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The genetic basis of 
evolutionary change



Premise

• Technology is revolutionizing many areas of 
biology — in particular, sequencing and 
genotyping technologies are advancing at an 
astonishing rate

• Genome sequencing is routine, and it is 
now possible to study genetic variation by 
sequencing large numbers of individuals

• Systems biology will meet natural variation



It doesn’t get any better 
than this...

• Model plant with compact 
(120 Mb), sequenced genome

• Widely distributed, highly 
variable, and locally adapted

• Highly selfing:

• Increased linkage 
disequilibrium

• Naturally occurring inbred 
lines

(from Henderson et al. 2003, Annu. Rev. Genet.)

!



Plants “stand still to be counted”



Genome-wide association 
studies (GWAS)

• Finding genes responsible for variation in 
complex traits is still very difficult

• The decreasing costs of genotyping has 
raised the promise of so-called “association 
mapping”



The basic 
principle 
behind 

mapping
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In practice, several crossing schemes are used to
generate this mapping population12. In all of these,
the parents are mated to generate an F1 population.
In one approach, recombinant inbred lines can be
created by selfing (self-fertilizing) each of the F1
progeny for several (usually eight) generations (FIG.

1)13. In an ‘F2 design’, the mapping population is gen-
erated by mating the F1 progeny to each other (FIG. 2).
In a ‘backcross design’, the mapping population is
generated by crossing the F1 progeny to either, or
both, of the parents (FIG. 3). Several variations on
these crossing schemes have been designed to maxi-
mize the shuffling of parental alleles12,14. Once all
individuals in the mapping population are scored for
phenotype and multilocus genotype, the actual QTL
mapping can begin. The statistical tools at the foun-
dations of QTL mapping have been used for many
years (BOX 2). In fact, in 1923, Karl Sax mapped a QTL
for seed size in the bean, Phaseolus vulgaris, by statis-
tically associating it with a Mendelian locus for 
seed pigmentation15.

Today, we generally have much more detailed genetic
maps available. For example, Arabidopsis thaliana has
1,262 genetic markers, which consist of restriction frag-
ment length polymorphisms (RFLPs) and single
nucleotide polymorphisms (SNPs) that vary between
the two parental lines of the most commonly used set of
recombinant inbred lines (FIG. 1)16,17. Cereon Genomics
has identified and made available a collection of 28,117
SNPs, which include 15,674 insertion/deletion poly-
morphisms that are polymorphic between the two par-
ents of those same recombinant inbred lines.

Ultimately,QTL analysis yields a statistical descrip-
tion of the genes that underlie the phenotypes of
interest. The ‘statistical fog’ is not completely lifted,
but we can see the shadows of those genes.

Box 1 | Quantitative genetics reborn

“… evolution is essentially a statistical problem,” W. F. R. Weldon (1893)

The early history of evolutionary genetics focused on understanding complex traits, particularly those relating
to humans, such as intelligence, temper and ‘artistic faculty’99. Without the benefit of Mendel’s ideas, Francis
Galton and the mathematician, Karl Pearson, established that useful predictions of the evolutionary trajectory 
of complex traits could be made without recourse to an explicit understanding of inheritance99. This area of
‘quantitative genetics’ rested on the statistical properties of the MULTIVARIATE NORMAL DISTRIBUTION8,18.
With the rediscovery of Mendel’s theory of heredity in 1900, a conflict arose between this ‘biometrical’ school

of quantitative genetics and the discrete genetics of the Mendelian school99. By 1910, it had been shown that
continuous phenotypic variation could result from the action of the environment on the segregation of many
Mendelian loci99,100. By 1918, Ronald Fisher convincingly reconciled the discrete inheritance of Mendelism with
the biometrical approach101. Modern evolutionary quantitative genetics is largely based on the same statistical
foundations that were laid by Pearson and Fisher102–108.

For most of the twentieth century, quantitative genetics had a crucial role in both agriculture and evolutionary
biology, but never seemed fully embraced by modern molecular genetics. There was (and perhaps still is) a
widespread perception that quantitative genetics essentially ignored genetics, blanketing actual genes in what 
has been called a “statistical fog”109.

Mapping quantitative trait loci (QTL) — the single or many genes that underlie quantitative phenotypes —
might represent an important part of the final synthesis of molecular and quantitative genetics. By working 
from the phenotype to the genotype, QTL mapping uses statistical techniques to localize chromosomal 
regions that might contain genes contributing to phenotypic variation in a complex trait of interest. Working
from the gene to the phenotype, molecular geneticists might be able to meet quantitative geneticists at some
genetic Promontory Point.
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Figure 1 | Principles of mapping quantitative trait loci.

The basic strategy behind mapping quantitative trait loci

(QTL) is illustrated here for a | the density of hairs

(trichomes) that occur on a plant leaf. Inbred parents that

differ in the density of trichomes are crossed to form an F
1

population with intermediate trichome density. b | An F
1

individual is selfed to form a population of F
2

individuals. 

c | Each F
2

is selfed for six additional generations,

ultimately forming several recombinant inbred lines (RILs).

Each RIL is homozygous for a section of a parental

chromosome. The RILs are scored for several genetic

markers, as well as for the trichome density phenotype. 

In c, the arrow marks a section of chromosome that

derives from the parent with low trichome density. The

leaves of all individuals that have inherited that section of

chromosome from the parent with low trichome density

also have low trichome density, indicating that this

chromosomal region probably contains a QTL for this trait.

MULTIVARIATE NORMAL

DISTRIBUTION

The central limit theorem
assures a normal (bell-shaped)
distribution for a variable that
is the summation of many
independent, random inputs.
This applies to single or
multiple variables.

© 2001 Macmillan Magazines Ltd

(from Mauricio 2001, Nature Rev. Genet.)



Linkage vs association 
mapping

• Linkage mapping – look for associations in 
populations with known relationships (e.g. 
the members of a pedigree, or the offspring 
of a cross)

• Association mapping – look for associations 
in populations of “unrelated” individuals



The HapMap Project

ARTICLES

Genome-wide association study of 14,000
cases of seven common diseases and
3,000 shared controls
The Wellcome Trust Case Control Consortium*

There is increasing evidence that genome-wide association (GWA) studies represent a powerful approach to the
identification of genes involved in common human diseases.We describe a joint GWAstudy (using the Affymetrix GeneChip
500KMapping Array Set) undertaken in the British population, which has examined,2,000 individuals for each of 7 major
diseases and a shared set of ,3,000 controls. Case-control comparisons identified 24 independent association signals at
P, 53 1027: 1 in bipolar disorder, 1 in coronary artery disease, 9 in Crohn’s disease, 3 in rheumatoid arthritis, 7 in type 1
diabetes and 3 in type 2 diabetes. On the basis of prior findings and replication studies thus-far completed, almost all of these
signals reflect genuine susceptibility effects. We observed association at many previously identified loci, and found
compelling evidence that some loci confer risk for more than one of the diseases studied. Across all diseases, we identified a
large number of further signals (including 58 loci with single-point P values between 1025 and 53 1027) likely to yield
additional susceptibility loci. The importance of appropriately large samples was confirmed by the modest effect sizes
observed at most loci identified. This study thus represents a thorough validation of the GWA approach. It has also
demonstrated that careful use of a shared control group represents a safe and effective approach to GWA analyses of
multiple disease phenotypes; has generated a genome-wide genotype database for future studies of common diseases in the
British population; and shown that, provided individuals with non-European ancestry are excluded, the extent of population
stratification in the British population is generally modest. Our findings offer new avenues for exploring the pathophysiology
of these important disorders. We anticipate that our data, results and software, which will be widely available to other
investigators, will provide a powerful resource for human genetics research.

Despite extensive research efforts for more than a decade, the genetic
basis of common humandiseases remains largely unknown. Although
there have been some notable successes1, linkage and candidate gene
association studies have often failed to deliver definitive results. Yet
the identification of the variants, genes and pathways involved in
particular diseases offers a potential route to new therapies, improved
diagnosis and better disease prevention. For some time it has been
hoped that the advent of genome-wide association (GWA) studies
would provide a successful new tool for unlocking the genetic basis
of many of these common causes of humanmorbidity andmortality1.

Three recent advances mean that GWA studies that are powered to
detect plausible effect sizes are now possible2. First, the International
HapMap resource3, which documents patterns of genome-wide vari-
ation and linkage disequilibrium in four population samples, greatly
facilitates both the design and analysis of association studies. Second,
the availability of dense genotypingchips, containing sets of hundreds of
thousands of single nucleotide polymorphisms (SNPs) that provide
good coverage of much of the human genome, means that for the first
timeGWAstudies for thousandsof cases andcontrols are technically and
financially feasible. Third, appropriately large and well-characterized
clinical samples have been assembled for many common diseases.

The Wellcome Trust Case Control Consortium (WTCCC) was
formed with a view to exploring the utility, design and analyses of
GWA studies. It brought together over 50 research groups from the
UK that are active in researching the genetics of common human
diseases, with expertise ranging from clinical, through genotyping, to

informatics and statistical analysis. Here we describe the main experi-
ment of the consortium: GWA studies of 2,000 cases and 3,000 shared
controls for 7 complex human diseases of major public health import-
ance—bipolar disorder (BD), coronary artery disease (CAD), Crohn’s
disease (CD), hypertension (HT), rheumatoid arthritis (RA), type 1
diabetes (T1D), and type 2 diabetes (T2D). Two further experiments
undertaken by the consortium will be reported elsewhere: a GWA
study for tuberculosis in 1,500 cases and 1,500 controls, sampled from
The Gambia; and an association study of 1,500 common controls with
1,000 cases for each of breast cancer, multiple sclerosis, ankylosing
spondylitis and autoimmune thyroid disease, all typed at around
15,000 mainly non-synonymous SNPs. By simultaneously studying
seven diseases with differing aetiologies, we hoped to develop insights,
not only into the specific genetic contributions to each of the diseases,
but also into differences in allelic architecture across the diseases. A
further major aim was to address important methodological issues of
relevance to all GWA studies, such as quality control, design and ana-
lysis. In addition to our main association results, we address several of
these issues below, including the choice of controls for genetic studies,
the extent of population structure within Great Britain, sample sizes
necessary to detect genetic effects of varying sizes, and improvements in
genotype-calling algorithms and analytical methods.

Samples and experimental analyses

Individuals included in the study were living within England,
Scotland and Wales (‘Great Britain’) and the vast majority had

*Lists of participants and affiliations appear at the end of the paper.
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from the analyses described above, and consideration of an expanded
reference group, described below.
Bipolar disorder (BD). Bipolar disorder (BD; manic depressive ill-
ness26) refers to an episodic recurrent pathological disturbance in
mood (affect) ranging fromextreme elationormania to severedepres-
sion and usually accompanied by disturbances in thinking and beha-
viour: psychotic features (delusions and hallucinations) often occur.
Pathogenesis is poorly understood but there is robust evidence for a
substantial genetic contribution to risk27,28. The estimated sibling
recurrence risk (ls) is 7–10 andheritability 80–90%

27,28. Thedefinition
of BD phenotype is based solely on clinical features because, as yet,
psychiatry lacks validating diagnostic tests such as those available for
many physical illnesses. Indeed, a major goal of molecular genetics
approaches to psychiatric illness is an improvement in diagnostic
classification that will follow identification of the biological systems
that underpin the clinical syndromes. The phenotype definition that
we have used includes individuals that have suffered one or more
episodes of pathologically elevated mood (see Methods), a criterion
that captures the clinical spectrum of bipolar mood variation that
shows familial aggregation29.

Several genomic regions have been implicated in linkage studies30

and, recently, replicated evidence implicating specific genes has been
reported. Increasing evidence suggests an overlap in genetic suscept-
ibility with schizophrenia, a psychotic disorder with many similar-
ities to BD. In particular association findings have been reported with

both disorders at DAOA (D-amino acid oxidase activator), DISC1
(disrupted in schizophrenia 1), NRG1 (neuregulin1) and DTNBP1
(dystrobrevin binding protein 1)31.

The strongest signal in BD was with rs420259 at chromosome
16p12 (genotypic test P5 6.33 1028; Table 3) and the best-fitting
genetic model was recessive (Supplementary Table 8). Although
recognizing that this signal was not additionally supported by the
expanded reference group analysis (see below and Supplementary
Table 9) and that independent replication is essential, we note that
several genes at this locus could have pathological relevance to BD,
(Fig. 5). These include PALB2 (partner and localizer of BRCA2),
which is involved in stability of key nuclear structures including
chromatin and the nuclear matrix; NDUFAB1 (NADH dehydrogen-
ase (ubiquinone) 1, alpha/beta subcomplex, 1), which encodes a
subunit of complex I of the mitochondrial respiratory chain; and
DCTN5 (dynactin 5), which encodes a protein involved in intracel-
lular transport that is known to interact with the gene ‘disrupted in
schizophrenia 1’ (DISC1)32, the latter having been implicated in sus-
ceptibility to bipolar disorder as well as schizophrenia33.

Of the four regions showing association at P, 53 1027 in the
expanded reference group analysis (Supplementary Table 9), it is of
interest that the closest gene to the signal at rs1526805 (P5 2.23
1027) is KCNC2 which encodes the Shaw-related voltage-gated pot-
assium channel. Ion channelopathies are well-recognized as causes of
episodic central nervous system disease, including seizures, ataxias
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Figure 4 | Genome-wide scan for seven diseases. For each of seven diseases
2log10 of the trend test P value for quality-control-positive SNPs, excluding
those in each disease that were excluded for having poor clustering after
visual inspection, are plotted against position on each chromosome.

Chromosomes are shown in alternating colours for clarity, with
P values,13 1025 highlighted in green. All panels are truncated at
2log10(P value)5 15, although some markers (for example, in the MHC in
T1D and RA) exceed this significance threshold.
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Why association mapping?

+ Much higher resolution because of 
historical recombination

+ No crosses or pedigrees needed

– Results more difficult to interpret (false 
positives and negatives)

– Not guaranteed to work



Towards genomic 
polymorphism data

1. Dideoxy re-sequencing of ~1,500 short 
fragments in a global sample of 96 lines

2. Whole-genome re-sequencing of 20 lines (a 
subset of the 96) using Perlegen technology

3. Genotyping of 250k SNPs in ~1,300 lines 
using custom Affymetrix chip (in progress)

4. Solexa shotgun sequencing of some or all 
of these lines (in progress)



GWA in A. thaliana

• 186 different phenotypes, measured in the 
same 96 (or 192, or 384) lines;

• 4 different statistical methods;

• a total of almost 200 million association 
scores...



It works!



At least sometimes...



A much more “interesting” 
problem...



Confounding by population 
structure
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What is to be done?

• Genomic control
(Devlin & Roeder 1999, Biometrics)

• Structured association
(Pritchard et al. 2000, Am. J. Hum. Genet.)

• Principal-components approach
(Price et al. 2006, Nature Genet.)

• Mixed-model approach
(Yu et al. 2006, Nature Genet.)

The only approach 
that works for us!



Correcting for population 
structure works...



No magic bullet

• Some confounding remains (false positives)

• Removing confounding removes true 
positives (introduces false negatives)

• There is no substitute for independent 
evidence!



No magic bullet

• Some confounding remains (false positives)

• Removing confounding removes some true 
positives (introduces false negatives)

• There is no substitute for independent 
evidence!



Generating lists of 
interesting associations

• Significant peaks — when p-values have 
meaning...

• Start from the top — when they don’t...



There is signal

SNP close to candidate

SNP not close to candidate

150,000100,00075,000



A nice example
Long days, 18°C

Long days, 18°C + vernalizationShort days, 18°C + vernalization



An interesting example



It gets worse (or better)



Confounding will be a 
problem! 



A shared allele for small size across dog breeds



Aquilegia

formosa pubescens

(photo by Scott 
Hodges, UCSB)



Footprints of selection

• Understanding the forces governing the 
genomic pattern of variation is a goal in and 
of itself

• Can help identify adaptively important 
polymorphisms



Death to models!

• The old sequencing data from 96 lines 
revealed a pattern of polymorphism that 
strongly deviated from that expected under 
the standard neutral model

• We were unable to fit any model to the 
data: the variability was too great

• The Perlegen data confirmed that our 
pessimism was not premature...



• Selection on linked sites?

• Gene conversion?

• Mutation rate 
differences?

• Bias?

Peaks and 
valleys of 

polymorphism 
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Selective sweeps are easier
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Selective sweep on 
chromosome 1

• 18/20 accessions share a 
haplotype that often 
extends up to 500 kb

• Only Löv-1 and Cvi-0 
have escaped the sweep, 
which appears to be 
centered on RPP-27
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 A. thaliana 
vs. 

A. lyrata 

• A. lyrata’s genome is ~ 2 X larger than A. thaliana’s

• A. lyrata has 8 chromosomes; A. thaliana 5

• A. lyrata is self-incompatible; A. thaliana is a selfer



Transition from 8 to 5 
chromosomes

• At least 5 inversions 

• 2 reciprocal translocations

• 3 chromosomal fusions

(from Lysak et al. 2006, PNAS)



ancestral karyotypes

The creation of AT1
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repeats

not due to local 
variation in 

mutation rates

AT1
synteny blocks



AT5

5.00e+08 5.02e+08 5.04e+08 5.06e+08 5.08e+08 5.10e+08 5.12e+08 5.14e+08 5.16e+08 5.18e+08 5.20e+08 5.22e+08 5.24e+08 5.26e+08
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There have been changes at many levels — and 
the process is still under way



Death to the Neutral Theory!
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Death to the Neutral Theory!
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Prospect

• By the end of the year, over 1,000 lines will 
have been genotyped with the 250k chip

• In a couple of years, these lines will also 
have been sequenced

• We are systematically crossing lines

• Add “dynamic” information — epigenome, 
transcriptome, proteome — and system 
biology is finally meeting natural variation!


