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Linkage disequilibrium (LD), or the non-random association of
alleles, is poorly understood in the human genome1. Population
genetic theory suggests that LD is determined by the age of the
markers, population history, recombination rate, selection and
genetic drift2. Despite the uncertainties in determining the rela-
tive contributions of these factors, some groups have argued
that LD is a simple function of distance between markers3,4.
Disease-gene mapping studies and a simulation study gave dif-
fering predictions on the degree of LD in isolated and general
populations5,6. In view of the discrepancies between theory
and experimental observations, we constructed a high-density

SNP map of the Xq25–Xq28 region7 and analysed the male
genotypes and haplotypes across this region for LD in three
populations. The populations included an outbred European
sample (CEPH males) and isolated population samples from Fin-
land and Sardinia. We found two extended regions of strong
LD bracketed by regions with no evidence for LD in all three
samples. Haplotype analysis showed a paucity of haplotypes in
regions of strong LD. Our results suggest that, in this region of
the X chromosome, LD is not a monotonic function of the dis-
tance between markers, but is more a property of the particular
location in the human genome.

Table 1 • SNP markers

GC content of Distance
GenBank GenBank X map to next CEPH Finnish Sardinian 

SNP accession no.a sequence (%) distance (Mb)b marker (kb) heterozygosity heterozygosity heterozygosity

1 Xq1226-2 32.55 73,350 0.41 NT NT
2 Xq1136-1 L13942 105.9 400 0.5 NT NT
3 Xq544-1 Z73967 106.3 4,500 0.5 0.4 0.46
4 Xq500-1 DXS287 110.8 6,824 0.46 0.48 0.5
5 Xq3562-1 L78810 46 117.624 61 0.48 0.48 NT
6 Xq3655-2 L78810 46 117.685 69 0.42 0.4 NT
7 Xq3656-2 L78810 46 117.754 4,551 0.39 0.27 NT
8 Xq3847-1 Z82207 46 122.305 247 0.29 0.42 NT
9 Xq1063-1 L41185 122.552 2,115 0.43 NT NT
10 Xq3570-3 Z72519 36 124.667 467 0.5 0.5 NT
11 Xq3855-1 Z73362 36 125.134 1,319 0.46 0.37 NT
12 Xq3862-1 Z84481 35 126.453 110 0.38 0.41 0.33
13 Xq4009-2 Z76735 36 126.563 76 0.49 0.5 NT
14 Xq4007-1 Z76735 36 126.639 44 0.34 0.43 0.14
15 Xq3774-2 Z82209 36 126.683 93 0.44 0.47 0.23
16 Xq3773-1 Z82209 36 126.776 187 0.37 0.45 0.14
17 Xq3846-1 Z75741 35 126.963 193 0.42 0.44 NT
18 Xq3804-1 Z74696 36 127.156 90 0.37 0.35 0.2
19 Xq3812-1 Z74696 36 127.246 281 0.18 0.27 0.16
20 Xq3917-1 Z71187 35 127.527 30 0.32 0.35 0.17
21 Xq3849-1 AC002422 37 127.557 64 0.35 0.46 NT
22 Xq4095-1 AC002422 37 127.621 95 0.37 0.49 NT
23 Xq3699-1 Z82900 39 127.716 113 0.39 0.48 NT
24 Xq3811-1 Z72001 39 127.829 99 0.5 0.5 NT
25 Xq3698-1 Z73418 37 127.928 2,980 0.48 0.46 0.49
26 Xq3879-1 Z82205 40 130.908 140 0.5 0.48 NT
27 Xq3802-1 Z81365 41 131.048 1,395 0.49 0.49 NT
28 Xq3070-1 M26434 40 132.443 8,807 0.37 NT NT
29 Xq2904-1 AF120094 30 141.25 15,891 0.37 NT NT
30 Xq3840-1 U82671 51 157.141 50 0.5 0.37 NT
31 Xq3841-1 U82671 51 157.191 732 0.38 0.44 NT
32 Xq3476-1 U52111 57 157.923 117 0.47 0.44 0.47
33 Xq3449-1 X79198 60 158.04 48 0.38 0.38 0.29
34 Xq3471-1 U52112 56 158.088 38 0.38 0.38 0.23
35 Xq4001-1 AF031078 46 158.126 67 0.4 0.39 0.14
36 Xq3413-1 Z47046 46 158.193 44 0.42 0.41 0.2
37 Xq2816-1 Z46936 50 158.237 28 0.41 0.49 0.39
38 Xq3274-1 Z49258 49 158.265 225 0.41 0.47 0.44
39 Xq1452-1 L44140 57 158.49 – 0.49 0.47 NT
aThe GenBank accession number of the sequence from which the STS is developed. bEach of the SNP markers was given a Mb distance estimate along the X
chromosome.
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To determine the extent of LD in the Xq25–q28 region, males of
the CEPH, Finnish and Sardinian samples were genotyped with a
set of SNP markers. Additional SNP markers were typed in Xq25
(a region of low GC content and low gene density) and Xq28 (a
region of high GC content and high gene density), where initial
results suggested strong linkage disequilibrium.

We genotyped 39 SNPs (Table 1) and identified regions of LD
by performing pair-wise comparisons with SAS. LD results for a
selected set of pair-wise comparisons in the CEPH, Finnish and
Sardinian samples are shown (Table 2), as well as the computed
values for D´, r2, χ2 and P values corresponding to χ2 for the pair-
wise comparisons. Most SNP markers used here were relatively
polymorphic, with similar allele frequencies, so that the χ2 value
was suitable for comparisons of LD within a population sample.
The χ2 values corresponded well with the D´ values (Table 2).
Comparable allele frequencies (and heterozygosities) for the
populations made r2 appropriate for comparing LD across popu-
lation samples. Furthermore, the three sample sizes were similar,
so that χ2 was used to compare LD across population samples, as
r2=χ2/N, where N is the number of observations in the computa-
tion of r2. Although there were more individuals in the Sardinian

sample, the average number of observations per two-way com-
parison was 107 (s.d.=14), giving numbers comparable to those
for the CEPH and Finnish samples (average N of 86 (s.d.=4) and
96 (s.d.=4), respectively).

We plotted LD (r2) versus distance in kilobases within the
Xq25 (Xq3862-1 to Xq3698-1) and Xq28 (Xq3476-1 to Xq1452-
1) regions (Fig. 1). The distribution of the data points showed
that LD is not a simple monotonic function of the distance
between markers. We found two extended regions of strong link-
age disequilibrium in the CEPH, Finnish and Sardinian samples
by pair-wise comparisons in selected regions of Xq25 and Xq28
(Fig. 2). The first region is in Xq25 and extends from marker
Xq3862-1 to marker Xq3917-1 (spanning 1 Mb of DNA). The
second region of strong LD is in Xq28 and extends from marker
Xq3476-1 to marker Xq3274-1 (340 kb). Although there are
small quantitative differences in the LD regions among the three
samples, the extent and general location of the LD regions were
similar across the samples. For example, strong LD was found in
almost all pair-wise comparisons in both Xq25 and Xq28 LD
regions with abrupt changes in LD at the boundaries. In the
CEPH sample, the Xq25 LD region extended slightly more

Table 2 • Pair-wise comparisons of SNP markers from the Xq25 and Xq28 LD regions

CEPH Finland Sardinia
Distance

(Mb)
between

loci
Locus 1 Locus 2 1 and 2 D´ r2 χ2 P values D´ r2 χ2 P values D´ r2 χ2 P values

Xq25
Xq3804_1 Xq3917_1 0.000 1.00 0.93 76.25 0.0000 1.00 1.00 94.00 0.0000 1.00 0.91 106.24 0.0000
Xq3774_2 Xq3773_1 0.093 1.00 0.57 50.73 0.0000 1.00 0.81 80.58 0.0000 0.81 0.34 34.11 0.0000
Xq4007_1 Xq3773_1 0.137 1.00 0.94 79.53 0.0000 1.00 0.82 74.81 0.0000 0.88 0.77 94.49 0.0000
Xq4007_1 Xq3774_2 0.044 1.00 0.52 44.10 0.0000 1.00 0.68 62.12 0.0000 0.86 0.34 39.26 0.0000
Xq3774_2 Xq3804_1 0.473 0.71 0.34 28.04 0.0000 0.78 0.28 27.06 0.0000 0.15 0.02 1.55 0.2128
Xq3774_2 Xq3917_1 0.844 0.83 0.36 31.52 0.0000 0.77 0.27 26.12 0.0000 0.11 0.01 0.91 0.3411
Xq3862_1 Xq3804_1 0.703 0.23 0.06 4.29 0.0383 0.61 0.28 25.89 0.0000 0.19 0.02 1.64 0.2001
Xq3804_1 Xq3812_1 0.090 0.44 0.06 4.90 0.0268 0.60 0.24 23.55 0.0000 0.63 0.35 34.08 0.0000
Xq3862_1 Xq3773_1 0.323 0.30 0.09 7.18 0.0074 0.52 0.22 21.20 0.0000 0.68 0.08 7.18 0.0074
Xq3812_1 Xq3917_1 0.281 0.29 0.04 2.76 0.0964 0.57 0.20 19.26 0.0000 0.59 0.35 34.70 0.0000
Xq4007_1 Xq3804_1 0.517 0.17 0.02 1.92 0.1663 0.54 0.21 18.28 0.0000 0.33 0.08 10.10 0.0015
Xq4007_1 Xq3917_1 0.888 0.15 0.02 1.84 0.1755 0.53 0.20 17.48 0.0000 0.34 0.09 12.24 0.0005
Xq3773_1 Xq3804_1 0.380 0.13 0.02 1.40 0.2367 0.52 0.15 15.13 0.0001 0.36 0.08 8.50 0.0036
Xq3773_1 Xq3917_1 0.751 0.12 0.01 1.12 0.2906 0.52 0.15 14.46 0.0001 0.32 0.08 8.99 0.0027
Xq3774_2 Xq3812_1 0.563 0.45 0.05 3.92 0.0478 0.69 0.14 14.29 0.0002 0.44 0.15 12.84 0.0003
Xq3773_1 Xq3812_1 0.470 0.18 0.01 0.93 0.3354 0.53 0.10 10.25 0.0014 0.82 0.57 50.57 0.0000
Xq3774_2 Xq3698_1 1.245 –0.02 0.00 0.02 0.9011 –0.25 0.05 5.29 0.0215 0.61 0.04 3.84 0.0500
Xq4007_1 Xq3812_1 0.607 –0.32 0.00 0.21 0.6449 0.32 0.04 3.81 0.0509 0.69 0.36 36.62 0.0000

Xq28
Xq3471_1 Xq4001_1 0.038 1.00 0.94 85.93 0.0000 1.00 1.00 99.00 0.0000 0.64 0.14 14.13 0.0002
Xq3449_1 Xq3471_1 0.048 –1.00 0.94 77.95 0.0000 –1.00 0.95 93.91 0.0000 –1.00 1.00 104.00 0.0000
Xq3449_1 Xq4001_1 0.086 –1.00 0.94 77.95 0.0000 –1.00 0.95 92.94 0.0000 –1.00 0.43 44.41 0.0000
Xq2816_1 Xq3274_1 0.028 1.00 0.94 75.20 0.0000 0.95 0.87 75.31 0.0000 0.91 0.79 88.24 0.0000
Xq3471_1 Xq3413_1 0.105 0.94 0.66 59.40 0.0000 0.84 0.60 60.33 0.0000 –0.33 0.08 9.40 0.0022
Xq4001_1 Xq3413_1 0.067 0.88 0.61 55.29 0.0000 0.84 0.60 59.60 0.0000 –0.03 0.00 0.08 0.7817
Xq3449_1 Xq3413_1 0.153 –0.93 0.61 50.37 0.0000 –0.83 0.56 55.65 0.0000 0.25 0.03 3.89 0.0486
Xq3476_1 Xq3413_1 0.270 0.30 0.07 6.20 0.0128 0.53 0.25 23.74 0.0000 0.26 0.01 0.69 0.4073
Xq3476_1 Xq3471_1 0.165 0.59 0.20 18.04 0.0000 0.58 0.24 22.74 0.0000 0.59 0.13 12.68 0.0004
Xq3476_1 Xq4001_1 0.203 0.59 0.20 18.04 0.0000 0.58 0.23 22.30 0.0000 0.83 0.12 13.03 0.0003
Xq3476_1 Xq3449_1 0.117 –0.61 0.20 16.81 0.0000 –0.57 0.22 21.32 0.0000 –0.68 0.22 26.39 0.0000
Xq3413_1 Xq3274_1 0.072 –0.64 0.34 29.39 0.0000 –0.56 0.21 20.53 0.0000 0.16 0.01 0.90 0.3435
Xq3471_1 Xq3274_1 0.177 –0.68 0.42 35.81 0.0000 –0.57 0.18 18.35 0.0000 –0.89 0.36 35.86 0.0000
Xq4001_1 Xq3274_1 0.139 –0.65 0.40 34.64 0.0000 –0.56 0.18 17.94 0.0000 –0.72 0.18 18.69 0.0000
Xq3449_1 Xq3274_1 0.225 0.66 0.37 30.02 0.0000 0.55 0.16 15.98 0.0001 0.80 0.37 43.37 0.0000
Xq3413_1 Xq2816_1 0.044 –0.57 0.30 24.57 0.0000 –0.53 0.16 13.54 0.0002 0.23 0.02 2.53 0.1114
Xq3471_1 Xq2816_1 0.149 –0.71 0.39 31.20 0.0000 –0.55 0.14 12.20 0.0005 –0.85 0.31 31.00 0.0000
Xq4001_1 Xq2816_1 0.111 –0.65 0.35 28.37 0.0000 –0.54 0.14 11.81 0.0006 –0.80 0.17 17.83 0.0000
Xq3449_1 Xq2816_1 0.197 0.69 0.34 26.75 0.0000 0.52 0.12 10.34 0.0013 0.84 0.43 48.40 0.0000
Xq3476_1 Xq2816_1 0.314 –0.30 0.06 4.98 0.0256 –0.27 0.04 3.70 0.0544 –0.42 0.13 14.68 0.0001
Xq3476_1 Xq3274_1 0.342 –0.28 0.05 4.52 0.0335 –0.17 0.02 2.18 0.1400 –0.44 0.15 17.09 0.0000

The markers are ordered by the χ2 values in the Finnish population.

© 2000 Nature America Inc. • http://genetics.nature.com
©

 2
00

0 
N

at
u

re
 A

m
er

ic
a 

In
c.

 •
 h

tt
p

:/
/g

en
et

ic
s.

n
at

u
re

.c
o

m



letter

326 nature genetics • volume 25 • july 2000

telomeric, with marker Xq3812-1 displaying little LD with other
markers in the region. The reduced heterozygosity for a few SNPs
in the Sardinian sample lead to small expected cell counts for the
χ2 for a few comparisons. For such comparisons, significance lev-
els from Fisher’s exact test led to the same general pattern of LD
observed from the χ2 statistic. For example, for Sardinia (Fig. 2),
if the exact test was used, all shaded boxes remained shaded with
P values of 0.025 or smaller, with the exception of the pairing of
Xq3862-1 and Xq3773-1.

Haplotype analyses were performed and the results for regions
of extensive LD are shown (Table 3). In regions from Xq28 and
Xq25, the number of haplotypes found was reduced, and
observed haplotype frequencies differed from those expected
under linkage equilibrium. In the Xq25 LD regions, a single hap-
lotype consisting of 7 SNPs was found in 63% of the CEPH, 55%
of the Finnish and 82% of the Sardinian samples (markers
Xq4007-1 to Xq3917-1), compared with expected frequencies of
21%, 14% and 54%, respectively. In the Xq28 LD regions, the
Sardinian sample had its own predominant haplotype (2122111,
58%; 2122211, 5%), which differed by one allele from the most
frequent in the CEPH (2122111, 6%; 2122211, 44%) and Finnish
(2122111, 2%; 2122211, 37%) samples. In each group, the
observed haplotype frequency for the most common haplotype
was greater than the frequency expected under linkage equilib-
rium. It is also noteworthy that individual haplotypes show great
frequency variations in each sample, probably reflecting local
founder events in the isolated populations.

Reduced haplotype diversity and increased occurrence of select
haplotypes may have several explanations. First, it is possible in
founder populations that random selection at founding or subse-
quent genetic drift may have reduced the spectrum of haplo-
types. For example, rare disease genes preserved in single founder
haplotypes have been enriched in Finland as a result of founder
effects8–10. Second, it is possible that there is selection for
favoured haplotypes (as proposed for the HLA region11). Third,
non-random sampling based on an unknown confounding fac-
tor (for example, a disease gene or population admixture) would
cause a high degree of LD. Neither of these sampling artefacts is
likely for our sample sets because they have been used for other
studies previously without exhibiting these artefacts.

Juxtaposed to the LD regions were regions that exhibited little
or no LD (Fig. 2). One region includes markers Xq3562-1,
Xq3655-2 and Xq3656-1 in Xq25 (129 kb). In this region, only 1
of 6 possible pair-wise comparisons in the 2 samples showed sig-
nificant LD, despite the fact that the inter-marker distance
between any pair of markers was less than 70 kb. Another region
includes four markers (Xq4095-1 to Xq3698-1), also in Xq25
(308 kb). This region contains four markers immediately telom-
eric to the Xq25 LD region described above.

The heterozygosities of all SNP markers in the LD regions were
almost identical in the CEPH and Finnish samples, but a drop in
the heterozygosity values was seen in the Sardinian sample (Fig. 3)
for markers in the Xq25 and Xq28 LD regions. As this drop in het-
erozygosity was not seen at the ends of the LD regions or in mark-
ers genotyped from other regions, it is not due to a general

Fig. 1 A plot of pair-wise linkage disequilibrium (r2) versus distance (kb) within
the Xq25 (open circle) and Xq28 regions (filled square), in the CEPH popula-
tion. Plots for the Finnish and Sardinian populations were similar.

Fig. 2 Linkage disequilibrium map of targeted regions in Xq25 and Xq28. Each
SNP marker is listed across the top and down the left side. If significant LD is
present between two markers, the box where they intersect is filled. Purple
boxes, significant LD at P<0.005; green boxes, LD at P<0.010; red boxes, LD at
P<0.025. Heavy black lines indicate that genotyped SNP markers were dropped
to simplify the figure. A narrow black line inserted between two markers indi-
cates that they are >100 kb apart. Grey boxes represent markers that were not
genotyped in that population.

distance (kb)
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reduction in genetic variability
of the Sardinian sample. This
drop in heterozygosity may be
due to selection for a specific
haplotype in the Sardinian
population in these two regions
or to a founder effect. Consid-
ering the differences in terms of
age and history of the Sardinian
population compared with
other two populations, such
divergence is not surprising.

Our work is a comprehensive
study of LD with informative
SNP markers not associated
with any disease phenotype.
We have shown that LD is more
a property of the chromosomal
region than the sole reflection
of the physical distance
between genetic markers. Jux-
taposed to regions of strong LD, we observed regions of equilib-
rium between markers in close proximity to each other, further
suggesting that LD strength and extent may differ greatly by
chromosomal region. Extended regions of significant LD were
observed, indicating that there is not a simple monotonic rela-
tionship between distance and LD. The extended LD regions are
independent of the GC content or gene density. Furthermore, the
extended regions of LD and equilibrium are generally the same
across three samples with distinct population histories (includ-
ing two isolated populations). This may be due to our choice of
informative markers, which are believed to be more ancient. This
is the first step in establishing a whole-genome LD map for a
detailed look at LD across the human genome. A whole-genome
map, indicating the magnitude of background linkage disequilib-

rium, will determine whether our observations on the X chromo-
some will apply to the autosomal chromosomes, and will guide
the rational design of large-scale association studies.

Methods
SNP discovery and genotyping. Methods for SNP discovery and genotyp-
ing have been described12–14. Only informative SNPs with estimated minor
allele frequencies greater than 20% in the CEPH parents were used here,
except one case (marker Xq3812-1, 15% estimated frequency in CEPH par-
ents) for which no suitable markers were found in the region. Each SNP
was placed on the X map and assigned a Mb distance7.

We developed a short genotyping PCR assay for all SNPs used here. Most
SNPs were genotyped using homogeneous, single-base extension assay
with fluorescence resonance energy transfer detection15 (FRET–TDI
assay). In the early days of the project, a number of markers were geno-
typed with the oligonucleotide ligation assay16 (OLA).

DNA samples. We genotyped 92 CEPH male DNAs, 100 Finnish male
DNAs and 150 Sardinian male DNAs. The Finnish samples represented
healthy males from a late-inhabited region of Finland, Kainuu, settled by
hundreds rather than thousands of founders about 400 years ago. This
population underwent an approximately tenfold growth during the past
250 years17. We collected Sardinian DNA samples from 150 healthy males
living in Sardinian towns scattered all over the island. The first inhabitants
of Sardinia were pre-Neolithic and we have some estimates that in the late
Paleolithic era, the Sardinian population may have consisted of up to
700–1,800 individuals18. The relative isolation of Sardinia, which is 200 km
from both the Italian coast and the North African coast, generated an
endogenous population that experienced little admixture of genes from
immigrants or invading forces. Many genes deviate grossly from average
gene frequencies in any other population in Europe or Africa18. On the
basis of these data, Sardinians consists of a major ‘outlier’ group in Europe,
second, in order of divergence, only to the Lapps. Also, founder effects have
been demonstrated for monogenic disorders like thalassaemia and Wilsons
disease. In these cases, a single mutation accounts for most of the defects
detected in Sardinia, whereas the same defect is rare in most other places19.

Our CEPH panel included a mixture of European male grandparents
and parents; 72 from Utah, 14 French, 3 Venezuelan and 3 Amish. Thirty-
two families were represented in our sample. The average number of indi-
viduals per family was 3 and the range was 1–4 individuals. Only one
family was represented by four individuals.

Analysis for linkage disequilibrium. We computed pair-wise linkage dise-
quilibrium for all possible two-way comparisons of SNPs within each sam-
ple using SAS (SAS Institute). Significance levels were determined by the χ2

statistic for the corresponding 2×2 table (1 degree of freedom).
Several widely used measures of linkage disequilibrium were also com-

Table 3 • Major haplotypes

CEPH Finland Sardinia

Observed Expected Observed Expected Observed Expected
Major haplotype haplotype haplotype haplotype haplotype haplotype

observed frequencyb frequencyc frequencyb frequencyc frequencyb frequencyc

haplotypesa (%) (%) (%) (%) (%) (%)

Xq28: markers Xq3476-1, Xq3449-1, Xq3471-1, Xq4001-1, Xq3413-1, Xq2816-1, Xq3274-1

2122211 44 9 37 7 5 2
2122111 6 4 2 3 58 18
1211122 13 0 12 0 0 0
1122211 15 5 7 3 2 1
2122222 5 1 17 3 0 0
1122111 0 2 0 1 21 11

Xq25: markers Xq4007-1, Xq3774-2, Xq3773-1, Xq3804-1, Xq3812-1, Xq3917-1

111111 63 21 55 14 82 54
222111 10 1 13 2 0 0
222212 6 0 11 0 0 0

aHaplotypes observed in at least 10% of the samples in one or more populations. bIn the Xq28 LD region, only 12 of 128
possible haplotypes were found in the CEPH sample (16 in the Finnish sample and 9 in the Sardinian sample); in the Xq25
region, only 11 of 64 possible haplotypes were found in the CEPH sample (10 in the Finnish sample and 8 in the Sardin-
ian sample). cFrequency expected assuming linkage equilibrium among the listed markers.

Fig. 3 A plot of the heterozygosity values for each marker in the three popula-
tions across the Xq25 (a) and Xq28 (b) LD regions. The Xq25 plot includes the
seven markers that were genotyped in all three populations (3862, 4007, 3774,
3773, 3804, 3812, 3917). The Xq28 plot includes all markers from Xq28 (3840,
3841, 3476, 3449, 3471, 4001, 3413, 2816, 3274, 1452). 

a

b
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puted: D, D´ and r2. For two loci L1 and L2, each with two alleles 1 and 2, let
pi be the frequency of allele 1 and qi=1–pi be the frequency of allele 2, at
locus i (i=1, 2). Let p11 be the frequency of the 11 haplotype and in general
let pjk be the frequency of the jk haplotype. The coefficient of disequilib-
rium, D, is the difference between the observed haplotype frequency and
the frequency expected under statistical independence: D=p11–p1 p2. The
labelling of the alleles may affect the sign of D, but not its absolute value.
The normalized disequilibrium coefficient is obtained by dividing D by its
maximum possible (absolute) value: D´=D/|D|max, where |D|max=max (p1
p2, q1q2) if D<0 and |D|max=min (q1p2, p1q2) if D>0. The correlation coef-
ficient is r2=D2/(p1 p2 q1 q2).

The choice of disequilibrium measure has been debated as interest in
disequilibrium mapping has grown. Because D and r2 are frequency-
dependent, they can lead to false inferences20. Although there are no gen-
erally frequency-independent measures of disequilibrium21, the
standardized D´ is often used, as its range (–1≤D´≤1) is independent of
allele frequencies. Our study reports values for D´, r2 and χ2, and P values
corresponding to χ2.

Once regions of high and of low disequilibrium were identified, haplo-
types were constructed for further comparison. Of the total number of
haplotypes possible for a given marker set, the percentage observed in each
sample was recorded. Haplotype frequencies were computed and com-
pared with frequencies expected under linkage equilibrium, computed
from SNP allele frequencies. We compared SNP heterozygosities across
populations. Heterozygosity for a biallelic marker with allele frequencies p
and q=1–p is given by H=1–p2–q2=2p(1–p).
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