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Linkage and segregation analysis have shown that
circulating angiotensin-l converting enzyme (ACE) le-
vels are influenced by a major quantitative trait locus
that maps within or close to the ~ ACE gene. The D vari-
ant of a 287 bp insertion/deletion (I/D) polymorphism in
intron 16 of the gene is associated with high ACE levels
and may also be related to increased risk of cardio-
vascular disease. Multiple variants that are in linkage
disequilibrium with the I/D polymorphism have been
described, but it is unknown if any of these are directly
implicated, alone or in combination with as yet undis-
covered variants, in the determination of ACE levels.
An analysis of 10 polymorphisms spanning 26 kb of
the ACE gene revealed a limited number of haplotypes
in Caucasian British families due to strong linkage dis-
equilibrium operating over this small chromosomal re-
gion. A haplotype tree (cladogram) was constructed
with three main branches (clades A—C) which account
for 90% of the observed haplotypes. Clade C is most
likely derived from clades A and B following an ances-
tral recombination event. This evolutionary informa-
tion was then used to direct a series of nested,
measured haplotype analyses that excluded upstream
sequences, includingthe  ACE promoter, from harbour-
ing the major ACE-linked variant that explains 36% of
the total trait variability. Residual familial correlations
were highly significant, suggesting the influence of
additional unlinked genes. Our results demonstrate
that a combined cladistic/measured haplotype analy-
sis of polymorphisms within a gene provides a power-
ful means to localize variants that directly influence a
guantitative trait.

INTRODUCTION

region and the definition of their relationship to the underlying
susceptibility or quantitative trait locus (QTL) represents a major
theoretical and practical bottleneck in the identification of DNA
variants underlying complex inherited diseases and traits. The
angiotensin-I converting enzyme (ACE) is strongly influenced by
a limited number of QTLs and is an experimentally tractable
model trait for the development of strategies for identifying such
variants. Physiological, pharmacological and genetic studies
have all shown the importance of ACE and its inhibition in the
pathogenesis and treatment of a variety of cardiovascular diseases
(1-7). Therefore, there is considerable interest in defining the
molecular mechanisms determining circulating ACE levels in
humans.

Evidence that circulating ACE levels are under substantial
genetic control was first detected in a segregation analysis of ACE
levels in 87 healthy nuclear familie8)( Familial correlations
showed a striking pattern that was consistent with a QTL
influencing plasma ACE levels. The hum&BE gene has been
cloned and localized to chromosome 17g2B8and a 287 bp
insertion/deletion (I/D) polymorphism in intron 16 has been
identified for use as a genetic mark&f)( A population-based
analysis of unrelated individuals with the I/D polymorphism
showed an association between this polymorphism and plasma
ACE levels. The association followed an additive pattern with
D/D and I/l genotypes being associated with high and low ACE
levels, respectively, and I/D heterozygotes being associated with
an intermediate levell(). These associations have been con-
firmed in family studies in white Europeail] and Afro-
Caribbean 12) populations. Linkage between the QTL and a
neighbouring microsatellite marker has been detected and
alternative models incorporating an unlinked genetic component
have also been investigated).

Following a sequencing study, Villaet al (13) reported a
series of polymorphisms within tHeCE gene and investigated
the pattern of linkage disequilibrium both among the polymorph-
isms and between the polymorphisms and what they refer to as
one or twoACElinked QTLs. They proposed that two variants
influence circulating ACE levels: one that could be in complete
linkage disequilibrium or identical with the I/D polymorphism
and a second that mapped upstream of the start of translation of

The analysis of multiple polymorphisms in a candidate gene tine ACE gene.
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Figure 1. Schematic diagram of the human angiotensin-I converting enzyme (ACE) gene illustrating the location of 10 biallelic patysn&rpllymorphisms are
numbered in base pairs relative to the start of transcription 8iGE@ene. Exons 1-26 are indicated with vertical bars and are numbered intermittently for clarity.

Table 1.Ranked ACE haplotype frequencies

Haplotype T-5991C A-5466C T-3892C A-240T T-93C  T1237C G2215A IID G2350A 4656(CTy  Frequency
1 A T A T T G | A 3 0.35
2 C C C T C C A D G 2 0.28
3 T A T A T C A D G 2 0.09
4 T A C A T C A D G 2 0.07
5 T A T A T C G [ A 3 0.05
6 C C C T C C G D G 2 0.03
7 T A T A T T A [ A 3 0.03

Here we report the results of a haplotype analysis with 1€ontingency tables analyses, testing each polymorphism in turn
polymorphisms at thACE locus that were genotyped in a seriesfor association with haplotypes constructed from the remaining
of white British families. An evolutionary tree (cladogram) waspolymorphisms, were all highly significant (P < 0.001). The 95%
proposed which accounted for the majority (90%) of the observebnfidence interval for the expected number of different haplo-
haplotypes. Information from the cladogram was then used tgpes in 183 unrelated individuals using the observed gene
direct a nested, measured haplotype analysis of plasma A@Equencies and assuming linkage equilibrium is 267—295 (versus
levels and to investigate both the number of variants influencirthe 29 found for the 183 founders).
the ACE quantitative trait and their likely location.

The two most frequent haplotypes, haplotype 1 (T-A-T-A-T-T-

RESULTS G-I-A-3) and haplotype 2 (_C—C—C-T—C-C—A-D—G—Z), comple-
ment each other at all 10 sites. Haplotype 3 (T-A-T-A-T-C-A-
Cladistic haplotype analysis D-G-2) is consistent with being generated by an ancestral

o ) L recombination event between haplotype 2 and haplotype 1, 5 or
Haplotypes of 10 biallelic polymorphisms, distributed through=z \ith a breakpoint in the interval delimited by T-93C and
out theACE gene (Figl), were assigned to 555 members of 83r1237¢. Haplotypes 5 (T-A-T-A-T-G-I-A-3) and 7 (T-A-T-A-
extended families by following a novel two-stage procedurer.T.a.|-A-3) each show one difference from haplotype 1 at the
Firstly, genotype data were repeatedly run through the SIMr1237C and G2215A markers, respectively; these differences are
WALK program (L4) to compile a list of every possible set of yresumably due to spontaneous mutations. Haplotype 6 (C-C-C-
haplotypes for each family that included no recombinatiof.c.c-G-D-G-2) shows one difference from haplotype 2 at the
events. In 24 families a unique set of haplotypes was found, bgbo15A marker. Haplotype 4 (T-A-G-T-C-A-D-G-2) shows
in other families as many as 48 alternative haplotype sets (Wifhe difference from haplotype 3 at the T-3892C marker.
zero recombinants) were found to be consistent with the Fojiowing the principle of maximum parsimony, we propose a
genotypic data. In the second stage, the haplotype data wefgative haplotype tree linking haplotypes 1—7, which is illus-
subjected to a maximum likelihood analysis in order to estimatgated in Figure2. Three closely related branches (clades) are
the haplotype frequencies in the founders. Haplotype sets Wiffioposed: A, comprising haplotypes 1, 5 and 7; B, comprising
small final probabilities (<) were eliminated from further haplotypes 2 and 6; and C, comprising haplotypes 3 and 4. The

analysis, leaving 239 non-recombinant haplotype sets o enfgher rare haplotypes were pooled into a common group (X) for
into the measured haplotype analysis. subsequent analyses.

The seven most frequent haplotypes, which cumulatively
account for 90% of the founders’ haplotypes, are listed in Tab
1 (a complete listing of the haplotypes is available from the Worl
Wide Web at http://www.well.ox.ac.uk/mfarrall ). The poly- The results of a pedigree analysis, to estimate by maximum
morphisms are all in strong linkage disequilibrium; sparsékelihood the influence of each haplotype on the ACE quantitat-

easured haplotype analysis
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haplotype-specific parameters to model the mean effect on the
[61 ACE quantitative trait for each haplotype shown in Tdbéed

ccerecooz] a single parameter to model the common effect for all the other
haplotypes (group X). Residual familial correlations that were not
accounted for by the ACE-linked effects were modelled by
, following a class D regressive approath)(

The goodness-of-fit of the nested model [A, B, C, X] was
X ilecerccd@naallal evaluated; no significant differenc® € 0.7) was found in a

[5] [71

[rarar@ezas] [rararrdizas

..."‘-,_'.[1] TATA TITHGI A 3 :
cinde & ' e B comparison with the general model ([1, 2, 3, 4, 5, 6, 7, X]). This

result indicates that clade members resemble each other phenotypi-

- cally to the limit of resolution in these data. The models (A B,
[z a@asfcancall3] X] and [A, B=C, X] were then fitted to test if the phenotypic
clade C effects of recombinant clade C resembled more closely those of
Y clades A or B. When these nested models were compared with the
[z z]c a0 o 2]l4] general model ([1, 2, 3, 4, 5, 6, 7, X]), modeEA&, B, X] was

strongly rejected (P < 0.001) but model [A=E, X] was not
rejected P = 0.4). These results demonstrate that clades B and C
Figure 2. Evolutionary tree (cladogram) for 10 orde#@E polymorphisms. have very similar effects on the ACE trait. Tabkhows the mean

Alternative sites for the polymorphisms are shown in their physical order asgnd standard deviation for plasma ACE levels for each genotype
follows: T-5991C, A-5466C, T-3892C, A-240T, T-93C, T1237C, G2215A, I/D,

G2350A and 4656(C%),. Three main branches (clades) are evident, clade A (comprising two haplotypes) after fitting model [A, B, C, X]. There

(haplotypes 1, 5 and 7), clade B (haplotypes 2 and 6) and clade C (haplotypd§ Substantial support for residual familial correlations that are not

3 and 4). Haplotype 3 is derived following a recombination event (indicated byaccounted for by thACElinked major gene, for example the [A,

a cross) between haplotypes 1 and 2. Single substitutions between claqg, C, X] model fitted without residual correlations is rejecieet (

members are indicated with double-headed arrows. 0.001) when tested against a similar model including residual
correlations. Using the parameters fitted in the [£,®, X] model

ive trait, are shown in Tabl2 Additive (co-dominant) models including residual familial correlations, the proportion of the total

were fitted, as supplementary analyses showed no significgpitenotypic variance accounted for by #@Elinked variant is

support for a dominance variance component (data not showBp% and the residual mother—offspring, father—offspring and

The most general model ([1, 2, 3, 4, 5, 6, 7, X]) includes sevesibling correlations are 0.15, 0.35 and 0.33, respectively.

Table 2. Measured haplotype analysis of plasma ACE levels

Model r2 No. of parameters —2 x loge likelihood X2 P-value
1,2,3,4,5,6,7, X + 20 3048.0 - -
1,2,3,4,5,6,7, X - 16 3084.9 37.0 x20-7
A, B, C, X + 16 3050.2 2.3 0.7

A B, C, X - 12 3088.1 40.1 8106
A, B=C, X + 15 3053.1 5.1 0.4

A, B=C, X - 11 3090.9 429 2106
A=C,B, X + 15 3117.3 69.4 1x 1013

r2, residual familial correlations (class D regressive model) optionally fitted (+) or omitted ().

Table 3.Genotype means table of plasma ACE levels

Genotype UMHA u o N
AIA 15.94 16.00 3.82 72
A/B 21.72 21.75 4.77 95
AIC 20.90 21.74 5.49 50
AIX 18.05 17.08 3.58 24
B/B 27.51 28.10 5.10 30
B/C 26.69 26.76 5.32 35
B/X 23.83 22.49 4.69 17
CiIC 25.87 27.18 5.68 8
CIX 23.01 20.69 4.79 16
XIX 20.16 24.62 3.36 6

UMHA, genotype-specific means (within-genotype SD = 4.8) fitted in a measured haplotype analysis for the model [A, B,udjn{ nesidual familial correla-
tions (class D regressive model)p and N, genotype-specific means, SDs and number, respectively, of individuals with each genotype for a simple statistical ana
sis pooling data for all family members with unambiguous haplotypes.
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DISCUSSION Villard et al (13) of a majorACEvariant mapping to the promoter
region is not confirmed by our study. We suggest that analysis of

The two most frequent haplotypes at #€E locus in the white their data by'the mgthpds presented here .mlght be helpful.
British population are complementary to each other for all 10 An alternative statistical test for other variants aftB&locus
polymorphisms typed in this study. This is perhaps not al§ Provided by acomparison of models[A, B, C, X]and [& 8,
unexpected finding, given the strategy employed by Visaed ~ X]- This test shows that there is no supp8tt>(0.05) for an
(13) in defining the polymorphisms. They sequenced foypdditional variant mapping upstream of the promoter. We aIsQ
subjects with contrasting ACE levels, thus maximizing theéote thatthe polymorphisms T1237C and G2215A appear in their
chances of detecting new polymorphisms that are in strorfjternative states in members of clades A and B, which makes
disequilibrium with the I/D polymorphism [and in all likelihood them very unlikely to be the downstream m#Q@Evariant. The
with the trait variant(s) associated with the I/D polymorphism]!/D, G2350A and 4656(C%), polymorphisms show no substitu-
The third most frequent haplotype shares the proximal half of it§ns within the clades, consequently no differential inferences
sites with haplotypes in clade A and the distal half with haplotypeay be made regarding their influence on ACE levels. The
2. We propose that haplotype 3 was most likely created by gmesence of residual familial correlations that are not accounted
ancestral recombination event in an individual with the genotyder by the ACE-linked QTL was strongly supported in our
A/2. A very similar haplotype pattern can be deduced from thanalyses. These residual correlations are compatible with the
data reported by Villardt al (13); however, they subdivided the presence of an unlinked genetic factor(s) consistent with our
haplotype at the breakpoint and analysed pairs of markers ratpeevious findings based on a different populatit).(
than the complete haplotype. Sequential examination of individual polymorphisms within a
Itis important to consider alternative molecular mechanisms ene or region of interest in an attempt to narrow the region in
explain how haplotype 3 arose. A gene conversion or doublghich a causative variant may be found is fraught with problems
recombination event involving the transfer of a continuousf interpretation. For correct inferences to be drawn, disequilib-
segment of at least 6 kb of DNA, including the five polymorphrium models need to be correctly specified in terms of the number
isms that map upstream of tA€E promoter, from clade A to of variants, which is impossible to verify until the exact nature of
haplotype 2 cannot be excluded from consideration. Under thie quantitative variation is known. Also, the dimensionality of
scenario, the major variant influencing ACE levels could then bgisequilibrium models increases exponentially with the number
located upstream of theCE gene. However, at least 6 kb of of polymorphisms and variants in the model and strategies to
sequence including th&CE promoter would then be excluded requce the complexity of the analytical problem are desirable.
from harbouring the major variant influencing ACE _Ievels_. Haplotype-based analyses summarize linkage disequilibrium
In our data, haplotypes 4-7 each showed a single intern@|ationships and provide a natural approach to mapping quanti-
difference with haplotypes 1, 2 and 3 and could therefore Rgive variation onto genetic diversity that is biologically
assigned to one of the three clades, adhering to the pnnmpleﬁgpea”ng_ To this end, Templeton and colleagues (for a recent

maximum parsimony. Several rare haplotypes not listed in Tablg, e,y see ref16) have investigated cladistic methodologies in

1 could also be assigned to one of the three clades. We have o ot ;
R study of quantitative variation. They argue that mutations that
measured the individual effects of these haplotypes on AC yorq yarg

level th b f oh d subiect ing the fluence traits have arisen during the evolutionary history of the
evels as the numbers of phenotyped subjects carrying thegg ¢ polymorphisms that are associated with the trait. Conse-

haplotypes is too small for a meaningful analysis, but instead V&%ently, it is expected that members of clades of haplotypes will

ooled all rare haplotypes into group X. .
P The finding ofarl)im%/gd numbgr of glades provides a bounda (esemble eaph other phgnotyplgally and the OV?“'?‘" haplotype
dogram will be useful in devising powerful statistical tests to

for the potential model space that should be explored in attem Stinquish the most important mutations. Using data sets for
to structure the underlying variation that directly influences AC guIs ; P ; ' 9
rosophila traits, Templeton and Sind.{) have shown how

levels. Consider two alternative models, a single variant mod S ) ; o
gseful recombination can be to refine the physical localization of

and a two variant model with one variant on either side of th - i
enotype-modifying mutations. Here we have adopted these

ancestral breakpoint. For the single variant model, we mag;?h d h vsis of a h Z it with .
suppose that clade A carries a low trait allele and clade B carriQ§€tnods to the analysis of a human quantitative trait with no prior

a high trait allele. We then directly test the location of the variargSSumptions regarding the number or location of the underlying
relative to the ancestral breakpoint in a nested statistical analysfgriants. Our method takes full advantage of the opportunity
For the two variant model, we suppose that clade A carries tvgifered by a simple haplotype cladogram with one clade derived
low trait alleles, clade B carries two high trait alleles and clade &0m an ancestral recombination event.

one low and one high trait allele. If we assume that one variantSequencing of the seven introns between the T-93C and
shows no dominance over the other (this assumption has beEk237C polymorphisms will be required to identify further
confirmed in supplementary analyses and it is also evident froRplymorphisms, which will refine the localization of the ancestral
an inspection of the A/A, A/B and B/B genotype means shown iireakpoint and will also characterize the variant(s) lying down-
Table3), then we would expect that clade C would have an effeétream of the T-93C polymorphism that influences ACE levels.
on the ACE trait which is intermediate between the effects dbequencing studies in other populations with different (recent)
clades A and B. The results from the measured haplotype analygilutionary histories may reveal alternative polymorphisms,
(Table2 and3) show that clade C very closely resembles clade Breakpoints and cladograms that may refine the localization of the
in its influence on ACE levels. We therefore conclude that thenajor variant(s) influencing ACE levels. These approaches will
major variant influencing the ACE levels is located downstrearhe necessary to identify a limited number of candidate variants in
of the ancestral breakpoint and that there is no significant variatiite ACE gene, which will require examination in biological

in the promoter or other upstream sequences. Thus, the findingasfsays in order to establish their functional significance.
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Table 4.Primer sequences for PCR and digestion of ACE polymorphisms

Polymorphism Primer sequence Ta (°C)3 MgClp (mM) Restriction endonuclease Fragment size (bp)

T-5491C TAC AAC CAT CAC TACTAATGT C 55, 2.0 BsiNI 110/88
TAT AAT ATA TGT GAC ATG GCCTG

A-5466C GCC ATG TCA CAT ATATTA TAG @& 500, 2.5 EcoRV 133/109
CGT CTT TGG AAACTT GTC TGC

T-3892C ATA GTG TAT ATA GGG CTT GGT AC 55, 2.0 Pst 114/90
AGA AGA TAT TTG CAA AGT ATG TAC T1G

A-240T TCG GGC TGG GAA GAT CGA GC 55, 2.0 Xba 137/114
GAG AAA GGG CCT CCT CTC ICT

T-93C° TGT CAC TCC GGA GGC GGG AGG CT 602.0 Hinfl 389/291/100
CGG CTC TGC CCCTTC TCC TGC GC

T1237C AGT GCACAC GGG TCACGA TG $82.0 Msp 108/88
CCC CCC GAC GCA GGG AGC

G2215A CAC ACC CTG AAG TAC GGC AC 60, 1.0 Hadl 131/109
TCC TCC AGC TCC TGG GCA G

G2350A CTG ACG AAT GTG ATG GCC G 58, 2.0 BsuUI 122/103
TTG ATG AGT TCC ACG TAT TTC G

4656(CT}/2 TTG GCT CCT GCT GTACCAG 60, 2.0 - 112/114

CTG CTACAC TCC AGC GTC TG

Mismatched nucleotides are underlined.
2Annealing temperature for PCR.
bTouchdown technique.

Villard et al (13).

MATERIALS AND METHODS 4656(CTX/p, that were originally described by Villaed al (13),
. . were genotyped following PCR amplification (Tafje Further
Families and ACE trait PCR experimental details may be found on a World Wide Web

Eighty-three extended families with between four and 1®age (http://www.well.ox.ac.uk/mfarral/ACE_polymorphisms.
members were collected through an established project (HTO)®M! ). The genomic location of each polymorphism is shown
investigate the genetic basis of blood pressure variability anth respect ttACE exonic sequences in Figute

cardiovascular risk factor status in the British white population

(18). The Central Oxford Research Ethics Committee approvadaplotype assignment

the protocol for collection of the families. Plasma ACE activity o )

was measured by HPLC with the use of a synthetic substite (T he SIMWALK program {4) ab initio finds a set of (possibly
All samples from one family were assayed in a single run; ea¢Bcombinant) haplotypes that are consistent with the family
sample was analysed in duplicate and re-analysed if the t@§ucture and the multilocus genotypic data. The program then
analyses differed by >15%. A preliminary correlational analysigerforms simulated annealing, a combinatorial optimization
found no evidence of an association between plasma ACE levékocedure, to search for more likely states with fewer recombi-
and systolic blood pressure £ 0.0013P = 0.98) or diastolic nant haplotypes and terminates immediately on finding a
blood pressure p( = —0.045, P = 0.45); consequently no n_on-recomblnant haplotype state. By initiating SIMWALK vv_|th
ascertainment correction was made in analyses of plasma Adferent random seeds in a pedigree, one may obtain replicates
levels. Plasma ACE levels were standardized separately for ma}at are arandom sample from the space of all possible underlying
and females to account for a small but signific&ht(0.05) haplotype_conf|gurat|ons. In SIMWALK, equal allele freqqenme_s
difference. ACE levels showed no significant relationship wittfit €ach site were assumed, so that the frequency with which

age and/or body mass index. Ages of family members rangéifferent haplotype configurations (haplotype sets) emerge in the
from 19 to 90 years. simulation would depend only on the pattern of genotype data and

relationships in that family. After many replicate haplotype sets
were produced for each family, maximum likelihood estimates of
the haplotype frequencies were computed based on a gene
DNA was extracted using standard metho#@§).(The I/D  counting or expectation maximization (EM) algorith#2,23),
polymorphism at thCE locus was typed using a PCR-basedsimilar to that used for random samples from diploid populations
method £1). A further nine polymorphisms, T-5991C, A-5466C, (24). Briefly, equal or other arbitrary values were assumed as
T-3892C, A-240T, T-93C, T1237C, G2215A, G2350A andnitial haplotype frequency estimates. New estimates were

Genotyping
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obtained by weighting each haplotype set from the simulation IREFERENCES
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