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On the Origin of Species (Darwin, 1859)
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• Law of segregation: 

• One out of two alleles is passed down by 
each parent
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• Law of segregation: 

• One out of two alleles is passed down by 
each parent

• Law of dominance:

• Some alleles are dominant or recessive. 
An organism with at least one dominant 
allele will display the effect of the 
dominant allele

1859 1865 1953 1980s 2020s1970s 1990s 2010s2000s1886 1903 1918 1920s



International Statistical Genetics Workshop | March 2024 | Boulder, USA

• Law of segregation: 

• One out of two alleles is passed down by 
each parent

• Law of dominance:

• Some alleles are dominant or recessive. 
An organism with at least one dominant 
allele will display the effect of the 
dominant allele

• Law of independent assortment:

• Genes for different traits are passed down 
independently from each other

Laws of Mendel

1859 1865 1953 1980s 2020s1970s 1990s 2010s2000s1886 1903 1918 1920s



International Statistical Genetics Workshop | March 2024 | Boulder, USA

Regression toward mediocrity in hereditary stature (Galton 1886)
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Galton also invented Eugenics: 
Improving the “genetic quality” of the 
population through selective parenthood. 
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RA Fisher (1918). Transactions of the Royal Society of Edinburgh 52: 399-433
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RA Fisher (1918). Transactions of the Royal Society of Edinburgh 52: 399-433
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Ronald Fisher reconciles Mendel’s laws & quantitative traits
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Ronald Fisher reconciles Mendel’s laws & quantitative traits
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Complex trait = 
many genes + environment
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Ronald Fisher reconciles Mendel’s laws & quantitative traits
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Complex disease = 
many genes + environment

Liability threshold model
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A1A1 A1A2 A2A2

-a +ad

+a
+a

m=0

q2 2pq p2frequency

genotype

biometrical model

genotype with an additive effect (d=0)

genotypic 
effect
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q = f(A1)
p = f(A2)
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-a +ad

+a+d
+a-d

m=0

q2 2pq p2frequency

genotype

genotype with an additive and dominance effect (d>0)

biometrical model

genotypic 
effect
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q = f(A1)
p = f(A2)
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-a +a

+a+d

m=0

q2 2pq & p2frequency

genotype

genotype with a complete dominance effect (d=a)

biometrical model

genotypic 
effect
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A1A1 A1A2 & A2A2

q = f(A1)
p = f(A2)
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-a +ad

+a
+a

m=0

q2 2pq p2frequency

genotype

biometrical model
This is what is estimated in a linear 

regression in a GWAS

q = f(A1)
p = f(A2)

genotypic 
effect
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Mean (X)  = –a(q2) + d(2pq) + a(p2)

q2 2pq p2frequency

genotype

biometrical model

contribution of the locus to the Mean (X)

-a +adgenotypic 
effect

𝜇 =෍

𝑖

𝑥𝑖𝑓(𝑥𝑖)
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Mean (X)  = –a(q2) + d(2pq) + a(p2)  =  a(p-q) + 2pqd

q2 2pq p2frequency

genotype

biometrical model

contribution of the locus to the Mean (X)

-a +adgenotypic 
effect

𝜇 =෍

𝑖

𝑥𝑖𝑓(𝑥𝑖)
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Variance (X)  = (–a-m)2q2 + (d-m)²2pq + (a-m)²p2 =  VQTL

q2 2pq p2frequency

genotype

biometrical model

-a +adgenotypic 
effect

contribution of the locus to the Variance (X) 𝑉𝑎𝑟 =෍

𝑖

(𝑥𝑖−𝜇)
2𝑓(𝑥𝑖)

m
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Variance (X)  = (–a-m)2q2 + (d-m)²2pq + (a-m)²p2 =  VQTL

biometrical model

contribution of the locus to the Variance (X) 𝑉𝑎𝑟 =෍

𝑖

(𝑥𝑖−𝜇)
2𝑓(𝑥𝑖)

= 2pq[a+(q-p)d]2 + (2pqd)2

VA QTL
VDQTL

+

q2 2pq p2frequency

genotype

-a +adgenotypic 
effect

1859 1865 1953 1980s 2020s1970s 1990s 2010s2000s1886 1903 1918 1920s

A1A1 A1A2 A2A2

q = f(A1)
p = f(A2)



International Statistical Genetics Workshop | March 2024 | Boulder, USA

First classical twin studies (monozygotic [MZ] vs dizygotic [DZ] twins) were 
done in the late 1920s on intelligence.
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Structural Equation Modeling, 1921, Sewall Wright
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Structural Equation Modeling, 1921, Sewall Wright

Linear Regression (“X causes Y”)

Types of relationships:

1859 1865 1953 1980s 2020s1970s 1990s 2010s2000s1886 1903 1918 1920s

X Y
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Structural Equation Modeling, 1921, Sewall Wright

Covariance

Types of relationships:

X Y
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Structural Equation Modeling, 1921, Sewall Wright

Latent Factors

Types of variables:

Observed Variables
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Structural Equation Modeling, 1921, Sewall Wright

Latent Factors

Observed Variables

Types of variables: ?
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A1C1E1 A2 C2 E2

A = Additive Genetic Effects
C = Common Environment
E = Unique Environment (includes measurement error)

XT1 XT2

e ac eca
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XT1

A1C1E1

XT2

A2 C2 E2

e ac eca
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XT1

A1C1E1

XT2

A2 C2 E2

1

e ac eca
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1

MZ=1.0 / DZ=0.5

XT1 XT2

e ac eca
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1

MZ=1.0 / DZ=0.5

Cov MZ = a2 + c2

XT1 XT2

e ac eca
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1

MZ=1.0 / DZ=0.5

Cov MZ = a2 + c2

Cov DZ = 0.5a2 + c2

XT1 XT2

e ac eca
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A1C1E1 A2 C2 E2
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1

MZ=1.0 / DZ=0.5

Cov MZ = a2 + c2

Cov DZ = 0.5a2 + c2

Var(X) = a2 + c2 + e2

XT1 XT2

e ac eca

1859 1865 1953 1980s 2020s1970s 1990s 2010s2000s1886 1903 1918 1920s

A1C1E1 A2 C2 E2

1 1 1 1 1 1
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Mike Neale
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“First law of behavior genetics”: 
All human behavioral traits are heritable. 

Additive genetic influences

Common environment

Unique environment
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All twin studies 
between 1958 
& 2012

Identical twins

Fraternal twins
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DNA = double helix!
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DNA = double helix!
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There are 20 amino-acids coded for 
in three letter words called “codons”  
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AA AG GG
CC CA AA TT TA AA

CC CT TT

Genome-Wide Association Study 
(GWAS)
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N ~50,000 N ~150,000

Influences “synaptic pruning” —

the elimination of connections 

between neurons

2016
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N = 5.4 million
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C = -.02 G = +.01 A = +.002 G = +.03 T = +.025

.052

Polygenic Score

AC
GG

AT
CC TT

1×-.02 + 2×.01  + 1×.002 + 0×.03 + 2×.025 

Genetic effect as 
estimated in GWAS.

DNA of participant
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Polygenic Score Prediction
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SD of outcome around the prediction:

𝜎𝑌 1 − 𝑅2

Polygenic Score Prediction
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SD of outcome around the prediction:

𝜎𝑌 1 − 𝑅2

𝜎𝑌 1 − ℎ2

Upper bound (maximum predictive power):

Polygenic Score Prediction
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SD of outcome around the prediction:

𝜎𝑌 1 − 𝑅2

𝜎𝑌 1 − ℎ2

6.5𝑐𝑚 × 1 − 0.8 ≈ 3𝑐𝑚

Upper bound (maximum predictive power):

Polygenic Score Prediction

Height has heritability of ~0.8 and standard 
deviation of ~6.5 cm

Equivalent to 95% confidence interval of ~12cm
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Workshop Program
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Day 1: Fundamentals

Day 2: Univariate

Day 3: Multivariate

Day 4: Gene-environment correlations

Day 5: Causality
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