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To facilitate association-based linkage studies we have studied the linkage disequilibrium (LD) and haplotype
architecture around five genes of interest for cancer risk: ATM, BRCA1, BRCA2, RAD51, and TP53. Single nucleotide
polymorphisms (SNPs) were identified and used to construct haplotypes that span 93–200 kb per locus with an
average SNP density of 12 kb. These markers were genotyped in four ethnically defined populations that
contained 48 each of African Americans, Asian Americans, Hispanic Americans, and European Americans.
Haplotypes were inferred using an expectation maximization (EM) algorithm, and the data were analyzed using
D�, R2, Fisher’s exact P-values, and the four-gamete test for recombination. LD levels varied widely between loci
from continuously high LD across 200 kb to a virtual absence of LD across a similar length of genome. LD
structure also varied at each gene and between populations studied. This variation indicates that the success of
linkage-based studies will require a precise description of LD at each locus and in each population to be studied.
One striking consistency between genes was that at each locus a modest number of haplotypes present in each
population accounted for a high fraction of the total number of chromosomes. We conclude that each locus has
its own genomic profile with regard to LD, and despite this there is the widespread trend of relatively low
haplotype diversity. As a result, a low marker density should be adequate to identify haplotypes that represent
the common variation at a locus, thereby decreasing costs and increasing efficacy of association studies.

[Supplemental material is available online at http://www.genome.org.]

With the exploding catalog of SNPs in the human genome,
there is persistent interest in exploiting these markers for link-
age disequilibrium (LD)-based searches for disease-suscep-
tibility alleles. Characterization of the structure of LD
throughout the genome is a necessary companion to the suc-
cessful pursuit of such studies. While the ultimate goal of
having a genome-wide map of LD has not yet been met, a
candidate gene/locus approach is being taken (Clark et al.
1998; Goddard et al. 2000; Kidd et al. 2000; Moffatt et al.
2000; Taillon-Miller et al. 2000; Abecasis et al. 2001; Johnson
et al. 2001; Reich et al. 2001). These studies have revealed
significant diversity in the amount and structure of LD, both
between independent loci and between populations.

Utilization of haplotypes in association studies for iden-
tification of commonly occurring variants may have in-
creased power over single-allele studies (Johnson et al. 2001).
Recent studies of haplotype structure at several loci have
noted a lack of diversity (Daly et al. 2001; Johnson et al.
2001). Minimal haplotype diversity may mean considerably
fewer markers are needed to represent the common variants
in a population in a haplotype-based study than have been
estimated for such studies (Kruglyak 1999). However, given
the diversity and complexity of LD seen across the genome, it
is likely a full description of haplotype structure will be key to

determining the efficacy of such an approach for a particular
locus.

Here we present a comparison study of the LD and hap-
lotype structure for five widely studied cancer-susceptibility
genes: ATM, BRCA1, BRCA2, RAD51, and TP53. Unphased
genotype data were generated for markers that encompassed
∼ 150 kb per locus. Linkage disequilibrium and haplotype di-
versity were assessed at each locus in four populations: Afri-
can American, Asian American, Hispanic American, and Eu-
ropean American. These data contribute to the growing pic-
ture of LD and haplotype architecture in the genome and
provide evidence that haplotype-based association studies
should be possible with relatively small numbers of markers.

RESULTS

SNP Allele Frequencies
The goal for SNP ascertainment in this candidate gene-based
study was to generate SNPs that spanned (throughout ∼ 150 kb
containing) each gene of interest. SNP detection was not in-
tended to catalog all of the diversity in these genetic regions;
rather, the goal was to develop informative markers that were
relatively evenly spaced throughout the loci. The target SNP
density was 1 SNP every 30 kb. SNPs were ascertained through
two means: by resequencing of 10 chromosomes and by
searching literature/databases. Resequencing was performed
on PCR-amplified regions placed sporadically throughout the
loci as has been previously described (Bonnen et al. 2000). Of
the 13 dbSNP entries that were genotyped, six were found to
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be monomorphic in the 192 samples we examined (see Meth-
ods). There were 57 SNPs identified in total: 42 were detected
by resequencing, 8 from literature, and 7 from dbSNP. Seven
of these were dropped from the study for technical reasons
but are reported in dbSNP. These 50 SNPs were genotyped in
four ethnic populations.

The majority of SNPs genotyped in this study were lo-
cated in introns (41/50) or outside of known genes (3/50). Six
SNPs were in coding or UTR sequences. There were 34 transi-
tions, 14 transversions, and 2 insertion/deletion mutations.
Eight to fourteen SNPs per gene that span 111–200 kb per
locus were genotyped in an ethnically defined population
consisting of 48 each African Americans, Asian Americans,
Hispanic Americans, and European Americans. SNPs that had
a rarer allele frequency of �0.05 in any one of the four popu-
lations were excluded from allele frequency, haplotype, and
linkage disequilibrium analysis.

Allele frequencies of individual SNPs were found to vary
between ethnic groups as has been noted in other studies
(Goddard et al. 2000). The amount of allele frequency varia-
tion between ethnic groups appears to vary not only for each
SNP but also by gene. The standardized variance (FST) for allele
frequency across ethnic groups was measured for each SNP.
The overall range of FST was from 0.007 to 0.201. The range at
each gene was lower for BRCA1 (FST = 0.027–0.066), BRCA2
(FST = 0.007–0.062), TP53 (FST = 0.023–0.063), and ATM
(FST = 0.018–0.081) than for RAD51 (FST = 0.055–0.201; Fig.
1). The majority of RAD51 SNPs had an FST higher than 0.081,
whereas no other gene had SNPs with FST that high. Excluding
RAD51, 100% of SNPs had an FST < 0.081, and 71% of SNPs
had an FST < 0.05. Figure 1 illustrates that the FST for SNP
allele frequency across ethnic groups at the other genes in this

study tend to cluster together and the FST at RAD51 is clearly
elevated.

Haplotype Frequencies
Haplotypes were constructed from genotype data using the
EMHAPFRE program, which uses an expectation maximiza-
tion algorithm (Excoffier and Slatkin 1995). Previous reports
have demonstrated the appropriateness of the expectation
maximization algorithm for inferring haplotypes from this
type of data (Excoffier and Slatkin 1995; Bonnen et al. 2000;
Tishkoff et al. 2000; Niu et al. 2002). The SNPs used to con-
struct haplotypes all had rarer allele frequencies of �0.05 in
all four populations. This criterion excluded from the analysis
SNPs that had a low frequency in all groups as well as those
termed population-specific (those with frequency >0.15 in
one population and <0.05 in all others). These SNPs were
excluded for two reasons. It has been shown that SNPs with
low frequency have little power for detection of LD (Lewontin
1995; Goddard et al. 2000). Furthermore, when comparing
numbers of haplotypes between ethnic populations, inclu-
sion of SNPs that were not present in all populations intro-
duces bias. The addition of SNPs with lower allele frequencies
increases the number of lower-frequency haplotypes (data not
shown), and the inclusion of population-specific SNPs leads
to the addition of population-specific haplotypes (data not
shown).

Comparison of the numbers of haplotypes at each locus
reveals considerable differences. The total number of haplo-
types at BRCA1 (10) and ATM (19) is considerably fewer than
at the three other genes, RAD51 (35), TP53 (28), and BRCA2
(34; Table 1). If there were one founder haplotype and muta-
tions yielding new alleles are the only evolutionary forces

acting to create new haplotypes,
n + 1 would have been the possible
number of haplotypes, where n is
the number of SNPs that comprise
a haplotype. Following this logic,
observation of >(n + 1) haplotypes
would indicate the presence of
other forces such as recombination,
recurrent mutation, or gene con-
version. BRCA1 and TP53 were
each analyzed using six SNPs, giv-
ing them a theoretical minimum of
7 haplotypes. BRCA1 has 10 and
TP53 has almost triple this number
with 28 haplotypes.

Examining the haplotype het-
erozygosity in each ethnic group at
each gene also shows differences
between populations. Another
measure of haplotype diversity is
the expected heterozygosity based
on haplotype frequencies,

H = 1 � ∑ i − qi2.

The African American group
has the highest H in ATM, BRCA1,
and RAD51, was second in TP53,
and was second to last in BRCA2.
Overall, African Americans demon-
strated the most haplotype diver-
sity and Asian Americans the least.

The number of shared haplo-

Figure 1 Fixation index (FST) of SNP allele frequencies across populations. SNP allele frequencies
varied between ethnic groups. The standard deviation of that variation across populations was calcu-
lated for each SNP that was used in haplotype and LD analyses. The majority of RAD51 SNPs had an
FST > 0.081. Excluding RAD51, 100% of SNPs had an FST < 0.081, and 71% of SNPs had an FST < 0.05.
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types was relatively few when compared with the total num-
ber of haplotypes (Table 1). Haplotypes that are present in all
four populations studied are termed shared haplotypes, and
because they are present in all populations are considered to
be the oldest haplotypes. These also tend to be the highest-
frequency haplotypes. The number of shared haplotypes
ranged in number from three at BRCA1 to seven at TP53, with
the other loci having five each. The shared haplotypes are a
small portion of the total number of haplotypes, for example,
at BRCA1 there are 3 out of 10 total and 7/28 for TP53. The
number of shared haplotypes and the effective number of
haplotypes is similar, as would be expected from the general
trend that shared haplotypes are higher frequency. However,
there are populations in which a shared haplotype is at a very
low frequency (sometimes <0.01). Conversely, some popula-
tions have haplotypes that are relatively high frequency and
are not shared in all populations.

The most remarkable attribute of the shared haplotypes
was that they account for a very high percentage of the total
chromosomes studied (Table 1). For example, at ATM five out
of 19 haplotypes accounted for 100% of the European Ameri-
can chromosomes, 94% of Hispanic, 90% of Asian American,
and 85% of African American. The percentage of chromo-
somes accounted for by the shared haplotypes was lower in
the genes that had a higher total number of haplotypes, but
the fraction of total chromosomes was still quite high. For
example, at BRCA2 five out of 34 haplotypes accounted for
49% of the European American chromosomes, 56% of His-
panic American, 61% of Asian American, and 66% of African
American. Thus, at all loci we observe a small number of hap-
lotypes accounting for a large proportion of chromosomes.
Populations with the highest heterozygosity had the least per-
centage of chromosomes accounted for by the shared haplo-
types. African Americans had the highest heterozygosity and
the least sharing for ATM: 85%, BRCA1: 54%, and RAD51:
22%. At TP53 and BRCA2 the European Americans had the
highest heterozygosity and the least percentage of chromo-
somes accounted for by the shared haplotypes with 59% and
49%, respectively. Although the amount of sharing varies by
ethnic group and locus, it is substantial in all.

LD Analyses
The pattern and extent of linkage disequilibrium (LD) at each
genomic region differed widely. LD was measured using the
statistic |D�| and was plotted by the GOLD program to illus-
trate the intensity of LD along the length of the chromosome
spanned by our markers (Fig. 2). This analysis reveals a spec-
trum in the amount of LD at the different loci with ATM and
BRCA1 showing the most LD and decreasing amounts from
RAD51 to BRCA2 to TP53. The 140-kb ATM region and the
200 kb spanning BRCA1 each showed a single block of LD.
This extensive LD had been previously reported (Liu and
Barker 1999; Bonnen et al. 2000; Thorstenson et al. 2001).
RAD51 had one main block of LD and a short span of appar-
ent recombination <10 kb, followed by what appears to be the
beginning of another LD block. BRCA2 has a more complex
pattern and shows significant differences between popula-
tions. TP53 shows little LD over the entire span of markers.
The most extreme cases were BRCA1, in which a continuous
region of strong LD extended ∼ 200 kb, and TP53, in which
little LD was detected throughout the 140-kb region.

The amount and pattern of LD also varied between popu-
lations at most genes (Fig. 2). At ATM and BRCA1, LD is very
high and the differences between ethnic groups appear neg-
ligible. At RAD51, LD followed the same general pattern

T
ab
le
1
.

A
Sm

al
lN

um
b
er

of
Sh

ar
ed

H
ap

lo
ty
p
es

A
cc
ou

n
t
fo
r
a
La
rg
e
Pr
op

or
ti
on

of
C
h
ro
m
os
om

es

Lo
cu
s

#
SN

Ps
kb

sp
an

n
ed

To
ta
l#

sa
m
p
le
s

To
ta
l#

of
h
ap

s
Th

eo
r

m
in

a
Th

eo
r

m
ax

b

#
Sh

ar
ed

h
ap

s

%
C
h
ro
m
os
om

es
ac
co
un

te
d
fo
r
b
y

sh
ar
ed

h
ap

lo
ty
p
es

#
of

h
ap

lo
ty
p
es

#
of

h
ap

lo
ty
p
es

q
≥
0.
10

c
H
d

A
F

A
S

EU
H
I

A
F

A
S

EU
H
I

A
F

A
S

EU
H
I

A
F

A
S

EU
H
I

BR
C
A1

6
20
0

n
=
19
2

10
7

64
3

54
98

93
79

7
4

6
7

5
3

4
4

0.
74

0.
54

0.
64

0.
59

AT
M

11
14
0

n
=
26
0

19
12

20
48

5
85

90
10
0

94
12

9
5

12
6

4
4

4
0.
84

0.
66

0.
71

0.
72

RA
D
51

9
15
0

n
=
19
0

35
10

51
2

5
22

70
87

81
23

14
11

12
7

4
5

5
0.
88

0.
71

0.
77

0.
74

BR
C
A2

8
9 3

n
=
18
9

34
9

25
6

5
66

61
49

56
21

15
19

15
7

6
7

7
0.
88

0.
87

0.
89

0.
89

TP
53

6
14
9e

n
=
18
9

28
7

64
7

69
66

59
70

18
20

13
12

8
7

11
8

0.
90

0.
85

0.
91

0.
87

a
Th
eo
r
m
in
=
n
+
1,
w
he
re

n
is
th
e
nu
m
be
r
of
SN
Ps
us
ed
to
co
ns
tr
uc
t
ha
pl
ot
yp
es
.

b
Th
eo
r
m
ax
=
2n
,
w
he
re

n
is
th
e
nu
m
be
r
of
SN
Ps
us
ed
to
co
ns
tr
uc
t
ha
pl
ot
yp
es
.

c T
he
nu
m
be
r
of
ha
pl
ot
yp
es
in
th
at
po
pu
la
tio
n
w
ith

a
fr
eq
ue
nc
y

�
0.
10
.

d
H
is
he
te
ro
zy
go
si
ty
.
H
=
1

�
∑
i
�

q i
2

A
F
=
A
fr
ic
an
A
m
er
ic
an
,
A
S
=
A
si
an
A
m
er
ic
an
,
EU

=
Eu
ro
pe
an
A
m
er
ic
an
,
H
I=

H
is
pa
ni
c
A
m
er
ic
an
.

e
Th
e
di
st
an
ce
sp
an
ne
d
by
th
e
TP

53
SN
Ps
w
as
de
te
rm
in
ed
us
in
g
a
BA
C
th
at
is
pr
ed
ra
ft
(le
ss
th
an
4X

co
ve
ra
ge
),
as
su
ch
th
e
di
st
an
ce
m
ay
be
co
ns
id
er
ed
an
es
tim

at
e.

Bonnen et al.

1848 Genome Research
www.genome.org



across populations but showed increased or decreased inten-
sity at each group. In contrast, at TP53 Hispanics showed a
completely different pattern of LD from the other three popu-
lations. BRCA2 has the most contrast between populations.
The 3� end shows an LD block of different lengths in each
population. This is followed by a region without measurable
LD that also varies in length. In some of the populations a
second, smaller LD block exists in the 5� end of the region.
There is a prevailing tendency for African Americans to ex-
hibit the least LD of all populations, which is likely owing to
the age of the population leading to the accumulation of re-
combination and mutation. This is true for RAD51 and TP53.
However, at BRCA2 European Americans showed the least LD,
illustrating that the forces that act to maintain or create LD
are not acting uniformly across the genome or in different
populations.

A comparison of LD patterns when determined by three

different measures ( | D� | , r2, and
Fisher’s exact test for significance)
was conducted. The results are
summarized in the GOLD plots for
the European American population
for each gene (Fig. 3). The three
methods agree in showing a range
in the amount of LD from BRCA1
to TP53. The overall patterns of LD
are highly similar with the main
difference between analyses being
the intensity of LD. For example,
by all three methods TP53 shows
the same pattern of low LD, higher
LD in the center followed by a
break followed by higher LD. How-
ever, the intensity of LD indicated
is higher inD� and Fisher than in r2.
The exception here is ATM ,
wherein D� and Fisher show com-
plete LD and r2 indicates decreased
LD in the 3� half of the region.
Fisher follows D�. r2 tends more to-
ward 0, whereas D� tends more to-
ward 1.

The results of the four-gamete
test for recombination revealed
similar results as the LD analysis
(Fig. 3). Our interpretation of the
results of the four-gamete test is to
count any occurrence of a fourth
gamete as evidence for recombina-
tion. However, this could also be
caused by repeat mutation or gene
conversion. Keeping this in mind,
we use the results of the four-
gamete test as an indication of re-
combination or disruption in LD.
Comparison of the four gamete
matrices and LD measurements
yields close concurrence.

The data in this study do not
show a correlation between LD and
distance at these loci. Plotting LD,
|D�| , versus intermarker distance re-
sults in plots with a uniform distri-
bution of points that do not show a

trend for decrease in LD corresponding with increasing dis-
tance (Fig. 4). The intensity of LD is sometimes low between
markers that are closely spaced as well as those that are not
and vice versa. This would support the notion of LD existing
in a block-like pattern throughout the genome rather than as
a continuous spectrum based on distance.

DISCUSSION
We have described the most commonly occurring haplotypes
for the five loci in this study. Haplotypes and linkage disequi-
librium (LD) measurements were generated from SNP geno-
type data for ATM, BRCA1, BRCA2, RAD51, and TP53 for four
populations: African Americans, Asian Americans, Hispanic
Americans, and European Americans. Variation in SNP fre-
quencies, LD pattern and intensity, and haplotype diversity
was observed both between loci and populations. Despite the

Figure 2 LD intensity across loci. LD was measured for the five loci in all populations using the
statistic | D�| in a pairwise manner across markers. GOLD generates these plots through interpolation of
the resulting triangular matrices. | D�| ranges from 1 to 0, with 1 showing in red and 0 in dark blue.
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variation observed in this study, a trend for minimal haplo-
type diversity was observed at all five loci.

The conception of the configuration of LD in the ge-
nome has evolved as empirical data have accumulated. Analy-
sis of the �-globin gene cluster was one of the initial illustra-
tions of the complexity of the structure of LD. Regions 5� (35
kb) and 3� (19 kb) to the �-globin structural gene were found
to have high LD with little measurable LD between these two
clusters (9 kb; Chakravarti et al. 1984). The lack of LD ob-
served at LPL (Clark et al. 1998) and TP53 (this study) is simi-

lar to the central region in the
�-globin study. Empirical data from
this study (BRCA1 and ATM) and
others show regions of LD >100 kb
(Peterson et al. 1995; Collins et al.
1999; Liu and Barker 1999; Bonnen
et al. 2000; Taillon-Miller et al.
2000; Abecasis et al. 2001; Thor-
stenson et al. 2001). It has been
suggested that the genome consists
of blocks of LD (30–100 kb) inter-
rupted by short (1–2 kb) hot spots
of recombination (Daly et al. 2001;
Jeffreys et al. 2001). The plots of LD
versus intermarker distance sup-
port this idea (Fig. 4). Rather than a
curve that would indicate a con-
tinuous degradation of LD over in-
termarker distance, these graphs
appear as scatter plots. Data points
indicate high LD between markers
in an LD block and low LD in the
recombination hot spots regardless
of intermarker distance. Similar re-
sults have been seen by others
when considering comparable dis-
tances (Johnson et al. 2001; Reich
et al. 2001) and for distances as
large as 1 Mb (Taillon-Miller et al.
2000). An additional feature of the
LD structure in this study is that in
most cases the degradation of LD is
quite rapid as opposed to a gradual
decline over distance. This supports
the idea that there are blocks of LD
interrupted by short regions of re-
combination with one exception.
Just as there are regions of ex-
tended LD, we present data for a
lengthy region without measurable
LD. The TP53 locus shows no LD
across as much as ∼ 90 kb, consider-
ably more than the expected 1–2 kb
for a recombination hot spot. A
similar finding of an expansive re-
gion of little LD in two separate re-
gions of Xq25 (129 kb and 308 kb)
adds to the evidence that genome-
wide LD patterns remain a complex
issue that may only be resolved
when a genome-wide map of LD is
available (Taillon-Miller et al.
2000).

Examination of haplotype
structure across these loci also supported the idea of locus-
specific genomic diversity. The number of haplotypes at each
locus varied widely and reflected the variation in LD patterns
and intensity at the genomic locations. The seemingly sub-
stantial differences in numbers of haplotypes and LD patterns
between loci underscore the importance of characterizing
each locus of interest prior to association studies. This diver-
sity also underscores the inefficiency of applying a standard
marker density genome-wide for association studies or ge-
nome scans. More importantly, it points to an inability to

Figure 3 Comparison of LD and recombination measurements at five loci. Pairwise LD was measured
by Fisher’s exact P-values and r2. Each was plotted separately by GOLD with a score of 1 showing in red
and 0 in dark blue. Recombination was determined using the four-gamete test with R, potential
recombination sites, indicated by white Xs. Blue boxes indicate site pairs having four gametic types,
which implies that recombination has occurred between these two sites. Red boxes indicate site pairs
having less than four gametic types.
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estimate a priori the LD for a particular region—instead, LD
must be characterized for each region of interest.

The variation seen between populations extends this ar-
gument to a need for characterizing haplotypes and LD in
each study population as well. The amount and pattern of LD
varied between populations, however, not as much as has
been seen in some reports (Goddard et al. 2000; Kidd et al.
2000; Reich et al. 2001). ATM and BRCA1 showed virtually no
differences between populations, perhaps because of the uni-
formly high LD in these regions. BRCA2 showed the least LD
in European Americans, followed by Hispanic Americans,
then African Americans. This illustrates an exception to the
general finding that African-derived populations exhibit
lower levels of LD than European-derived populations. An
additional standout is Hispanic Americans at TP53, where the
LD pattern is completely different from that of the other three
populations. Similar to LD, the number of haplotypes and
haplotype heterozygosity also varied between populations.
African Americans had the highest haplotype heterozygosity
at three loci: ATM, BRCA1, and RAD51. The increased number
of haplotypes and haplotype diversity in African Americans
correlates with the older age of the population. However, just
as African Americans do not always demonstrate the least LD,
this population does not always exhibit the most haplotype
diversity. These discrepancies between populations support
the notion that individual genomic regions may undergo dif-
ferent evolutionary pressures in various populations. Exploi-
tation of such differences between populations has been sug-

gested to have significant potential
for identification of alleles contrib-
uting to common diseases (Todd et
al. 1989; Reich et al. 2001).

The most salient finding of
our haplotype study was that there
are few haplotypes shared among
all populations, and that these hap-
lotypes account for a very high per-
centage of the total chromosomes
(Table 1). This high degree of shar-
ing was observed even in regions
with little LD. Similarly, the total
number of haplotypes at each locus
is also relatively few. Considering
the maximum possible as 2n (that
could have been generated by free
recombination), the actual number
of haplotypes is closer to the theo-
retical minimum than maximum.
We conclude that there are old mu-
tations that can be used to mark a
relatively small number of distinct
haplotypic structures of chromo-
somes that are present in the hu-
man population at a high fre-
quency.

The small number of haplo-
types and high degree of sharing is
in part due to the fact that we used
more commonly occurring SNPs
and no rare or population-specific
SNPs. Because of the present inter-
est in the common disease com-
mon variant (CDCV) hypothesis,
we have attempted to describe the

most commonly occurring haplotypes for the five loci in this
study. We have not attempted to catalog all of the genetic
diversity at these loci. By focusing on the most commonly
occurring haplotypes, we may have missed some of the ge-
netic diversity in these gene regions. The addition of markers,
especially low-frequency markers, will partition the com-
monly occurring haplotypes into subgroups and add low-
frequency haplotypes. In a similar manner, addition of popu-
lation-specific alleles leads to population-specific haplotypes.
If this were done iteratively it could lead to a situation in
which each person’s haplotypes are unique. For association
studies in search of a functional variant that is commonly
occurring, the commonly occurring haplotypes are the most
pertinent, and too many haplotypes can lead to a loss of
power and information. Conversely, regions of extreme LD
such as BRCA1 show few haplotypes such that a haplotype-
based study for this region may suffer from a lack of discrimi-
nation. Therefore, it may be useful for some studies to refine
haplotypes by breaking the commonly occurring haplotypes
into subgroups through the addition of either population-
specific or lower-frequency markers, especially in regions of
high LD. A thorough characterization of the LD landscape at
a locus in a particular population is necessary for design of
effective association studies.

Focusing exclusively on regions of high LD for haplo-
type-based association studies may exclude informative re-
gions. As is seen in this study of BRCA2 and TP53, shared
haplotypes that are of relatively high frequency can be found

Figure 4 LD versus intermarker distance. | D�| values for all pairwise comparisons are plotted against
the physical distance between each pair of markers. LD measurements were made for each population
for each locus. African American data are plotted in blue, Asian American in red, European American
in yellow, and Hispanic American in green.
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spanning regions that appear virtually devoid of LD. Not only
can the haplotype structure be determined across short re-
gions without measurable LD but across extended regions of
low LD as in TP53. Commonly occurring haplotypes are an
important tool for a study focusing on detection of common
variants, thus the haplotype structures at all five genes studied
here show potential for successful detection of associations in
appropriately chosen subject populations.

METHODS

Human Subjects
Genomic DNA from five unrelated European American indi-
viduals was sequenced for SNP discovery. This DNA was ex-
tracted from lymphoblast and fibroblast cell lines. SNP geno-
typing was carried out using genomic DNA from the Baylor
College of Medicine Polymorphism Resource. This collection
of ethnically defined DNAs was purified from lymphoblast
cell lines established from anonymous blood donors in Hous-
ton, Texas, USA, with informed consent. Individuals reported
self-described ethnicity and were subsequently divided into
four ethnic groups: African American (n = 48), Asian Ameri-
can (n = 48), European American (n = 48), and Hispanic
American (n = 48).

At least three of our samples are of composite anthropo-
logic description. The Asian American individuals comprise
an unknown number of national populations of Asia; the His-
panic Americans are genetically admixed, comprising gene
pools of American Indian, European, and possibly African de-
scent; and the African Americans are also genetically ad-
mixed, having both European and African genes in their gene
pool (Chakraborty 1986). Although this may explain the high
degree of haplotype sharing, because of the presence of Euro-
pean-derived haplotypes in at least three samples, admixture
alone cannot explain the pattern of LD we observed. Further-
more, the effects of the admixture process would have been
reflected at all genes, unless the initial haplotype structure
were different in different parental populations before the
process of admixture.

SNP Detection
Two approaches were taken for SNP detection: resequencing
and database/literature searches. Resequencing was done on
PCR-amplified regions placed sporadically throughout the
loci and has been previously described (Bonnen et al. 2000).
SNPs for ATM and RAD51 were ascertained through rese-
quencing of five unrelated individuals. SNPs for BRCA1 and
BRCA2 were obtained through dbSNP, literature searches, and
resequencing. No sequencing was used for TP53 SNP detec-
tion. Any SNPs that were detected through sequencing but
did not perform well under standard PCR or genotyping con-
ditions are reported but were dropped from the study. All
SNPs in this study have been entered into dbSNP and their
identifiers are BRCA1: rs1054385, ss4325297, rs799923,
rs799916, ss4325298, ss4328154, ss4325299, ss4328155,
rs443759, rs799906; BRCA2: rs114827, rs206136, ss4325300,
rs1799943, rs144848, ss4328156, ss4325301, rs206340,
rs1012129; RAD51: ss4325288, ss4325289, ss4325290,
rs1051482, ss4325293, ss4325294, rs752012, rs2289218,
rs2289219, ss4325296, rs1801321, ss4325292, ss4325295;
ATM: rs228589, rs600931, ss4328151, rs664677, rs645485,
ss4328152, rs227060, rs227069, rs227074, rs664982,
rs664143, rs652541, rs170548, ss4328153, rs624366,
rs609261, rs172896; TP53: rs839721, rs1544725, rs1625895,
rs1050528, rs727428, rs1017163, rs4227, rs1421314.

Six dbSNP entries were genotyped and not found to be
polymorphic in this study population. Their dbSNP identifi-
ers are rs1895090, rs1042526, rs916131, rs916132, rs722494,
rs1059300.

Primers for DNA amplification and sequencing were de-
signed using MacVector version 6.0.1. The genomic sequence
of each gene was masked for repetitive sequences using Re-
peatMasker. Genomic DNA from five unrelated individuals
was amplified. The 50-µL reactions included DNA (200 ng),
standard 1� PCR buffer (Perkin-Elmer), dNTPs (0.1 mM), Taq
(0.5 µL; Perkin-Elmer), primers (1 µM each). PCR was per-
formed in a Perkin Elmer 9700 with an initial denaturation at
95°C for 5 min followed by 30 cycles of 95°C for 30 sec, 60°C
for 30 sec, and 72°C for 30 sec; and 72°C for 7 min.

PCR products were purified and sequenced. Preparation
of DNA for sequencing included incubation of ∼ 60 ng of PCR
product with shrimp alkaline phosphatase (2 U; Amersham)
and exonuclease I (10 U; Amersham) at 37°C for 15 min, fol-
lowed by enzymatic inactivation at 80°C for 15 min. Direct
sequencing of each PCR product was carried out using ABI dye
terminator cycle sequencing kit and run on an ABI 373A for
RAD51, BRCA1, and BRCA2. The Thermo Sequenase 33P-
radiolabeled terminator cycle sequencing kit (Amersham
Pharmacia) was used for sequencing at ATM as previously de-
scribed in Bonnen et al. (2000).

SNP Genotyping
Genotypes for each SNP were determined using allele-specific
oligonucleotide (ASO) hybridizations. ASO hybridizations
were executed as previously described by DeMarchi et al.
(1994). Autoradiograms were read on at least two indepen-
dent occasions.

PCR amplification for genotyping was combined into
two multiplex PCR reactions per gene. The 50-µL reactions
included DNA (250 ng), standard PCR buffer without MgCl2
(2�) (Perkin-Elmer), MgCl2 (1.8�), dNTPs (0.2 mM), and Taq
(0.5 µL; Perkin-Elmer). PCR was performed in a Perkin Elmer
9700 with an initial denaturation at 95°C for 5 min followed
by 30 cycles of 95°C for 30 sec, 60°C for 30 sec, and 72°C for
2 min; and 72°C for 7 min. Primers include some of those
originally designed for sequencing and some newly designed
to alter the size of the amplicons. Products were separated by
at least 20 bp in length so that they could be resolved from
one another on a 2.5% agarose gel. Multiplex PCRs were
checked to have amplified all products by running 6 µL of
product on a 2.5% agarose gel.

One SNP, rs1625895, was genotyped through restriction
fragment length polymorphism digest of PCR-amplified DNA
with the enzyme MspI (Roche). Digest fragments were re-
solved on a 2.5% agarose gel.

See Supplemental Material for multiplex PCR primer se-
quences and ASO probe sequences (available online at http://
www.genome.org). All oligonucleotides used to assay ATM
SNPs were reported previously in Bonnen et al. (2000).

Estimation of Haplotypes and Frequencies
Haplotypes and their frequencies were estimated from un-
phased genotype data by the computer program EMHAPFRE
(Excoffier and Slatkin 1995). EMHAPFRE uses an expectation-
maximization algorithm that determines the maximum like-
lihood frequencies of multilocus haplotypes in diploid popu-
lations. Only individuals who were scored for the complete
set of SNPs for a gene were included in the data analysis.

Statistical Methods
Haplotype heterozygosity was calculated from

H = 1 � ∑ i � qi
2.

To test for recombination, we used the four-gamete test
and the Hudson and Kaplan recombination statistic R (Hud-
son and Kaplan 1985). For a given haplotype AB, mutation
may result in Ab or aB. Haplotype ab arises only in the case of
recombination or repeat mutation. The four-gamete test was

Bonnen et al.

1852 Genome Research
www.genome.org



executed on unphased genotype data in a pair-wise fashion
across all SNP loci. Based on the resulting matrix of the four-
gamete test, R estimates the location and number of recom-
bination events that have taken place in the sample.

LD was computed by performing pair-wise comparisons
for all SNP loci. P-values from Fisher’s exact test were used to
determine significance levels. SNPs having a rarer allele fre-
quency �0.05 were excluded from LD analyses. LD statistic D
is a pair-wise comparison of gametic frequencies such that
D = p11p22–p12p21. r2 is calculated from D2/(p1p2q1q2)
(Hill and Robertson 1968). D�, relative disequilibrium, is
D� = D/ |D | max, where |D | max = max(p1p2,q1q2) if D < 0 and
|D| max = min(q1p2,p1q2) if D > 0 (Lewontin 1964).

All recombination and LD statistics were generated using
the software program DnaSP 3.00 by J. Rozas and R. Rozas,
Universitat de Barcelona. LD plots were generated using the
GOLD software (Abecasis and Cookson 2000).
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