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Defining the relationship between multiple polymorphisms in a small genomic region and an underlying quantitative
trait locus (QTL) represents a major challenge in human genetics. Pedigree analyses have shown that angiotensin
I–converting enzyme (ACE) levels are influenced by a QTL located within or close to the ACE gene and most likely
resides in the 3′ region of this locus. We genotyped seven polymorphisms spanning 13 kb in the 3′ end of ACE in
159 Afro-Caribbean subjects to evaluate the linkage disequilibrium between these sites and to narrow the genomic
region associated with an elevated ACE level using a cladistic analysis. The linkage disequilibrium measurement
D′ and a haplotype tree revealed three distinct haplotype segments, presumably because of recombination. The
value of the linkage disequilibrium parameter pexcess was highest for site 22982, which is located in the middle
segment. A series of nested, cladistic analyses confirmed that the other two regions are unlikely to be the ACE-
linked QTL and that the variant resides in the middle region. Analyses of the same polymorphisms in 98 unrelated
Europeans in the Monitoring Trends and Determinants in Cardiovascular Diseases (MONICA) study resulted in
fewer haplotypes than were observed among the Afro-Caribbean subjects, suggesting that populations with greater
genetic diversity may be especially informative for fine-scale mapping.

Introduction

Angiotensin I–converting enzyme (ACE, DCP1 [MIM
106180]) is one of the most intensely studied candidate
genes in human cardiovascular pathophysiology (Wil-
liams 1988; Weber et al. 1995). Strong evidence exists
for an association between the ACE Alu insertion/de-
letion (I/D) found in intron 16 and plasma ACE activity,
with increased levels found among persons with the “de-
letion” allele (Rigat et al. 1990; Tiret et al. 1992). Several
studies of more-complex cardiovascular phenotypes
have suggested that the D allele confers increased sus-
ceptibility to cardiovascular disease (Evans et al. 1994;
Soubrier et al. 1994; Schunkert 1997; Oren et al. 1999;
Taittonen et al. 1999), although many other reports have
been published showing inconsistent or even beneficial
effects (Galinsky et al. 1997; Keavney et al. 2000). The
Alu marker does not have a known functional effect but
is considered an “anonymous” marker in linkage dise-
quilibrium with a functional variant directly affecting
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plasma ACE level. It is proposed that other candidate
polymorphisms within this gene contribute to the mech-
anism affecting plasma ACE activity and the putative
health sequelae. Identification of such polymorphism(s)
would allow accurate genotyping of a “functional” var-
iant and may clarify the role of ACE as a susceptibility
gene for cardiovascular disease.

The ACE Alu element is in near-complete disequilib-
rium with many other single-nucleotide polymorphisms
(SNPs) in the surrounding region, defining two major
haplotype backgrounds (Keavney et al. 1998; Rieder et
al. 1999). Conflicting evidence exists as to whether or
not the functional variants are upstream or downstream
from the Alu element. In a French study, ACE levels
were found to be influenced by polymorphisms 5′ to the
Alu element (Villard et al. 1996). However, a measured
haplotype analysis performed in British families (a)
tested subdivisions within the major haplotypes that
were created through recombination and (b) appeared
to exclude the ACE promoter and ∼8 kb upstream from
containing a functional DNA variant (Keavney et al.
1998). A recent analysis using a more extensive set of
markers (Farrall et al. 1999) also reported that an ad-
ditional 3.9 kb of 5′ segment of this gene was not as-
sociated with ACE levels. We therefore chose to focus
this study on the remaining 3′ region. Further narrowing
of this region would rely on haplotypes derived from
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multiple recombination events. Several studies have
demonstrated a greater genetic diversity among popu-
lations of African descent (Castiglione et al. 1995; Tish-
koff et al. 1996, 1998) that should increase the likeli-
hood of observing recombinant haplotypes and assist
in fine mapping. Accordingly, we genotyped individuals
of African descent at multiple markers, resolved hap-
lotypes, analyzed linkage disequilibrium among 3′ sites,
and tested ACE haplotypes against plasma ACE levels
using a cladistic analysis. In addition, we typed the same
markers in unrelated German participants in the World
Health Organization Monitoring Trends and Determi-
nants in Cardiovascular Diseases (MONICA) study for
the purpose of comparison across populations.

Material and Methods

Subjects

Subjects in this study included 159 Afro-Caribbeans
(66 men, 93 women; mean age 49 years), randomly sam-
pled from the metropolitan area of Kingston, Jamaica,
as part of an international collaborative study of hy-
pertension in blacks (Cooper et al. 1997). Approval was
obtained from the institutional review board of the Uni-
versity of the West Indies, Mona, Jamaica. In addition,
98 samples from healthy, normotensive individuals of
European descent were selected from the World Health
Organization MONICA study in Augsburg, Germany
for comparison with the Afro-Caribbean data (Keil et
al. 1988). This study was approved by the institutional
review board of the University of Regensburg.

Phenotyping

The Jamaican participants were examined using a
standardized epidemiologic protocol, and a range of an-
thropometric and sociocultural variables were collected
(Cooper et al. 1997). Determination of ACE concentra-
tion was performed in the Jamaican samples using a
previously published sandwich ELISA (Danilov et al.
1996). In the MONICA samples, ACE activity was mea-
sured by a fluorescent assay as previously described
(Schunkert et al. 1990).

Genotyping

Regions surrounding each polymorphic variant
were amplified using a standard PCR buffer (25 ng
genomic DNA, 10 mM Tris–HCl, pH 8.3, 50 mM
KCl, 1.5 mM MgCl2, and 0.001% gelatin) containing
0.16 mM of each of the four deoxynucleotide tri-
phosphates, 0.5 mM of each primer, and 10 U/ml Taq
polymerase (Perkin-Elmer-Cetus). Thermocycling
conditions consisted of an initial denaturation at 95�C
for 1 min, followed by 35 cycles of 95�C for 30 s,
58�C for 45 s, and 72�C for 2 min, with a final ex-

tension of 72�C for 5 min. After PCR, the ELISA-
based oligonucleotide ligation assay (OLA) was used
to genotype all sites (Tobe et al. 1996). Allele-specific
oligonucleotides for each site were constructed with
5′ modifications of either digoxigenin or fluorescein,
along with joining/capture probes modified with a 3′-
Biotin-ON and chemically phosphorylated using 5′-
Phosphate-ON (Clontech). Specific oligonucleotide
primers used for each site were 10979-CCAAACCTG-
AGCATGTGCA(T/C), P-TACACACAGAGATGCT-
GTCC-BIO, 15214-GGGCAAGTCACCATGGAT(G/
A) , P -GGGGAAGAAGTTAATAATCTT-BIO,
20833-GACAGAACTGGGTTCAAAC(T/C), P-CCG-
TCTCCATTACTTTGTTT-BIO, 22982-CTGTCTC-
CTTGCTTCCC(A/G), P-CTCAGCTCGCTCAGAA-
GG-BIO, 23945-TGTACCAGCTCCATGA(CT)2/3,
P-GCTCGGGTGAACAGCCTT-BIO, 24599-TGTC-
CTGTTCTGTGTGTG(C/T), and P-GTTGTACACA-
GTGCTTGGCT-BIO.

Spectrophotometric absorbances were taken at 490
and 655 nm to detect the fluorescein and digoxigenin
reporters for each allele (Tobe et al. 1996), respective-
ly, and were used to assign genotypes. Genotypes for
the Alu element were determined using standard PCR
primers flanking this region and were scored after vi-
sualization using ethidium bromide staining of PCR
products.

Statistical Methods

The allele frequencies for each SNP were calculated
by using the allele-counting method. Hardy-Weinberg
equilibrium at each locus was assessed by the x2 test
with one degree of freedom (Weir 1996). We used
Clark’s (1990) “subtracting” algorithm to determine
each individual’s haplotypes, as follows. Complete ho-
mozygosity across a region or heterozygosity at a single
site allowed unambiguous assignment of a haplotype
over this region. After this determination, unresolved
haplotypes were identified using the initial set of known
haplotypes as the basis from which to infer unresolved
individuals’ putative haplotypes. This method is sur-
prisingly effective at inferring the haplotype structure
hidden in a set of unphased genotype data and does not
require the assumption of Hardy-Weinberg equilibrium
(Clark 1990). Haplotype frequencies were estimated by
counting haplotypes. Linkage disequilibrium estimates
for pairs of markers were obtained by calculating the
frequently used measure D′ (Devlin and Risch 1995). We
define the individuals above the 80th percentile of the
ACE distribution as the case group and those below the
60th percentile as the control group. Linkage disequi-
librium between a putative functional QTL and each
polymorphic site was obtained by calculating p pexcess

, where is the frequency of an allele(p � p )/(1 � p ) pD N N D
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Figure 1 Polymorphic markers genotyped in ACE. The genomic region of ACE covers ∼24 kb on chromosome 17 (Rieder et al. 1999).
Six single-nucleotide polymorphisms, in addition to the Alu insertion/deletion, were typed in 159 Jamaicans. The shaded area in the 5′ region
represents the promoter and 8-kb region excluded from containing a functional ACE variant (Keavney et al. 1998).

at a specific polymorphic site in the case group, and
is its frequency in the controls (Bengtsson and Thom-pN

son 1981; Hastbacka et al. 1994; Risch et al. 1995). The
standard deviation jexcess of pexcess caused by sampling
variation is approximately given by:

2 21 � p j jD N D
j p ��excess ( ) ( )1 � p 1 � p 1 � pN N D

where jD and jN are the standard deviation due to sam-
pling variation of and , respectively (Hastbacka etp pD N

al. 1994). In general, pexcess can be used to determine the
most likely location of the trait locus from among a
collection of linked loci (Devlin and Risch 1995). To
detect recombination, we use the test statistic proposed
by Crandall and Templeton (1999).

Linear regression was used to model the relationship
between ACE plasma level and sex, age, and haplotype
effects, under the assumption of additivity, using the fol-
lowing model:

ACE p m � b SEX � b AGE � H � H � e ,1 2 i j

where and indicate an individual’s two haplotypeH Hi j

effects. Since sex may have a nonlinear effect on how
other factors contribute to a phenotype, we performed
separate regression analyses within each sex group. Hap-
lotype effects were estimated with ordinary least squares,
which are equivalent to Fisher’s average effects (Tem-
pleton 1987). To test the null hypothesis of equal hap-
lotype effects, we fitted the full model under the alter-
native hypothesis and then compared it to the reduced
model, using the general F test (Neter et al. 1990).

Results

Participants were part of a randomly sampled commu-
nity study in Kingston, Jamaica. Polymorphisms at seven
sites (10979, Alu, 15214, 20833, 22982, 23945, and
24599) were genotyped across a 13-kb segment in the
3′ end of the ACE gene (fig. 1). The shaded region in
the 5′ region of the figure represents the promoter and
the 8-kb region excluded from containing a functional

ACE variant (Keavney et al. 1998). No significant de-
viations from Hardy-Weinberg equilibrium were found
among the sites tested ( ). The mean plasma ACEP 1 .18
level was calculated for each genotype at all of the seven
polymorphic sites (fig. 2 [left side]). Differences in ACE
levels between genotypes at each variant site were tested
for statistical significance by a one-way analysis of var-
iance (ANOVA) followed by a Student-Newman-Keuls
test between groups. No significant differences in ACE
activities were found among genotypes at sites 10979,
Alu, 15214, 23945, and 24599. Significant differences
were found between the high ACE level homozygotes,
heterozygotes, and the low homozygotes at sites 20833
and 22982 ( vs. homozygotes [white bar]).P ! .05

A total of 28 haplotypes were inferred from 318 chro-
mosomes in Afro-Caribbean subjects and were assigned
to each individual, using Clark’s inferential algorithm
(Clark 1990), on the basis of the genotyping results.
Among these haplotypes, eight occurred with a fre-
quency �4.4%, accounting for 82.7% of the total (table
2); the remaining group was lumped as residual (R).
Linkage disequilibrium was computed in the Afro-Car-
ibbean subjects for each pair of sites using the measure
D′ (table 1 [above the diagonal]). The markers at po-
sition 10979, Alu, and 15214 were in almost complete
linkage disequilibrium (D′ 1 .94), whereas the pairs of
markers at 20833 and 22982 and at 23945 and 24599
shared similar, lower degrees of linkage disequilibrium
(D′ p .855 and .836, respectively). We then defined sites
10979, Alu, and 15214 as segment 1, 20833 and 22982
as segment 2, and 23945 and 24599 as segment 3.

To provide a comparison to the European popula-
tions used in earlier studies, we investigated the linkage-
disequilibrium characteristics in this region by genotyp-
ing 98 individuals randomly sampled in the MONICA
study. The haplotypes were also inferred using Clark’s
method. Haplotypes 1 (CIACG3C) and 4 (TDGTA2T)
were the most frequent in this sample. They accounted
for 41% and 35% of chromosomes, respectively (table
2), and correspond closely to the findings for haplotype
1 and 2 reported by Keavney et al. (1998). The third-
most-frequent haplotype was TDGTA2C, which ac-
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Figure 2 Site-specific ACE levels in Jamaicans (left bars) and Europeans (right bars). All site genotypes are plotted against ACE activity
normalized to the lowest level (100%) at each site. Two sites showed a significant change in ACE levels on the basis of genotypes (20833 and
22982) for Jamaicans. All sites showed a significant change for Europeans. An asterisk (*) denotes that versus the lowest homozygoteP ! .05
(white bar).

counted for 16% of the European sample but only 0.9%
of the Jamaican sample. The seven sites were in almost
complete linkage disequilibrium in the Germans (table
1 [below the diagonal]), indicating that populations of
European origin are unlikely to have the additional an-
cestral breakpoints necessary to refine the location of
the ACE-linked mutation. Differences in ACE activities
between genotypes at each variant site were also tested
in the German samples (fig. 2 [right]). Significant dif-
ferences were found between the high–ACE activity ho-
mozygotes, heterozygotes, and the low homozygotes at
all seven sites ( vs. homozygotes; see fig. 2 [whiteP ! .05
bar, right panel]). As in the Afro-Caribbean subjects,
the largest difference in ACE activities between geno-
types was observed at site 22982.

A putative haplotype tree was constructed from the
eight common haplotypes in Afro-Caribbean subjects,
using the principle of maximum parsimony (Wagner’s
parsimony method, PHYLIP software v. 3.57c). Figure
3 describes the evolutionary relationships among these
haplotypes and their grouping into similar clades (A, B,
and C), according to previously defined methods in
which all haplotypes can be joined together by moving
back one mutational step (Templeton et al. 1987, 1988).
Each solid line between two haplotypes corresponds to
a single mutational event that occurs at the polymorphic
site indicated under or beside the line. From this figure,

it can be seen that site 23945 “mutates” three times in
this tree, the greatest number for any site.

Haplotypes 1 (CIACG3C), 2 (TDGTA3C), 3
(CIACG2T), and 4 (TDGTA2T) were the most frequent.
Haplotypes 1 and 4 were complementary at all seven
sites; this was true for haplotypes 2 and 3 as well. Hap-
lotypes 1 and 4 can be generated from haplotypes 2 and
3 through a recombination event occurring between sites
22982 and 23945 or through mutational events. The site
23945 is a simple dinucleotide repeat characterized by
the length of the polymorphism. At such sites, it is well
known that mutations to and from particular lengths may
occur more than once. This results in homoplasy. How-
ever, the strength of linkage disequilibrium between
23945 and 24599 suggests that recombination between
22982 and 23945 may be a more plausible explanation
than multiple mutational hits. All the other haplotypes
(5, 6, 7, and 8) can be obtained from haplotypes 1, 2,
3, or 4 by hypothesizing a simple recombination or mu-
tation event. This pattern suggests that the two principal
ancestral lineages of the Jamaican population included
haplotypes 1/4 and 2/3.

Although D′ values (table 1) do not provide strong
evidence for recombination between site 15214 and
20833, it seems plausible that such a breakpoint does
exist, since the estimated haplotype tree (fig. 3) has only
two long branches (the one connecting A to C and the
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Table 1

Linkage Disequilibrium (D′) of Each Pair of Markers in the
Jamaican (above Diagonal) and European Samples (below
Diagonal)

10979 Alu 15214 20833 22982 23945 24559

10979 … .974 .948 .798 .689 .178 .162
Alu 1.0 … 1.0 .819 .711 .190 .193
15214 1.0 1.0 … .852 .742 .233 .206
20833 .978 .978 .978 … .855 .100 .084
22982 .913 .913 .914 .897 … .100 .121
23945 .956 .956 .956 .958 .979 … .836
24599 .968 .968 .969 .970 .94 .941 …

Table 2

Haplotype Frequencies

HAPLOTYPE

SITE

FREQUENCY

(%)

10979 Alu 15214 20833 22982 23945 24599 Jamaicans Europeans

1 C I A C G 3 C 21.7 41.3
2 T D G T A 3 C 13.5 0
3 C I A C G 2 T 10.4 0
4 T D G T A 2 T 10.4 35.2
5 T D G C G 2 T 9.7 0
6 T D G T A 3 T 7.9 0
7 C I A C G 3 T 4.7 0
8 T D G C G 3 T 4.4 0
R 17.3 23.5

NOTE.—R indicates all the remaining haplotypes.

one connecting A to B). Moreover, all mutations are 3′

on the branch connecting A to B and are 5′ on the branch
connecting A to C. The null hypothesis of no recom-
bination is not rejected ( ) by the test proposedP p .1
by Crandall and Templeton (1999), but this might be
a consequence of the small number of sites under con-
sideration. Overall, these data are entirely consistent
with the hypothesis that a recombination event occurred
between sites 15214 and 20833 and that clade A is the
recombinant clade produced from clade B and C.

A series of regression analyses were performed to iso-
late specific regions with SNPs on various haplotype
backgrounds (table 3). Additive models describing the
contribution of each haplotype to plasma ACE level
were fitted after age was adjusted for. (We dropped sex
because that term was not significant [ ]). TheP p .44
most general model was [1, 2, 3, 4, 5, 6, 7, 8, R], which
considers each haplotype to have a different phenotypic
effect. Using the haplotype classification from figure 3,
a goodness-of-fit test between the model [A, B, C, R]
and the most general model was not significant (P p

), indicating that the phenotypic values are similar.38
within each of the three clades (A, B, and C), therefore
suggesting that the segment beyond 23945 is unlikely
to harbor the ACE-linked QTL. A possible reason for
this phenotypic similarity could be the shared allelic
states at sites between 10979 and 22982 within each
of the clades, which would imply that the ACE-linked
QTL is located in that interval. We then tested the model
[A p B, C, R] against the most general model, to de-
termine whether the effect of clade A resembled that of
clade B. No significant difference was found between
these models ( ), indicating phenotypic similarityP p .4
because of shared allelic states at sites 20833 and 22982.
We further tested the model [A p C, B, R] against the
most general model and found significant differences
( ), perhaps because of the different allelicP p .016
states at sites 20833 and 22982. Since there are only

two tests needed at this level (A p B and A p C), the
result is still significant even after multiple comparisons
are adjusted for. These tests suggest that differences in
the allelic states of the SNPs (20833 and 22982) account
for differences in the observed phenotype between the
clade groupings, indicating that the ACE-linked QTL
may be located in the region containing sites 20833 and
22982.

Although sex was not significantly associated with
ACE in this data set, it may have a nonlinear effect on
how haplotypes contribute to ACE. We therefore con-
ducted the regression analysis described above within
each sex group, and the results are also reported in table
3. The results in men were similar to those for the whole
sample. However, no significant result was found in
women when models [A, B, C, R], [A p B, C, R] and
[A p C, B, R] were tested against the most general
model ( , .98, and .62, respectively). A possibleP p .96
reason could be the decrease in the sample size caused
by stratification and the large number of degrees of free-
dom. To reduce the degrees of freedom, we tested model
[A p C, B, R] against model [A, B, C, R], obtaining a
result of marginal significance ( ) for women.P p .06

The effect of haplotype combinations was further
evaluated. Table 4 lists the individuals’ genotypes as a
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Figure 3 The eight most frequent haplotypes were used to infer
a maximum-parsimony tree. Haplotypes were then grouped with
neighboring haplotypes into clades A, B, and C. The maximum-par-
simony mutational connections among the haplotypes are indicated
by solid lines, with the 0s representing all intermediate haplotypes that
are missing from the sample. The number under the haplotypes cor-
responds to the haplotype, and the number under or beside the solid
lines is the mutation site. The phenotypic effects attributed to these
groups then were tested under different model assumptions against
plasma ACE activity by use of a measured-haplotype analysis.

Table 3

Model Comparisons

MODEL

P VALUE OBTAINED

AGAINST MODEL [1, 2, 3,
4, 5, 6, 7, 8, R]

Overall Male Female

A, B, C, R (2p6p4, 5p8, 1p7p3, R) .3809 .1028 .9592
ApB, C R .4344 .1508 .9770
ApC, B, R .016 .016 .6244a

a P value is .0636 if test is against model [A, B, C, R].

combination of the three clades and their corresponding
ACE levels in Afro-Caribbean subjects. (Only those gen-
otypes with more than five individuals are reported.)
We observed that genotype C/C had the highest mean
ACE level and that clade C was associated with an
increased ACE level, which is consistent with the nested
cladistic analysis. Furthermore, the nested cladistic anal-
ysis implies that A/C and B/C should be the same phe-
notypically and, likewise, that B/B and A/B should be
the same. These inferences are confirmed in table 4,
where A/C and B/C have an almost identical phenotype,
as do B/B and A/B. Table 4 also shows that the A p
B/C genotype class is almost exactly intermediate be-
tween C/C and A p B/A p B, which is consistent with
our assumption of an additive model. Genotype B/R
had the second-highest mean ACE level, which is ap-
parently different from the phenotype of A/R. However,
since the R category was not included in the nested
analysis, this may be due to heterogeneity within the R
category. For example, among the individuals with ge-
notype B/R, 11 had ACE activity 1100; among these,
7 had allele A at site 22982, a genotype strongly as-
sociated with ACE level. In the category A/R, only three
of nine individuals had allele A at site 22982. Hence,
this result would be reasonable if the ACE-linked mu-
tation were located around 22982. This direct analysis
of haplotype combinations supports the assertion from

the nested haplotype analysis that the differences in cla-
des B and C in the 3′ region described above contribute
directly to changes in plasma ACE levels.

The ACE levels corresponding to the individual’s ge-
notype as a combination of the three clades in German
subjects were also analyzed. Since haplotype TDGTA2C
has one site difference from haplotype TDGTA2T at
site 24599, this haplotype was incorporated into clade
C. The result was consistent with that in table 4 (data
not shown).

We then compared individuals from the upper fifth
of the ACE distribution (ACE 1 120) to those with low
values (ACE ! 100) as cases and controls. Since sex and
age were not significantly associated with ACE level
( and 0.14, respectively), we did not adjust forP p .44
them. Linkage disequilibrium was measured by pexcess

between ACE and each site. Figure 4 (solid line) shows
that pexcess increased from 10979 to 22982, then sub-
sequently decreased. The pexcess value at site 22982 ap-
pears to achieve the maximum value, presumably be-
cause of the strength of linkage disequilibrium between
22982 and the ACE-linked QTL. Similarly, pexcess was
also calculated for German subjects (fig. 4 [dotted line]).
Sites 22982 and 23945 also have the largest pexcess value.

Finally, linear regression analysis was performed be-
tween the ACE level and each site, after age and sex
were adjusted for, in Afro-Caribbean subjects. Again,
only alleles T and A at markers 20833 and 22982 were
associated with high ACE levels ( and .0002,P p .006
respectively), further confirming the strong linkage dis-
equilibrium between 22982 and the ACE-linked QTL.

Discussion

Several studies suggest that a functional polymorphism
strongly influencing plasma ACE levels is contained
within or near the ACE locus on chromosome 17. A
previous study from the United Kingdom that relied on
10 SNP markers confirmed a single-variant model and
indicated that the putative functional region was not in
the promoter and 5′ region (Keavney et al. 1998; Farrall
et al. 1999). However, this study did not permit precise
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Table 4

Genotypic Means of ACE Levels for
Jamaicans

“Genotype” Mean � SD N

C/C 127.9 � 55.1 17
B/R 105.7 � 43.1 21
A/C 101.9 � 36.0 11
B/C 101.6 � 43.3 38
C/R 82.9 � 29.8 17
B/B 75.0 � 29.4 21
A/B 74.6 � 41.8 15
A/R 65.9 � 25.0 9

NOTE.—Only groupings with 15 individ-
uals are reported.

localization of the region. By assuming a single-variant
model, we have conducted a similar study in a more
genetically diverse population and have found two po-
tential ancestral breakpoints in a 9-kb region of the 3′

portion of ACE that likely harbors a functional variant.
We used five SNPs and the commonly typed Alu inser-
tion/deletion, chosen from the set of 78 variants in the
24 kb of genomic ACE sequence (Rieder et al. 1999)
and a newly discovered SNP (24599) in the 3′ region of
this gene.

In order to maximize our ability to detect a recom-
binant breakpoint, these markers were chosen to be
spaced over the region beyond site 10696, where the
presence of a large degree of linkage disequilibrium has
been identified in individuals of European descent. Link-
age disequilibrium was tested between these seven
markers, indicating that, among Afro-Caribbeans, this
region can be broken into three linked chromosomal
regions: one including 10979, Alu, and 15214, one in-
cluding 20833 and 22982, and the other including
23945 and 24599. In the Afro-Caribbean subjects, a
recombinant breakpoint between 22982 and 23945 ap-
pears to define four major haplotypes: 1 (CIACG3C),
2 (TDGTA3C), 3 (CIACG2T), and 4 (TDGTA2T).
These major haplotypes were grouped into three clades,
A–C (fig. 3). The haplotypes in clade A are likely gen-
erated from clades B and C through a later recombi-
nation event occurring between site 15214 and 20833.
However, in the German subjects, we only observed
three major haplotypes. The striking variation in the
amount of linkage disequilibrium between the Euro-
peans and the Afro-Caribbeans, if consistent at other
regions, also has important implications for future map-
ping studies using these techniques.

Haplotypes derived for this region were analyzed us-
ing a cladistic analysis and a regression method that
assumes additive effects, which is the model usually con-
firmed (McKenzie et al. 1995; Villard et al. 1996; Keav-
ney et al. 1998). Additive effects can also be observed
from the genotype means in table 4, in which the mean

ACE level in the presence of one haplotype from clade
C is intermediate between that of C/C and individuals
having no C clade haplotypes. However, it is possible
that the haplotypes will interact to affect the ACE level.
Such interactions are potentially of great interest, but a
full investigation will require a larger sample size than
is available here.

Hypothesis tests showed that the individuals within
clades A, B, and C are similar and that clades A and B
have similar phenotypes that are different from clade
C. This finding suggests that the differences in the in-
terval between sites 23945 and 24599 could not account
for the variation in ACE activity, nor could the differ-
ences in the interval between sites 10979 and 15214.
However, the region including the sites 20833 and
22982 was shared between these clade groupings (i.e.,
clades A and B share CG, and clade C has TA), sug-
gesting that this region could contain a functional var-
iant. The plasma ACE means of the groupings in table
4 are consistent with the results from the nested hap-
lotype analysis for both Afro-Caribbean and German
samples, further confirming that the functional variant
could be located between sites 15214 and 23945.

pexcess is usually considered to be the preferred measure
of disequilibrium for fine-scale linkage disequilibrium
mapping for case-control data, because it is directly re-
lated to the recombination fraction between the trait
and the marker loci and it is less dependent on the
frequency of the trait haplotype that is sampled (Devlin
and Risch 1995). A larger pexcess value indicates a
stronger association between the trait and a marker,
suggesting, in turn, a smaller distance between the func-
tional variant and the marker, although this is not al-
ways the case (Eaves et al. 2000; Taillon-Miller et al.
2000). The increase in pexcess from site 10979 to 22982
and the subsequent decrease, from 22982 to 24599,
provided additional evidence that a functional variant
may lie around site 22982.

It should be pointed out that the linkage disequilib-
rium D′ and the haplotype analysis are dependent on
the accuracy of the frequencies inferred by Clark’s sub-
tracting algorithm, which does not provide the degree
of uncertainty. In our data, although only 39 individuals
had unambiguous haplotypes, the estimated D′ values
were consistent with that estimated from the maximum-
likelihood method (Excoffier and Slatkin 1995; authors’
unpublished data).

It should also be pointed out that our conclusion
depends on the strength of the evidence for the two
ancestral recombinant breakpoints, which is not defin-
itive. Further study, with more SNPs and a larger sample
size, will be required.

Taken together, these results for linkage disequilib-
rium, cladistic analyses, and the single-site correlations
with ACE activity, suggest that a region in the 3′ portion
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Figure 4 Maximum pexcess with error bars denoting one standard deviation for each site. Solid and dotted lines represent the pexcess values
for the Jamaican and European samples, respectively. The offset for the two curves represents the higher average level of linkage disequilibrium
among the Europeans.

of this gene contains one (or more) variants in linkage
disequilibrium with a functional variant affecting
plasma ACE activities. Functional studies related to the
SNPs in the 9-kb region need to be undertaken to iden-
tify the mechanism for elevated plasma ACE level. Sev-
eral SNPs in this region are present in or near func-
tionally relevant sites. For example, sites 22251 and
22982 (genotyped in this study) both occur within 6 bp
of exon-splice junctions and may affect recently de-
scribed alternative spliced forms of ACE that are di-
rectly solubilized (Sugimura et al. 1998).

In conclusion, these results provide strong evidence
that the I/D polymorphism is unlikely to be the ACE-
linked QTL and that at least one of the ACE-linked
variants is likely to be close to site 22982. In addition,
these studies demonstrate the advantages of using di-
verse ethnic groups and measured-haplotype analysis to
help dissect the genetic bases of phenotypic traits.
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