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Figure 1 Relation between water quality and cardiovascular mortality in
towns of the UK!
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On the Origin of Species (Darwin, 1859)
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Laws of Mendel
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L.aws ()f Mende]  Law of segregation:

« One out of two alleles is passed down by

AA  aa Aa each parent
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L.aws ()f Mende]  Law of segregation:

« One out of two alleles is passed down by

each parent
AR @ - Law of dominance:
.[ - Some alleles are dominant or recessive.
—1T An orga.msr.n with at least one dominant
@ Q allele will display the effect of the
Aa  As Aa pa dominant allele
1859 1865
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L.aws ()f Mende]  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

1859 1865
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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.

1859 1865 1886
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VoLume II NOVEMBER, 1903 No. 4

ON THE LAWS OF INHERITANCE IN MAN*,
I. INHERITANCE OF PHYSICAL CHARACTERS,

By KARL PEARSON, F.R.8,, assisted by ALICE LEE, D.Sc.
University College, London.

FAMILY MEASUREMENTS.

Professor KARL PEARSON, of University College, London, would esteem it a great favour if any
persons in a position to do so, would assist him by making one set (or if possible several sets) of
anthropometric measurements on their own family, or on families with whom they are acquainted.
The measurements are to be made use of for testing theories of heredity, no names, except that
of the recorder, are required, but the Professor trusts to the bona fides of each recorder to send
only correct results.

Each family should consist of a father, mother, and at least one son or daughter, not
necessarily the eldest. The sons or daughters are to be at least 18 years of age, and measure-
ments are to be made on not more than two sons and two daughters of the same family. If more
than two sons or two daughters are easily accessible, then not the tallest but the eldest of those
accessible should be selected.

1859 1865 1886 1903
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VoLume II NOVEMBER, 1903 No. 4

ON THE LAWS OF INHERITANCE IN MAN*,
I. INHERITANCE OF PHYSICAL CHARACTERS,

By KARL PEARSON, F.R.8,, assisted by ALICE LEE, D.Sc.
University College, London.

FAMILY MEASUREMENTS.

Professor KARL PEARSON, of University College, London, would esteem it a great favour if any
persons in a position to do so, would assist him by making one set (or if possible several sets) of

I. Family Record Series. About 1893 I drew up in conjunction with my

anthropometric measurements on their own family, or on families with whom they are acquainted. then colleague, W. F. R. Weldon, the directions for family measurement which are
The measurements are to be made use of for testing theories of heredity, no names, except that described below. The measurements were in great part carried out by college
gfﬂ;lfoﬁceﬁdf:;ﬁ required, but the Profossor trusts to the &ona fidss of each recorder to send students*, and I largely owe the success of this series to the energy and time
Each family should consist of a father, mother, and at least one son or daughter, not devoted to the collection of the data }.Jy Dr Alice ]:,ee. In the course of four to

. ’ y five years about 1100 cards were filled in. The tabling of the data on these cards

necesgarily the eldest. The sons or daughters are to be at least 18 years of age, and measure- ’ L .
ments are to be made on not more than two sons and two daughters of the same family. If more and the calculation of the statistical constants, some 78 tables in all, are due

than two sons or two daughters are easily accessible, then not the tallest but the eldest of those entirely to Dr Lee, and occupied her spare time for nearly two years.
accessible should be selected.
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RA Fisher (1918). Transactions of the Royal Society of Edinburgh 52: 399-433

XV.—The Correlation between Relatives on the Supposition of Mendslian Inherit-
ance. - By R. A, Fisher, B.A. Communicated by Professor J. ArTHUR
TromsoN. (With Four Figures in Text.)

(MS, received June 15, 1918. Read July 8, 1818. Tssuerd separately Octaber 1, 1918)

CONTENTS.

1. The superposition of factors distributed inde- e " 15. Homogamy and multiple allelo.acrphism Pﬂ’é
pendently . 402 : 16. Coupling . . . . . . . 418
2. Phase frequency in each array 402 i 17. Theories of marital correlation ; ancestral
3. Parental regression . 403 correlations . . . 419
4. Dominance deviations 403 | 18. Ancestral correlations (second and  third
5. Correlation for parent ; genetic cmrelauom 404 theories) . . 421
6. Fraternal correlation 405 | 19, Numerical values of asso(,latmn 421
7. Correlations for other relatwes 406 | 20. Fraternal correlation . 492
8. Epistacy . . . 408 | 21, Numerieal values for environment and donu-
9. Asgortative mating . . 410 nance ratios ; analysis of variance 423
10. Frequency of phases 410 ! 22. Other relatives 424
11. Association of factors 411 © 23, Numerical values (third theory) 4925
12. Conditions of equilibrium 412 | 24, Comparison of results .497
13. Nature of association 413 © 25, Interpretation of dominance ratio (dm"rams) . 428
14. Multiple allelomorphism . 415 ' 26. Summary .. 432
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From R.A. Fisher's 1918 Paper to GWAS a
Century Later
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Ronald Fisher reconciles Mendel’s laws & quantitative traits
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S 3 [AA A4 | [AA]]
D= 0 1 2

Number of increasing alleles
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Ronald Fisher reconciles Mendel’s laws & quantitative traits

% o AA BB
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Ronald Fisher reconciles Mendel’s laws & quantitative traits

AA BB,
AA BBGC,
2 AAL B AABB GG
§ AA;B,B,GG
E- AALBGE, AABBCG
o AA,BB,C,C,
‘g AABB,CHC, AABB G,
L)
© AABBCC,
A B.CC AABBGC, AABBCG AABBCC
ABBGE ABBCE
AAB,B,GC
AABBCC R i oG AABB,CC
AABBCE] AABB.C.CH AABB.CC |AABBCC| |AABBCG,| | AABBCC, | BABBLE]
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Ronald Fisher reconciles Mendel’s laws & quantitative traits
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Ronald Fisher reconciles Mendel’s laws & quantitative traits

Complex trait =
many genes + environment
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Ronald Fisher reconciles Mendel’s laws & quantitative traits

Complex disease =
many genes + environment
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Liability threshold model
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genotype with an additive effect (d=0)

biometrical model

+d

genotypic

effect +a
m=o

O O ®
genotype A, AA,

q=f(a) e -

DEEEEEEEE quency 2pq b
p=1(A,)
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genotype with an additive and dominance effect (d>0)

+a+d )i +a-d A)t\

biometrical model

genotypic 4 i
effect ‘ ‘
m=o
genotype A, AA,
q=f(a,) S — -
-mmmmoe- quency 2pq D
p =f(A,)
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genotype with a complete dominance effect (d=a)

biometrical model

+a+d .
genotypic i
effect |
m=o
O | :
genotype A& AA,
q=1£(A) S 2
DA quency 2pq &
p =f(A,)
1859 1865 1886 1903 1918

Y

International Statistical Genetics Workshop | March 2024 | Boulder, USA



This is what is estimated in a linear
biometrical model regression in a GWAS

genotypic i
effect
m=o
O O ®
genotype A, AA,
q=f(a,) e -
DA quency 2pq D
p=1(A,)
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: \.
contribution of the locus to the Mean (X) —| u = z xif (x;) |

biometrical model L
Mean (X) = () +d(2pq) + a(p?)
\ I ;
Y Y
genotypic d ra
effect
O O o
genotype A, AA,
q=f(a,) frequency a0 e 3
SRR quency 2pq p
p= f(Az)
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biometrical model
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contribution of the locus to the Variance (X) —
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biometrical model

_____________________________________

Variance (X) = (- 2-m)2  + (d-m)22pq + (a-m)?p> = Vg
\ ]\ J

! Y
genotypic d ol
effect
m
O O ®
genotype A, AA,
q=f(a,) L -
----o-e- quency 2pq b
p=1(A,)
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contribution of the locus to the Variance (X) —
biometrical model

—— 7

_____________________________________

Variance (X) = (- =-m)2  + (d-m)22pq + (a-m)?p> = Vg

= 2pqla+(q-p)d]? + (2pgd)>
\ J \ J

! Y
VA QTL + VDQTL
genotypic g .
effect

O O o
genotype A, AA,

q=£(a,) e -

¢-----o-- quency 2pq D
p =1(A,)
1859 1865 1886 1903 1918
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First classical twin studies (monozygotic [MZ] vs dizygotic [DZ] twins) were
done in the late 1920s on intelligence.

Identical (Monozygotic) Twins Fraternal (Dizygotic) Twins

b= o o
o
i

l
L

v N\
1859 1865 1886 1903 1918 1920s
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MZ twin Height r=0.96

D7 twin Height r=0.32
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Structural Equation Modeling, 1921, Sewall Wright

1859 1865 1886 1903 1918 1920s
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Structural Equation Modeling, 1921, Sewall Wright

Types of relationships:

Linear Regression (“X causes Y”)

X " Y

1859 1865 1886 1903 1918 1920s
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Structural Equation Modeling, 1921, Sewall Wright
Types of relationships:

Covariance

1859 1865 1886 1903 1918 1920s
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Structural Equation Modeling, 1921, Sewall Wright

Types of variables:

Latent Factors

Observed Variables

1859 1865 1886 1903 1918 1920s
I 1 1 1 1 | | | | |
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Structural Equation Modeling, 1921, Sewall Wright

Types of variables: /?

Latent Factors

Observed Variables

1859 1865 1886 1903 1918 1920s
I 1 1 1 1 | | | | |
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A = Additive Genetic Effects
C = Common Environment
E = Unique Environment (includes measurement error)

S C d/ \ d C S
v v

1859 1865 1886 1903 1918 1920s
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1859 1865 1886 1903 1918 1920s
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1859 1865 1886 1903 1918 1920s
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MZ=1.0 / DZ=0.5

1859 1865 1886 1903 1918 1920s
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Cov MZ = a2+ c2 1

MZ=1.0 / DZ=0.5

1859 1865 1886 1903 1918 1920s
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Cov MZ = a2+ c2 1
Cov DZ = 0.5a2 + c2

MZ=1.0 / DZ=0.5

1859 1865 1886 1903 1918 1920s
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Cov MZ = a2+ c2 1
Cov DZ = 0.5a2 + c2
Var(X) = a2+ c2 + e2

MZ=1.0 / DZ=0.5

v
1859 1865 1886 1903 1918 1920s
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Heredity (1978), 41 (3), 249-320

MODEL-FITTING APPROACHES TO THE ANALYSIS
OF HUMAN BEHAVIOUR

L. J. EAVES, KRYSTYNA A. LAST, P. A. YOUNG and N. G. MARTIN*
Department of Genetics, University of Birmingham, Birmingham B15 2TT
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Heredity (1978), 41 (3), 249-320 Heredity (1978), 40 (1), 97-116

THE POWER OF THE CLASSICAL TWIN STUDY

N. G. MARTIN,* L. J. EAVES,* M. J. KEARSEY* and P. DAVIESt
*Department of Genetics and +Department of Mathematical Statistics,

MODEL-FITTING APPROACHES TO THE ANALYSIS
OF HUMAN BEHAVIOUR

L. J. EAVES, KRYSTYNA A. LAST, P. A. YOUNG and N. G. MARTIN*
Department of Genetics, University of Birmingham, Birmingham B15 2TT

1859 1865 1886 1903 1918 1920s 1970s

University of Birmingham, Birmingham B15 2TT

Received 5.v.77
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Heredity (1977), 38 (1), 79-95

THE GENETICAL ANALYSIS OF COVARIANCE STRUCTURE
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Depoartment of Genetics, University of Birmingham, Birmingham B15 2TT, Engiend
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Behavior Genetics, Vol. 23, No. 1, 1993

Testing Hypotheses About Direction of Causation Using
Cross-Sectional Family Data

A. C. Heath,' R. C. Kessler,”? M. C. Neale,* J. K. Hewitt,® L. J. Eaves,>? and
K. S. Kendler®*

International Statistical Genetics Workshop | March 2024 | Boulder, USA



Behavior Genetics (2021) 51:170-180
https://doi.org/10.1007/s10519-021-10049-9

ORIGINAL RESEARCH

Notes on Three Decades of Methodology Workshops

Hermine H. Maes'23*

1859 1865 1886 1903 1918 1920s

1970s
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Behavior Genetics (2021) 51:170-180
https://doi.org/10.1007/s10519-021-10049-9

ORIGINAL RESEARCH

Notes on Three Decades of Methodology Workshops

Hermine H. Maes'2>*

1859 1865 1886 1903 1918 1920s

1970s

1980s
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1987: LISREL > 1990: Mx > 2008: OpenMx

Mike Neale graphical interface

1993 Boulder TC5

1859 1865 1886 1903 1918 1920s 1970s 1980s 1990s
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“First law of behavior genetics”:

B Additive genetic influences
B Common environment

All human behavioral traits are heritable. [ Unique environment

Cardiovascular risk factors

Smoking <no. cig/day= (18)
Alcohol use <yesino:= (18]

[ Problem behaviour <externalizing> (3) G
Problem behaviour <internalizing> (3)
Thrill and adventure seeking (18] I

Females

|§
&
@
b

Lipoprotein(a) (17)

HDL-cholesterol (4.4 )

LDL-cholosterol (44) ] —_——
Respiration rate (44) m
Sports participation (7 ) | ]

Heart rate (17)
Testosterone (17)
Smoking <yes/no> (15)
Birth weight: (0

Disinhibition ()

3 Meuroticism (1)
; Experience seeking (16) |
F Arxiety (16)
§ Depression (16) | —
g Boredom susceptibility (1)
R Cognitive failures (17—
NATURE REVIEWS | GENETICS = Somatic complaints (1) EE—————
2 Reeligiom (1) |
CLASSICAL TWIN STUDIES PoRgonce () ——— ——
g Intelligence (7 ) ]
o Irtelligienc e (T0) I
AND BEYOND Inteligence (16) —— |
Intelig e (6 ) | |
L ntelligence (27 ) |
Dorret Boomsma™, Andreas Busjahn' and Leena Peltonen®
0 20 40 60 80 100 0 20 40 60 80 100
Percentage of variance
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Psychiatric
Metabolic |
Cognitive |

Neurological |
Skeletal |

Cardiovascular

Environment |
Endocrine |
Reproduction |

Respiratory

Ophthalmological |
Activities |

Immunological

Ear, nose, throat |
Social interactions |
Dermatological
Nutritional |
Gastrointestinal |
Muscular |

Social values

Hematological |
Cell ]

Neoplasms
Mortality

Aging

Infection
Developmental

Connective tissue |

1859

All twin studies
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Studies (n)
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Tinca ] C Polderman’!?, Beben Benyamin®!?, Christiaan A de Leeuw!?, Patrick F Sullivan®-%,
Arjen van Bochoven’, Peter M Visscher>®!1 & Danielle Posthuma%11

Meta-analysis of the heritability of human traits based on
fifty years of twin studies
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DNA = double helix!

THE

SECRET
OF

Rosalind
Franklin,
James Watson,
Francis Crick, and
the Discovery of
DNA's Double Helix

HOWARD MARKEL
Narrated by Donald Corren

1859 1865 1886 1903 1918

backbone \

no a3ss  April 25, 1953 NATURE

MOLECULAR STRUCTURE OF
NUCLEIC ACIDS

A Structure for Deoxyribose Nucleic Acid

AN

NN

AR

J. D. Warsox
F. H. (. Urick
Medieal Rescarch Couneil Unit for the
Study of the Molecular Structure of
Biological Systems,
Cavendish Laboratory, Cambridge.
April 2,
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DNA = double helix!

THE

SECRET
OF

Rosalind
Franklin,
James Watson,
Francis Crick, and
the Discovery of
DNA's Double Helix

HOWARD MARKEL
Narrated by Donald Corren

1859 1865 1886 1903 1918

1920s
|

Sugar
phosphate

backbone \

A —

1953

1970s

first base In codon

1980s
|

second base in codon

T C A G
TIT Phe TCT Ser T
TIC Phe TCC Ser c
T A teu ' TCA Ser TAA stop TGA stop A
TIG leu TCG Ser TAG stop [iGEHIENN G
CTT Leu CCTPro C T 5
CTC Leu CCCPro c 8
C Graleuw ccaPro CAA G A 3
CTG leu CCGPro CAG GIn G o
ATT lle  ACT Thr  AAT Asn  AGT Ser T o
ATC lle  ACCThr AAC Asn AGCSer ¢ 2
A ATA le  ACA Thr  AAA Lys A S
ATG Met ACG Thr  AAG Lys G
GCT Ala | GAT Asp T
GCCAla  GAC Asp c
G GCA Ala  GAA Glu A
GCGAla GAG Glu G

There are 20 amino-acids coded for
in three letter words called “codons”

1990s
| 1 |
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Mendelian Randomization:

New Applications in the
Coming Age of
Hypothesis-Free Causality

David M. Evans'? and George Davey Smith’

www.annualreviews.org
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|
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off-target
effects)
,I, L
Outcome QOutcome
1953 1970s 1980s

Mendelian randomization
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Genotype AA Genotype aa
Protein modified Protein unmodified

! !

Downstream effects Downstream effects

! !

Outcome Qutcome

1990s 2000s
1 1 | |
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OPEN a ACCESS Freely available online PLOS

Assumption-Free Estimation of Heritability
from Genome-Wide Identity-by-Descent Sharing
between Full Siblings

Peter M. Visscher , Sarah E. Medland, Manuel A. R. Ferreira, Katherine I. Morley, Gu Zhu, Belinda K. Cornes,

Grant W. Montgomery, Nicholas G. Martin

Genetic Epidemiology Group, Queensland Institute of Medical Research, Brisbane, Australia
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OPEN a ACCESS Freely available online

PLOS

Assumption-Free Estimation of Heritability
from Genome-Wide Identity-by-Descent Sharing

between Full Siblings

Peter M. Visscher , Sarah E. Medland, Manuel A. R. Ferreira, Katherine I. Morley, Gu Zhu, Belinda K. Cornes,

Grant W. Montgomery, Nicholas G. Martin

Genetic Epidemiology Group, Queensland Institute of Medical Research, Brisbane, Australia
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ARTICLE
https://doi.org/10.1038/541467-021-21283-4

Phenotypic covariance across the entire spectrum

of relatedness for

Kathryn E. Kemper@w, Loic Yengo{D1

i ‘I) Check for updates

OPEN

86 billion pairs of individuals

, Zhili Zheng!, Abdel Abdellaoui?, Matthew C. Keller34,

Michael E. Goddard™®, Naomi R. Wray@”, Jian Yang@1 & Peter M. Visscher@® 7™

1970s 1980s

1990s

2000s
1 1 |

International Statistical Genetics Workshop | March 2024 | Boulder, USA

Y



SCIENCE ¢ VOL. 273 » 13 SEPTEMBER 1996

The Future of Genetic Studies of
Complex Human Diseases

Neil Risch and Kathleen Merikangas

Singletons Sib pairs
Genotypic Frequency Probability No. of Probability of ~ Proportion of
risk ratio of disease  of allele  families transmitting heterozygous
allele A sharing required disease allele A parents
()] (p) (¥) (N) Ptr-A) (Het) (N) (Het) (N)
4.0 0.01 0.520 4260 0.800 0.048 1098 0.112 235
0.10 0.597 185 0.800 0.346 150 0.537 48
0.50 0.576 297 0.800 0.500 103 0424 61
0.80 0.529 2013 0.800 0.239].. 222 0.163 161
2.0 0.01 0.502 296,710 0.667 0.029 5823  0.043 1970
0.10 0.518 5382 0.667 0.245 695 0.323 264
0.50 0.526 2498 0.667 0.500 340 0.474 180
0.80 0.512 11,917 0.667 0.267 640 0.217 394
139 0.01 0.501 4,620,807 0.600 0.025 19,320 0.031 7776
0.10 0.505 67,816 0.600 0.197 2218 0.253 941
0.50 0.510 17,997 0.600 0.500 949 0.490 484
0.80 0.505 67,816 0.600 0.286 1663 0.253 941

Comparison of linkage and association studies. Number of families needed for identification of a
disease gene.

1859 1865 1886 1903 1918 1920s 1953 1970s

Thus, the primary limitation of genome-
wide association tests is not a statistical one
but a technological one. A large number of
genes (up to 100,000) and polymorphisms
(preferentially ones that create alterations in
derived proteins or their expression) must first
be identified, and an extremely large number
of such polymorphisms will need to be tested.
Although testing such a large number of poly-
morphisms on several hundred, or even a
thousand families, might currently seem im-
plausible in scope, more efficient methods of
screening a large number of polymorphisms
(for example, sample pooling) may be pos-

sible.

1980s 1990s
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Single Nucleotide Polymorphism (SNPs)
SNP
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Genetic study provides first-ever
Insight into biological orlgln of
schizophrenia

2011

10910 (p)
)

Psychiatric Genomics Consortium *1

N ~50,000

1859

-10g10 (p)

2016

ARTICLE

d0i:10.1038/ nature16549

Schizophrenia risk from complex
variation of complement component 4

Schizophrenia is a heritable brain illness with unknown i s i gest genetic
association at apopulanon level involves variation in (he major hmwompauhlm complex (MH(‘) Iocus but the genes
and molecular ing for this have be v. Here we show that this association
arises in part from many structurally diverse alleles of the complement c umpunemuu)g.m We found that these
alleles generated widely varying levels of C4A and C4B ion in the brain, wif C4
with schizophrenia in proportion o its tendency to generate greater expression of C4A. Human C4 protein localized
o neuronal synapses, dendrites, axons, and cell bodies. In mice, C4 mediated syna pw Imnulmnd uring postnatal
These activity in th v help
explain d numbs ynapses in the brains of i

Influences “synaptic pruning”
the elimination of connections

between neurons

2014

Chromosome

N ~150,000

1865 1886 1903 1918 1920s 1953 1970s 1980s 1990s 2000s 2010s
I | | | | | | | | | | | N
| I | I I | I I | 1 T 1 7
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Genetica en psychiatrie °

A. Abdellaoui, K.J.H. Verweij e 3: .
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Psychiatric Genomics Consortium

Post-Traumatic Stress Disorder
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nature
genetlcs

LD Score regression distinguishes confounding from
polygenicity in genome-wide association studies

Brendan K Bulik-Sullivan'-3, Po-Ru Loh'#, Hilary K Finucane®?, Stephan Ripke>?, Jian Yang®,
Schizophrenia Working Group of the Psychiatric Genomics Consortium’, Nick Patterson!, Mark J D;\l)"*‘,
Alkes L Price*# & Benjamin M Neale!-3

nature
gCl’lCthS

An atlas of genetic correlations across human diseases
and traits

Brendan Bulik-Sullivan'-3?, Hilary K Finucane*?, Verneri Anttila!-3, Alexander Gusev>9, Felix R Day’,
Po-Ru Loh!%, ReproGen Consortium?, Psychiatric Genomics Consortium?®, Genetic Consortium for Anorexia
Nervosa of the Wellcome Trust Case Control Consortium 3%, Laramie Duncan'-3, John R B Perry’,

Nick Patterson!, Elise B Robinson!=3, Mark J Daly'-3, Alkes L Price">®!0 & Benjamin M Neale!-310
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The American Journal of Human Genetics REVIEW
15 years of GWAS discovery: Realizing the promise
Abdel Abdellaoui,!* Loic Yengo,? Karin J.H. Verweij,! and Peter M. Visscher?
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Article

A saturated map of commongenetic variants
associated with humanheight

Nature | Vol 610 | 27 October 2022
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Polygenic Score

_____

<— DNA of participant

. Genetic effect as
estimated in GWAS.

1859 1865 1886 1903 1918 19208 1953 1970s 1980s 1990s 2000s 20108

2020s
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Polygenic Score Prediction
SD of outcome around the prediction:
oy 1 — R? :

Upper bound (maximum predictive power):
Oy 1— }lz

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

6.5cm X V1 —0.8 =
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Equivalent to 95% confidence interval of ~12cm
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nature . ARTICLES
huma-n behaVIOUI' https://doi.org/10.1038/541562-019-0566-x

Genomic structural equation modelling provides
insights into the multivariate genetic architecture
of complex traits

Andrew D. Grotzinger©™, Mijke Rhemtulla?, Ronald de Vlaming ©3#4, Stuart J. Ritchie®s,

Travis T. Mallard', W. David Hill>%, Hill F. Ip®?, Riccardo E. Marioni®%, Andrew M. Mcintosh®>°,
lan J. Deary®®, Philipp D. Koellinger34, K. Paige Harden''°, Michel G. Nivard ©®" and

Elliot M. Tucker-Drob"o™
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ARTICLES
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Workshop Program

Day 1: Fundamentals

Day 2: Univariate

Day 3: Multivariate

Day 4: Gene-environment correlations

Day 5: Causality
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