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ABSTRACT Admixture between genetically different
populations may produce gametic association between gene
loci as a function of the genetic difference between parental
populations and the admixture rate. This association decays as
a function of time since admixture and the recombination rate
between the loci. Admixture between genetically long-separat-
ed human populations has been frequent in the centuries since
the age of exploration and colonization, resulting in numerous
hybrid descendant populations today, as in the Americas. This
represents a natural experiment for genetic epidemiology and
anthropology, in which to use polymorphic marker loci (e.g.,
restriction fragment length polymorphisms) and disequilibri-
um to infer a genetic basis for traits of interest. In this paper
we show that substantial disequilibrium remains today under
widely applicable situations, which can be detected without re-
quiring inordinately close linkage between trait and marker
loci. Very disparate parental allele frequencies produce large
disequilibrium, but the sample size needed to detect such levels
of disequilibrium can be large due to the skewed haplotype
frequency distribution in the admixed population. Such situa-
tions, however, provide power to differentiate between dis-
equilibrium due just to population mixing from that due to
physical linkage of loci—i.e., to help map the genetic locus of
the trait. A gradient of admixture levels between the same pa-
rental populations may be used to test genetic models by relat-
ing admixture to disequilibrium levels.

Admixture between two populations with different allele fre-
quencies at two loci will produce a gametic association be-
tween these loci in any admixed population (1). Here, we
refer to such gametic association as “mixture disequilibri-
um” to distinguish it from gametic association between
closely linked loci. Such mixture disequilibrium will decay
over time, but if the two loci are not linked, or their linkage is
loose, nontrivial levels of disequilibrium may persist for long
time periods. Even if recombination between loci occurs
with a constant rate, mixture disequilibrium in an admixed
population may remain over a substantial period of time, if
the history of admixture is not very old. Chakraborty and
Smouse (2) showed that in the presence of recombination,
estimates of admixture from haplotype data may be error-
prone, if the genetic assay of the admixed population is not
done immediately after the admixture event. There are many
instances where human populations have been formed
through admixture of the same two stocks of racial groups,
yet the degree of admixture varies among the admixed
groups (with approximately the same historical depth of ad-
mixture). Such populations may offer an opportunity to use
admixture as a tool for anthropological research.

Earlier, we (3) showed the utility of using admixed popula-
tions for fitting genetic models of inheritance of complex dis-
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eases. The objective of the present paper is to show that the
observed levels of disequilibrium between any two loci in
such an array of admixed populations may be used to detect
their linkage relationship and to differentiate the case of mix-
ture disequilibrium between loci from the disequilibrium that
can be ascribed to genetic linkage.

MATHEMATICAL TREATMENT

Mixture Disequilibrium in an Admixed Population. As in
the case of traditional admixture models, we consider two
loci (A and B) that are not affected by selection. Let A and a,
B and b be the two segregating alleles at these loci, respec-
tively. Suppose that an admixed population (Z) obtains a
fraction (m) of its genes from ancestral population X, and a
fraction (1 — m) from ancestral population Y. We assume
that the admixture event has taken place in a single pulse at
generation 0, and the populations are surveyed ¢ generations
after this event. This theory is discussed in more detail else-
where (ref. 2 and unpublished work). Let r denote the re-
combination rate between the A and B loci, and let p4(j),
pa(j), p(j), and p,(j) be the allele frequencies in population
j( =X, Y,orZ). Note that for any j, p,(j) = 1 — ps(j) and
p(j) = 1 — pp(j), and none of the allele frequencies change
over generations, in the absence of selection and genetic
drift (whose effects are ignored for the present discussion).

Under these assumptions, it is known (2, 4) that the mix-
ture disequilibrium between the A and B loci in the admixed
population Z, produced by admixture, at generation 0 can be
written as

DY = mDQ + 1 — m)DY + m(1 — m)8,8s, [1]
where 84 = [pa(X) — pa(Y)] and 8 = [pp(X) — pp(Y)]. In
addition, for any population j (X, Y, or Z), the mixture dis-
equilibrium decays with time as a function

D = (1 - n'DP. [2]

Therefore, even if the parental populations (X and Y) are
initially at linkage disequilibrium, if their allele frequencies
are different (64 # 0, 8 # 0), then the admixed population
(Z) will exhibit mixture disequilibrium at the outset, due to
its admixed origin. The disequilibrium will decay over time,
due to recurrent recombination over generations, following

the equation

D}’) =1 - N'm(l — m)8,8s, [3]
since in this case

41

Thus, for given values of 84 and 85 (allele frequency differ-
ences between the two parental populations) and mixture

DY = m(1 — m)8,s.

Abbreviation: lod, log-likelihood ratio.
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proportion (m), we can determine what level of mixture dis-
equilibrium will remain in an admixed population after 7 gen-
erations of the admixture event. This quantity is a function
of the recombination rate r, which is a surrogate measure of
the physical distance between the loci A and B. Eq. 3, there-
fore, shows that in an admixed population of known history
of admixture (i.e., with known 8,4, &g, t, and m), the amount
of mixture disequilibrium between two loci can be used to
draw inferences regarding the linkage relationship between
loci.

Fig. 1 shows the result of such computations, based on
representative values of the allele frequencies in parental
populations for two loci, A and B, by plotting the decay of
mixture disequilibrium over time in the admixed population
as a function of ¢ for two values of r, for loci at different
recombination distance from each other. The figure com-
pares populations with very different allele frequencies (fix-
ation at both loci) with populations with similar allele fre-
quencies. The absolute value of D is highly dependent on
these frequencies, and the range of D values is much larger if
the gene frequencies are more disparate (note that the four
panels have very different absolute ranges on the vertical
scale). High admixture levels induce higher absolute D val-
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ues because the range of possible D values is greater. The
four panels of this figure cover ranges of ¢ that encompass
most situations in which human studies might be done (¢ up
to 100 generations) and reasonable distances of marker from
second locus in 10° base pairs (kb) if recombination is rough-
ly 1073 per kb.

It is clear from these computations that if in fact the two
loci are linked (r < ¥2), even if the parental populations are at
linkage equilibrium, admixed populations arising from popu-
lations of substantial allele frequency difference will exhibit
mixture disequilibrium for a long period of time. Note that
the absolute magnitude of disequilibrium in a population may
not be very large at any point of time. This is expected be-
cause the magnitude of disequilibrium is also dependent on
allele frequency (5), the admissible value of DY being given
by

—min{ pa(Z)pp(Z), po(Z)ps(Z)] < DY
< min[pa(Z)py(Z), p(Z)ps(Z)]. [5]
Power of Detection of a Given Level of Disequilibrium.

Brown (6) considered the problem of determining the statisti-
cal power of detecting a given linkage disequilibrium, Dz,
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Mixture disequilibrium values (D,) as a function of time since admixture (7), for different levels of admixture (m). The four panels

encompass some representative values of allele frequency differences of parental populations and recombination distance between loci A and B.
Curves represent m values from 0.1 (bottom curve) to 0.5 (top curve) in increments of 0.1. (a) p4(X) = ps(X) = 1.0, p,(Y) = pg(¥Y) = 0.0, and r
=0.01. (b) pa(X) = ps(X) = 1.0, ps(Y) = pp(¥) = 0.0, and r = 0.20. (c) pa(X) = ps(X) = 0.6, pa(Y) = ps(Y) = 0.4, and r = 0.01. (d) p.(X) =

ps(X) = 0.6, pa(Y) = pa(¥) = 0.4, and 7 = 0.20.
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from a survey of n gametes. When the null h¥pothesis Hy:
D® = 0 s tested against the alternative Hy: D # 0, the test
criterion for rejecting the null hypothesis Hj is given by

{C: IDP| > 1.96] pa(Z)pZ)pp(Z)Pp(Z)]} [6]

for a 5% level of significance test (6). For a specific alterna-
tive DY # 0, the power of this test procedure is given by

B=1-[Q(r) — Q(r)], (71

where

= —L6pAZ)pZ)ps(Z)py(Z)) — Dy(n)*
Y [pa@)pZ)ps(Z)PNZ) + Dzea(Z)ep(Z) — DA%’

and

. = LI6(paZpZ)ps@IpH(Z))* — Dy (m)*
2 [paA@PAZ)psZ)pNZ) + Dzea(Z)ep(Z) — D%

Q(r) is the cumulative (lower tail) probability of a standard
normal variate r, and €4(Z) = ps(Z) — p.(Z) and similarly
for £5(Z). This method of power evaluation, we may note, is
more accurate than the approximation used by Brown (6),
who used a one-sided normal integral to approximate Eq. 7.
The accuracy of the normal deviate test (Eq. 6) is known to
be better than that of the X? test of allelic association (7). Fig.
2 shows the computations of the power, following Eq. 7, for
the parameter values used in Fig. 1. Here the power is com-
puted as functions of the standardized disequilibrium values,
D(z) = D(z/Dz(max), where D(z)(max) is the maximum ab-
solute value, given by the bounds shown in expression 5§
above.

Fig. 2 shows that for very disparate parental allele fre-
quencies, even with relatively small sample sizes, the power
to detect linkage disequilibrium is quite adequate so long as
there is a reasonable amount of admixture. For intermediate
parental allele frequencies the range of Dz is narrow, but
even very small samples will be adequate to detect a small
deviation from linkage equilibrium. This is so because in
such instances the haplotype frequencies in the admixed
population are more evenly distributed, and hence even in a
small sample, all of them will be observed, making it easier
to detect departure from equilibrium for small absolute lev-
els of mixture disequilibrium. There is, however, a disconti-
nuity at p,4(X) = p4(Y), at which point Dz, = 0; i.e., there is
no mixture disequilibrium, even at the outset. It is interest-
ing that in the former case (disparate parental frequencies),
the power of the test can be small for very low levels of ad-
mixture, because of skewed haplotype frequencies in the ad-
mixed group.

Genetic Linkage Versus Mixture Disequilibrium Due to
Mixture of Dissimilar Gene Pools. The mixture disequilibrium
between two loci A and B in a population of admixed origin
may be merely due to the admixture process alone and may
not signify any linkage relationship between these loci. How-
ever, if we have an array of admixed populations, each of
which arose from the same two parental populations, but
which have undergone different levels of admixture, there
will be a trend of disequilibrium values depending upon their
admixture history. An approximate goodness-of-fit test for
such a trend can be constructed based on the estimated link-
age disequilibrium values in these populations, contrasting
the disequilibrium values with their expectations based on
Eq. 3. In a single admixed population of known history of
admixture (i.e., with known parental allele frequencies and
known values of ?), a log-likelihood ratio test criterion may
also be constructed to examine whether the observed value
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Fi1G. 2. Power to detect given levels of mixture disequilibrium as
a function of admixture levels in an admixed population. The curves
represent admixture (m), in increments of 0.1, ranging from m = 0.1
(bottom curve) to m = 0.5 (top curve). The two panels contrast the
power as a function of disparity of allele frequencies in the parental
populations. (a) p4(X) = pp(X) = 1.0, p4(Y) = ps(¥Y) = 0.0,and n =
100. (b) p4(X) = pp(X) = 0.6, po(Y) = pp(Y) = 0.4, n = 50. Note
that the disequilibrium is plotted as a fraction of its maximum and
minimum, which are related to parental allele frequencies and ad-
mixture levels (see text).

of mixture disequilibrium is more likely to have come from
the linkage of loci or from the process of admixture alone.
For this, let us consider an admixed population Z, as be-
fore, for which after ¢ generations of the admixture event the
four gametic frequencies in a survey of n gametes and their
expected probabilities under the two hypotheses Hy: r = Y5,
and H,: a specific value of r, less than Y2, are shown in Table
1. Denoting these multinomial probabilities by =;(r) for H,
and m;(V2) for the hypothesis Hy, fori = 1, . . ., 4; we may
write the log-likelihood ratio of these two hypotheses as

4
lod = > n;[log m(r) — log m(¥5)], (8]
i=1

whose value can be computed for any r < 'z, given the other
parameters in a particular survey. In analogy with linkage
tests from family data, the value of the lod score itself can be
used to decide whether Hy or H, is in conformity with the
observed data. Since the specific value of the lod score de-
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Table 1. Observed number of two locus gametic types and their
probabilities under the hypotheses of linkage and admixture

Probability under the hypothesis

Observed
Gamete frequency Hi:r<v Hyr="%
AB n PaPs + Dy, pPaps + Dy,
Ab n; PaPp — DH. PaP» — DHo
aB ns PaPB — Dp PaPs — Dpy,
ab ng PaP» + Dy, PaPs + Dpy

Dy, = (1 — rY'm(1 — m)8,8g; Dyy = m(1 — m)8,85/2".

pends upon the observed gametic frequencies (n; values), it
it is not possible to answer in advance the strategic question
whether or not discrimination between these two hypotheses
is possible from a particular survey design. However, a con-
servative decision may be reached if we want to evaluate the
expected lod score for any given r in a survey with sample
size n. For this we replace the n; values of Eq. 8 by their
respective expectations, E(n;|r) = nm;(r), to obtain the ex-
pected lod score as a function of r, given by

4
E,(lod) = "Zl m(nllog m(r) — log m(¥)], 9]

which can be plotted against values of r (0 < r = ') for any
given sample size n. Fig. 3 shows some representative values
of such computations based on some parameter values used
in our earlier computations (Figs. 1 and 2).

Fig. 3 shows that with disparate parental allele frequen-
cies, the power to resolve the two hypotheses is very high
under realistic sampling circumstances, for reasonably
closely linked loci, because in such an instance the decay of
initial mixture disequilibrium will be small due to the lack of
recombinants due to close genetic linkage. With highly over-
lapping parental allele frequencies, even with much larger
samples and small recombination rate, genetic linkage can-
not be demonstrated statistically, because even with linkage
actual recombinant haplotypes will be indistinguishable from
existing parental haplotypes.

When the expected lod score is large enough to suggest
true linkage (i.e., maximum lod score = 3, in the tradition of
usual convention in genetic epidemiology), then it will be
profitable to collect detailed family data from the population.
In that case such data will be informative for the segregation
and mapping of the trait locus.

DISCUSSION

The above theory suggests an interesting way to make use of
the past history of human populations as a research strategy
in anthropological and epidemiological studies. During the
evolution of various racial groups of humans, genetic isola-
tion over long time periods, documentable in historical, lin-
guistic, archeological, and other kinds of data, has allowed
mutations and gene substitutions to generate genetic diversi-
ty with a highly patterned geographic distribution. Some of
these mutations have caused complex phenotypes to evolve
with their specific geographic distributions. While the mode
of inheritance of such complex phenotypes may be perplex-
ing, their geographic distribution often suggests involvement
of genetic factors. Examples of such complex phenotypes
are disease susceptibilities: diabetes in Amerindians and
Polynesians, rheumatoid arthritis in Amerindians, skin can-
cer in Caucasians, and hypertension in Blacks.

In plant and animal genetics, when strains carrying unusu-
al phenotypes are discovered, the inheritance of such traits
is often studied by careful crossing of these strains with
those that do not carry them. In human genetics, this is not
possible. However, during recent centuries large-scale
movement of populations over continental distances has giv-
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Fic. 3. Expected lod scores to differentiate between disequilib-
rium due to admixture and that due to genetic linkage, as a function
of recombination rate between loci, for different levels of admix-
ture. The curves represent admixture (m) in increments of 0.1, rang-
ing from m = 0.1 (bottom curve) to m = 0.5 (top curve). The two
panels show the pattern for different parental allele frequencies and
sample size (n = number of haplotypes sampled). (a) p,(X) = pp(X)
=1.0, pa(Y) = ps(Y) = 0.0, t = 10, and n = 100. (b) p4(X) = ps(X)
= 0.6, pa(Y) = pp(Y) = 0.4, ¢t = 10, and n = 500.

en rise to admixed populations, where very different gene
pools have mixed. Such admixed populations are reminis-
cent of genetic crosses.

Before discussing the advantages of genetic studies in ad-
mixed groups, we must mention the consequences of the
simplified assumptions made in our model. We assumed that
the admixed group is formed by a single “pulse” of admix-
ture. In nature, however, admixture is a continual process
that occurs over many generations. We will deal with this
problem elsewhere (unpublished work); when admixture
continues for a certain number of generations, larger mixture
disequilibrium will be exhibited in the admixed group, and it
will persist for a longer period of time after the admixture
process ceases. Though qualitatively similar, continuous ad-
mixture reduces the power of discrimination between mix-
ture disequilibrium and physical linkage.

The admixing of groups with very different gene frequen-
cies, especially if important alleles are nearly fixed in one
and nearly absent in another of the groups, will lead to a high
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level of segregating matings. Such gene variants may be
present in greatly different (perhaps completely different)
haplotype backgrounds in the two parental populations,
making linkage studies from randomly sampled families
quite feasible in admixed populations.

In many of these circumstances, not only is genetic varia-
tion great between the parental populations, but the time
since admixture is short (a few centuries, or on the order of ¢
= 10 generations). Marker loci (restriction fragment length
polymorphisms) within a small recombination distance (say,
r < 0.1) of the trait locus will have good statistical properties
in regard to drawing genetic inference as well as in mapping
genes. It is also often possible to ascertain samples from a
variety of populations with varying levels of admixture be-
tween the same two parental populations. Elsewhere it has
been shown how admixture may be used to infer the exis-
tence of genetic etiological factors in complex phenotypes
such as non-insulin-dependent diabetes mellitus in Amerin-
dians (8-10), as well as how models of genetic causation may
be tested with data representing a gradient of population ad-
mixture levels (3).
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