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I. SUMMARY

Linkage disequilibrium mapping attempts to infer the location of a disease
gene from observed associations between marker alleles and disease pheno-
type. This approach can be quite powerful when discase chromosomes are
descended from a single founder mutation and the markers considered are
tightly linked co the discase locus. The success of linkage disequilibrium map-
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ping m fine-scale localization has led to the suggestion that genome-wide
assoctatton testing might be usetul in the detection of susceptibility genes for
complex traies. Such srudies would likely be performed in small, relatively iso-
lared founder populations, where hererogeneity of the disease is less likely. To
mterpret the parterns of assoctation observed in such populations, we need to
mnderstand the effect of population size, history, and structure on linkage dise-
quilibrium. In this chaprer, we first review measures of allelic association at a
single locus. Mensures of association berween two loci are described, and some
rtheoretical resules are reviewed. We then consider some methods for inferring
linkage berween a marker and a rare disease, focusing on those that model the
ancestry of the disease chromosomes. Next we discuss factors whose effect on
disequilibrium are understood, and finally we describe the characteristics of
some human populations that may be useful for disequilibrium mapping of
complex traits.

Ii. INTRODUCTION

The goal of genetic linkage analysis is to mfer the location of a discase gene
based on coinheritance of the discase phenorype wich some genetic marker
whose chromosomal location is known. Disequilibrium mapping attempts to do
the same thing, only without benefiv of the pedigree relating disease chromo-
somes to one another: [e relies on allelic associations berween marker alleles and
disense phenotype and is based on the idea that strong associations will be duc
to linkage, rather than chance. Thus identity by descent (IBD) due to coances-
try 1s inferred from identity by stare (IBS) dara, in the form of observed allelic
assoclations.

In combination, linkage analysis and disequilibrium analysis have been
quite successful m the localization of genes for a number of simple Mendelian
disorders (e.g., Hasthacka et al., 1992, 1994; Puftenberger et al., 1994; Risch et
al., 1995; Goddard et al., 1996). The rwo approaches are quite complementary
in situations such as this. Linkage analysis using recombination cvents within a
pedigree can map a disease locus to a region of appraximarely 1 ¢cM (Boehnke,
1994). Discquilibrium analysis (also known as haplotype analysis) can then pin-
point the discase locus by assuming a common ancestor for the chromosomes
carrying the discase allele, and using all recombinations on paths back to that
ancestor.

The success of disequilibrium testing in this context has led a number
of investigators (e.g., Risch and Merikangas, 1996; Brown and Hartwell, 1998)
o consider the use of genome-wide disequilibrium testing as an approach to
finding susceptibility loci for common complex diseases. In particular, small
isolated populations arc of interest, since disease observed in these populations
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may be due ro one or two alleles present in founding individuals, potentially
climinating the problem of heterogeneity. Furthermore, recently founded small
populations may exhibit more disequilibrium rthan Targer outhred popularions
(Kruglyak, 1999a). The utility of a population for this kind of study depends on
being able to distinguish disequilibrium maintamed by linkage from hackground
disequilibrium, which exists as a result of the population’s size and structure.
This problem motivates our consideration of the effect of population structure
on disequilibrium.

In Section 11, we review measures of assoctation tor a single locus and
give an example of the cffect of population structure on these measures. Mea-
sures of association between two loct are described m Secrion 1V, and some
theoretical results describing how their means and variances change over rime
are reviewed. In Section V, we consider some methods for inferring linkage
hetween a marker and a rare disease, tocusing on those that model the ancestry
of the disease chromosomes. In Scetion VI we discuss factors (e.g., time, popula-
tion size) whose effects on disequilibrivm are understood, and hnally, in Scetion
VI, we describe the characreristics of some human populations that may be use-
ful for disequilibrium mapping of complex trairs.

lll. 1BD AND ALLELIC ASSOCIATIONS AT A SINGLE LOCUS

Wright (1922) introduced the single-locus mensures of relationship in usc
today. As a measure of 1BD, he defined the fixation index {2 This is commonly
called the cocfficient of inbreeding, and as Malécor (1948, 1969) claborated, it is
the probability that the two genes ar o single locus within an individual are
IBD. A related quanrity is the coefficient of kinship herween two individuals,
which is defined as the probability of IBD berween twa homologous genes, one
segregating from cach individual. The coefficient of inbreeding for an individ-
ual is equal to the coefficient of kinship between his or her parents. Wright
also introduced a measure p of 1BS, defined as the correlation beoween allelic
states on uniring gametes. Consider a locus with alleles A and a, allefe frequen-
cles py and p,, and genotype frequencies pyy, Py, and p,,. For two uniting
gametes, let X = 1 it the maternal gamete carries allele A (X = 0 otherwise)
and similarly let Y = 1 1f the paternal gamete carries allele A (Y = 0 other-
wise). Then in an inhnitely Large population where matings happen berween
individuals whose coefhcient of kinship s cqual o f, Wright (1922) showed

that

™~
N

Pan = PA paf + pall = N = p3
= corr(X,Y) = = =/ 50
P Pab, Pabs I
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This cquation, probably the first presentation of the relationship between 1BD
and IBS, demonstrates the specinl case where the two measures are equal.

Another coneepr relared to allelic association ar a single locus s
Hardy—Weinbery Equilibrium, which was described independently by Hardy
(1908) and Weinberg (1908). In an infinite random mating population, the
genotype frequencies pay, Py and py, will be equal to p3, 2pap, and p; respec-
tively. This relationship between the genotype frequencies and the allete fre-
quencies detines Hardy—Weinberg Equilibrium (HWE). Departures from HWE
reflece assoctations between alleles at that locus. Equation (25.1) shows that
when the population is in HWE, p = 0 and there is no association.

Population structure can give rise to allelic association. Consider in
particular the example of population subdivision. Suppose there are k subpopu-
lations of cqual size, and p, denaotes py in the ith subpopulation. Suppose that
cach subpopularion is in HWE, and let

14
L
I~

.
D -
and o= - b

< I

p=

denote the mean frequency of allele A in the pooled populations, and the vari-
ance of the k allele frequencies, respectively. Then the genotype frequencies in
the pooled population are given by:

pan =D+ 07

Paa = 21_)(1 - l_)) -

)

2
o

P.m = (1 - l—’): + o

The pooled populatcion is not in HWE; there 1s an excess of homozygotes. Note
that

pay — PA pFtot -7 o’

P =y - B p)

so that when o 1s not zero, an association exists in the pooled population, even
though no associations exist in the subpopulations (Wahlund, 1928). This
example demonstrates the effect that population structure can have on allelic
assoctation at a single locus.

Estimarion of f or p i human populations is difficult because it involves
the estimation of vartances and covariances. Edwards (1971) used data from
the ABO blood group to consider the joint estimation of ABO allele frequencies
nd the level of IBD (f) in a population. He demonstrated that because of a

25. Linkage Disequilibrium Mapping 41
singularity i the likelihood, i is very ditheulr to get sood estimates of smal
values of f, which are likely found in human populations. Morton et al. it
“The bioassay of kinship” (1971) capitalized on an important poine: population
history is shared by all loci, and therefore better estimares of [ or p can
be obtained by pooling intormation from several unlinked loci. The bioassa
of kinship used allelic assoctations resulting from solation by distance in
structured population to estimate p, from which the authors hoped 1o infe
coancestry (f).

In practice, estimates of p have often heen used in place of estimares o
[, as if the two processes are cquivalent. This is not generally the case, becaus
allele frequencies drift, particularly in small populations. Thompson (1976
considered a single small (N < 500) population with no hicrarchic structur
and examined the joint evolution of heterozygosity (H =1 — p) and non
identity (1 = f) at a single locus, over time scales of up to 50 wenerations. I
populations of this sort, which are rypical of human populations of interest, the
variances of both processes were very high, and correlations between the tw

were generally low and oceasionally negative.

IV. ALLELIC ASSOCIATIONS BETWEEN TWO LOCI

The gametic correlation p described m the preceding section is a locus-specific
measure of allelic association between two gametes. A measure of allelic assoc
ation of more interest in the context of mapping is that between two loci on the
same gamete. In this section, we define two such measures and review theoreti
cal properties of their means and variances in finite populations. Consider rwe
loct, one with alleles A and a, the other with alleles B and b. Let py and p
denote the trequencies of alleles A and B, respectively. I the four possible hap-
lotypes AB, Ab, aB, and ab occur with frequencies P Pag Pun and p, respec:
tively, then let

D=py—pin
or equivalently
D= paphas = Dah vi-

If the alleles A and B are independently distributed on haplotypes according t
thewr allele frequencies, D = 0. A population in which D is nonzero is said t
exhibit disequilibrium. ‘

Robbins (1918), who was the first to suggest the use of D, studied i
propertics 1 an infinite population. He showed that for loci separated by a
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recombination fraction of 6,

D,= (1 - 6)D,_,.

Thus disequilibrium decays to zero over many generations (when 6 > 0), so
that in the limit, the alleles at cach locus are are independently distributed over
haplotypes in the population.

To relare D to the measure p discussed earlier, consider a randomly
selecred haplotype, and let X = 1 if the haplotype carries allele A at locus 1 (X
= 0 otherwise) and ler Y = 1 if the haplotype carries allele B at locus 2 (Y = 0
otherwise). Then D = cov (X,Y). This suggests the use of a measure of disequi-
librium directly analogous to p, given by

D

Vpababubr

r = corr(X)Y) = (25.2)

This measure is sometimes preferred because it is less sensitive to allele frequen-
cies than D, but its evolution is much more difficult to study because allele fre-
quencies change over time.

Studies of the properties of disequilibrium in fnite populations are of
more interest, since human and animal populations often are small or are
descended from groups with small numbers of founders. Earlier work concen-
trated exclusively on' random mating populations, presumbly because of the
complexity of the calculations involved.

A. Expectation of D in a finite population

Karlin and McGregor (1968) considered a population consisting of N diploid
individuals, corresponding to 2N haplotypes. These 2N haplotypes give rise to
the next generation by donating gametes to a “gamete pool” from which the 2N
haplotypes of the next generation are randomly selected, with replacement.
‘random union of gametes” model. The gamete pool is

This is known as the
produced by considering all diploid genotypes possible in the parent generation,
cach contributing in proportion to its probability, which is assumed to be equal
to the product of the haplotype frequencies. For example, consider the diploid
genotype AB/ab. This genotype is assumed to occur with probability 2pagPum
and it contributes gametes of types AB, Ab, aB, and ab with probabilities
(1 —0), 2'0, 59, and } (1 — 6), respectively. This model has also been called
the haploid model, since it is equivalent to the case of each haplotype in the
oftspring generation being the result of a “mating” of two randomly selected
haplotypes in the parent generation. Karlin and McGregor formulated the mod-
el as a Markov chain, with state-space described by the 4-vector of haplotype
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counts. They showed that

ED,.\) = ( )(l — OED)

L= 9N

and stated thar

Var(D,) ~ yu',

where 7y is a positive constant depending on the initial conditions, and
w > (1= 1JEN)(1 = 6). While both E(D,) — 0 and Var(D,) — 0 the vari-
ance of D approaches zero at a slower rate than its expectation. This suggeses
that even when enough generations have passed for E(D,) to be close to zero,
Var(D,) may be large, and therefore a particular population may have a value of
D, quite different from zero.

Watterson (1970) considered the same problem, using a slightly ditfer-
ent model for random mating. The model, called the “random union of zygotes”
model, assumes a constant population size of N diploids. Each member of the
offspring generation is obtained by randomly selecting (with replacement) two
individuals from the parent generation, and generatihg a gamete from cach.
This maodel is also referred to as the diploid model because it retains the diploid
nature of the individuals in the parent generation. Watterson also used a
Markov chain formulation, with state-space described by the 10-vector of
diploid genotype counts. He showed that

!
E(D,.) = (l TON 0) E(D),

a result also found by Hill and Robertson (1966). The expected disequilibrium
approaches zero somewhat more slowly for the haploid model, although the dif-
ference is small for small values of §/(ZN). In fact if @ = 0, the two models are
exactly equivalent.

B. Variance of Dand p

The papers cited in Section IV.A contirmed that disequilibrium decays to zero
in a finite randomly mating population, just as it does in an infinite population,
but the rate of decay is slower for smaller populations. Karlin and McGregor's
work suggests that the variability of disequilibrium could he quite important in
small populations. This problem was first explored by Hill and Raobertson
(1968) tor the haploid model, assuming a population initially in equilibrium



%20 Chapman and Thompson

(i.c.. Do = 0). They defined o vector of moments

Elpa pu by pr)
y = { EID(p, = p)(pr — py)]
E[D7]

and used the multinomial distribution of the haplotype frequencies to find a
matrix M(N,0) such that y,..; = M(N,0)y,. For the special case of 6 = 0, they
derived an explicit formula for E[D;]. For values of 6 other than zero, the value
of E[D;] can be found by iteratively applying M to v,.

Weir and Hill (1980) considered the same problem for several types of
random mating in a diploid population:

© MS:a monoecious population of size N in which selfing is allowed (equiva-
lent to Karlin and MeGregor’s diploid model).

© ME: a monoccious population of size N in which selfing is not allowed.

© DR:a dioecious population of M males, F females, and effective population
size N = 4MF /(M + F), where each child is the oftspring of a random
pairing.

e DH: a dioecious population with lifetime pairing, M males, each mated to s
females. Thus F = sM and N = 4MF/(M + F). This model describes

monogamy when s = |,

Their method is based on two-locus descent measures, which are defined as the
joint probability of non-1BD of a with a’ and b with b’, where a and a’ denate
alleles at one locus on different chromosomes, and b, b’ denote alleles at a sec-
ond locus. There are three classes of descent measures, described as di-, tri-, and
quadrigametic, according to whether the alleles being compared are on two,
three, or four chromosomes. For example, a trigametic descent measure would
be Pr{a is not IBD to @', and b is not IBD to b’), with a, a’, b, and b’ as depict-
ed in Figure 25.1. Weir and Hill (1980) show that for a population starting in
cquilibrium, Var(D,) = E(D}) is a simple transformation of the descent mea-
sures in generation ¢ and the initial allele frequencies. In a contemporaneous
paper, Weir et al. (1980) developed transition matrices to describe the two-locus
descent measures at time ¢ + 1 as a function of the two-locus descent measures
at time t, for each of the four types of random mating just listed. The transition
matrices depend on the mating system, the size N of the population, and the
recombination fraction  berween the two loci. Thus Weir and Hill's method
allows the exact calculation of Var(D,) for a particular N and €: first the values
of the relevant descent measures are calculated, and then they are transformed
appropriately.
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Figure 25.1 Three chromosomes.

Figure 25.2 shows the variance of D, across monogamous random
mating populations of size N = 20 or N = 50, where the founding population
was in equilibrium, and the inttial allele frequencies were py = py = 0.5. In
this situation, although E(D,) over all populations is zero, the high variance of
D,, particularly for small recombinarion fractions, suggests that the value of D,
in any particular population could be quite different from zero. The plots sug-
gest that for larger populations, the peak variance is smaller and happens later
in time. There are a number of examples of relatively young human isolates
who were founded by small numbers of individuals, so it scems likely rhar
some of these populations will exhibir substantial disequilibrium bherween
linked loci.

Hill and Robertson (1968) and Weir and Hill (1980) were also interest-
ed in the behavior of the measure r [see Equation (25.2)] in Anite popularions.
Hill and Robertson approached the problem by simulation, using a haploid popu-
lation of size 16 chromosomes, starting with allele frequencies py = pp = 0.5,
and Dy = 0. The correlation r has the property of heing undefined when cither
of the loci is fixed, so they based their estimates of E(r7) on populations in which
both loci were stll segregating. These simulations apparently show E(r})
approaching a limiting value depending on ¢, but the authors note that E(r7) is
necessarily not well estimated for large numbers of generations, because so many
lines have fixed. Weir and Hill (1980) chose to approximate E(7) by
E(D}E(pLpLpsph), since both these quantities can be obtained exactly from
their methods. This approximation does not appear to have been tested in the
small populations that are of interest, so we do not discuss their indings further
here.

Sved (1971) studied the joint evolution of IBD ar linked loci in a finite
random mating population of size N and found an exact expression for E(r7).
He showed that E(r;) = Q,, where Q, is detined as the probability, for two hap-
lotypes IBD at locus A in generation t, thar there have been no crossover events
between loci A and B on cither of the two pathways from the common ancestor
at locus A. Sved shows that for the haploid model, it is possible to obtain an
iterative equation for Q, as a function of Q, ; thereby showing that for a
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. . .1 . . 7
population that starts in equilibrium (i.e., 5 = 0),

1 1 t
E(}l) = — 1 = (l — —)(l — )|, (25.3)
T 4N TN

for small values of 6. As t — = in Equation (25.3),

1

E(r) = ——
I+ 4N6

(25.4)

This equation gives an expression for E(r?) in a population that has been evolv-
ing long enough to be close to drift—recombination equilibrium. For small pop-
ulations, this approximation may be valid only for very large t. This two-locus
result is similar in spirit to Wright's demonstration of the conditions under
which p = fata single locus [see Equation (25.1)] in that it relates the square of
the correlation, a measure based on IBS, to a quantity that is a probability of

IBD.

V. ESTIMATION OF 0 FROM OBSERVED ASSOCIATIONS

The possibility of strong disequilibrium between tightly linked loci has prompt-
ed attempts to use the observed disequilibrium between two loci to infer the
recombination fraction 8 between them.

Chakravarti et al. (1984) considered the use of haplotype data from
African-American, ltalian, Greek, and Indian populations to estimate the
recombination rate in a region of the human-g-globin gene cluster. From Sved'’s
result in Equation (25.4), they wrote

17 — | = 4Nid,
r !

where k is the rate of recombination per kilobase (kb) and d is the physical dis-
tance between two loci, measured in kilobases (6 = kd). This inspired a regres-
sion of 1/r'= 1 on d for a selection of pairs of loci known distances apart, yield-
ing an estimate of k in terms of 4N. By assuming a value of N that represents
the average size of the population over its evolutionary history, an estimate of k
is obtained. Weir and Hill (1986) point out some flaws in this approach. First,
Equation (25.4) is for a population with two segregating sites whose haplotypes
were initially in equilibrium. In the situation considered by Chakravarti et al.
(1984), it seems more likely that the variable sites arose by mutation, and so
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there was initial disequilibrium. Weir and Hill (1986) show that this is an
important factor, which renders Equation (25.4) inappropriate in this context.
Second, Chakravarti et al. (1984) ignore the fact that their estimates are based
on a relatively small sample of individuals, and therefore there is substantial
sampling error in the estimation of . Thompson et al. (1988) considered this
issue further and demonstraced that power to detect disequilibrium can be very
low, particularly if the rare alleles are in repulsion phase. While the work of
Chakravarti et al. is an important early attempt to glean useful information from
observed disequilibria, it is limited by the assumptions of the model used and by
the mherent variahility of the process being sampled.

Orther approaches to drawing inferences about 6 from observed disequi-
libria have artempted to take into account the history of the population in
which the disequilibria are observed. When a new variant first arises, it neces-
sartly exists on one and only one chromosomal background. There 1s initially
complete association between the new variant and the alleles at other loci on
that ancestral haplotype. This initially strong association is eroded away over
subsequent generations by recombination between the locus where the variant
arose and neighboring loci. Edwards (1981) elaborated on this concept by
describing the “half-life” of a haplotype. For a chromosome segment whose ends
are separated by recombination fraceion 6, the half-life is the time (in genera-
tions) until the probabilicy that the segment remains intact is 50%. For exam-
ple, a seement for which 6 = 0.005 has a half-life of approximately 3500 years
(140 gencrations), whereas a segment in which recombination happens much
more frequently has a much shorter half-life (e.g., 8 = 0.02 corresponds to a
half-life of 900 years). This demonstrates the importance of the time depth of
the variant of interest to the genetic scale over which one might hope to see a
conserved ancestral haplotype.

Segments of conserved ancestral haplotype are the cause of association
between the variant and alleles ar nearby loci. Since associations are observed
by sampling multiple haplotypes, it is not recombination events on a single lin-
eage back to the ancestral haplotype that are important, but rather, recombina-
tion events on all sampled lineages tracing back to that ancestral haplotype.
Thercfore the important parameter in determining the likely length of the con-
served segment from a sample of haplotypes bearing the variant is the total
number of meioses on the entire trec relating the sample to the original ances-
tral haplotype (Aranson ct al., 1977).

Arnason et al. (1977) were interested in estimating an upper bound for
the recombination fraction between the HLA-B locus, and the Bf locus. Their
data consisted of 100 apparently unrelated haplotypes, sampled from lIceland,
northwest Newtoundland and Labrador, central England, and Norway. The
haplotypes were chosen because they all bore allele B8 at HLA-B. All hap-
lotypes also carried the S allele ar locus Bf, providing evidence of strong

oy
%]
[

25. Linkage Disequilibrium Mapping

Britain
, Newfoundiand,
L Labrador

Ireland

Iceland

Norway

Figure 25.3 Evolutionary relationships of populations sampled by
Arnason et al (1977)

disequilibrium. To estimate an upper bound for 8, Aranson et al. assumed that
the observed allelic association in these apparently diverse populations was due
to a common ancestral haplotype, which existed in approximately 3000 n.c.
They then reasoned that the probability of none of ¢ haplotypes expertencing
visible recombination over t generations is given by:

0\
Pr(no visible recombinations) = (I - ?> , (25.5)

since the frequency of the § allele at Bf is approximately two-thirds. To apply
this reasoning to their data set, they used the tree shown in Figure 25.3, o
describe the ancestry of their sample of haplotypes. Using the demographic his-
tories of the populations as a guide, they obtained a minimal number of ances-
tral haplotypes (c) in each branch, and the number of generations (¢) over
which they existed, to estimate £ ¢t =2000 over all links in the tree. Only very
small values of 8 produce small enough values of (1 — 6/3)* to be consistent
with the observed data, indicating very right linkage between HLA-B and Bf.
This paper appears to be the first to use the ancestral refationships of the sam-
pled haplotypes along with the observed associations to infer the recombination
fraction berween two loci. Thompson (1975) estimated more precisely the
number of ancestors of the 100 sampled haplotypes at particular times in histo-
ry, and obtained a result whose practical implications were very similar to those

“of Amason et al. (1977).

More recently, efforts to infer 0 from disequilibria have focused on rare
recessive diseases, often in isolated populations, where all chromosomes carrying
the disease variant are assumed to be descended from a single founder haplo-
type. We restrict our attention here to methods that explicitly model the ances-
try of the disease chromosomes. Thompson and Neel (1997) modeled the
ancestry of a sample of chromosomes carrying a rare monophyletic variant.
Conditional on the expected total population of variant-beartng haplotypes at
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all times in history, they employ a continuous time Moran model approximation
to obtain the distribution of the coalescence times. The distribution is
intractable, but they describe a simulation approach which allows the sampling
of ancestries from the correct distribution.

Hastbacka et al. (1992), who considered a sample of Finnish diastroph-
e dysplasia (DTD) chromosomes, estimated 6 between the disease locus and a
marker locus where association was observed. Using the same reasoning as
Arnason et al. (1977), they observed that

7= (1l — @) =c, (25.6)

where 7 = Pr (randomly sampled disease chromosome still carries ancestral
marker allele). Assuming that the ancestral marker allele is that which was
most common in their sample of disease chromosomes, they then equated the
observed proportion of disease chromosomes carrying that allele to ¢~ " and
solved for 6 using ¢ = 100 (based on the population history). They obtained
an estimate of 64 kb for the distance between the discase locus and the mark-
er of interest, which proved to be amazingly accurate—a gene for DTD 70 kb
from the marker in question was lacer cloned (Histbacka et al., 1994). Despite

the accuracy of the estimate in this example, questions remain about the use-
fulness of this approach. Equation (25.6) describes the probability over all
possible evolutionary histories of the population from founding to the present,
while the dara available are necessarily from a single observation of the evolu-
tionary process. The estimate obtained is therefore a moment estimator based
on a single observation. The confidence hounds suggested by the authors may
not be appropriate: Kaplan et al. (1995) showed by simulation that the upper
bound was less than the true value of 6 over 40% of the time. The approach of
Histabacka et al. 15 an advance over the work of Chakravarti et al. (1984)
because it does not assume that the population is in drift—recombination
equilibrium. However, neither does it explicitly model the history of the pop-
ulation.

Kaplan et al. (1995) presented the first likelihood approach to infer-
ence of § from disequilibria, using simulation to take into account the pop-
ulation history. Assuming a single disease mutation occurring on a particular
marker background at time zero, the number of disease chromosomes on that
background at generation t + 1 is modeled as a function of the number at
generation t. The disease chromosome population can then be simulated up to
a time representing the time of sampling, and the probability of the observed
data is calculated by means of either a binomial (for a diallelic marker) or a
multinomial (for a multiallelic marker) distribution. Realizations that produce
numbers of disease chromosomes inconsistent with that observed in the
sampled population are excluded from the calculation, effectively conditioning
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on the abserved disease allele frequency. Simulation at many values of # gives a
likelihood curve.

Rannala and Slatkin (1998) present an approach similar to thar of
Kaplan et al. (1995), but they use a coalescent to model the ancestry of the dis-
ease variant. Conditional on the time of the initial mutation, and the number
of disease alleles sampled, Rannala and Slatkin obtain a realization from the
joint distribution of coalescence times for the sample. For a simple of i disease
chromosomes, there are i coalescence times, counting the time ar which the
mutation first occurred. The number of disense chromosomes carrying a particu-
lar marker allele immediately after coalescence evenr i + 1 depends on the
number carrying that allele immediarely after event i, the mutation rates, and
the recombination fraction berween the disease and the marker. Forward simu-
lation of the disease haplotype population continues until the number of disease
chromosomes carrying that marker allele tmmediately after the ith coalescent
event is realized. The probability of the observed data at the time of sampling is
then calculated conditional on this realization. Repeated simulation at different
values of 6 gives a likelihood curve. Like the method of Kaplan et al. (1995),
this method can produce realizations of the disease haplotype population that
are almost incompatible with the data and therefore make a very small contri-
bution to the likelihood. :

Graham and Thompson (1998) also consider disequilibrium likeli-
hoods in the situation of a rare monophyletic disease muration. They assume
that the pattern of population growth is known (although it does not need to be
constant), and that the time of the initial mutation is known. The ancestry
relating the sampled chromosomes is realized by means of a rwo-stage process
similar to that of Thompson and Neel (1997): (1) the size of the ancestral
population is realized for each generation, from the present back to the time of
the initial mutation, and (2) the coalescenr relating the sampled haplotypes
is realized, conditional on the ancestral population sizes. Once the coalescent
has been realized, recombination events berween the disease locus and the
marker locus are placed on the tree, with probahility depending on the branch
length and the recombination fraction 6. These recombination events define
recombinant classes, where a recombinant class is defined as the subset of
the current sample that is descended from a given recombination event. Gra-
ham and Thompson describe an analytical expression for the probability of
the observed data conditional on the recombinant classes. The simulation
of recombinant classes rather than allelic classes eliminates the problem of
obtaining realizations that are incompatible with the data, and as a result,
the method of Graham and Thompson is likely to be more computationally efh-
cient.

All the likelihood methods discussed earlier were developed in the
context of a rare monophyletic disease mutation. As our attention is turning o
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more common complex diseases, it is informative to consider the effect of
hererogeneity on the strength of allelic associations. If heterogeneity is in the
torm of multiple discase mutations ar a single locus, the picture is encouraging.
Discase haplotypes carrying different disease mutations at the same locus will
cach exhibit association with the marker allele ancestral to that disease muta-
tion. As long as the marker locus is reasonably polymorphic, these associations
will still be apparent, as in the cases of cystic fibrosis (Tsui, 1995) and Werner's
syndrome (Martsuomo et al., 1997), where the muration of highest frequency
makes up 70 and 51% (respectively) of the disease haplotype population. Multi-
ple unliked disease loci (rather than multiple disease mutations ac a single
locus) are more problematic. In such cases, the association berween a marker
allele and a disease allele ar a closely linked disease locus will be swamped by
the absence of an association between that marker allele and the other disease
loct, to which the marker is not linked. The difficulty introduced by hetera-
geneity has led a number of authors (e.g., Chapman and Wijsman, 1998;
Kruglyak, 1999h) to suggest the use of isolated founder populations for disequi-
librium mapping, in the hope that because of small numbers of founders, or pop-
ulation bottlenceks, discases observed in such populations will be homogeneous.
Kruglyak (1999h) showed that for the disease to be homogencous, either the
population must be descended from a very small number of founders or the dis-
case vartant must be quite rare. To use founder populations effectively for gene
mapping, it is important that we first understand the factors other than linkage
that can influence disequilibrium in these populations.

VI. EFFECTS OF SIZE AND STRUCTURE ON ALLELIC ASSOCIATIONS

The problem of the effect of population size on observed disequilibrium can be
compared to the effect of degree of relationship on observed IBD sharing, which
is important in affected relative pair methods. Closely related pairs are expected
to share large portions of their genome 1BD, and therefore areas of sharing are
easy to locate but do nor localize genes well. Conversely, distantly related rela-
tive pairs are expected to share very lictle of their genome 1BD, and as a resulr,
the identification of shared regions (which is difficult) can localize a disease
gene quite precisely (Thompson, 1997). Analogously, disequilibrium is expected
to strecch over larger distances in small populations, and over smaller distances

~ in large populations. Large regions detectable in small populations may be useful

for initial mapping, whercas the small, more difficult-to-find regions of disequi-
librium in larger populations are useful for fine-scale localization.

Graham (1998) has considered the effect of population growth rate on
the shape of the conlescent relaring disease haplotypes. Visualization of the
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coalescent relating disease chromosomes is helpful in thinking about the effects
of growth rate on disequilibrium, since it is recombination events on this
coalescent that reduce allelic association over time. For illustration, we consider
two extreme examples of coalescent shape. Classical coalescent theory (Felsen-
stein, 1971; Kingman, 1982) was developed for a population of constant size,
where the shape of the coalescent is similar to the one shown in Figure 25.4a.
In this case, sampling additional haplotypes simply adds more tips to the tree.
Most of the meioses in the tree are in the earliest branches, which means that
most recombinations can be expected to oceur in these branches. As a result,
sampled disease haplotypes are likely to share recombination events, which
means that allelic associations should he well preserved. Figure 25.4b shows an
example of a so-called star phylogeny, which might exist when the population
of disease chromosomes is growing extremely rapidly (Slackin, 1996). In this
case, coalescent events between haplotypes occurred long ago, and as a result,
sampled haplotypes appear to be independent. Recombination events are not
shared by many haplotypes, so allelic assaciations are greatly reduced. Graham
(1998) showed that for a growing population, the coalescent is often similar
in shape to that in Figure 25.4a, with most meioses being in the early branches
of the tree. Even in a fast growing population (10% per generation), coalescent
events are fairly evenly spaced, and therefore a substantial fraction of recom-
binations will happen early enough in time rto be shared by many disease
haplotypes.

Kruglyak (1999h) used a simularion approach to consider the effects of
two different population growth scenarios on observed disequilibrium. For the
case of a population growing at a constant rate since founding, smaller growth
rates result in higher levels of disequilibrium after a given number of genera-
tions, as the foregoing coalescent argument would suggest. The second scenario
considered a population founded 20 generations ago by 100 individuals, with a
current size of 10,000 individuals. The population was assumed to have a period
of constant size, either early or late in its history. Disequilibrium in the current
population is larger when the period of constant size happencd carlier in the
population’s history. This is because genetic drift in the constant growth period
effectively reduces the size of the founding population, thereby increasing dis-
equilibrium.

Unfortunately, the effect of population structure is much less well
understood. In large populations, subdivision, isolation by distance, and admix-
ture can all give rise to associations that could be misinterpreted as reflecting
shared ancestry. Beerli (1999) has studied the effect of migrarion on the shape
of the coalescent, and this work may give insight into the effect of migration on
disequilibrium. In smaller populations, and within subgroups of larger ones,
patterns of nonrandom mating, together with generic drifr, can also affect
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Figure 25.4 Examples of typical coalescent
shapes  tor  different growth
rates: (a) constant size and (b)
tast growth.

disequilibrium. To interpret the patterns of disequilibrium we can observe in the
wide variety of human populations available for study, we muse quantify the
effects of cach of these aspects of population scructure. Then we must learn how
to differentiate these associations from those due to common ancestry and link-
age. In the next section, we describe some of the populations that have been
suggested for disequilibrium mapping, with actention to known aspects of their

size, history, and structure.
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Vil. STRUCTURE IN HUMAN POPULATIONS: SOME EXAMPLES

Table 25.1 shows examples of the wide varicry of ages, sizes, and structures
observed in human populations. Of the large isolates, the Amerindians are by
far the oldest. About 500 of the earliest Americans are thought to have crossed
the Bering land bridge, during a period about 30,000 years ago. The population
grew quite slowly until about 8000 years ago, when agricultural practices were
adopred, and the population grew rapidly ro approximately 20 million by the
time of Columbus (Fiedel, 1987; Denevan, 1992). This population must have
been highly structured, both because of their enormous range (North and South
America) which results in isolation by distance, and because of the tribal struc-
ture within smaller geographic areas. Because of the tme depth of this popula-
tion, disequilibrium between loci with respecr to the initial founder population
is unlikely to be detectable. Because of the recent rapid expansion of the popu-
lation, however, most rare variants will have occurred recently (Thompson and
Neel, 1997) and will be localized to a particular tribe or linguistic group. Dise-
quilibrium around such a variant should be detectable in modern Amerinds.
The modern Japanese population was founded approximately 94 pener-
ations ago, by approximately 1000 rice-growing immigrants who emigrated from
the mainland (Benedict, 1989). Relatively little is known about the growth of
the population until the period 16031867, when the population size remained
remarkably constant, at about 30,000 individuals. Political change in 1867
resulted in rapid growth, and the population of Japan today is about 120 mil-
lion. This population is probably much less structured than the Amerindians,

Table 25.1 The Scope of Human Population Strucrure

Time since Number of
Populations founding (years) founders Madern size Structure
Large
Amerindians 30,000 500 20 million*  Tribal
Japanese 2,400 1,000 120 million  Homogeneous
Finns 2,000 1,000 5 million Flomogeneous
Small
Icelanders 1,200 20,000 250,000 Homogeneous
Ch-SLSJ" 350 3,000 300,000 Unknown
Hurterites 350 80 36,000 Leut and colonies
Tiny
Newfoundiand 180 400 1,600 3 villages
Tristan da Cunha 180 19 300 Homogeneous

“At the time of Columbus.
"Charlevoix—Saguenay Lac Saint Jean.
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although some historical subdivision due to geography seems likely. The time
depth of the population (2400 years) proved ideal for the fine-scale localization
of the Werner's syndrome gene, which apparently dates to the founding of the
population (Graham and Thompson, 1998).

Another large population in which disequilibrium mapping of a rare
allele has been successtul is that of Finland. Finland was founded by about 1000
settlers, approximately 2000 years ago. The population has remained quite iso-
lared since then, and numbers about 5 million (Nevanlinna, 1972). Like the
Japanese, the Finnish population is appropriate for fine-scale localization
because of its time depeh, as Histbacka et al. (1994) demonstrated when they
cloned a gene for diastrophic dysplasia in Finns. Kruglyak (1999b) studied the
properties of such a population by simulation and showed that even with this
relatively small number of founders, a disease variant would have to be quite
rare (< 1%) to be manophyletic in such a population. _

The potential of smaller isolated populations has been less well
explored. [eeland is a particularly interesting example. lceland was first settled
circa 900 by about 20,000 people who came primarily from Norway, but also
from Treland and Scotland (Bjarnason et al., 1973). The population grew very
rapidly both by births and continued immigration to about 70,000 by the
cleventh century, and remained of roughly that size until the early 1900s,
whereupon it grew dramarically to its current size of 250,000 people. While rel-
atively isolated from other populations, there was mobility within the country,
and as a result the population is probably quite homogeneous. There was likely
considerable disequilibrium within the founding population because it was a
Norse —Celtic mixture. Because of the shorter rime depth (relative to Finns and
Japanese), disequilibrium may be detectable over longer genetic distances. How-
ever, the unusually large size of the founding population makes it likely that
even rare alleles would have been represented in multiple copies.

Of similar size, but much younger, is the population of the Charlevoix—
Saguenay Lac Saint Jean (Ch-SLS)) region of Quebec. Many of the residents of
this area are the descendants of about 8000 French colonists who immigrated to
the Charlevoix region during 1608—1760, while the area was under French con-
trol (Heyer, 1995). The population expanded into the Saguenay region in the
mid-1800s and continued to grow both internally and through considerable
immigration, to its size of abour 300,000 today (Heyer and Tremblay, 1995).
Although disequilibrium may persist over moderate distances in such a young
population, the relatively high level of immigration could result in heterogeneity
for all but the rarest diseases.

The Hutterites (Morgan and Holmes, 1982) are an isolate of similar
age but much smaller (36,000 people). Descended from a remarkably small
founder group (80 people), the Hutterites are a religious group who originated
in Europe in the 1500s and immigrated to North America circa 1880. Upon
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arrival in North America, they split into cthree almost completely separate sub-
divisions (known as leut). Within leur, the Hutterite population is divided into
colonies, and when growth necessitates division, a colony will split into two
colonies. Immigration into Hutterite colonies is almost nonexistent. Disequilib-
rium may extend over large genetic distances in the Hurtterites, since they are a
very young population and are descended from so few founders. In addition, the
population is unusually rich in structure, and the structure is very well docu-
mented. Study of the Hutterite population may therefore yield important
insight into the effects of both large and small scale structure on disequilibrium.

Table 25.1 alsa shows two extremely small and young populations. The
Newfoundland population includes the inhabitants of what are now three small
villages, on the west coast of the island. Many of the inhabitants are descen-
dants of a single founder couple and their children and grandchildren, who
founded the population in 1820 (Marshall et al., 1979). Others married into the
population, and the current population traces back to abour 400 founders. In
1975 the population numbered 1627 people, with 1521 descended from the
original founding couple. The complete genealogy at that time contained just
over 4000 people, 2600 of whom were descendants of the original founding
couple. Because of the youth of the population, disequilibrium around a variant
originating in the founder couple is likely to stretch over relatively long
distances.

The other extremely small population is that of Tristan da Cunha, a
very remote island in the south Arlantic. The population, numbering about 275
in 1961, is descended from a toral of 19 ancestors, 10 of whom were on the
island prior to 1855 (Roberts, 1971). These founders are of extremely diverse
origin—some being immigrants from the United Stares or Britain and other
being survivors of shipwrecks in the region. The population has exhibited
steady but slow growth, with two severe bottlenecks: the population was
reduced from 103 to 33 in 1856, and from about 100 in 1880 to abour 60 in
1892. The population has grown steadily since then, but emigration has kepre
the population small. A population of this size is necessarily quite homoge-
neous, and therefore not likely ro tell us much about the effects of structure on
disequilibrium. However, the youth of the population, the diversity of its
founders, and the two bottlenecks in its history suggest that considerable dis-
equilibrium likely exists in this population.

Lonjou et al. (1999) compared observed disequilibria in two regions of
the genome for a wide variety of populations, ranging from outhred large
geographic areas such as Europe, the Near East, and the Americas, to small iso-
lates, such as Basques, the Ainu of Japan, and the population on Tristan da
Cunha. The Jewish populations of Europe, Africa, and the Middle East com-
prise another ethnic group considered by Lonjou et al. (1999) that shows a vari-
ety of histories and structures. Disequilibrium mapping in these populations has
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heen considered by Risch et al. (1995) and Levy et al. {1996). Lonjou found
that generally, levels of disequilibrium in isolared populations were only slightly
higher chan in outbred populations. The loci they considered were diallelic and
had moderate allele frequencies, and so their resules suggest that isolates may
not be as usetul for complex disease mapping as had been hoped. Since, howev-
ery all locus pairs considered were extremely tightly linked (<0.2 ¢cM apart), the
similarity between observed disequilibria in small isolates and large outbred
populations may simply demonstrate the very large time scale required to break
down such associations.

Kruglyak (1999a), in a discussion of the results of Lonjou et al. (1999),
notes that these authors’ conclusions are based on data for only two regions of
the genome and therefore are subject to the unknown evolutionary histories of
the two regions. He also notes chat disequilibrium in the Ainu was significantly
higher than in the large populacions, suggesting that disequilibrium mapping
might be feasible in this isolate and in others not considered in the Lonjou
study. Each isolate has its own unique evolutionary history, and therefore some
may prove more useful than others for disequilibrium mapping of complex
disease.

Most notably, Kruglyak (1999a) points out the need for systematic
empirical study of disequilibrium across the entire human genome, hoth within
isolates and within larger outbred populations, to identify populations usetul for
disease mapping. We believe that empirical studies of disequilibrium in human
populations should be complemented by theoretical research undertaken with
the goal of understanding the effects of population history and structure on dis-

cquilibrium.
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