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Hunting QTLs

Nick Martin
Queensland Institute of Medical Research

Boulder workshop: March 7, 2005





Stature in Dutch adolescent twins
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[Galton, 1889]





Polygenic Traits
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Rationale for QTL analysis
QTL = quantitative trait locus
Biology: Understanding genetic variation 
by dissecting complex traits

basic biology
applications in agriculture
applications in medicine

Stature

190.0
185.0

180.0
175.0

170.0
165.0

160.0
155.0

150.0
145.0

Women
700

600

500

400

300

200

100

0

Std. Dev = 6.40  
Mean = 169.1

N = 1785.00



unaffected affected

Disease liability

Single threshold

severe

Disease liability

Multiple 
thresholds

mildnormal mod

Multifactorial Threshold Model 
of Disease



People and Ideas
Galton (1865-ish)

Correlation
Family Resemblance

Twins
Ancestral Heredity

Mendel (1865)
Particulate Inheritance

Genes: single in gamete
            double in zygote

Segregation ratios

Darwin (1858,1871)
Natural Selection
Sexual Selection

Evolution

Fisher (1918)
Correlation & Mendel
Maximum Likelihood

ANOVA: partition of variance

Spearman (1904)
Common Factor Analysis

Wright (1921)
Path Analysis

Thurstone (1930's)
Multiple Factor Analysis

Mather (1949) &
Jinks (1971)

Biometrical Genetics
Model Fitting (plants) Joreskog (1960)

Covariance
Structure Analysis

LISREL

Morton (1974)
Path Analysis &

Family Resemblance

Watson &
Crick (1953)

Jinks & Fulker (1970)
Model Fitting applied to humans

Martin & Eaves (1977)
Genetic Analysis of

Covariance Structure

Elston etc (19..)
Segregation

Linkage Rao, Rice, Reich,
Cloninger (1970's)

Assortment
Cultural Inheritance

Neale (1990) Mx
Molecular
Genetics

Population
Genetics

2000



Common diseases
Estimated life time risk c.60%
Substantial genetic component
“Non-Mendelian” inheritance
Non-genetic risk factors
Multiple interacting pathways
Most genes still not mapped



Examples
Ischaemic heart disease (30-50%, F-M)
Breast cancer (12%, F)
Colorectal cancer (5%)
Recurrent major depression (10%)
ADHD (5%)
Non-insulin dependent diabetes (5%)
Essential hypertension (10-25%)



Complex Trait Model

Disease 
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environment
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Even for “simple” diseases
the number of alleles  is large

Ischaemic heart disease (LDR)   >190
Breast cancer (BRAC1)  >300
Colorectal cancer (MLN1) >140



[Science 2004]

Complex disease: common or rare alleles?



Definitions

Locus:  one of 20-40,000 genes
Allele:   Variant of a specific gene
Gene: sequence of DNA that codes for a 
specific function 
Base pair: chemical “letter” of the genome (a 
gene has many 1000’s of base pairs)
Genome:  all the genes considered together 



Defining the Haystack

3x109 base pairs
Markers every 6-10kb for association in 
populations with no recent bottleneck history 
1 SNPs per 721 b.p.  (Wang et al., 1998)
c.14 SNPs / 10kb = 1000s haplotypes/alleles 
O (104 -105) genes



Finding QTLs

Linkage

Association



Linkage analysis



Thomas Hunt Morgan – discoverer of linkage



Linkage = Co-segregation

A2A4

A3A4

A1A3

A1A2

A2A3

A1A2 A1A4 A3A4 A3A2

Marker allele A1
cosegregates with
dominant disease 



MZ and DZ twins: 
determining zygosity using 
ABI Profiler™ genotyping

(9 STR markers + sex)
MZ DZ DZ

Automated microsatellite 
genotyping – a major 
breakthrough (early 90s)
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D1S468D1S2845
D1S2660 D1S214
D1S1612 D1S450
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Chromosome 3
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CIDR (26) AGRF (23)220.19 (cM)

2.29 (cM)

Chromosome 4
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D4S2431 D4S1539

D4S415D4S2417

D4S408 D4S1535

D4S426D4S1652

CIDR (21) AGRF (22)204.46 (cM)

4.42 (cM)

Chromosome 5
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D5S1456

D5S211

*D5S408 D5S408 *

CIDR (24) AGRF (23)205.05 (cM)

0.01 (cM)
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D6S1581
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D6S264
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D6S446

CIDR (18) AGRF (22)189.16 (cM)

15.18 (cM)

Chromosome 7
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D7S513 *
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D7S1808
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D7S519D7S1818

D7S3046 D7S502

D7S669D7S2204

D7S2212 D7S630

D7S657D7S821

D7S515D7S1799

D7S486
D7S3061

D7S530
D7S1804

D7S640

D7S684
D7S1824

D7S661
GATA150C06

D7S636D7S3070

D7S798D7S3058

D7S2465D7S559

CIDR (20) AGRF (22)182.96 (cM)

6.22 (cM)

Chromosome 8

*D8S264
D8S264 *

D8S277

D8S1469

D8S1130

D8S550D8S1106

D8S549
D8S1145

D8S258

D8S136

*D8S1771

D8S1771 *
D8S1477
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D8S1784
D8S1131

D8S592

D8S514D8S1179

D8S1128 D8S284

D8S256
D8S272

D8S373

CIDR (20) AGRF (14)164.47 (cM)

3.36 (cM)

Chromosome 9

D9S288D9S2169

D9S286
D9S168

D9S285

D9S157
D9S925

D9S171D9S1121
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D9S1776D9S934

D9S1682D9S1825

D9S290
D9S2157

D9S164
*D9S1826

D9S1826 *

D9S158D9S1838

CIDR (17) AGRF (21)159.36 (cM)

8.1 (cM)

Chromosome 10

D10S249GATA11E12

D10S591*D10S189

D10S189 *D10S1412

D10S547D10S2325

D10S1653

D10S548

D10S1423
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D10S1227
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D10S1237 D10S1693

D10S1230 D10S587

D10S1656

*D10S217

D10S217 *

D10S1651

*D10S212 D10S212 *

CIDR (20) AGRF (20)177.19 (cM)

1.18 (cM)

Chromosome 11

D11S1984 D11S4046

D11S2362
D11S1338

D11S1999

D11S1981

D11S902

ATA34E08

D11S904

D11S1392

D11S935

D11S905

D11S1344

D11S4191
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D11S1314
D11S2371

D11S937

D11S2002
D11S901

D11S4175

D11S898

D11S2000

D11S1391

D11S908D11S1998

D11S925
D11S4464

D11S4151
D11S912

D11S1320

*D11S968 D11S968 *

CIDR (15) AGRF (18)152.45 (cM)

0.01 (cM)

Chromosome 12

D12S352D12S372

D12S99GATA49D12

D12S336D12S391

D12S364D12S373

D12S310

D12S1617

D12S1042

D12S345

GATA91H06

D12S85

D12S368

D12S398

D12S83

D12S1291

D12S375

D12S1052
D12S326

D12S1064
D12S351

D12S393
D12S346

PAH
D12S78

D12S2070 D12S79

D12S86D12S395

D12S324D12S2078

D12S1659D12S1045

D12S392 D12S1723

CIDR (18) AGRF (19)169.54 (cM)

0.01 (cM)



Chromosome 13

D13S175D13S787

*D13S217 D13S217 *

D13S171
D13S1493

D13S894
D13S218

D13S263
D13S325

D13S153
D13S788

D13S800

D13S156

D13S170

D13S317
D13S265

D13S892
D13S159

D13S779
D13S158

D13S173
D13S796

*D13S1265 D13S1265 *

*D13S285 D13S285 *

CIDR (13) AGRF (14)123.78 (cM)

5.68 (cM)

Chromosome 14

D14S261D14S742

D14S283
D14S1280

D14S275
D14S608

D14S70
D14S599

D14S306

D14S288

D14S587

D14S276

D14S592

D14S63

D14S588

D14S258

D14S53

D14S74

D14S606

GATA193A07

D14S48

D14S68

D14S280

D14S617

D14S1434

D14S65

D14S1426

D14S985

XRCC3

D14S292

CIDR (14) AGRF (16)122.82 (cM)

4.33 (cM)

Chromosome 15

D15S128D15S822

D15S1002*D15S165

D15S165 *

D15S1007

*D15S1012

D15S1012 *

D15S994

D15S659

D15S978

D15S117

D15S643

D15S1507

D15S153

*D15S131

D15S131 *

D15S205

D15S655

D15S127

D15S652

D15S130

D15S816

D15S657

D15S966

D15S120D15S642

CIDR (13) AGRF (14)133.61 (cM)

5.82 (cM)

Chromosome 16

D16S423ATA41E04

D16S404D16S748

D16S3075*D16S3103

D16S3103 *

D16S3046

D16S403

D16S3068

D16S769

D16S540

D16S3136D16S3396

D16S415D16S3253

D16S503D16S2624

D16S515D16S3096

D16S516*D16S3091

D16S3091 *D16S539

D16S520D16S2621

CIDR (13) AGRF (13)127.6 (cM)

14.05 (cM)

Chromosome 17

D17S1308 D17S849

D17S831D17S1298

D17S938D17S974

D17S1852
D17S1303

*D17S799
D17S799 *

D17S921

D17S1857

D17S2196

D17S975

D17S798

D17S1299

D17S2180

D17S1868

D17S787

D17S1290
D17S944

D17S2193
D17S949

D17S1301 D17S785

*D17S784 D17S784 *

*D17S928 D17S928 *

CIDR (14) AGRF (15)135.67 (cM)

0.45 (cM)

Chromosome 18

D18S59GATA178F11

D18S63
D18S976

D18S452
D18S843

D18S464

*D18S53
D18S53 *

D18S478
D18S877

D18S1102D18S535

D18S474D18S539

D18S858
D18S64

D18S1357
D18S68

GATA2E08

D18S61

ATA82B02

D18S1161

D18S1371

D18S462

D18S70

CIDR (12) AGRF (14)121.65 (cM)

1.39 (cM)

Chromosome 19

D19S591
D19S209

D19S216
D19S1034

D19S884

D19S586

D19S221

D19S226
D19S588

D19S433 D19S414

D19S245 D19S220

D19S420
D19S178

D19S902

D19S246

D19S571

D19S589
D19S418

D19S210
D19S254

CIDR (10) AGRF (12)109.73 (cM)

9.73 (cM)

Chromosome 20

D20S103
D20S117

D20S889

D20S482
D20S115

D20S851 D20S186

D20S604

D20S470

D20S112

D20S477

D20S195

D20S478

D20S107

D20S119

D20S481

D20S178

D20S196

D20S480
D20S100

D20S451

D20S173

D20S171

CIDR (10) AGRF (13)98.63 (cM)

2.52 (cM)

Chromosome 21

D21S1432
D21S1256

D21S1437

D21S1914

D21S1442

D21S263

D21S1252

D21S1440

D21S2055

D21S266
D21S1446

CIDR (6) AGRF (5)73.22 (cM)

8.54 (cM)

Chromosome 22

*D22S420
D22S420 *

D22S539

D22S1174

D22S315

D22S689

D22S280

D22S685

D22S683

D22S283

D22S445

D22S423

D22S274

CIDR (6) AGRF (7)56.47 (cM)

2.96 (cM)

Chromosome X

DXS9900 DXS1060

DXS9895
DXS8051

DXS987
DXS9902

XR

DXS1226
DXS9896

DXS1214*DXS1068

DXS1068 *

DXS993

DXS6810

GATA144D04

DXS991
DXS7132

DXS6800
DXS986

DXS990

DXS6789

DXS6797

DXS1106

GATA172D05

DXS8055

*DXS1001

DXS1001 *

*DXS1047

DXS1047 *

GATA31E08

DXS1227

DXS9908

DXS8043

DXS8091

DXS1073

CIDR (16) AGRF (19)188.22 (cM)

3.31 (cM)
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IDENTITY BY DESCENT
Sib 1

Sib 2

4/16 = 1/4 sibs share BOTH parental alleles  IBD  =  2

8/16 = 1/2 sibs share ONE parental allele  IBD  =  1

4/16 = 1/4 sibs share NO parental alleles  IBD  =  0



For disease traits (affected/unaffected)
Affected sib pairs selected
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IBD = 0
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For continuous measures
Unselected sib pairs

1.00

0.25

0.75

0.50

IBD = 0 IBD = 1 IBD = 2

C
or

re
la

tio
n 

be
tw

ee
n 

si
bs

0.00



Twin 1 
mole 
count

Twin 2 
mole 
count

E
C

A

Q Q

A
C

E
rMZ = 1, rDZ = π̂

rMZ = 1, rDZ = 0.5

rMZ = rDZ = 1

q q

a a

c c
e e



Human OCA2 and eye colour

Zhu et al., Twin Research 7:197-210 (2004)



Linkage Results for IQ and ReadingLinkage Results for IQ and Reading
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Increasing power for QTL linkage (1)

Multivariate analysis



VAR 1 VAR 2 VAR 3
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Effect of multivariate analysis on linkage power

Am. J. Hum. Genet., 
72:561-570, 2003

Use of Multivariate 
Linkage Analysis for 
Dissection of a 
Complex Cognitive Trait

Angela Marlow, Simon 
Fisher, Clyde Francks, 
Laurence MacPhie, 
Stacey  Cherny, Alex 
Richardson, Joel  
Talcott, John  Stein, 
Anthony  Monaco, and 
Lon Cardon

Multivariate and univariate linkage analysis of six 
reading-related measures on chromosome 18



Ridge count
The size of prints can be 
measured by counting the 
number of ridges from the 
triradii to the core 

Ridge count can be summed 
over all fingers to give a 
total ridge count      Diagram from 
Holt, 1968

Highly heritable:
MZ r = .94 CI .89 - .96 

DZ r = .42 CI .34 - .50

A .82 CI .56 - .95

D .11 CI .00 - .37

E .07 CI .05 - .10



TRC vs Multivariate (-LOG10p)

(Univariate           , Multivariate           )
2
1χ

2
5χ

Univariate
Multivariate



Chromosome 1
Similar ‘drop chi-squares’
for pleiotropic QTLs

Resulting in a very 
conservative test



Chromosome 7 …

Evidence of 
developmental fields?



[Nature 2004]



Increasing power for QTL linkage (2)

Selecting extreme pairs



Science 268: 1584-1589 (1995)
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Distribution of entire sample                                 Distribution of selected sample

Scatterplots of the distribution of neuroticism scores for each sibling pair



Am. J. Hum. Genet., 72:000, 2003
Linkage Analysis of Extremely Discordant and Concordant Sibling Pairs Identifies Quantitative-Trait Loci That Influence Variation in the 
Human Personality Trait Neuroticism 
Jan Fullerton, Matthew Cubin, Hemant Tiwari, Chenxi Wang, Amarjit Bomhra, Stuart Davidson, Sue Miller, Christopher Fairburn, Guy 
Goodwin, Michael Neale, Simon Fiddy, Richard Mott, David B. Allison, and Jonathan Flint

The -logP values (vertical axis) for the Visscher-Hopper regression are shown. The cumulative 
distance is given at the bottom, and chromosome numbers are given at the top. The two 
dotted, horizontal lines represent the empirically derived genome wide significance thresholds 
(5% and 1%).

Multipoint linkage analysis of the genome for individual variation in neuroticism



Increasing power for QTL linkage (3)

Increasing marker density



Limits of fine mapping a quantitative trait
Attwood LD & Heard-Costa NL. 
Genetic Epidemiology 24:99-106, 2003

Information for marker density 0.5, 1, 2, 10cM scan









Linkage

Doesn’t depend on “guessing gene”
Works over broad regions (good for getting 
in right ball-park) and whole genome 
(“genome scan”)
Only detects large effects (>10%) 
Requires large samples (10,000’s?)
Can’t guarantee close to gene



Association
Looks for correlation between specific 
alleles and phenotype (trait value, 
disease risk)





QIMR’s Sequenom MassARRAY Installation
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Multiplexing Assays

•SNP 1 •SNP 5•SNP 4•SNP 3 •SNP 2







HapMap (http://www.hapmap.org/)
Samples from four populations

European (CEU): 30 trios
Yoruba (YRI): 30 trios
Japanese (JPT): 45 unrelated
Han Chinese (HCB): 45 unrelated

Diversity and linkage disequilibrium



SNP 
(Public release 16, March 2005)

Population Total
Europeans 1,073,663 
Africans 1,034,205 
Japanese 1,044,416 
Han Chinese 1,044,686 
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Affy 50k SNP chip (58,960 SNPs)

99.4958.0270.7370.4870.48Mum

unrelated99.3270.7670.6470.64Dad

Parent-
offspring

99.7275.3575.36DZ

sibs99.4399.99MZ 2

Call %3 disc!99.43MZ 1

MumDadDZMZ 2MZ 1



Melanoma genome-wide association study



Association
More sensitive to small effects
Need to “guess” gene/alleles 
(“candidate gene”) or be close enough 
for linkage disequilibrium with nearby 
loci
May get spurious association 
(“stratification”) – need to have genetic 
controls to be convinced



Problems

Large number of loci and alleles/haplotypes
Possible interactions between genes
Possible G x E interactions 
Relatively low frequencies of individual risk factors
Genotype-phenotype relationship unknown
Signal/noise – minimizing errors within budget
Scaling of phenotype (continuous, discontinuous)
Spurious association (stratification)





From QTL to gene: the harvest begins:    RKorstanje & B Paigen :   Nature Genetics 31, 235 – 236 (2002)

Number of genes identified from QTL by year



From QTL to gene: the harvest begins:    Ron Korstanje & Beverly Paigen :   Nature Genetics 31, 235 – 236 (2002)



First (unequivocal) 
positional cloning of a 
complex disease QTL !



EPIGENETIC DISCORDANCE IN 
IDENTICAL TWINS

The missing “environment” ?



For most heritable complex traits 
MZ discordance is >50%

Is this due to exogenous environment?
Or could it be stochastic epigenetic 
differences?

We present a  rare case study that may 
illustrate a more general explanation of 
MZ discordance (and etiology in the 
non-twin population)





Discordant caudal duplication in MZ twins
1 2 3 4 5 6 7 8 9 10 11LTR

CpG
Island

308 bp

181 bp

Axin

Twin 1- unaffected < Twin 2 - affected > Controls [e.g.]

Emma Whitelaw, Suyinn Chong
Department of Biochemistry

University of Sydney



Other studies on MZ 
discordance

Epilepsy (with Sam Berkovic, Lata Vadlamudi)

Schizophrenia (with B.Mowry, N.Hayward)

Depression (with Art Petronis)

?Male homosexuality (with Vincent Harley)



Will high density genotyping 
allow us to do genetics 
without Fisher?



Twin 1 
pheno-

type

Twin 2
pheno-

type

E
D

A

Q Q

A
D

E
rMZ = 1, rDZ = π̂

rMZ = 1, rDZ = 0.5

rMZ = 1, rDZ = 0.25

q q

a a

c c
e e



But why do we use the average sib 
values of 

ra = 0.5  
rd = 0.25

when we can estimate the (almost) 
exact values for each sib pair from 
marker data ?

Are there any advantages in doing so ?



The distribution of mean IBD sharing for 941 q.i. sib pairs
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Sib pairs only

Regression Standardized Predicted Value H3491
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Regression statistics for sibling intrapair variance on genomewide mean 
IBD sharing for height (age, sex corrected) with and without MZ twins

R = -0.025, ns R = -0.28, p < 0.001







People who should have got the 
Nobel prize and haven’t (yet)...

Morton for lod scores (1955)
CAB Smith for linkage heterogeneity (50s)
Kary Mullis for surfing [he got it for PCR]
Litt & Weber for microsatellites ~1990
Mike Neale for Mx
Lon & Gonzalo for Merlin and QTDT




