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m Abstract The Human Genome Project (HGP) originally sought to sequence the
human genome but excluded studies on genetic diversity. Now genetic diversity is a
major focus, and evolutionary theory provides needed analytical tools. One type of
diversity research focuses on complex traits. This is often done by screening genetic
variation at candidate loci functionally related to a trait followed by gene/phenotype
association tests. Linkage disequilibrium creates difficulties for association tests, but
evolutionary analyses using haplotype trees can circumvent these problems and re-
sult in greater statistical power, better disease risk prediction, the elimination of some
polymorphisms as causative, and physical localization of causative variation when
combined with an analysis of recombination. The HGP also now proposes to map
over 100,000 single nucleotide polymorphisms to test for gene/phenotype associa-
tions through linkage disequilibrium in isolated human populations affected by past
founder or bottleneck events. This strategy requires prior knowledge of recent human
evolutionary history and current population structure, but other evolutionary consider-
ations dealing with disequilibrium and nonrandom mutation pose difficulties for this
approach. Studies on population structure also focus upon traits of medical relevance,
and an understanding of the evolutionary ultimate cause for the predisposition of some
populations to certain diseases is a useful predictor for shaping public health policies.
Studies on the genetic architecture of common traits reveal much epistasis and variation
in norms of reaction, including drug response. Because of these interactions, context
dependency and sampling bias exist in disease association studies that require popu-
lation information for effective use. Overall, the population thinking of evolutionary
biology is an important counterweight to naive genetic determinism in applying the
results of the HGP to issues of human health and well-being.

INTRODUCTION

The Human Genome Project (HGP) began in 1990 with the goal of sequencing
an entire human genome by the year 2005. This project also included the goal
of obtaining genome sequences of several other organisms, many of which have
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already been completely sequenced (17). The sequencing of genomes from several
species obviously creates opportunities for evolutionary studies in comparative ge-
nomics. However, these macroevolutionary studies are outside the scope of this
review, which is restricted to studies solely on humans. At first glance, this restric-
tion may seem to preclude any relevance of evolutionary biology to the HGP. This
perception is reinforced by the fact that the initial HGP excluded studies on human
genetic diversity (16, 17)—the raw material of all evolutionary phenomena at the
intraspecific level. Partly to remedy this perceived deficiency of the HGP, a Hu-
man Genome Diversity Project was first proposed in 1992, but it never became an
integrated, focused project (118). Meanwhile, sequencing technology advanced
such that in May 1998, private initiatives were announced to sequence much of
the human genome de novo within just three years and at a tenth of the cost of
the federally funded HGP (105). Following the announcements of these private
initiatives, a major reassessment of the goals of the HGP was undertaken (17).
The HGP now has a “new focus on genetic variation” because such variation is
the “fundamental raw material for evolution” and “is also the basis for variations
in risk among individuals for numerous medically important, genetically com-
plex human diseases” (17). The HGP has finally opened the door to evolutionary
biology.

Because of the deliberate exclusion of studies on human genetic diversity until
1998, few of the papers cited in this review were funded by the HGP. Nevertheless,
many non-HGP studies have examined human genetic diversity at the molecular
level, often with a clinical or medical objective. This review includes such projects
because they now fall within the new goals of the HGP and show the contribution
of evolutionary principles to such research.

DISEASE ASSOCIATIONS

General Considerations

The primary justification of the HGP is its promise to yield new insights into and
possibly cures for a variety of human diseases. Mapping and understanding the
“simple Mendelian diseases” of humanity is part of this goal. However, only about
1.25% of human births are affected by such Mendelian diseases (25). In contrast,
65.41% of live births are affected at some time in their life by a disease that has a
heritability greater than 0.3 (25). Accordingly, the new goals of the HGP include a
major focus upon the “genetically complex human diseases” (17). This review is
limited to genetically complex diseases because evolutionary theory and practice
can provide critical analytical tools for their study.

The primary impact of molecular genetics upon studies of complex diseases
has been a strong shift from unmeasured to measured genotype approaches (126).
In the unmeasured approach, individual phenotypes are scored and pedigree infor-
mation is obtained to define the genetic relationships among the individuals. The
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phenotypic and pedigree information is then used to obtain estimates of classical
guantitative genetic parameters such as heritabilities. In contrast, measured geno-
type approaches start with some assay of genetic variation (usually at the molecular
level) and test for associations between measured genetic variation and phenotypic
variation. Measured genotype approaches predate the HGP (e.g. 45,127), but the
ready availability of molecular markers throughout the human genome has now
made measured genotype approaches increasingly common. There are three ma-
jor measured genotype approaches in human genetics: candidate loci, quantitative
trait loci (QTL) mapping through linkage associations within families, and QTL
mapping through linkage disequilibrium in populations.

Candidate Loci

With the candidate locus approach, prior information about the basis of the phe-
notype and the function of known genes is used to identify loci that are likely
to contribute to the phenotype of interest (126). For example, after age and sex,
various lipid traits are the major risk factors for coronary artery disease (CAD),
which accounts for about a third of the total human mortality in developed nations.
The etiology of CAD involves the deposition of cholesterol-laden plaque onto the
interior walls of the coronary arteries. Many genes have been identified that play
critical roles in lipid metabolism, so these are all candidate genes for CAD (6, 126).
Our knowledge of the etiology of many diseases and the function of specific genes
is increasing at a rapid rate, so the candidate approach will play an increasingly
important role in human genome studies.

With this approach, a population is screened for variation at the candidate
loci followed by tests for associations between genetic and phenotypic variation.
With low-resolution genetic screens such as protein electrophoresis, such tests
of association were relatively straightforward by measuring mean phenotypes of
genotypes. For example, one of the candidate genes involved in lipid metabolism
is Apoprotein E(ApoE), and protein electrophoresis reveals three alleles that are
common in most human populations, #& ¢3, ande4 alleles. In most human
populations, the?2 allele is associated with lowered total serum and LDL (low
density lipoprotein) cholesterol levels, apd is associated with elevated levels
(24,43,120,121,126). Prospective studies confirm that individuals bearing the
¢4 allele die disproportionately from CAD (130). The marginal effecté\pbE
alone account for about 7% of the total phenotypic variation in cholesterol levels
and about 14% of the total genetic variance (121). HeApeEis considered to
be a major locus for CAD risk prediction.

As genetic resolution increases, certain difficulties arise. This is illustrated by
studies on another candidate gene for CAD, ltheprotein lipaselocus (PL):

71 individuals from three populations were sequenced for a 9.7-kb region within
this locus (98). Of the 88 polymorphic sites were discovered, and 69 of these sites
had their phases determined to define 88 distinct haplotypes (14). Thus, using
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only a subset of the known polymorphic sites in just a third of a single gene, a
sample of 142 chromosomes reveals 88 “alleles” or haplotypes that in turn define
3916 possible genotypes—a number considerably larger than the sample size. Ob-
viously, the increased genetic resolution now poses some daunting statistical
challenges.

One simple and common approach for dealing with such vast arrays of genetic
variation is to analyze each polymorphic site separately. However, polymorphic
sites within a candidate locus are, virtually by definition, tightly linked and often
show strong linkage disequilibrium, as is the caselfet (14, 98). As a conse-
guence, the multiple single-site tests are not independent from one another, making
statistical and biological interpretation difficult. Most commonly, such single-site
approaches are interpreted as a minilinkage analysis; each polymorphic site is
treated as a “marker,” and those markers that show the strongest phenotypic asso-
ciations are regarded as being physically closest to the causative site or being the
causative site. For examplBpoEis also a candidate gene for Alzheimer’s dis-
ease, and the&d allele often shows a significant marginal association with sporadic
Alzheimer’s disease (1,8, 10,13, 19,56, 78,104, 107), although not in all cases
(68, 70, 75). This discovery has led to a plethora of papers trying to explain how
this specific allele “causes” Alzheimer’s disease (80, 93,112,132, 157). However,
three other apoprotein loci are tightly linked to #sgoElocus (2), and the genetic
markers throughout this chromosomal region show strong linkage disequilibria,
apparently due to low rates of recombination (135). The question therefore arises:
Which of these functionally related loci harbors causative variation?

At this point, it is necessary to consider the evolutionary forces that deter-
mine the amount and pattern of linkage disequilibrium. A standard equation from
population genetics is:

Dt = Do(1—r)' 1.

where Dy is the linkage disequilibrium between two sites at generatjanis

the recombination frequency between the sites, Bk the linkage disequilib-

rium at the initial generation 0. Attention is often focused upam Equation 1,
leading to the general belief that the magnitude of linkage disequilibrium can
be used as a proxy for recombination frequency. However, when dealing with
small regions of DNA, recombination is often extremely rare (but not always;
14). When recombination is rare, the magnitude of disequilibrium is determined
primarily by the chromosomal background upon which a mutation initially oc-
curred and its subsequent evolutionary fate (137, 139). Therefore, the magnitude
of disequilibrium in many candidate regions reflects the temporal positioning of
mutational events over evolutionary time, and not the spatial positioning over a
physical region of DNA. Indeed, many studies reveal little to no correlation be-
tween linkage disequilibrium and physical distance within small regions of DNA
(48,50,61,74,76,145,165, 166). This lack of correlation means that there is no
reliable positional information even when a strong association is found only with
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a single marker in a candidate region. Hence, it is premature to infeApiat

is the only plausible locus for “causing” Alzheimer’s disease in this chromosome
region and that the mutation leading to the electrophoedtigllele is a causative
mutation. Multiple single-marker association studies in a candidate region are
statistically indefensible because of non-independence and easily misinterpre-
tated biologically unless the evolutionary basis of disequilibrium is taken into
account.

One way to eliminate the problems caused by disequilibrium is to organize all
the genetic variation in the DNA region into haplotypes and then use haplotypes
as the units of analysis (149, 150). However, as noted aboudfarthe number
of haplotypes is often still so large that even extremely large samples will only
provide sparse coverage of the possible genotypic space defined by haplotypes.
Evolutionary history can be used to solve this problem. Given a candidate gene
region in which there has been either no or little recombination, it is possible to
estimate a haplotype tree that reflects the evolutionary history that generated the
disequilibrium and the haplotypes (139). The estimation of such haplotype trees
can be accomplished by standard phylogenetic inference procedures, but many
of these procedures were originally worked out for interspecific phylogenies and
make assumptions that are inappropriate for haplotype trees (22, 140). Accord-
ingly, new procedures have been developed for estimating and testing haplotype
trees (21,22, 139, 141).

A simple example of the use of a haplotype tree is provided by a study of the
ApoAl-ClII-AlV gene cluster (49). Seven haplotypes (numbérdgatough?) de-
fined by restriction site polymorphisms were found in a population of 147 French
Canadians scored for total serum cholesterol and other lipid phenotypes. Of these
individuals 140 bore at least one copy of haplot@@ad therefore only one haplo-
type state varied among these 140 individuals. Thus, the genotypes in this subset
could be analyzed as if they were haploid. The haplotype tree in this case is a
simple star in which the six rarer haplotypes radiate from the central and common
haplotype6, with all six of the tip haplotypes differing from haplotygeoy only
a single restriction site. Note that there are 21 different pairwise contrasts among
these 7 haplotypes, but there are only 6 degrees of freedom. In general, there are
n— 1 degrees of freedom in a haploid analysis bfplotypes angn(n —1) pair-
wise contrasts, so this discrepancy gets worse with increasing haplotype diversity.
One of the basic principles of the comparative method of evolutionary biology is
that the most meaningful contrasts are between evolutionary neighbors. Applying
this principle, the evolutionarily relevant contrasts are those between hapt®type
and the six others. Accordingly, only these six pairwise contrasts were performed,
each using one of the available degrees of freedom, and several significant phe-
notypic associations were discovered (49). In contrast, no significant phenotypic
associations were discovered with a traditional, one-way ANOVA that does not
use evolutionary principles to concentrate statistical power upon the most relevant
comparisons (49).
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Most haplotype trees deviate from the pure star topology. Still, any haplotype
tree ofn haplotypes will haven — 1 connections in a fully resolved tree, so in
theory all haplotype trees could define contrasts across their branches that would
fully use all available degrees of freedom and no more. Statistical problems can
still exist because many haplotypes, particularly those on the tips of the haplotype
tree, are expected to be quite rare in the population (22), resulting in little power.
This problem can be diminished by pooling haplotypes into larger categories,
particularly tip haplotypes. One method of pooling is to start with tip haplotypes
(in general the rarest) and move one mutational step toward the interior of the
haplotype tree, pooling together all the tip and interior haplotypes that are reached
by such a movement into a “1-step clade” (139). The resulting initial set of 1-step
clades on the tips of the haplotype tree are then pruned off, and the same procedure
is then repeated upon the remainder of the haplotype tree until all haplotypes have
been placed into 1-step clades. One then applies the same nesting algorithm to
the tree of 1-step clades to create 2-step clades. This procedure is iterated until
all clades are nested into a single category. Special rules of nesting are needed to
deal with symmetries in the tree and regions of topological ambiguity (141). This
nesting procedure has several advantages. First, nesting categories are determined
exclusively by the evolutionary history of the haplotypes and not by a phenotypic
pre-analysis, thereby eliminating a major source of potential bias. Second, the
clades define a nested design that makes full and efficient use of the available
degrees of freedom. Third, statistical power has been enhanced by contrasting
pooled clades across many of these branches instead of individual haplotypes
(124,125,136, 139).

Most human studies involve diploid genotypes. The nested clade statistics were
therefore extended to deal with diploid populations through the quantitative genetic
device of the average excess of a haplotype (134, 143). The statistical significance
of these average excesses can be determined by a variety of methods. For example,
a nonparametric nested permutational analysis ofjhe@Al-CllI-AlV region re-
vealed a significant association with the log of the serum triglyceride level, another
risk factor for CAD that was undetectable with a standard nonevolutionary anal-
ysis (143). Alternatively, likelihood-ratio tests of linear models of parameterized
haplotype effects were used to identify clades of haplotypes idfogprotein B
(ApoB) region that explained about 10% of the genetic variance and 5% of the total
variance in HDL-cholesterol and triglyceride levels (44). None of the sites used
to define thesépoBhaplotypes showed any significant phenotypic associations
when tested individually (44). As these examples show, evolutionary analyses
provide greater statistical power than nonevolutionary alternatives.

The evolutionary approach also results in better individual level risk prediction
over the single-marker approach. Analyzing one marker at a time is inherently
a bivariate analysis, but phenotypes typically come in more than two categories.
When this occurs, single-marker analyses are inherently incapable of detecting the
full range of phenotypic heterogeneity. For example, a single marker analysis of
case-control data concluded that #ygoE ¢4 allele and a restriction site marker
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in the tightly linkedApoCllocus can each divide people into higher and lower
Alzheimer’s disease risk categories (10). The nested evolutionary analysis of the
same data (Figure 1) identifies thpoClmarker as being associated with a signifi-
cant change in Alzheimer’s risk, assi2 (but note4) at theApoElocus, with thes4
marginal effect being due to linkage disequilibrium (135). Thus, both approaches
identified theApoClmarker as providing information about Alzheimer’s risk that

is independent from th&poElocus markers, but the evolutionary analysis results
in three risk categories (Figure 1), not two (135). The “high-risk” category in the
marginal analysis of thapoClmarker contains those individuals with both lowest
risk (clade 1-4 in Figure 1) and highest risk (clades 1-1 and 1-2). Hence, using
the ApoCl marker by itself would mean that many people with the lowest risk
for Alzheimer’s disease would incorrectly be advised that they are in a high-risk
category. Thus, evolutionary analyses provide greater precision of risk prediction
for individuals than nonevolutionary analyses of the same data.

Another advantage of the evolutionary approach is that it provides guidance for
studies attempting to find causative variation. For example, a nested clade analysis
of restriction-site haplotypes at thew-density lipoprotein receptdocus (DLR)
localized a significant phenotypic change in CAD risk factors to a branch between
two haplotypes (designatddll andH5) defined by a singl@ad restriction site
change (46,47,124). Thigad site also had a significant marginal association,

S0 a hon-evolutionary analysis detects this association as well. However, because
there is no reliable relationship between physical distance and degree of associa-
tion in such small gene regions, the non-evolutionary analysis gives no guidance
as to the nature or location of the causative site or sites. Similarly, in the nested
clade analysis, the mutational change/s that define the branch in the haplotype tree
that is associated with a phenotypic change are not necessarily causative (139).
Therefore, neither analysis justifies equating Tiagl site to the causative site.
However, a comparison of individuals with and without ffeej site would in-

clude much more background genetic variation than the more refined comparison
of bearers ofH1 versusH5 (47). Hence, the evolutionary analysis minimizes
the differences in background variation in favor of candidate functional variations
(47). More detailed genetic surveys can then be performed upon just these two
haplotypes to execute a more refined nested analysis to eliminate additional sites
as being causative (47,123). For example, a nested clade analysis of haplotypes
in the ApoBregion revealed a clade of haplotypes defined byl restriction

site polymorphism that explained 6.5% of the phenotypic variance in reduction
of total cholesterol and 22.3% of the phenotypic variance in reduction of LDL-
cholesterol (the “bad” cholesterol for CAD risk) in response to placing 63 male
students upon a controlled low-cholesterol diet (38). It was hypothesized that the
putative LDL receptor binding region of apo B might determine how individu-
als respond to low-cholesterol diets, so this region was sequenced in individuals
homozygous for the two haplotype categories on either side akliaebranch

in the ApoB haplotype tree. The sequence analysis revealed no differences in
this region despite these haplotypes being associated with marked differences in
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dietary response (38). Thus, the causative sites are not in the putative binding
region.

The study on dietary response demonstrates that the candidate locus approach
can be applied to many types of traits, including responses to environmental vari-
ables. The idea that a single genotype can give rise to a variety of phenotypes
depending upon environmental conditions (phenotypic plasticity) and the idea
that different genotypes will display different phenotypic responses to the same
environmental change (norm of reaction) have long played animportantrole in evo-
lutionary biology (115). Although it has long been known that humans display dif-
ferent genetically determined reactions to environmental variables [e.qg., the genetic
polymorphisms for lactose intolerance (35) or drug response (72, 87,90, 159)], a
widespread appreciation for the importance of these evolutionary concepts is only
recent in human genetics. This appreciation was slow in developing because drug
and food metabolism are sufficiently redundant and complex as to mask the effects
of single-locus variants with classic Mendelian studies (83). However, there are
a plethora of candidate loci in this area, so the increased feasibility and power of
the candidate locus approach is revolutionizing this field (60, 83). Indeed, “phar-
macogenomic” companies have been founded in recent years with the expressed
purpose of developing haplotype data at candidate loci that would be amenable to
evolutionary lineage analysis in predicting drug response (26).

Any evolutionary analysis of haplotype variation is based upon the presump-
tion that a haplotype tree can be constructed in the first place. If recombination
is frequent and uniform in a candidate region, a nested clade analysis would be
impossible. However, the presence of a few recombinants can actually enhance
biological inference by providing information about physical location of causative
sites (141). For example, tlangiotensin-1 converting enzyng@CE) locus is a
candidate gene for hypertension and CAD. Two major clafesnf B) explain
36% of the phenotypic variance for the amount of circulating ace levels (59). A
third clade C) was inferred to have arisen from a recombination event between
cladesA andB, and this recombinant clade had phenotypic effects indistinguish-
able from those of cladB (59). Given that clad€ received its 3end from clade
B, the causative sites or sites must Bead3the inferred crossover event, thereby

Figure 1 Nested haplotype analysis of frequency of Alzheimer’s disease in a case
(AD)-control (no AD) study. Haplotypes are indicated by the numbers 1-15. Each
arrow in the tree indicates a single mutational change, with the nature of the change
indicated by the arrow. Microsatellite variation at the maR@9S178wvas simply
characterized as sho§)(or long (L) alleles, and transitions between these two allelic
classes could not be ordered in the tree. Four 1-step clades are defined by nesting,
indicated by 1-1 through 1-4. Two significant transitions were identified in the tree,
as indicated by asterisks, that subdivide people into three categories. The relative
incidences of early onset and all onset Alzheimer’s disease is indicated for each of
these three categories. Modified from Templeton (135).



32

TEMPLETON

excluding the 5region and thédCE promoter from harboring the causative vari-
ation (59).

A nested clade analysis is also possible in DNA regions with frequent recom-
bination as long as the recombination is concentrated into a hotspot. For example,
30 statistically significant recombination/gene conversion events were inferred
to have occurred in the 9.7-kb region of thBL gene sequenced in 71 individ-
uals from three populations, but 24 of these 30 events were concentrated into
intron 6 in theLPL gene (AR Templeton, AG Clark, KM Weiss, DA Nickerson,

E Boerwinkle, CF Sing, —139a). As a consequence, there is much phylogenetic
structure in the regions flanking this recombinational hotspot.

Given the improvements in sequencing technology, data sets suPl abould
become more common in the future. Such data will provide the abundance of
markers that are necessary to infer both recombination events and highly resolved
haplotype trees. Although rigorous statistical analyses of haplotype trees are still
relatively rare, more informal analyses of haplotype trees that make use of evolu-
tionary relatedness are becoming increasingly common in human disease associ-
ation studies (3,53,54, 71,84, 151). Hence, the new goals of the HGP should be
a boon to evolutionary analysis of candidate gene regions.

QTL Mapping Through Linkage Associations Within Families

Under this approach, the measured genotypes are used as markers of physical
location within the genome, and phenotypic associations are detected through
linkage. This methodology is not discussed in this review because it is an appli-
cation of quantitative genetics and not evolutionary genetics per se, although it
certainly interfaces with evolutionary genetics. However, such QTL studies do
have implications for genetic architecture, as is discussed later.

QTL Mapping Through Linkage Disequilibrium in Populations

One of the major new goals of the HGP is to develop a map of over 100,000 single
nucleotide polymorphisms (SNPs) distributed over the entire human genome. Al-
though the new HGP goals include developing technologies for scoring any type
of polymorphism (17), SNPs are the initial focus because they are abundant and
amenable to rapid and efficient screening of large samples (16, 17, 156). The jus-
tification for creating such a map is the expectation that linkage disequilibrium, at
least in relatively isolated, homogeneous human populations, should exist between
at least one of these SNPs and the common alleles at any locus in the genome.
As pointed out earlier, linkage disequilibrium is commonly found among closely
linked polymorphisms in regions with infrequent recombination. The magnitude
and physical extent of likely disequilibria values can be augmented by founder
events that establish relatively isolated populations. Indeed, the first success in
positional cloning of a human genetic disease gene, Huntington's chorea, de-
pended critically upon first identifying a relatively isolated founder population
that was polymorphic for this disease (42). Such relatively isolated populations
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also diminish the importance of genetic background effects, making it more likely
to detect marginal effects of alleles linked to a SNP. However, linkage disequilib-
rium can be induced by population subdivision even between unlinked loci (73).
Hence, if a sample includes individuals drawn from more than one subpopulation,
disequilibria could exist with many markers regardless of their linkage relation-
ships, undermining the SNP strategy. However, if the population subdivisions are
known a priori and admixture is occurring, this information can be used in dise-
quilibrium mapping (131). It is therefore critical in SNP studies to either sample
within a relatively panmictic and homogeneous population or to use a known ad-
mixture situation. In either case, analyses of the evolutionary history and genetic
structure of human populations are necessary prerequisites in designing SNP stud-
ies. Accordingly, human populations thought to have undergone founder events
within the last several centuries and that have been relatively isolated since are
now extremely valuable resources for association studies of both classical genetic
diseases and the more common complex diseases (28,41, 119). Indeed, such rel-
atively isolated human populations are now valuable commercial entities. For
example, a private company, deCODE, is seeking legislation that will give the
company a 12-year license to operate a database containing the medical records
of the entire population of Iceland and sell access to third parties (32, 41).
Although evolutionary considerations have gone into designing the SNP strat-
egy, other evolutionary considerations undermine the claim that “this strategy
should in theory reveal the identity of the gene or genes underlying any phenotype
not due to arare allele” (16). Given that the current strategy has about one SNP per
gene, this claim requires that a single SNP marker near or in the locus of interest
would show significant disequilibrium with nearly all common alleles at this locus.
As pointed out earlier, not all marker pairs display significant disequilibrium within
agene region, and the disequilibrium that exists is not well correlated with physical
distance. Therefore, it is doubtful if a single SNP would display disequilibrium
with all common polymorphic sites within a gene. Moreover, a significant pheno-
typic association with a SNP is not areliable guide to the actual location of the gene
causing the phenotypic variation because of the physical clustering of function-
ally related genes in the genome. This problem is only accentuated when dealing
with founder events because chance events (genetic drift) play an important role in
creating disequilibrium even between markers that are well separated physically.
Another problem with randomly chosen SNP’s is the danger of selecting a highly
mutable site. Such sites will show complicated patterns of association due to the
fact that identity by state does not reflect identity by descent. Itis commonplace in
much of the human genetic literature to assume that the infinite sites model (which
does not allow multiple hits) is appropriate for nuclear DNA (e.g. 155). At first
the case for the infinite sites model seems compelling. For example, only 88 sites
out of 9734 are polymorphic in the sequenced regiohRif (98)—a figure that
seems to be well below saturation. Moreover, almost all these 88 polymorphic
sites are biallelic, which seemingly further bolsters the argument against multiple
hits (14). However, both of these arguments are based upon the premise that
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mutations are equally likely to occur at all sites and, given a mutation, that any of
the three nucleotide states are likely to arise. Neither of these premises is justified
by the human genetic literature. For example, about a third of all mutations
in human nuclear DNA are transitions from 5-methylcytosine to thymine that
occur exclusively at CpG dinucleotides, a combination markedly underrepresented
in human DNA (55, 64,81,110,116, 164). Mutational hotspots have also been
reported for mononucleotide-repeat regions, DNA polymesaagest sites, and
other rarely occurring sequence motifs in human DNA (63,91, 147,148). The
pattern of site polymorphism in théPL gene parallels the results of these mutation
studies, with 9.6% of the nucleotides in CpG sites being polymorphic, 3.3% of the
nucleotides in mononucleotide runs of length 5 or greater, 3.0% of the nucleotides
within three base pairs of the polymerasarrest site motif of TG(A/G)(A/G)GA,

and 0.5% at all other sites (AR Templeton, AG Clark, KM Weiss, DA Nickerson,

E Boerwinkle, CF Sing, unpublished observations). Altogether, almost half of
the polymorphic sites in the sequenced portion ofltRé gene were from one of
these three highly mutable classes and therefore would be less than ideal choices
for a SNP marker. This consideration further dims the likelihood of a randomly
chosen SNP providing adequate coverage of a gene.

The nonrandom nature of mutation means that the infinite sites model is not
applicable to the human nuclear genome. If the patterns observed BPthe
locus hold true for other loci, a model that is a mixture of the finite and infi-
nite sites model would be more appropriate, but such a mixture is qualitatively
more similar to a finite sites model (which allows multiple hits) than to an infinite
sites model (which forbids multiple hits). This is a serious implication because
many of the standard descriptors and test statistics for looking at genetic diversity,
effective sizes, recombination, etc, are based upon the infinite sites model, pri-
marily because of its greater mathematical simplicity. Consequently, these human
genome studies constitute a major challenge to population geneticists. New ana-
Iytical and statistical models need to be developed to advance our understanding
of the nature of genetic diversity within the human genome.

HUMAN POPULATION STRUCTURE

As discussed above, the genetic structuring of human populations is now medi-
cally and commercially valuable knowledge that is essential for meeting the new
goals of the HGP. Obviously, the SNP surveys themselves will greatly augment
our knowledge of human population structure. Therefore, the study of human pop-
ulation structure and recent evolutionary history is and will remain a major focus
of the HGP. There is also a great need to understand the patterns of differentiation
among human populations for clinically relevant phenotypes and the candidate
loci or chromosomal regions associated with them. For example, the incidence of
CAD varies tenfold among populations (129). As previously notedsfhadlele

of the ApoElocus is a major predictor for individual CAD-risk and cholesterol
levels within several human populations despite much variation in the population
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incidence of CAD (43). The4 allele frequency varies from 0.07 to 0.20 and
explains 75% of the variation in CAD mortality rate among the populations, with
highere4 allele frequencies being found in those populations with higher CAD
(129). However, discrepancies exist between the inter- versus intrapopulational
estimates of the effects of thd allele (129), and studies that integrate the intra- and
interpopulation components of the sort already performed in evolutionary genetics
(152-154, 160) are obviously going to be needed in examining the dual roles of ge-
netic variation as sources of phenotypic variability within and among populations.
As the above studies illustrate, human populations differ greatly in the incidence
of common diseases that have a strong underlying genetic component (158). This
component of human population structure has obvious public health importance
(52,117). Evolutionary biology is an important tool for predicting which human
populations are at greatest risk for certain diseases because it can provide insights
into the ultimate reason why a particular disease is common (158). For example,
the insight that sickle-cell anemia (associated witt3hkele at the3-globinlocus
in humans) is an adaptation to malaria immediately leads to the predictio8 that
alleles should be found in high frequencies in populations that live now or in the
recent past in malarial regions. Although sickle cell is commonly portrayed as a
disease associated with one “race” of humanity, the evolutionary prediction is far
more accurate because tBallele is found in high frequency in some, but not all,
sub-Saharan African populations, populations in the Mediterranean and Middle
East, and populations in India (7,31, 100,109, 114). Sickle cell is not cleanly
associated with any “race” but rather is more strongly associated with the presence
of malaria, its selective agent. Similar considerations hold for the more common
diseases. For example, certain human populations, scattered widely throughout
the world, have extremely high incidences of adult-onset diabetes (158). Neel
(94) proposed an evolutionary explanation for this complex pattern; namely, that
populations exposed to prolonged low-calorie diets or periodic famines would be
selected for “thrifty genotypes,” and these same thrifty genotypes when placed
into an environment with a high-calorie diet would be predisposed to diabetes.
Recent studies have supported the thrifty genotype hypothesis (5, 29, 94a, 106);
with increasing knowledge about the genes responsible for adult-onset diabetes
(27,88, 106, 146, 149), this hypothesis can be tested with greater rigor than hitherto
possible. Evolutionary explanations have been proposed for many other diseases in
humans (51, 94a, 96, 117, 158), and studies testing these evolutionary hypotheses
are needed in order to exploit more fully the public health predictions possible
through an evolutionary explanation of ultimate causation.

GENETIC ARCHITECTURE

The genetic architecture of a trait refers in part to the number of loci and their
genomic positions, and the number of functional alleles per locus that influence
the trait. Genetic architecture also includes the patterns of dominance, epistasis,
pleiotropy, and gene-by-environment interactions that characterize the transition
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from genotype to phenotype. The relative frequency of different types of genetic
architecture constitutes one of the most longstanding debates within evolution-
ary genetics. Fisher (34) argued that mutations of large phenotypic effect would
mostly be deleterious and thereby would be rapidly eliminated from populations.
Fisher also argued that the underlying genetic architecture of most traits should
consist of a large number of alleles and loci of small phenotypic effect with epis-
tasis playing an unimportant role. Wright (161) also regarded genetic architecture
as generally involving multiple loci, but he argued that the effect of any single
allele is highly dependent upon its genetic and environmental context, thereby
making the distinction between minor polygenes and “major” genes (66) a false
one. Wright also regarded epistasis and pleiotropy as “universal” phenomena and
emphasized the importance of gene-by-environment interactions and the dynam-
ics of gene expression throughout development and the aging process (162). This
debate has continued to the present day (33), in part because the nature of genetic
architecture plays an important role in evolutionary models of adaptation (34, 161)
and speciation (133).

The new HGP research focus on complex, common traits contributes directly
to the debate about genetic architecture. Inturn, the resolution of this evolutionary
debate has profound implications for the HGP. All of the approaches discussed in
the previous section can provide information on genetic architecture. The linkage
and linkage-disequilibrium marker approaches can identify some of the loci that
influence the trait of interest. These studies clearly show that not all loci are minor
in their phenotypic contributions (9, 12, 15, 18, 20, 27, 39, 65, 86, 88, 146) and that
the marginal effects of specific chromosomal regions are highly context dependent
(to be discussed shortly).

Although epistasis can create difficulties for the linkage marker approach (30),
epistasis can be tested in QTL studies (11,67,111,163). However, several bi-
ases exist against the detection of epistasis. First, many QTL studies only search
for epistasis among markers or chromosomal regions that first show significant
marginal effects, but significant epistasis can exist between marked chromosomal
regions with no marginal phenotypic effects (142). Second, most searches for
epistasis only deal with pairwise interactions, but additional epistasis can exist at
higher levels (142). Third, and most importantly, epistasis is not detected because
no effort is made to discover it (37). Despite these biases, there are already several
QTL studies that report significant epistasis for some common human phenotypes
(12,15, 20).

In principle, the biases against discovering epistasis are less severe when dealing
with the candidate locus approach because the loci are chosen on the basis of prior
knowledge rather than a significant marginal effect. However, in practice most
candidate loci studies do not look for epistasis (37), and those that do are generally
limited to pairwise interactions among candidate loci having significant marginal
effects. Nevertheless, much epistasis has been detected with the candidate loci ap-
proach for many common human phenotypes (4,40, 57,58, 62,69, 77,79, 89, 92,
99, 101-103, 108,113,122, 126, 144).
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The study that has best used the potential of the candidate loci approach to avoid
bias in the detection of epistasis is that of Nelson et al (95), although even this study
retains the bias of only examining pairwise interactions. Nelson et al (95) surveyed
genetic variation at 18 markers in six candidate gene regions in a human population
scored for the trait of log-transformed triglyceride level, a risk predictor of CAD.
Nelson et al (95) used an extensive computer search called the combinatorial
partitioning method to identify the pairwise combinations of markers that explained
a significant proportiona( = 0.01) of the observed phenotypic variance. Because
of the immense number of tests, the significant effects identified by the initial
search were subjected to tenfold cross-validation. This process was carried out
with no a priori model of gene action. The pairwise markers that best explained
phenotypic variation in females and males are shown in Figure 2, along with the
percent of the phenotypic variation explained by the pair jointly and their single-
locus marginal effects. Obviously, epistasis is of critical importance for this lipid
trait. The included loci would clearly be overlooked in a single-locus analysis in
both females and males.

As more studies of this nature are performed under the HGP, this long-standing
debate over genetic architecture should become increasingly resolved. It is al-
ready clear that interactions among loci are important in many clinically relevant
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Figure 2 Percentof phenotypic variance in the natural logarithm of serum triglyceride
levels in femalesd) and maleslf) that explained best by pairs of markers in candidate
genes as well as the single marker contributions. Modified from Nelson et al (95).
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phenotypes (37). Also, as pointed out before, interactions between genes and
environments are important. Together, these interactions imply that the effects
of any single locus could display extreme context dependency. This context de-
pendency has profound implications for the study of disease and health under the
HGP.

There are now many cases in which one research group identified a particular
locus or DNA region as having a strong association with a medically important
phenotype only to have another group find no association with that locus or re-
gion (23). Such “disappearing” genes occur too frequently to be explained by
multiple false positives (23). Context dependency, due to either epistasis or gene-
by-environment interactions, provides an explanation for this phenomenon. To
illustrate this, consider an example based upon the strong documented epistasis
between thépoEandLDLRIoci such that individuals tend to have elevated serum
cholesterol levels only if they have thé allele atApoEand are homozygous, A;
attheLDLRIocus (102, 103). Figure 8) shows a quantitative genetic partitioning
of the phenotypic variance in this case using allele frequencies typical of Western
European populations: 0.152 for thé allele and 0.78 forA, (138). Note that
most of the epistasis in this system is converted to “additive variand&jeiE, a
type of conversion expected in epistatic systems (11). FigiWesBOws the results
from the same calculations, but now using allele frequencies of 0.954fand
0.5 for A,. Although the genotype/phenotype relationships are identicalan 3(
and 3b), ApoEemerges as a “major” gene ahBLR is a “minor” gene in 34),
but the reverse is true inBY, This illustrates a well-known but little appreciated
property of complex systems in which interactions are the true agents of causa-
tion and not individual components; namely, there is a confoundment between the
frequency of an element and apparent marginal causation at the population level.
In particular, the rarer components of the interactive system appear to have the
stronger marginal effects, as illustrated in Figure 3. Rareness and commonness
are properties of populations, not genes or genotypes. Hence, no matter how el-
egant the molecular biology, disease associations must always be interpreteted at
the population level.

Context dependency is particularly important in medical research because the
populations studied are often highly nonrandom samples from the general popu-
lation. For example, in families with four or more cases of breast cancer, certain
mutations at th@RCA 1locus are predictive of 52% of the cases of breast cancer,
and this increases to 76% of the cases in those families that have both male and
female breast cancer (36). When one ascertains families by their having only two
cases of breast cancer before the age oB&CA Imutants are only predictive of
7.2% of the cases (82), and when one looks at sporadic cases (the bulk of the disease
in the general population), only 1.4% of women with breast cancer BR@A 1
mutants (97). Obviously, recommendations for prophylactic mastectomies based
on BRCA 1testing need to be made in a highly context-dependent fashion (see
also 108a).
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Figure 3 Partitioning of genetic variance for the phenotype of total serum cholesterol
level using a constant genotype-to-phenotype mapping cAgoEandLDLR loci in

two hypothetical populations with differing allele frequencies, as described in the text.
The first column shows the decomposition into additive, dominance, and epistatic vari-
ance for the two-locus system, and the next two columns shows the marginal decom-
position into additive and dominance variance for the two loci considered separately.
[From Templeton (138).]



40

TEMPLETON

OVERVIEW

TheBRCA 1story illustrates the practical importance of population thinking in ap-
plying the results of the HGP to human health and well-being. Indeed, population
thinking (85) may represent the single most important contribution of evolutionary
biology to the HGP. Population thinking is central to the interpretation and applica-
tion of virtually all phases of the diversity research proposed under the new goals
of the HGP. Population thinking draws a clear distinction between association
and causation, a distinction that is often ignored in human research as illustrated
by the earlier discussion of Alzheimer’s disease. This distinction is difficult to
make because of the evolutionary implications of context-dependent sampling,
linkage disequilibrium, and the clustering of functionally related genes within the
genome.

The distinction between association and causation is even more critical in light
of claims that we will soon be able to “cure” many diseases by altering “defec-
tive genes”—a “new eugenics” that “could, at least in principle, be implemented
on a quite individual basis” (128). Obviously, such treatments would depend
upon an absolute inference of causation, but evolutionary considerations indicate
such an absolute inference will be exceedingly difficult. Moreover, population
thinking undercuts the idea of a “defective” gene for common diseases. For ex-
ample, is the4 allele at theApoElocus a “defective gene” ane® a “good gene”
for CAD because of their marginal associations? Population thinking makes it
clear that a marginal association does not always translate well to the individual
level—the proposed treatment level of the “new eugenics.” For example, consid-
ering only the pairwise interactions betwefgpoEgenotype and serum cholesterol
level upon the odds of CAD, the highest incidence of CAD is found in bearers
of the “good”¢2 allele who have high cholesterol (123). The “defectivd’al-
lele is only associated with the highest incidence of CAD among genotypes when
cholesterol levels are closer to average (123). Moreover, given that cholesterol
levels can be altered by life style changes (diet, exercise, etc) or drugs, a ge-
netic treatment that takes these interactions into account may still not benefit a
particular individual because the individual's phenotypes is temporally dynamic.
Indeed, the extensive interactions with environmental factors referred to earlier
indicates that the most probable and practical medical applications of genetic
knowledge will not be through gene therapy but rather, ironically, by augmenting
the importance of the environment; treatment of patients will be individualized
by taking into account their norms of reaction to diet, drugs, and other life style
variables.

Population thinking therefore serves as an important counterweight to the naive
genetic determinism inherent in the almost daily proclamations of the discovery
of some new important “defective” gene. Perhaps the greatest use of evolutionary
theory in the HGP will be to foster an appreciation of human diversity and its
clinical implication that treatment must focus upon an individual with a disease
and not upon the disease of the individual.
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