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Small drink



A drink this size



Reasons why human genetics does 
not work



Go get 200 families

Reasons why human genetics does 
not work: not enough samples



Go get 20,000 families

Reasons why human genetics does 
not work: not enough samples



Power Of Linkage To Detect A 
Moderate Genetic Effect

Genotypic Risk 
Ratio

Frequency of 
disease allele

No of Families 
Required

4 0.01 4,200
0.50 300

Genotypic Risk Ratio: the increased chance that an individual with a particular 
genotype has the disease

Risch and Merikangas, Science, 273: 1516, 1996



Power Of Linkage To Detect A 
Moderate Genetic Effect

Genotypic Risk 
Ratio

Frequency of 
disease allele

No of Families 
Required

4 0.01 4,200
0.50 300

2 0.01 296,700
0.50 2,500

1.5 0.01 4,620,800
0.50 18,000

Genotypic Risk Ratio: the increased chance that an individual with a particular 
genotype has the disease

Risch and Merikangas, Science, 273: 1516, 1996









Zondervan and Cardon, Nat Rev Genet 5: 89, 2004



Go sample a continent



Reasons why human genetics does 
not work

• There are not enough people on the planet



Reasons why human genetics does 
not work

• There are not enough people on the planet
• We have been looking in the wrong place 

for the genetic effect



Science 297:851, 
2002

Science 301:386, 
2003



Gene X Environment interaction



G X E interactions





Reasons why human genetics does 
not work

• There are not enough people on the planet
• Genetic effect is hidden in epistasis
• Genetic effect is hidden in a (small) gene 

by environment interaction 





Mouse model of anxiety



Mouse model of anxiety

Anxious mouse

Non anxious mouse





Elevated Plus Maze



Elevated Plus Maze



Elevated Plus Maze



Elevated Plus Maze





Bang & light

Bang

light

Pretraining

Test

Startle and its potentiation



Reasons why human genetics does 
not work

• There are not enough people on the planet
• Genetic effect is hidden in epistasis
• Genetic effect is hidden in a (small) gene 

by environment interaction 



Genetic architecture of complex 
traits

• Effect sizes and number of loci



Inbred Strain Cross



Quantitative Trait Locus 
Detection 



QTL Mapping: single marker 
analysis





Genome-wide mapping
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Behavioural QTL
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Physiological QTL
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Genetic architecture of complex 
traits in mice

• Genetic effects are small (<5%) and they 
are lots of them







Epistasis in an F2 intercross





Mammalian Genome





Genetic architecture of complex 
traits in mice

• Genetic effects are small (<5%) and they 
are lots of them

• The amount of epistasis depends on the 
phenotype

• Epistatic effects are about the same size 
as the main effects



Gene by environment interactions 
are (probably) common



Gene by environment interactions 
are (probably) common





Genetic architecture of complex 
traits in mice

• Genetic effects are small (<5%) and they 
are lots of them

• The amount of epistasis depends on the 
phenotype

• Epistatic effects are about the same as 
main effects

• Gene by environment interactions are 
probably common (in knock-outs)
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Genetic architecture at high 
resolution

• Mapping in outbreds: heterogeneous stock
• Mapping in outbreds: MF1
• Gene knockout/QTL interaction test



A AKR BALB C3H C57BL DBA I RIII

Genetically Heterogeneous 
Mice



HS provide increased mapping 
resolution

A AKR BALB C3H C57BL DBA I RIII



Genetically Heterogeneous Mice
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Behavior
Latency to eat a novel food
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High resolution mapping (anxiety 
phenotype, chromosome 1)
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Single marker mapping

Marker Position 
(cM)

- LogP Allele Size 
(bp)

D1Mit423 64.84 6.4 127
135

D1Mit496 64.85 0.1 117
122



A AKR BALB C3H C57BL DBA I RIII

Progenitor strain origin of alleles

135 135127 127 127 127 127 127

LogP

6.4



A AKR BALB C3H C57BL DBA I RIII

Progenitor strain origin of alleles

135 135127 127 127 127 127 127

117 117117 122 122 122 117 122

LogP

6.4

0.1



Relation Between Marker and Genetic Effect

Observable 
effect

QTL Marker 1



Relation Between Marker and Genetic Effect

Observable 
effect

QTLMarker 2 Marker 1



Relation Between Marker and Genetic Effect

No effect 

observable
Observable 

effect

QTLMarker 2 Marker 1



Strain distribution pattern indicates 
QTL action

BALB/c, C57BL/6, DBA/2, RIII, I, AKR

A/J, C3H

Low anxiety

High anxiety



Hidden Chromosome Structure

Observed chromosome structure



Calculate the probability that an allele 
descends from each progenitor

Hidden Chromosome Structure

Observed chromosome structure



1
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t

Strains

Markers
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Analysis

Probabilistic Ancestral Haplotype Reconstruction 
(descent mapping): implemented in HAPPY
http://www.well.ox.ac.uk/~rmott/happy.html





Gene identification

• Mapping in outbreds: heterogeneous stock
• Mapping in outbreds: MF1
• Gene knockout/QTL interaction test



MF1 Mice



Genetic analysis of MF1 outbred 
mice

• Single marker association



Single Marker Analysis
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Relation Between Marker and Genetic Effect

No effect 

observable
Observable 

effect

QTLMarker 2 Marker 1



Unknown progenitors

• Sometime in the 1970’s….

LACA  x  CF

MF1



MF1

Inbred strains

SNP



MF1 haplotype reconstruction

• Genotype 42 SNPs across QTL in 729 
MF1 mice

• Construct haplotypes

• Reconstruct descent of each haplotype 
using inbred strains as theoretical 
progenitors 



Haplotypes derived from inbred 
strains
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Mapping by descent
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Mapping by descent
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Gene identification

• Quantitative complementation/QTL-
knockout interaction test



Quantitative Complementation
High 
strain

Low 
strain



Quantitative Complementation
High 
Strain

Low 
Strain

Mutant 
Strain

X
X

X
X

Mutant 
Strain



Quantitative Complementation
High 
Strain

Low 
Strain

Wildtype
Strain

Wildtype
Strain



Quantitative Complementation

F1

High 
Strain

Low 
Strain

Mutant 
Strain

Wildtype
Strain



Quantitative Complementation

F1

High 
Strain

Low 
Strain

Mutant 
Strain

Wildtype
Strain

X
X

X
X

X X



Quantitative Complementation

X X

> fit <- lm( Phenotype ~ Cross * Background ) 
> anova(fit)





Quantitative complementation

C3H
P-value # animals

OFA 92
Background 0.246
Cross 0.011
Background:Cross 0.003



Mapping by descent
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Genetic architecture of complex 
traits in mice

• Genetic effects are small (<5%) and they 
are lots of them

• The amount of epistasis depends on the 
phenotype

• Epistatic effects are about the same as 
main effects

• The molecular basis of complex traits can 
lie in non-coding sequence



Sequence of KO strain
cdc73

glrx2

ssa2

uchl5

rgs2
rgs13

rgs1 rgs18 brinp3

1 2 3



B6129P2_RGS2 C57 AKR RIII Balb/c C3H DBA AJ I
CNS1908023 198 C C C T C C C C C
CNS1908023 206 T T T A T T T T T
CNS1908023 260 A A A G A A A A A
CNS1908023 280 T T T G T T T T T
CNS1908023 284 A A A G A A A A A
CNS1908023 307 T T T G T T T T T
CNS1908023 349 C C C T C C C C C
CNS1908023 356 A A A T A A A A A



B6129P2_RGS2 C57 AKR RIII Balb/c C3H DBA AJ I
LD2_1139945 480 T C T T C C T C T
LD2_1139945 546 G C G G C C G C G
LD2_1139945 607 G A G G A A G A G
LD2_1139945 672 T C T T C C T C T
LD2_1139945 688 C T C C T T C T C

C57     



Sequence of KO strain
cdc73

glrx2

ssa2

uchl5

rgs2
rgs13

rgs1 rgs18 brinp3

1 2 3

C57BL/6 DBA/2



Strain distribution pattern of QTL

BALB/c, C57BL/6, DBA/2, RIII, I, AKR

A/J, C3H

Low anxiety

High anxiety



QTL-Knockout interaction

C3H DBA
P-value # animals P-value # animals

OFA 92 OFA 92
Background 0.246 Background 0.008
Cross 0.011 Cross 0.083
Background:Cross 0.003 Background:Cross 0.556

OFD 92 OFD 92
Background 0.001 Background 0.057
Cross 0.115 Cross 0.000
Background:Cross 0.022 Background:Cross 0.352














