAACAATAATTGGAAAAATTGAGAAACTACTCATTTTCTAAATTACTC
ATGTATTTTCCTAGAATTTAAGTCTTTTAATTTTTGATAAATCCCAATGTGAGACAAGATAAGTATTAGTGATGGTATGAGTAATTAATATCTGTTATATAAT
ATTCATTTTCATAGTGGAAGAAATAAAATAAAGGTTGTGATGATTGTTGATTATTTTTTCTAGAGGGGTTGTCAGGGAAAGAAATTGCTTTTTTTCATTCTCT
CTTTCCACTAAGAAAGTTCAACTATTAATTTAGGCACATACAATAATTACTCCATTCTAAAATGCCAAAAAGGTAATTTAAGAGACTTAAAACTGAAAAGTTT
AAGATAGTCACACTGAACTATATTAAAAAATCCACAGGGTGGTTGGAACTAGGCCTTATATTAAAGAGGCTAAAAATTGCAATAAGACCACAGGCTTTAAATA
TGGCTTTAAACTGTGAAAGGTGAAACTAGAATGAATAAAATCCTATAAATTTAAATCAAAAGAAAGAAACAAACTAAAATTAAAGTTATTATACAAGAATATG
GTGGCCTGGATCTAGTGAACATATAGTAAAGATAAAACAGAATATTTCTGAAAAATCCTGGAAAATCTTTTGGGCTAACCTGAAAACAGTATATTTGAAACTA
TTTTTAAAATGCAGTGATACTAGAAATATTTTAGAATCATATGTA

Three SNPs are located at positions 49,719,887,
49,720,260 and 49,721,557.

[G/A]

SNPs

• Less polymorphic/informative

• More stable inheritance

• ~1 SNP / 1,250 nucleotides between
any two genomes

• Mutation at CpG 10-fold higher rate

• 2.5 million between two genomes

• Exist in coding regions
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DIPs

• Deletion/insertion polymorphisms

• Small or large number of nucleotides

• Example chr1:120,506,653-120,506,677

AGTATCTTCACAGAAATGACCATA

AGTATCTTCACAAGAAATGACCATA

AGTATCTTCACA[-/A]GAAATGACCATA

DIPs
Example: chr7:105,060,001-105,060,023

CAGACTCAATAAGCATGTTTTTA

CAGACTCAATAAGCATGTTTTTTTTTTTTTTTTTTTTTGAGACG
GAGTCTCGCTCTGTCGCCCAGGCTGGAGTGCAGTGGCGCGA
TCTCGGCTCACTGCAAGCTCCGCCTCCCGGGTTCACGCCATT
CTCCTGCCTCAGCCTCCCGAGTAGCTGGGACTACAGGCTCCC
GCCACCACGCCCGGCTAATTTTTTGTATTTTTAGTAGAGACGG

GGTTAGCATGTTTTT

CAGACTCAATA[LARGEINSERTION/-]AGCATGTTTTT



8

Human Genetic Variation

• What types of variants exist?

• How are variants found?

• How are variants scored?

• How are variants used?

 Microsatellite identification

• Databases/Maps

– deCODE Genetics

– Marshfield Clinic

– Genome DataBase

– Cooperative Human Linkage Center
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 Microsatellite identification: deCODE

A high-resolution recombination map of
the human genome
Kong et al. (2002)  Nature Genetics 31: 241

5,136 microsatellite markers

869 individuals from 146 Icelandic families

1,257 meiotic events

 Microsatellite identification: deCODE

chr marker primer phys.locgen.loc gen.female gen.male
1 D1S468 AFM280we5 3766906 4.00 4.46 3.54
1 D1S2845 AFM344we9 4604712 6.43 6.47 6.39
1 D1S2893 AFM123xc3 4737957 6.43 6.47 6.39
1 D1S2660 AFMa203yc1 4950934 7.09 7.78 6.40
1 D1S2132 GATA68D01 NA 8.06 8.66 7.46
1 D1S2633 AFMa131ya5 6063900 10.11 9.72 10.49
1 D1S2870 AFMa052wg1 6276124 11.37 11.41 11.32
1 D1S2731 AFMb039zg9 6687488 12.00 12.35 11.64
1 D1S2642 AFMa152xg5 6876371 12.00 12.35 11.64
1 D1S1646 GATA23G09 7505668 12.14 12.36 11.92
1 D1S2663 AFMa210xg9 7620833 12.84 13.75 11.92
1 D1S2694 AFMa295yh5 7705014 12.90 13.89 11.92
1 D1S548 GATA4H04 7806005 13.08 13.89 12.27
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 Marker retrieval: genome browser

http://genome.ucsc.edu/

 Marker retrieval: genome browser
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 Marker retrieval: genome browser

 Marker retrieval: genome browser
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 Microsatellite identification from sequence

Chr1:146,000 - 166,000

 SNP identification

• Sequencing

• Databases
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 SNP identification: sequencing

 SNP identification: sequencing chips

...GCTCCGTTT...

...GCTCTGTTT...

The Sanger Institute
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 Identification of DNA mismatches

• Other rapid methods to determine if two

sequences differ:
- single strand conformational polymorphism

(SSCP)

- denaturing high performance liquid

chromatography (dHPLC)

- These methods do not provide the

precise nucleotide change

 Identification of mismatches

Campbell (2004) Breast Cancer Res 6:R366González (2004) BMC Biology 2:5
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 SNP identification: databases

• dbSNP  

• The SNP Consortium (TSC)

• Human Gene Variation base (HGVbase)

• CGAP Genetic Annotation Initiative (CGAP-GAI)

• Innate immunity (IIPGA)

• Environmental genome project (EGP)

• Japanese SNPs (JSNP)

 SNP identification: dbSNP
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 SNP retrieval: Entrez SNP

 SNP retrieval: Entrez SNP
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 Entrez SNP: Limits

 Entrez SNP: Limits
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 Entrez SNP: GeneView

 Entrez SNP: GeneView
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 SNP retrieval: SNPper

Build 124 dbSNP Human Content 

21,581,724 SNP submissions (ss#)

10,054,521 RefSNP clusters (rs#)

  5,054,675 validated SNPs

  2,727,888 SNPs with genotype details
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Build 124 dbSNP Human Content 

FUNCTION         SNPS                 GENES
Locus region      338,787 26,210

Synonymous        39,214 14,342
Nonsynonymous        50,772 15,710

Untranslated region       546,961 17,898
Intron    2,932,608 19,448
Splice site     832      769

Annotated with human genome build 35.1

Human Genetic Variation

• What types of variants exist?

• How are variants found?

• How are variants scored?

• How are variants used?
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Scoring Microsatellites

Scoring Microsatellites

Mom

Dad

Child
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Scoring SNPs

• Genotype accuracy

• Cost of assays and specialized

instrument(s)

• Assay development time and ease

• Ability to automate 

Scoring SNPs (2)

• Time to perform assays

• Ability to multiplex

• Data accumulation and analysis

• Allele frequency quantification
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Overview of SNP typing methods

Hybridization

Oligonucleotide

ligation

Primer extension

Enzymatic cleavage

Plate

Microparticles

Microarray

Electrophoresis

Homogeneous

Semi-
homogeneous

Colorimetric

Mass spectrometry

Fluorescence

Fluorescence
resonance energy

transfer

Fluorescence
polarization

Chemiluminescence

Example SNP

A

T

G

C
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Hybridization

T

C

Allele-specific
oligonucleotide
probes

A

T

Match,
stable

G

T

Mismatch,
unstable

5’

5’

5’

5’

Affymetrix Custom Sequencing Array

images from
affymetrix.com
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Affymetrix GeneChip 10K Array

image from affymetrix.com

Hybridization to Oligonucleotide Arrays

• Advantages:
– Simple to perform
– Highly multiplexed
– Automated analysis
– Genome-wide SNPs (mapping chip)

•  Disadvantages
– Custom chip expensive to design/create
– Mapping chip SNPs pre-selected
– Local sequence affects success
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Fluorescence resonance energy transfer (FRET)

R

Q

R Q
matched

probeprimer Taq

SNP

Fluorescence resonance energy transfer (FRET)

R Qprimer Taq

SNP

mismatched
probe

R

Q
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TaqMan competing probes

R Q

A

R Q

G

R Q

A

R Q

G

Homozygous AA = R R Homozygous GG = R R

TaqMan genotype scoring

G signal

A
 s

ig
n

al

AA

GG

AG
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TaqMan

• Advantages:
– Simple to perform
– Closed-tube system
– Accurate quantification

•  Disadvantages
– Expensive probes
– Assays require optimization

Allele-specific PCR

T

C
Allele-specific primers

DNA polymerase

A

T

Match,
extension

G

T

Mismatch,
no extension

5’

5’

5’

5’
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Oligonucleotide Ligation Assay (OLA)
T

C

Allele-specific
ligation probes

Ligase

A

T

Match,
ligation

G

T

Mismatch,
no ligation

5’

5’

5’

5’
Adjacent
ligation probe

Illumina: Allele-specific extension
T

C

Allele-specific
extension

PCR with 
common 
primers

A

T

Match,
extension

5’

5’

5’
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Illumina: Allele-specific extension

A

T

G

C

Product capture
by hybridization
to array

/\/\/ \/

   Address

AA  = AG  = GG  = Readout

Illumina genotyping technology
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Illumina

• Advantages:
– Very highly multiplexed

– Accurate

– Low cost per genotype

• Disadvantages
– Not all SNPs can be designed

– Not flexible

Primer extension = Minisequencing

Extendable primer

DNA polymerase

T

A

Primer
extension

G No extension

5’

5’

5’



32

Pyrosequencing

• Four enzymes
– DNA polymerase

– ATP sulfurylase--converts 
pyrophosphate to ATP

– Luciferase--converts ATP to light

– Apyrase--degrades excess nucleotides

• Nucleotides added sequentially

Pyrosequencing

T

T T

G

G

C

C

A

A

…[A/G]CGT…

ACGT

5’

lig
h

t

C
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Pyrosequencing

T

T TC

CG

G

GC

C

CA

A

A

…[A/G]CGT…

ACGT

5’

GCGT

5’

lig
h

t

Pyrosequencing

• Advantages:
– Accurate

– Accurate allele frequency estimation

– Robust for closely spaced SNPs

• Disadvantages
– Expensive reagents

– Requires post-PCR processing
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Primer extension mass spectrometry

   Primer extension reactions
designed to generate
different sized products

GGACCTGGAGCCCCCACC

GGACCTGGAGCCCCCACCC

GGACCTGGAGCCCCCACCTG

5430.5

5703.7

6047.9

Mass in Daltons

C T

primer

Mass spectrometry multiplexing
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Allelic quantification
• Pools of individual DNAs or tumor sample
• Type SNP and determine relative allele frequencies

Affected cases Unaffected controls

Primer extension mass spectrometry

• Advantages:
– Accurate
– Automated assay design
– Fast automated data collection
– Multiplexing capacity

• Disadvantages
– Expensive instruments, consumables
– Extensive post-PCR processing
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Quality control of genotype data

• High genotype success

• Accurate duplicate genotypes

• No genotypes in no DNA controls

• Allele frequencies similar to databases

• Accurate on a second platform

Quality control of genotype data

• Test whether data are consistent with Hardy-

Weinberg Equilibrium (HWE):  p2 + 2pq + q2 = 1

• Calculate observed frequencies p and q

• Use p and q to calculate expected genotype

frequencies

• Compare observed and expected genotype

frequencies by Χ2 test with 1 degree of freedom
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Human Genetic Variation

• What types of variants exist?

• How are variants found?

• How are variants scored?

• How are variants used?

Linkage analysis
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Association Studies

Indirect

Direct

*

Drug metabolism:
The CYP2D6  gene

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

His Ser Gly.  .  .

167 168 169 170

Arg .  .  .

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

Coronary disease:
LDL receptor gene

Phe Tyr Asn Met.  .  . .  .  .
289 290 291 292

Asp GlyArg.  .  . .  .  .

504 505 506 507

Arg

Deep-vein thrombosis:
The Factor V  gene

APC cleavage

Gln

Ser

T

Functional variants

T

Stop
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Factor V Leiden association study

301 cases301 controls

21% (64) Arg506Gln 5% (14) Arg506Gln 

Case-control association study

     cases    controls
     risk allele a b

     non-risk allele c d

             odds ratio =             =a / c ad
b / d bc
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Case-control association study

     cases    controls
     risk allele    64 14

     non-risk allele 237 287

             odds ratio =                    =  5.54

Disease is 5.54 times as frequent with risk allele

64*287
14*237

Genome-wide SNP panels

•   10,000 - 500,000 SNPs per experiment

•   Affymetrix, Illumina, Parallele, Perlegen

•   Random SNPs

•   Coding SNPs

•   Nonsynonymous SNPs

•   Selected nonredundant SNPs
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Future

•   Continued identification of SNPs

•   Faster, cheaper, easier genotyping

•   More SNP panels for genome-wide
association studies

•   Discovery of new functional variants

Websites
Marshfield research.marshfieldclinic.org/genetics/

GDB www.gdb.org/

CHLC gai.nci.nih.gov/CHLC/

dbSNP www.ncbi.nlm.nih.gov/SNP/

TSC snp.cshl.org/

HGVbase hgvbase.cgb.ki.se

CGAP cgap.nci.nih.gov/

Innate immunity innateimmunity.net/

EGP www.niehs.nih.gov/envgenom/

JSNP snp.ims.u-tokyo.ac.jp/

Entrez www.ncbi.nlm.nih.gov/Entrez

SNPper snpper.chip.org/
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