
Abstract Admixture mapping is a potentially powerful tool
for mapping complex genetic diseases. For application of
this method, admixed individuals must have genomes
composed of large segments derived intact from each
founding population. Such segments are thought to be
present in African Americans (AA) and should be demon-
strable by examination of linkage disequilibrium (LD).
Previous studies using a variety of polymorphic markers
have variably reported long-range LD or rapid decay of
LD. To further define the extent and characteristics of LD
caused by admixture in the AA population, the current
study utilized a set of 52 diallelic markers that were se-
lected for large standard variances between putative rep-
resentatives of the founder populations. LD was examined
in over 250 marker-pairs, including linked markers from
four different chromosomal regions and an equal number
of matched unlinked comparisons. In the representative
founder populations, strong LD was not observed for mark-
ers separated by more than 10 kb. In contrast, results indi-
cated significant LD (P<0.001, D′>0.3) in AA over large
genomic segments exceeding 10 centiMorgans (cM) and
15 megabases (Mb). Only marginally significant LD was
present between unlinked markers in this population, sug-
gesting that choosing appropriate levels of significance
for admixture mapping can minimize false positive re-
sults. The ability to detect LD for extended chromosomal
segments in AA decayed not only as a function of the dis-
tance between markers, but also as a function of the stan-
dard variance of the markers. This examination of several

genomic segments provides strong evidence that appro-
priate selection of informative markers is a crucial prereq-
uisite for the application of admixture mapping to the AA
population.

Introduction

The usefulness of applying linkage disequilibrium (LD) to
identify or confirm the importance of genetic loci in the
inheritance of simple Mendelian and complex genetic dis-
ease has received much attention (Tsui et al. 1986; Risch
and Merikangas 1996; Terwilliger and Weiss 1998). LD
that extends for long distances is ideal for these genome-
wide mapping endeavors, as fewer markers will then be
required to ensure that at least one is in LD with a genetic
locus of interest. LD can be created by mutation, selection
or demographic factors, including population bottlenecks
and admixture (Terwilliger and Weiss 1998). However,
because LD decays rapidly as a function of recombina-
tion, the mutation events that contribute to disease are un-
likely to generate long-range LD, except for the case of
new rare Mendelian disorders. Similarly, long-range LD
would be created by only very strong and recent selection
events, which are unlikely to have occurred for many pre-
valent diseases. Populations that have undergone recent
bottlenecks have received attention for their potential for
having long intervals of LD, although the strength of this
LD for segments greater than 1 centiMorgan (cM) is not
clear (Lonjou et al. 1999; Jorde et al. 2000; Mohlke et al.
2001). Another, and perhaps the best potential source of
long range LD may be recent admixture between diver-
gent populations that differ substantially in the frequency
of specific marker and disease susceptibility alleles. It has
been suggested that recent admixture between ethnic groups
that have been separated by more than 30 thousand years
will create extensive LD that will persist for 10–20 gener-
ations after the admixture event, or longer if the admix-
ture process is more complex and continuous (Briscoe et
al. 1994; Pfaff et al. 2001). This LD could provide the ba-
sis for identifying chromosomal regions that are specifi-
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cally associated with disease-promoting or disease-pre-
venting loci in one but not the other ethnic group.

One candidate population for admixture mapping, the
African American (AA) population, has several advanta-
geous qualities that make it suitable for this approach. The
European American (EA) and African (AF) populations
are separated by 50,000 to 100,000 years (Cavalli-Sforza
et al. 1994; Underhill et al. 2001). The AA population is
the result of relatively recent admixture between these two
groups, as most of the AF ancestors of today’s African
Americans were brought to the United States approxi-
mately 300 years ago (Tanner 1995). In addition, the size
of this population (approximately 35.5-million individu-
als) results in large patient bases that make association
studies feasible (US Census Bureau, see website). Several
diseases, including type 2 diabetes, hypertension, prostate
cancer and systemic lupus erythematosus, are thought to
have major differences in the genetic risk of disease be-
tween AF and EA populations, and therefore may be ap-
propriate for admixture mapping studies in AAs (Gaskin
1999; Molokhia and McKeigue 2000; Farkas et al. 2000).
Many markers with confirmed large frequency differences
between EA and AF populations have been reported, and
hundreds more are suggested by the results of The SNP
Consortium (Shriver et al. 1997; Smith et al. 2001;
Collins-Schramm et al. 2002a; see the website of The SNP
Consortium). Examination has shown that the admixture
dynamics of the AA population are likely to be complex and,
at least to some degree, continuous (Parra et al. 2001).
This type of admixture potentially leads to more extensive
LD and therefore more power for admixture mapping. It
can also lead to false positives, but it is possible to differ-
entiate the true positives from the false positives with knowl-
edge of individual admixture (Parra et al. 2001). Lastly,
our recent studies provide strong evidence that markers
with large frequency differences between EAs and one AF
population have very limited variation between different
AF populations (Collins-Schramm et al. 2002b). This sug-
gests that differences in allele frequencies of such ances-
try, informative/ethnic-difference markers within the vari-
ous sub-populations that were subjected to the slave trade,
will not be a major confounding problem.

There have been few empirical studies of the strength
and extent of LD in the AA population, and the results of
these studies have been partially discrepant. Parra et al.
(1998) reported strong LD between FY-null and AT3,
markers separated by 22 cM. This result was later con-
firmed by Lautenberger et al. (2000), who also examined
LD between FY-null and other markers in the region, and
by Parra et al. (2001). In contrast, others reported similar
levels of LD to those seen in non-admixed populations –
detectable to a maximum of about 50 kb (Gabriel et al.
2002; Rybicki et al. 2002a). These differences may be due
to the difference in markers used by these groups. No-
tably, the groups observing strong LD used markers se-
lected for relatively large differences between EAs and
AFs, while the other studies used unselected markers.
However, all of the marker comparisons in both the Parra
et al. (2001) and the Lautenberger et al. (2000) reports in-

volved the marker FY-null, a marker with nearly fixed di-
vergent frequencies in the parental populations. There is a
large amount of evidence that this allele frequency differ-
ence is due to the effects of selection, which could result
in increased LD in the parental populations, which were
not examined (Hamblin and Di Rienzo 2000). It has yet to
be determined whether the extended LD observed is spe-
cific to this marker or is a consistent phenomenon in the
African American population. In addition, previous stud-
ies have not extensively examined unlinked loci. This aspect
is critical since insufficient time since admixture or differ-
ences in admixture ratios in different AA individuals due
to the resulting population substructure could lead to LD
between unlinked loci. This LD would lead to false posi-
tive results in an admixture mapping study. Pfaff et al.
(2001) did a preliminary examination of the extent of LD
between unlinked markers. They found that up to a third
of 37 unlinked marker-pairs did show significant LD. How-
ever, all of their comparisons were based on different pair-
wise combinations of 11 markers, and all comparisons
that were significant included the marker FY.

A recent study of AA LD examined 109 unselected mi-
crosatellite markers (Rybicki et al. 2002b). A wide range
of LD levels were detected. In addition, no correlation be-
tween LD and recombination distance and only a weak
negative correlation between LD and physical distance
was seen. However, for the subset of these markers for
which the EA allele frequencies were available in the
CEPH database, the authors found that markers with large
allele frequency differences between EA and AA had
more extensive LD that correlated better with both recom-
bination and physical distances than markers with small
allele frequency differences EA and AA.

Before the input of the resources required for genome-
wide disease screens by admixture mapping can be justi-
fied, the extent and characteristics of admixture linkage
disequilibrium in the African American population need
to be examined in more detail. The extent of linkage dis-
equilibrium should be examined in several genomic re-
gions using multiple genetic markers. In addition, a larger
scale examination of the strength and frequency of link-
age disequilibrium between unlinked markers with large
allele frequency differences between the parental popula-
tions will be required to determine if false positive results
would hinder admixture mapping in this population.

This investigation was undertaken to provide a more
detailed examination of the extent of LD created by ad-
mixture in AAs. A total of 52 diallelic markers informa-
tive for ancestry were utilized in 133 linked and 133 un-
linked pairwise LD analyses. These included linked mark-
ers from four different chromosomal regions. Short inser-
tion-deletion polymorphisms (indels) and single nucleotide
polymorphisms (SNPs) were used, since diallelic markers
are likely to be the primary markers utilized in admixture
mapping studies (the requirement for large parental allele
frequency differences means that many markers must be
screened to saturate the genome with appropriate markers,
a requirement that will likely only be accomplished with
the use of SNPs). The results indicate that, unlike in rep-
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resentatives of both parental populations, consistent LD
extends for genomic intervals of greater than 10 cM and
15 megabases (Mb) in the admixed AA population.

Materials and methods

Populations and samples

Blood- or buccal-cell samples were obtained from all individuals,
according to protocols and informed-consent procedures approved
by institutional review boards, and were labeled with an anony-
mous code number. None of the individuals were first-degree rela-
tives of each other, and ethnicities were self-described. The EA in-
dividuals were random volunteers from northern California. AF
samples were from the Zimbabwe Shona (a Bantu-speaking group)
and were supplied by R. Cooper according to National Institutes of
Health guidelines. The direct descendants of these individuals
were unlikely to have been part of the slave trade, which mainly
occurred along the West African coast. However, our previous re-
search has shown that for markers with large standard variances be-
tween these Zimbabwean samples and EAs, the variance between
the Zimbabwean samples and a collection of samples from Nigeria
was very small (Collins-Schramm et al. 2002b). Therefore this pop-
ulation should be appropriate as a representative parental population
for admixture mapping studies in today’s AAs. For AA individuals,
approximately 75% of samples were volunteers from northern Cali-
fornia, and 25% were from a wide distribution of other geographic
locations in the United States. In the AA samples, all individuals
had no known parents or grandparents whom they would describe
as being of direct European, African, or Amerindian heritage.

Only those individuals typed for both markers in a LD compar-
ison were utilized, so no missing data calculations were required.
Sample size was an average of 259 for AA, 137 for EA and 142 for
AF LD analyses. DNA samples were prepared from blood or buc-
cal-cells as previously described (Bali et al. 1999).

Markers and conditions

All markers utilized in this study were biallelic. Forty-eight were
short insertion/deletion polymorphisms (MIDs) originally identi-
fied by the Marshfield Center for Medical Genetics (see website of
the Marshfield Center for Medical Genetics), and four were SNPs
selected from the SNP consortium (see website of the SNP Con-
sortium). Chromosome 5 was particularly saturated, with 24 mark-
ers, to allow linkage disequilibrium calculations for a large range
of distances. Six markers were in a linkage group on chromosome
22, five were in a linkage group on chromosome 6 and four were in
a linkage group on chromosome 16. The remaining markers were
used for unlinked comparisons; they included three each on chro-
mosomes 2 and 3, two each on chromosomes 1 and 10, and one
each on chromosomes 7, 9 and 13. Detailed marker information
and a list of all comparisons examined is available at our web site
(see the website of the Rowe Program).

The standard variance (also known as the Wahlund variance
and shown as the f value or Fst) of each marker was calculated us-
ing the representative parental populations described above. It is
calculated by the following formula, where µx is the frequency of
allele 1 in population x and µy is the frequency of allele 1 in popu-
lation y:

f = (
µx − µy

)2
/ [4µ (1 − µ)] , where µ = 1/2

(
µx + µy

)

This value is a measure of the ethnic information provided by a
marker, and ranges from 0 (non-informative) to 1 (completely in-
formative).

Genomic positions

The approximate Mb position for each marker was determined by
use of the Human Genome Browser (J. Kent, University of Cali-

fornia, Santa Cruz), based on the June 2002 human genome draft
assembly (see the website of the UCSC Human Genome Project
Working Draft). The genetic map positions were based on Marsh-
field map positions (see website of The Marshfield Center for
Medical Genetics). These were interpolated based on the sequence
location of genetic markers on this map that were located within
short physical distances flanking the physical location of the mark-
ers in the sequence assembly.

Examination of linkage disequilibrium

LD analyses were performed using the Arlequin program, which
determines population haplotype frequencies by application of the
EM algorithm, and then examines significance of LD by a permu-
tation test. For the EM calculations, 10,000 maximum iterations,
100 starting values, and ten bootstrap replicates were used. For the
determination of LD significance, 50,000 permutations were per-
formed with 100 initial conditions. The smallest P value that Arle-
quin calculates is P=0.00000.

D′ calculations require individual haplotypic information, which
was not available in this study. However, estimated D′ values were
calculated based on the best estimate haplotypes derived by PHASE,
which has been shown to often be superior to the EM algorithm for
haplotype reconstruction at the individual level (Stephens et al.
2001). For these calculations, 500 permutations were performed
with 500 initial starting conditions (note: multiple runs using these
same parameters had identical results). The Arlequin program was
then used to calculate D′ values from the estimated haplotypes. In
addition, for a subset of 20 markers, population haplotype fre-
quencies derived from PHASE were used in Arlequin to calculate
P values of LD significance. The P values using these PHASE-
predicted haplotypes were nearly identical to the P values obtained
when the EM algorithm was used.

Results

Long-range LD is present in AA 
but not representative parental populations 
over a 21-cM region of chromosome 5

To provide a detailed examination of LD, a region of chromo-
some 5 from 118 to 139 cM was chosen, in which prelim-
inary examination had identified several markers with high
standard variances (f or Fst values) between AF and EA
populations (Collins-Schramm et al. 2002a, 2002b). We rea-
soned that these markers which are informative for ancestry
would provide the best tool for detecting admixture LD (see
Introduction). Additional markers were screened, resulting
in a panel of 12 markers with standard variances ranging
from 0.15 to 0.69. LD between each possible marker-pair
was then evaluated in AA, EA, and AF individuals.

Significant LD was found in the AA population in 60
of the 66 pair-wise analyses including markers separated
by greater than 10 cM (Table 1). In contrast, only one pair
of markers in the EA population (Table 2) and four pairs
of markers in the AF population (Table 3) achieved even
marginal levels of significance. For example, MID 1191
and MID 719, separated by 12.4 cM, were in strong link-
age disequilibrium (P value of 0.00012) in the AA popu-
lation, but had P values of 0.721 and 0.135 in the EA and
AF populations, respectively. No pairwise calculations
showed strong LD (P value <0.001) in the EA or AF pop-
ulations, but 41 linked marker-pairs had strong LD in the
AA population. In fact, 18 of the linked marker-pairs
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showed the smallest P value (P=0.00000) that can be ob-
served with the analytic program utilized in this study (see
Materials and methods).

Strong LD in AA 
is only observed between linked markers

These studies were next extended to examine a total of
133 pairs of linked markers and 133 pairs of unlinked
markers in African Americans (Fig. 1). The pairs of linked
markers included regions of chromosomes 22, 6 and 16 in

addition to the chromosome 5 region discussed above. The
pairs of unlinked markers were selected to closely match
the sum of standard variance of the linked pairs of mark-
ers. For the group with summed f>0.8, 29 linked marker-
pairs with an average f of 0.98±0.13 (SD) and 29 unlinked
marker-pairs with an average f of 0.98±0.11 were exam-
ined. For the group with summed f between 0.45 and 0.8,
63 linked marker-pairs with an average f of 0.59±0.9 and
63 unlinked marker-pairs with an average f of 0.64±0.11
were examined. For the group with summed f between 0.2
and 0.45, 41 linked marker-pairs with an average f of
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Table 2 P values of pairwise linkage disequilibrium on chromosome 5 in European Americans. The standard variance for each marker
is shown as an f value. Numbers in italics are theP values of LD analyses performed using the Arlequin program

Markera: 1272 883 1848 879 1191 569173b 1937 224652b 1013 768 1102 719
cMc: 118 118.8 119.5 120.7 126.7 127.7 128.6 130.3 133.7 135.8 136.1 139.1
Mbd: 109.41 110.47 111.29 111.84 115.53 116.81 117.82 119.76 126.38 130.85 131.62 134.03
f value: 0.69 0.42 0.25 0.38 0.28 0.36 0.28 0.15 0.18 0.53 0.66 0.30

1272 – 0.35506 0.27773 0.59976 0.80889 0.97511 0.59476 0.64568 0.39265 0.01273 0.08253 0.26802
883 – – 0.94341 0.18739 0.53644 0.91037 0.59075 0.79486 0.10418 0.74818 0.48482 0.5003
1848 – – – 0.80249 0.38111 0.94244 0.90585 0.36674 0.58722 0.63516 0.33846 0.35187
879 – – – – 0.50358 0.38633 0.06984 0.77963 0.89549 0.99016 0.32381 0.09804
1191 – – – – – 0.40658 0.3818 0.88379 0.92339 0.03215 0.77917 0.72088
569173b – – – – – – 0.23954 0.97622 0.41553 0.35585 0.16618 0.42651
1937 – – – – – – – 0.88181 0.13022 0.72991 0.86768 0.22784
22652b – – – – – – – – 0.15715 0.79639 0.28803 0.42053
1013 – – – – – – – – – 0.99998 0.28668 0.31992
768 – – – – – – – – – – 0.22745 0.63346
1102 – – – – – – – – – – – 0.34575

aMarkers included Marshfield Indels (designated by MID num-
bers) and SNPs (see footnote b)
bTwo SNPs are identified by TSC numbers as designated by the
SNP Consortium (see http://snp.cshl.org/)
cGenetic map positions based on Marshfield map positions. These
were interpolated based on the sequence location of genetic mark-

ers on this map located within short physical distances flanking the
physical location of the markers in the sequence assembly
dThe approximate megabase position for each marker was deter-
mined by use of the Human Genome Browser (J. Kent, University
of California, Santa Cruz), based on the June 2002 human genome
draft assembly, http://genome.ucsc.edu/

Table 1 P values of pairwise linkage disequilibrium on chromosome 5 in African Americans. The standard variance for each marker is
shown as an f value. Numbers in italics are theP values of LD analyses performed using the Arlequin program

Markera: 1272 883 1848 879 1191 569173b 1937 224652b 1013 768 1102 719
cMc: 118 118.8 119.5 120.7 126.7 127.7 128.6 130.3 133.7 135.8 136.1 139.1
Mbd: 109.41 110.47 111.29 111.84 115.53 116.81 117.82 119.76 126.38 130.85 131.62 134.03
f value: 0.69 0.42 0.25 0.38 0.28 0.36 0.28 0.15 0.18 0.53 0.66 0.30

1272 – 0.00000 0.00002 0.00000 0.00000 0.00000 0.00002 0.00112 0.07229 0.02539 0.00009 0.0001
883 – – 0.0002 0.00000 0.01672 0.00012 0.01753 0.04506 0.08036 0.02452 0.00484 0.25027
1848 – – – 0.00002 0.00000 0.00000 0.10021 0.15920 0.00026 0.10222 0.02531 0.00983
879 – – – – 0.00000 0.00000 0.00002 0.00403 0.00454 0.00346 0.00059 0.00269
1191 – – – – – 0.00000 0.00000 0.00002 0.00000 0.00026 0.00000 0.00012
569173b – – – – – – 0.00000 0.00000 0.00028 0.0002 0.00000 0.0051
1937 – – – – – – – 0.00001 0.00155 0.04381 0.00000 0.00508
22652b – – – – – – – – 0.00028 0.00028 0.00004 0.00991
1013 – – – – – – – – – 0.00006 0.00004 0.02744
768 – – – – – – – – – – 0.00000 0.00002
1102 – – – – – – – – – – – 0.00002

aMarkers included Marshfield Indels (designated by MID num-
bers) and SNPs (see footnote b)
bTwo SNPs are identified by TSC numbers as designated by the
SNP Consortium (see http://snp.cshl.org/)
cGenetic map positions based on Marshfield map positions. These
were interpolated based on the sequence location of genetic mark-

ers on this map located within short physical distances flanking the
physical location of the markers in the sequence assembly
dThe approximate megabase position for each marker was deter-
mined by use of the Human Genome Browser (J. Kent, University
of California, Santa Cruz), based on the June 2002 human genome
draft assembly, http://genome.ucsc.edu/
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Table 3 P values of pairwise linkage disequilibrium on chromosome 5 in Africans. The standard variance for each marker is shown as
an f value. Numbers in italics are theP values of LD analyses performed using the Arlequin program

Markera: 1272 883 1848 879 1191 569173b 1937 224652b 1013 768 1102 719
cMc: 118 118.8 119.5 120.7 126.7 127.7 128.6 130.3 133.7 135.8 136.1 139.1
Mbd: 109.41 110.47 111.29 111.84 115.53 116.81 117.82 119.76 126.38 130.85 131.62 134.03
f value: 0.69 0.42 0.25 0.38 0.28 0.36 0.28 0.15 0.18 0.53 0.66 0.30

1272 – 0.61732 0.73393 0.10946 0.23077 0.05965 0.11958 0.75135 0.04925 0.58132 0.51373 0.73383
883 – – 0.68185 0.93372 0.00466 0.50176 0.25332 0.69164 0.93632 0.43787 0.73504 0.10483
1848 – – – 0.28622 0.95426 0.57818 0.87015 0.25712 0.83749 0.92504 0.08987 0.15269
879 – – – – 0.0219 1 0.96931 0.27227 0.89375 0.21683 0.9987 0.55434
1191 – – – – – 0.60853 0.42984 0.30577 0.24771 0.26812 0.3649 0.13525
569173b – – – – – – 0.59209 0.89112 0.75404 0.11791 0.97154 0.68995
1937 – – – – – – – 0.3074 0.03187 0.36375 0.48367 0.80845
22652b – – – – – – – – 0.28056 0.93901 0.66131 0.13666
1013 – – – – – – – – – 0.84781 0.18641 0.05551
768 – – – – – – – – – – 0.0029 0.09495
1102 – – – – – – – – – – – 0.39711
aMarkers included Marshfield Indels (designated by MID num-
bers) and SNPs (see footnote b)
bTwo SNPs are identified by TSC numbers as designated by the
SNP Consortium (see http://snp.cshl.org/)
cGenetic map positions based on Marshfield map positions. These
were interpolated based on the sequence location of genetic mark-

ers on this map located within short physical distances flanking the
physical location of the markers in the sequence assembly
dThe approximate megabase position for each marker was deter-
mined by use of the Human Genome Browser (J. Kent, University
of California, Santa Cruz), based on the June 2002 human genome
draft assembly, http://genome.ucsc.edu/

Fig. 1a, b Decay of linkage
disequilibrium in the African
American population as a func-
tion of distance. Each point on
the graph represents a pair-
wise LD analysis, ordered
along the abscissa in panel a
by the cM-distance between
the marker-pair and in panel b
by the Mb-distance between
the marker-pair. In both panels,
P values of LD between the
marker-pair are plotted on the
ordinate, on a logarithmic scale
ranging from 1 to 0.00001.
Marker-pairs with the mini-
mum P value obtainable by the
Arlequin program used for
analysis (0.00000) were plotted
as 0.00001. Each marker-pair
is grouped into a category by
the sum of the standard vari-
ances (f) of its two markers.
For comparison, on the right of
each graph are the P values of
LD between unlinked markers
matched for summed f to the
linked comparisons (these are
spaced along the abscissa ran-
domly to facilitate viewing)



0.32±0.06 and 41 unlinked marker-pairs with an average f
of 0.32±0.06 were examined.

There was a clear distinction between the strength of
LD observed in the linked compared to unlinked marker-
pairs. Evidence for strong LD (P<0.001) was observed for
56 of the 133 pairs of linked markers, including ten marker-
pairs separated by greater than 10 cM. In contrast, strong
LD (P<0.001) was not reached for any of the 133 un-
linked marker-pairs (Fig. 1).

Nominally significant LD (P<0.05) was observed in a
total of 104 pairs of the 133 linked marker-pairs examined
(Fig. 1 and website of the Rowe Program). However,
nominal evidence for LD was also observed in the analy-
sis of unlinked markers (19 of 133 pairs with P values
<0.05). A subset of 36 unlinked pairs was also examined
in the AF and EA populations. None of these reached sig-
nificance (P<0.05) in AF or EA. These marker-pairs in-
cluded 11 of the 19 pairs of unlinked markers that were
significant in the AA analysis (see Electronic database in-
formation, Rowe Program, Web Table of LD results).
Thus, the low levels of LD between unlinked marker-pairs
observed in the AA population were not present in repre-
sentatives of either parental population.

LD in the AA population 
persists for extensive cM and Mb distances

The percent of linked comparisons with evidence of
strong LD, as well as the overall strength of LD, as mea-
sured by the P values, decreased as a function of distance
(Fig. 1, Table 4). This decrease appeared to be slightly more
consistent with the physical distance (Mb) (Fig. 1b) sepa-
rating the marker-pairs than the interpolated genetic map
positions (Fig. 1a). However, there were several marker-
pairs with evidence for strong LD at distances greater than
10 cM and 15 Mb. For example, MID 1683 and MID 879
were in strong LD with a P value of 0.00001, despite be-
ing separated by 20.7 cM and 21.6 Mb. MID 106 and MID
107 also achieved a P value of 0.00001; they are sepa-
rated by 12.1 cM, but by only 3.5 Mb.

For another measure of the strength of LD in the AA
population, D′ values were calculated for each of the

marker-pairs showing strong evidence for LD by the
permutation analysis (P<0.001). D′ was calculated from
the predicted individual haplotypes determined using 
the PHASE program (see Materials and methods). All
marker-pairs produced D′ values of 0.3 or higher and
many had D′ values of greater than 0.6 (Fig. 2). The
strongest D′ values were found between markers separated
by less than 5 Mb; however, D′ values of greater than 0.5
were observed for several marker pairs separated by
greater than 10 Mb.

Correlation of AA LD 
with the standard variance of markers

LD decayed differently for marker-pairs with large summed
standard variances than those with small standard vari-
ances (Fig. 1, Table 4). For marker-pairs separated by
many Mb, a larger percentage of those with summed f>0.8
were in significant LD than those with lower summed
f values (Table 4). To quantify this difference, the least
square regression of the negative log of P values on the
cM-distance separating markers was calculated for mark-
ers sets with different standard variances, setting the y in-
tercept at 5 (a P value of 0.00001). For markers with
summed f>0.8, the best-fit slope was –0.098 (95% CI =
–0.140 to –0.056). In contrast, the best-fit slope for mark-
ers with summed f between 0.45 and 0.8 was –0.236 (95%
CI = –0.272 to –0.201) and the best-fit slope for markers
with summed f between 0.2 and 0.45 was –0.462 (95% 
CI = –0.569 to –0.354). Figure 1b shows the same groups
plotted by Mb separation between markers rather than cM
separation. The graphs are obviously very similar, and show
the same difference in LD decay dependent on summed
f value, with a best fit slope of –0.086 (95% CI = –0.120
to –0.052) for comparisons with summed f>0. 8 and a best-
fit slope of –0.412 (95% CI = –0.518 to –0.306) for com-
parisons with summed f between 0.2 and 0.45. However,
in both graphs, the summed f value does not appear to
completely determine the slope of LD decay, as creating
more refined groupings based on summed f value does not
reduce the scatter in data points (data not shown). Analy-
ses of these data, using either the product of f or the prod-
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Table 4 Comparison of long-range LD in marker pairs grouped by standard variation

Interval (Mb)a f>0.8b 0.45<f<0.8 f<0.45

Pairsc P<0.001d Percente Pairs P<0.001 Percent Pairs P<0.001 Percent

<2.5 6 6 100% 10 10 100% 13 3 23%
2.5–5.0 1 1 100% 11 8 73% 13 2 15%
5.0–10.0 3 3 100% 19 7 37% 9 2 22%

10.0–15.0 5 4 80% 5 1 20% 5 0 0%
15.0–20.0 5 3 60% 11 1 9% 1 0 0%
20.0–25.0 9 4 44% 3 0 0% 0 n.d. n.d.

aLength of intervals between marker-pairs analyzed for LD
bSum of the f values for the marker-pairs analyzed
cNumber of marker-pairs examined

dNumber of marker-pairs with evidence for strong LD (P<0.001)
ePercent of marker-pairs examined with highly significant LD
(P<0.001)



uct of δ (allele frequency difference), showed a similar
pattern of results (data not shown). The least square re-
gression favored the summed f or product of f rather than
the product of δ values consistent with predicted informa-
tion content (McKeigue 1998).

An alternative possibility is that the heterozygosity of
markers, rather than the summed standard variance, deter-
mines the slope of LD decay. To examine this possibility,
Fig. 3 plots the LD analyses grouped by summed het-
erozygosity rather than summed standard variance. There
is no obvious difference between points in the three
groups, and the best-fit slopes are not significantly differ-
ent between comparisons with summed heterozygosities
greater than 0.85 (95% CI = –0.34 to –0.17) and compar-
isons with summed heterozygosites less than 0.65 (95%
CI = 0.22 to –0.09).

Discussion

Our examination of 133 linked marker comparisons from
several genomic regions clearly demonstrates that LD in
the AA population, unlike representative parental EA or
AF populations, can extend for many cM. LD was de-
tectable by both permutation testing and D′ calculations
from haplotypes determined by both the EM algorithm
and by PHASE. These results, in conjunction with the
previous work of Lautenberger et al. (2000) examining
the Duffy region, strongly suggest that the phenomenon of
extensive LD in the AA population is genome-wide.

The AA population also had an increase in the percent-
age of unlinked comparisons that showed evidence of LD,
although the strength of this LD was orders of magnitude
less than that seen between many linked comparisons.
This increase in nominal LD between unlinked markers is
likely due to varying admixture ratios between AA indi-
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Fig. 2 Estimated D′ values for
marker-pairs with strongly sig-
nificant permutation results.
The 55 marker-pairs with LD
P values of ≤0.001 by permu-
tation analysis are plotted by
Mb-distance between the two
markers and estimated D′ val-
ues. Estimated D′ values were
calculated from individual hap-
lotypes constructed from geno-
typic data by the PHASE pro-
gram

Fig. 3 Decay of linkage dis-
equilibrium in the African
American population is inde-
pendent of marker heterozy-
gosity. All marker-pairs shown
in Fig. 1a were grouped into
categories based on the
summed heterozygosity of the
two markers rather than
summed standard variance 
(f value)



viduals leading to population substructure, possibly as a
result of non-random mating. An additional explanation,
as suggested by Pfaff et al. (2001), is that the increase
may be the result of continuous gene flow into the AA
population. In this hypothesis, one or both parental popu-
lations contribute to the admixed population over multiple
generations, resulting in a complex genetic history of pre-
sent day admixed individuals and effectively creating a
population that has not had enough time for recombina-
tion to reduce the LD between unlinked sites. The exis-
tence of strong linkage disequilibrium over distances of
10 cM also supports this model of admixture for the AA
population. However, as seen in Fig. 1 and Fig. 2, there
were no P values between unlinked marker comparisons
that reached the strong levels of LD (P<0.001) that many
linked comparisons attained. Thus, although the likeli-
hood of LD between unlinked markers must be appreci-
ated in an admixture mapping study of the AA population,
it should be relatively easy to choose a level of signifi-
cance that would eliminate these false-positive signals.

The results of Fig. 1 and Table 4 strongly suggest that
the strength of LD between linked markers in AA is de-
pendent not only on the distance between the markers but
also on their standard variance. This result is in agreement
with recent studies using microsatellite markers (Rybicki
et al. 2002b), and is further evidence that the extended LD
seen in the AA population is due to admixture. The depen-
dence of LD strength on standard variance is the likely ex-
planation of discrepancies in the extent of LD observed by
previous researchers. Studies done with unselected mark-
ers will have few marker-pairs with large summed stan-
dard variances, and therefore only rare cases of extended
LD will be seen. This result emphasizes the requirement
for a genomic set of markers with large standard variances
between EAs and AFs, as suggested by several other in-
vestigators (Dean et al. 1994; Smith et al. 2001).

Standard variance and cM-distance, however, can not
fully explain the strength of LD observed, as seen by the
large scatter still present in each data group in Fig. 1. For
example, MIDs 1191 and 768, separated by 9.3 cM with a
summed f of 0.81, produced a P value of 0.0003, while
MIDs 1937 and 768, also with a summed f of 0.81 but
only separated by 6.8 cM, produced a P value of 0.044.
These inconsistencies indicate that other variables may
also be present. Figure 3 demonstrates that the heterozy-
gosity of the markers is not likely to be one of these vari-
ables. One likely variable is differences in recombination
frequency not reflected by the genetic map that relied on
CEPH European and European-American family data. In
the current study, the decay of LD appeared to marginally
correspond better with physical distance, although this
observation is based on only a limited number of markers
(e.g., MID 106 and MID 107, see above). Other variables
that might affect the strength of LD include marker stabil-
ity, structure within one of the founding populations and
preexisting LD within one of the founding populations.
However, available data do not provide any inference that
these possibilities are major factors: (1) marker stability
must be high in one or both founding populations to result

in the observed large standard variance between founding
populations; (2) intra-ethnic variation for markers with
high standard variance is limited (Collins-Schramm et al.
2002b); (3) little LD was observed between markers within
each of the representatives of the putative populations
(Table 1 and unpublished observations).

Methods to examine allelic association between mark-
ers and disease status are only one method of performing
admixture mapping. Potentially more powerful methods
of performing admixture mapping have been proposed
and are currently under development (McKeigue et al.
2000; Hongzhe Li, unpublished method). These methods
vary in their approach to analysis (e.g., some use Bayesian,
while others use maximum likelihood statistical approaches);
however, they are based on the same general concept. The
idea is that one can maximize power in admixture map-
ping by not examining allelic association per se, but by
rather attempting to determine the ancestral identity of
each chromosomal region. For example, imagine a dis-
ease susceptibility allele that was contributed to the AA
population primarily from the AF population. In this case,
one would look for genomic regions where admixed indi-
viduals with disease showed an increase in the inheritance
of DNA from the AF population that was statistically dif-
ferent from that seen in the rest of the genome or in con-
trol AAs. If markers were completely fixed for different
alleles in the two parental populations, then this would be
the same as examining allelic association, but even nearly
fixed divergent markers are so rare it would be impossible
to saturate a genome with them. Instead, these methods of
analysis increase the ability to assign a chromosomal re-
gion to a given ancestry by utilizing information from sev-
eral markers located at distances much smaller than the
average phase transition of ancestry. These multilocus ap-
proaches have the potential to be much more powerful
than simply examining allelic association. Because of this,
examination of allelic LD created by admixture, such as
we have done here, demonstrates the feasibility of admix-
ture methods but may not reflect the true strength of ad-
mixture association that could be detectable by multilocus
admixture mapping methods.
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