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In this study we conducted an investigation of the background level of linkage disequilibrium (LD) in the
Afrikaner population to evaluate the appropriateness of this genetic isolate for mapping complex traits. We
analyzed intermarker LD in 62 nuclear families using microsatellite markers covering extended chromosomal
regions. The markers were selected to allow the first direct comparison of long-range LD in the Afrikaners to LD
in other demographic groups. Using several statistical measures, we find significant evidence for LD in the
Afrikaners extending remarkably over a 6-cM range. In contrast, LD decays significantly beyond 3-cM distances
in the other founder and outbred populations examined. This study strongly supports the appropriateness of
the Afrikaner population for genome-wide scans that exploit LD to map common, multigenic disorders.

The positional cloning of genes underlying common diseases
is one of the greatest challenges in biomedical research. How-
ever, traditional analysis of the cosegregation of disease and
genetic markers within pedigrees (linkage analysis) shows lim-
ited power when complex inheritance patterns are present. A
number of approaches that exploit linkage disequilibrium
(LD) have been proposed to circumvent this problem, includ-
ing population-based allelic association methods or joint
analysis of linkage and allelic association (Jorde 1995; Risch
and Merikangas 1996; Freimer et al. 1997). Use of families
from founder populations is expected to facilitate both de-
signs. The measured LD level between a marker and a disease
allele is determined by several elements, including the dis-
tance between the marker and the disease gene, the age of the
disease allele, the frequency of the linked marker allele, and
other less predictable forces such as genetic drift, rate of popu-
lation expansion, genetic bottlenecks, and admixture. As ex-
pected theoretically and observed empirically, LD decays as
distance increases. However, several recent studies indicate
that within a short distance range, the contribution of recom-
bination to the level of LD is negligible compared with the
other forces (Shifman and Darvasi 2001). As distance in-
creases, however, the increased recombination frequency is
expected to erode any association and therefore recombina-
tion and distance become the primary elements that deter-
mine the level of LD.

Patients from founder populations likely inherited, from
a common ancestor, segments of chromosomes containing a
disease gene and surrounding marker loci for which a shared
haplotype may be identified. The relatively recent origins of a
certain founder population make it likely that chromosomal
regions identical by descent surrounding a disease allele will

be larger than in outbred populations. Therefore, optimally
designed genome-wide scans that exploit LD and involve
founder populations of recent ancestry should require signifi-
cantly fewer markers or significantly smaller sample size than
similar scans in outbred populations (Chapman and Wijsman
1998). Many questions still remain open regarding the opti-
mal design of such genome-wide mapping studies, including
the appropriate demographic history of the founder popula-
tion, the appropriate spacing of genetic markers, and the ap-
propriate thresholds for significance testing. Addressing these
issues depends partly on understanding the forces governing
the distribution of background LD (bLD) in the genome. In
the present study, we examined the distribution of bLD in a
set of Afrikaner families from Tshwane (formerly known as
Pretoria), Limpopo (formerly Northern Transvaal), and Mpu-
malanga (formerly the Eastern Transvaal) that were collected
for a genetic study of schizophrenia.

The Afrikaners, who total approximately 3 million, de-
scended from a small number of original settlers (who soon
became known as “Boere”, or farmers). In 1652, the first im-
migrants (just >1000), primarily of Dutch origin, settled in the
Cape. They later spread inland, among other places, to
Tshwane and Limpopo. The communities that were eventu-
ally established were geographically isolated. Cultural consid-
erations, including language differences (Afrikaans language
derived from Dutch) and religious practices (most Afrikaners
were members of the Dutch Reformed Church), further main-
tained the isolation. Consanguinity was common, especially
in early generations. Although in more recent years some ad-
mixture has occurred, the population growth over 13–15 gen-
erations was almost entirely through reproduction, as immi-
gration subsequent to the founding was minimal. The demo-
graphic history of this population is reflected in the unusually
high frequency of certain rare Mendelian disorders, the un-
usually low diversity of the associated allelic variants, and the
unusually large extent (8–11 cM) of conserved haplotypes
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around disease genes (Hayden et al. 1980; Brink et al. 1987;
Rosendorff et al. 1987; Leitersdorf et al. 1989; Torrington and
Viljoen 1991; Brink et al. 1995; Pronk et al. 1995; Goldman et
al. 1996; Warnich et al. 1996; Groenewald et al. 1998; Roby et
al. 1999).

We wished to compare patterns of LD in the Afrikaners
with other founder populations, as well as outbred popula-
tions. To assess the level of bLD in the Afrikaner population,
we used a total of 62 families collected from Tshwane, Lim-
popo, and Mpumalanga as part of an ongoing genetic study of
schizophrenia.

RESULTS
We examined nine microsatellite markers from a region in
chromosome 18, investigated by Eaves et al. (2000) in samples
from two genetically isolated populations (Finland and
Sardinia) and two outbred populations (Britain and USA). The
markers we used and their genetic map distances are reported
in Table 1. The choice of the marker set was dictated by the
possibility to compare directly the pattern of bLD on chro-
mosome 18 between the Afrikaners and the four other popu-
lations reported in Eaves et al. 2000 (See Web Site References
for location of raw data). We first evaluated all pairs of loci on
chromosome 18 in the Afrikaner sample for the presence of
allelic associations using Fisher exact test (FET). To describe
the extent of nonrandom allelic association between pairs of

loci we computed the tail probability (FET p
value) using the Arlequin software (Schneider
et al. 2000). A total of 36 locus pairs were con-
sidered for chromosome 18 with an average dis-
tance of 3.1 cM. A large number of pairs (50%)
with a p value <.01 were identified (Table 2): 4/7
pairs within 1 cM, 4/7 between 1 and 2 cM, 3/4
between 2 and 3 cM, 2/4 between 3 and 4 cM,
2/7 between 4 and 5 cM, and 3/7 between 5 and
6.5 cM. Multiple testing is an issue with regard to
the two locus tests. However, when the conser-
vative Bonferroni correction is applied for the 36
tests performed, 14/18 (78%) tests reported in
Table 2 still remain significant at p < .01. Under
this stringent criterion, 85% (6/7) of the tests for
marker pairs separated by more than 3 cM re-
main significant, including two marker pairs at a
distance >5 cM.

We also quantified the strength of bLD
rather than the significance of the association
between all possible pairs of loci. We used two
different methods to quantify LD. First, we used
the widely employed multiallelic extension of

Table 1. Features and Relative Locations of
Microsatellite Markers

Marker

Distance to the next marker
Heterozygosity

observed(Kosambi cM)a (Mb)b

D18S851 0.4 0.1 0.70
D18S484 0.6 n.r. 0.73
AFM318xd5 0.2 n.r. 0.40
D18S1156 1.8 1.1 0.59
D18S487 1.8 1.8 0.75
D18S35 0.4 0.4 0.68
D18S69 0.6 0.7 0.76
D18S39 0.7 n.r. 0.78
D18S41 0.58

D4S425 1.1 0.7 0.72
D4S404 5.6 2.6 0.77
D4S1091 0.9 1.2 0.41
D4S391 1.1 n.r. 0.82
D4S230 0.0 n.r. 0.87
D4S418 1.3 0.2 0.77
D4S1618 55 66 0.54
D4S423 0.0 0.7 0.86
D4S410 0.0 1.1 0.50
D4S414 0.87

aData from Eaves et al. 2000 for chromosome 18 map; Marshfield
database for chromosome 4.
bHuman Genome Working Draft-Santa Cruz; April 1, 2001, freeze.
n.r., not reported.

Table 2. Associations Observed Between Pairs of Loci

Locus 1 Locus 2 FET p value < .01 cM

AFM318xd5 D18S1156 .0001* 0.2
D18S851 D18S484 <.00001* 0.4
D18S69 D18S39 <.00001* 0.6
D18S39 D18S41 <.00001* 0.7
D18S851 D18S1156 <.00001* 1.2
D18S69 D18S41 <.00001* 1.3
D18S35 D18S41 .0022 1.7
D18S1156 D18S487 .0088 1.8
AFM318xd5 D18S487 .0090 2
D18S487 D18S69 .0094 2.2
D18S487 D18S39 <.00001* 2.8
D18S487 D18S41 <.00001* 3.5
D18S1156 D18S35 <.00001* 3.6
D18S1156 D18S69 <.00001* 4
D18S1156 D18S39 <.00001* 4.6
D18S851 D18S69 .0096 5.2
D18S1156 D18S41 <.00001* 5.3
AFM318xd5 D18S41 <.00001* 5.5

Shown are locus associations detected using the Fisher exact test
(FET).
The reported distances were computed using genetic maps indi-
cated in Table 1.
*Locus pairs significant at p value < .01 after Bonferroni correction.

Table 3. Comparison of LD between Locus Pairs at Increasing Ranges of
Genetic Distance across Populations

Population

Proportion of locus pairs with D�m > 0.30

0–1 cM 1–2 cM 2–3 cM 3–4 cM 4–5 cM 5–6.5 cM

Afrikaners 3/7 3/7 0/4 1/4 0/7 2/7
Finns 1/7 0/7 0/4 0/4 0/7 0/7
Sardinians 0/7 0/7 0/4 0/4 0/7 0/7
British 0/7 0/7 0/4 0/4 0/7 0/7
USA 0/7 0/7 0/4 0/4 0/7 0/7

Proportion of locus pairs with G2 > 0.05

0–1 cM 1–2 cM 2–3 cM 3–4 cM 4–5 cM 5–6.5 cM

Afrikaners 7/7 7/7 4/4 4/4 7/7 7/7
Finns 6/7 4/7 2/4 0/4 0/7 0/7
Sardinians 3/7 1/7 0/4 0/4 0/7 0/7
British 4/7 0/7 0/4 0/4 0/7 0/7
USA 3/7 0/7 0/4 0/4 0/7 0/7

LD, linkage disequilibrium.
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Lewontin’s standardized measure of disequilibrium (D� mea-
sure, Lewontin 1964; Hedrick 1987). This statistic may be af-
fected by sample size (with smaller size samples demonstrat-
ing larger D�m values) and allele frequencies (Mohlke et al.
2001) and therefore may not be appropriate for comparison of
LD between studies that use different sample sizes and markers
with differing numbers of alleles and differing allele frequencies.
To facilitate comparison of bLD across populations, we also used
the pairwise G2 measure, originally proposed by Balakrishnan
and Sangvi (1968) and then explored by Chapman and Wijs-
man (1998), as a measure of LD for loci with multiple alleles. G2

values are not affected by changes in sample sizes.
Figure 1 reports the distribution of pairwise D�m and G2

values for all marker pairs tested for all five populations com-
pared. We find that the extent of bLD in the Afrikaners, when
either G2 or D�m values are considered across chromosome 18,
is consistently higher than in the other populations tested.
Over short intervals (0–3 cM), analysis of G2 values distribu-

tion indicates high bLD in the Afrikaners and to a lesser ex-
tent in the Finns, with fewer differences among all the other
populations. At this range, the Afrikaners show G2 > 0.05 for
18/18 marker pairs compared with 12/18 in the Finnish
sample, 4/18 in the Sardinian and British sample, and 3/18 in
the USA sample (Fig. 1b, Table 3). When using the D�m statis-
tic, the Afrikaners show D�m > 0.30 for 6/18 marker pairs com-
pared with 1/18 in the Finns and 0/18 in all other populations
tested (Fig. 1a, Table 3). Although the D�m statistic may be
affected by sample size (the Afrikaner sample is almost one
third of all other demographic groups), the similar distribu-
tion pattern of the G2 values strongly indicates that higher
levels of bLD exist in the Afrikaner dataset in the entire 0–6.5-
cM range at chromosome 18.

Because different pairs of loci in the genome will show
variable amount of LD, we compared the distribution of bLD
across two genomic regions within the Afrikaner sample by
typing 10 additional markers on chromosome 4 (Table 1).

Figure 1 Relationship between multiallelic D�m (a) and G2 (b) values and genetic distance (cM) across populations. Solid lines are linear
regression best fit lines.
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Analysis of the distribution of D�m and G2 values (Fig. 2) in-
dicates that LD does not seem to vary significantly between
the two genomic regions analyzed in this study. Marker pair
comparisons within the common genetic range tested for
both chromosomes (0–6.5 cM) indicate a similar proportion
of pairs with D�m > 0.30 or G2 > 0.05, as well as similar D�m
and G2 mean values (Table 4).

DISCUSSION
In the present study, we conducted an investigation of the
level of bLD in the Afrikaner population to test the appropri-
ateness of this genetic isolate for genome-wide linkage and
linkage disequilibrium studies designed to identify genes for
complex traits. We took care to avoid strategies previously

proven confusing in LD data interpretation. We used micro-
satellite markers as opposed to commonly used di-allelic
single nucleotide polymorphisms (SNPs) for two reasons: (1)
because of the large number of dense microsatellite marker
panels already in use in genetic linkage studies and (2) be-
cause of the notion that di-allelic markers may have less
power to detect LD than multiallelic markers (Chapman and
Wijsman 1998). In addition, we did not collapse alleles to
simulate di-allelic markers, as is often done to facilitate the
statistical analysis but can give highly misleading results (God-
dard et al. 1999). Haplotypes were determined with precision
using primarily family data rather than data inferred through
statistical methods. Finally, alongside the most commonly used
measures, such as D�m (Lewontin 1964) and p values from pair-
wise significance tests, we also applied the G2 statistic that fa-

Figure 2 Comparison of the strength of linkage disequilibrium (LD) on chromosomes 18 and 4 in the Afrikaners. Multiallelic D�m (a) and G2 (b)
are plotted against genetic distance (cM). Each point represents one pair of markers. Solid lines are linear regression best fit lines.
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cilitated the comparison of data from different populations with
different sample sizes (Chapman and Wijsman 1998).

One important finding of our study is the remarkable
number of significant marker-to-marker associations at 3–6
cM of genetic distance observed in the Afrikaners (Table 2).
This finding is in agreement with a previous, more limited
study by Gordon et al. (2000) that found significant evidence
for LD in the Afrikaners extending over a 5-cM region in other
chromosomal regions. The validity of this finding is further
supported in the current study by a direct bLD comparison of
chromosome 18 between the Afrikaners and four other popula-
tions, including two genetic isolates and two mixed popula-
tions. This comparison indicates consistently higher mean LD
levels for the Afrikaners at genetic distances over 3 cM when
either the mean G2 values or D�m values are considered. The
lower LD observed at this range in the Finns could be attribut-
able to a larger number of generations of exponential growth
compared with the Afrikaners who are characterized by a recent
bottleneck event (13–15 generations) and have maintained the
initial level of LD over larger genetic distances. Retention of bLD
over large distances may also be related to a limited number of
original founders for the families examined or to previously un-
detected admixture. Analysis of the population structure
(Pritchard and Rosenberg 1999) and detailed genealogical re-
search (M. Karayiorgou et al. in prep.) will help us understand
the forces controlling bLD in this population.

Taken together, these results indicate that the Afrikaner
population conforms to the standards desired in a population
appropriate for a genome-wide scan requiring extensive LD.
In comparison with other older founder populations with
similar size (such as the Finns), significantly fewer markers
may be sufficient for genome-wide LD analysis of complex
disorders in the Afrikaners. This LD, coupled with the possi-
bility of recruitment of large samples, could result in consid-
erable power to detect LD and thus easier detection of genes
with modest contribution to disease. In that respect, the Af-
rikaners, who total approximately 3 million, do not suffer
from a common drawback encountered in founder popula-
tions with extended LD but small population size, namely,
the availability of a limited number of cases even for common
disorders (Zavattari et al. 2000). It is the combination of ex-
tended LD and availability of a large number of cases for as-
certainment that makes the Afrikaners an ideal genetic isolate
for mapping complex traits.

A common concern in using founder populations for
mapping complex, multigenic traits is the relevance of the
study’s findings to other cosmopolitan populations. Although
currently there is no empirical data arguing for or against this
issue, the Northern European/Dutch origin of the Afrikaners
is likely to render findings from studies in this population
relevant to many other Western populations. It is of course
likely that only a subset of susceptibility genes for any given
complex disorder will segregate in a founder population. Nev-
ertheless, identification of these genes is likely to provide im-

portant insight into the affected molecular and cellular path-
ways and inspire novel drug development approaches. Fi-
nally, an additional concern, applicable particularly in
genetic mapping of phenotypes diagnosed as clinical syn-
dromes rather than as quantitative traits, is the clinical simi-
larity of a phenotype across populations. In that respect, we
can mention that in our initial analyses comparing the clini-
cal similarity between schizophrenia in the Afrikaner sample
(N = 159) and our US sample (N = 223), we find that the basic
sample descriptors and cardinal symptoms of the disease are
equivalent (M. Karayiorgou et al. in prep.).

Our analysis used bLD estimates as an indication of dis-
ease-associated LD. It should be emphasized, however, that
extended bLD may, in principle, confuse the interpretation of
LD mapping unless it is accounted for (McPeek and Strahs
1999) and distinguished from disease-associated LD. It should
be noted, however, that some of the limitations imposed by
extended bLD can be overcome by following meiotic recom-
bination events within linked families with multiple affected
individuals, thus reducing the size of disease-associated hap-
lotypes and facilitating fine mapping of the disease-causing
gene. Alternatively, once LD is obtained and replicated, the
fine mapping of the region could be pursued in the general
Northern European/Dutch population of origin.

Finally, it is important to point out that the usefulness of
founder populations in the dissection of complex traits also
includes aspects other than increased bLD levels. These in-
clude a more uniform environment, good genealogical re-
cords, more intact families, and a phenotype definition that is
easier to standardize.

METHODS

Sample
Of the 62 families used in the current study, 55 are three-
member families composed of one child and both biological
parents, and seven are four-member families composed of two
children and both biological parents. All families studied are
of Afrikaner heritage, as determined by our extensive research
of genealogical records dating back to the early sixteenth cen-
tury. DNA was extracted from blood samples from all study
participants.

Our sampling approach is unlikely to make these families
nonrepresentative of the general Afrikaner population for two
reasons. First, separate analysis of transmitted and nontrans-
mitted parental chromosomes provided identical results. Sec-
ond, given the existing literature on genome-wide searches
for schizophrenia susceptibility loci, any ascertainment bias
introduced would have been minimal because the risk con-
ferred by a putative schizophrenia susceptibility locus in the
areas examined would be small.

The study was approved by Institutional Review Boards
(IRBs) at both the Rockefeller University and University of
Pretoria. Appropriate informed consent was obtained from all
study participants.

Markers
All microsatellite markers we used are dinucleotide repeats
except D18S851 that contains tetranucleotide repeats. Primer
sequences are available from the Genome Database (GDB)
with the exception of D18S1156, in which forward primer
sequence was changed to CTTGCACCCTGCAAGTT, and
D4S418, in which primer sequence was changed to GGATCA
CAGAGTGAAG because of the presence of an undetermined
nucleotide (N) in the primer sequence given at GDB. Ob-
served heterozygosity values in the Afrikaner population
range from 0.40 to 0.78 with an average value of 0.66.

Table 4. Comparison of LD between Two Genomic
Regions in the Afrikaners

Chromosome
D�m > 0.30
ratio (%)

D�m

average
G2 > 0.05
ratio (%)

G2

average

18 9/36 (25) 0.24 36/36 (100) 0.14
4 4/16 (25) 0.26 14/16 (87.5) 0.16
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Tests of Linkage Disequilibrium between Pairs
of Markers
For each pair of loci, a contingency table of gamete frequen-
cies was formed and 100,000 tables with the same marginal
totals were generated on the basis of a Monte Carlo Markov-
chain algorithm (Guo and Thompson 1992). The p value is
the fraction of tables that were at least as extreme as the ob-
served table.

D� is the standardized disequilibrium value that takes the
usual disequilibrium coefficient P (AiBj)-P (Ai) P (Bj) and di-
vides it by its maximal possible value. Values range from 0 to
1, with 0 reflecting perfect independence between alleles at
the two loci compared and 1 reflecting complete LD. We cal-
culated a multiallelic extension of the normalized association
measure D� (Lewontin 1964) as D�m = ∑i∑jpiqj|D�ij| where pi
and qj are the observed frequencies for alleles i and j, respec-
tively, at the two loci. We computed the pairwise G2 as ∑i(Pi-
Qi)

2/(Pi + Qi) where Pi is the estimated two-locus frequency
for haplotype i and Qi is the expected haplotype frequency
based on independence of individual allele frequencies at the
same two loci. Both statistics were calculated using haplo-
types phased from family data. Haplotypes were manually
constructed for the four parental chromosomes by inferring
phase from their genotypes and those of the child. Before
genotyping the 7 four-member families, one child was se-
lected at random. Final haplotype frequencies were estimated
using an EM algorithm.
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