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Abstract We analyzed two-locus disequilibria for 16
polymorphic loci of seven susceptibility genes for coro-
nary artery disease located in five chromosomal regions
distributed across four chromosomes. Included were the
genes coding for apolipoprotein B (ApoB, chromosome 2,
four marker loci), lipoprotein lipase (LPL, chromosome 8,
three marker loci), apolipoproteins AI, CIII, AIV (Apo-
AI–CIII–AIV, chromosome 11, three marker loci),
apolipoprotein E (ApoE, chromosome 19, two marker lo-
ci), and the low density lipoprotein receptor (LDLR, chro-
mosome 19, four marker loci). Our sample included 540
unrelated individuals from the Rochester, Minn. popula-
tion. There were no statistically significant deviations of
single-locus genotypes from Hardy-Weinberg equilibrium.
The strongest associations within genes were for compos-
ite diallelic disequilibria; 17/19 were significant (13 at Pr
<0.001, 1 at Pr <0.01, 3 at Pr <0.05). These observations
suggest marker alleles within genes have a shared evolu-
tionary history reflected by disequilibria that have not
been dissipated by recombination. Disequilibrium was not
generally concordant with the physical orderings of mark-
ers. Only two significant higher-order disequilibria were
observed although 12 triallelic disequilibria were at maxi-
mum possible values. We observed 19 statistically signifi-
cant disequilibria (Pr <0.05; 4 composite diallelic, 13 tri-
allelic, and 2 quadriallelic) between 101 pairs of marker
loci, where each locus in a pair was from a different un-
linked region. These unexpected results are most likely ex-

plained by recent historical factors, including worldwide
population expansion and amalgamation with continuous
admixture, that influence the genetic structure (organiza-
tion of alleles and non-alleles into genotypes) of a popula-
tion. We conclude that disequilibria between loci from un-
linked regions may be more extensive than is commonly
assumed. Our findings also suggest that it is, on average,
at least 15 times more likely to not detect significant dise-
quilibrium among unlinked loci when it is really present
than to make a false positive inference. Disequilibria be-
tween functional loci within or between regions will im-
pact estimates of genetic variance associated with particu-
lar functional mutations within a susceptibility gene
region.
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Introduction

There is great interest in the vast number of polymorphic
markers being discovered at the DNA level for the study of
complex, multifactorial human diseases (e.g., Brower
1998; Brown and Hartwell 1998; Clark et al. 1998; Ghosh
1995; Kahn 1996; Murray et al. 1994; Nickerson et al.
1998; Weissman 1995). The ultimate goal of many of
these studies is to identify and characterize the effects of
functional mutations that influence phenotypic variation in
traits that determine interindividual variation in suscepti-
bility to complex diseases in the population at large. For
many complex diseases few gene regions involved in the
disease are known and new candidate regions must first be
identified (Bickeböller et al. 1995; Briscoe et al. 1994;
Devlin and Risch 1995; Ewens and Spielman 1995; Hill
and Weir 1994; Jorde 1995a; Kaplan 1995; Kaplan et al.
1995; Kruglyak 1997; Risch and Merikangas 1996;
Stephens et al. 1994; Tanksley 1993; Terwilliger 1995;
Weeks and Lathrop 1995; Weir 1996). The situation is dif-
ferent for coronary artery disease (CAD), however, since
numerous candidate susceptibility genes have already been
identified because their products are involved in lipid me-
tabolism and are known to influence risk of disease, or al-



lelic variations have been associated with interindividual
variation in susceptibility to CAD.

Many studies of the statistical relationships between
variation of multiple marker loci within candidate CAD
susceptibility genes and variation in biological risk factors
are carried out with the intent of identifying mutations
with functional phenotypic effects. Separate analyses of
variance (ANOVAs) are often used on each marker to de-
tect associations of marker genotypes with phenotypic
variation. Inferences are then made about the possible
nearby location of an unknown functional mutation,
which is assumed to be associated with variability at a
marker locus (linkage disequilibrium). Such multiple-
marker association studies make the implicit assumption
that the marker allele frequencies are independent. Marker
allele frequencies are not generally independent, however,
since statistically significant associations are commonly
observed between the relative allele frequencies of the
polymorphic marker loci within susceptibility gene re-
gions (e.g., Benlian et al. 1991; Borresen et al. 1988;
Haviland et al. 1991; Hegele et al. 1990; Thompson et al.
1988; Zerba et al. 1991).

Historical evolutionary processes, including recombina-
tion, mutation, selection, admixture, migration, and finite
population size, and the sampling design specific to a par-
ticular study, influence the associations between relative
allele frequencies of marker loci. The rare historical events
that influence the reproduction of a population are unpre-
dictable in time and the chromosomes they will affect.
Moreover, the relative frequency of a new mutation may
be of the same order as that of recombination in short
DNA regions of less than 50 kb that are typical of many
candidate gene regions. A predictable relationship between
the magnitude of linkage disequilibrium and physical dis-
tance is not expected in such regions (Jorde 1995a). Infer-
ences about the location of a functional mutation based on
the magnitude of a single marker genotype–phenotype as-
sociation are thus unreliable (Zerba et al. 1991).

Cladistic analysis has been developed, which incorpo-
rates the shared evolutionary history among multiple
marker alleles in short segments of the same chromosome,
to identify haplotypes which may be carrying functional
mutations (Haviland et al. 1995, 1997; Sing et al. 1992b;
Templeton 1995, 1996; Templeton and Sing 1993; Tem-
pleton et al. 1987, 1992, 1988). The task to then identify
the functional mutation, or mutations, responsible for a
phenotypic effect that is associated with a haplotype is not
trivial. Once a functional mutation in a gene has been
identified, however, its impact on quantitative phenotypic
variation in the population can then be evaluated.

Phenotypic variation associated with a functional muta-
tion is dependent on at least four factors related to fre-
quency and scale: (1) the frequency distribution of alleles
at the locus of the functional mutation; (2) the deviations
of the average phenotype of the individuals bearing the
functional mutation from the phenotypic average in the
population (scale); (3) phenotypic correlations of the trait
with other traits in the population that are under the
influence of other genes (scale); and (4) allelic frequency

associations (disequilibria) within and among other loci in
the population. A functional mutation in a candidate gene
region for a quantitative trait involved in susceptibility to a
complex, multifactorial disease is likely to be only one of
many possible functional mutations that may influence
such a trait. There may be multiple functional mutations at
different sites within a region as well as in different re-
gions on the same or on different chromosomes. Since
there can be associations between the relative allele fre-
quencies of unlinked genes in the population (Sinnock and
Sing 1972), meaningful inferences about the impact of any
particular functional mutation will be dependent on the
knowledge about such associations.

There have been no published studies of the genetic
structure (organization of alleles and non-alleles into gen-
otypes) of multiple markers within and among multiple
unlinked candidate CAD susceptibility genes in the same
sample from a single population. The strength of inferenc-
es about genetic structure is of concern since the power to
detect disequilibrium given the sample sizes used in most
studies may be low (Thompson et al. 1988; Ward and Sing
1970; Zerba et al. 1991). The complement to power, the
type II error probability of not detecting statistically sig-
nificant disequilibrium when it is present, may therefore
be high in most studies.

This paper estimates the genetic structure using two-lo-
cus disequilibria statistics for 16 polymorphic marker loci
distributed within and among five regions located on four
chromosomes in a sample of 540 unrelated individuals
from the Rochester, Minn. population. These regions in-
clude the ApoB, LPL, ApoAI, ApoCIII, ApoAIV, ApoE, and
LDLR genes. We find that disequilibrium between loci
within a gene region is not concordant with their physical
ordering and that disequilibrium between unlinked regions
is more extensive than is commonly assumed. We also es-
timated the type II error probabilities for disequilibria
among unlinked loci. Our findings suggest that, at levels
of disequilibria observed in our sample, it is, on average,
at least 15 times more likely to not detect significant dise-
quilibrium among unlinked loci when it is really present
than to make a false positive inference.

Materials and methods

Sample

Individuals were sampled from 285 three- and four-generation pedi-
grees ascertained without regard to health status through elementary
school children of the Rochester, Minn. population as part of the
Rochester Family Heart Study (described by Moll et al. 1989; Turner
et al. 1989). The sample that we studied was constructed in the fol-
lowing way. For each of the 285 unrelated spouse pairs from the
middle generation of parents, we chose one of the following combi-
nations of unrelated individuals with the most available data on the
16 markers: (1) spouse pair’s parents; (2) wife and husband’s par-
ents; (3) husband and wife’s parents; or (4) spouse pair. When two or
more of these combinations of unrelated individuals would have
yielded the largest number of individuals for the pedigree being con-
sidered, one combination was selected at random. Also, there were
eight spouses who had married twice. In these cases, there were two
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possible spouse pairs from which to choose combinations of unrelat-
ed individuals (1–4 above). We chose the spouse pair yielding the
most data. This procedure resulted in a sample of 540 unrelated indi-
viduals, including 298 females and 242 males.

Regions and markers

The gene, its markers and their locations are presented in Table 1.
The products of these genes play a central role in lipid metabolism
and allelic variation in each gene has been implicated in determining
interindividual variation in susceptibility to CAD. The gene coding
for apolipoprotein B (ApoB) is on the short arm of chromosome 2,
43 kb long, and includes 29 exons (Blackhart et al. 1986). ApoB is
important in the assembly of triglyceride-rich lipoproteins (Leighton
et al. 1990), a major component of low density lipoproteins (LDL),
and the ligand for the LDL receptor (LDLR; Brown and Goldstein
1986). Increased plasma LDL cholesterol levels convey increased
risk to CAD.

The gene coding for lipoprotein lipase (LPL) is on the short arm
of chromosome 8, 30 kb long, and includes ten exons (Deeb and
Peng 1989). LPL is a catalyst in triacylglycerol metabolism, influ-
encing the catabolism of triglyceride-containing lipoproteins and de-
livery of fatty acids to tissues (Kirchgessner et al. 1989; Oka et al.
1991).

Three genes coding for apolipoproteins AI (ApoAI), CIII (Apo-
CIII ), and AIV (ApoAIV) occur in a 22 kb region on the long arm of
chromosome 11 (Karathanasis 1985). ApoAI is a key part of high
density lipoprotein (HDL; Schaefer et al. 1978) and a cofactor of
lecithin cholesterol acyltransferase (Fielding et al. 1972) in reverse
cholesterol transport. ApoCIII and ApoAIV are also a part of HDL.
Low plasma levels of HDL cholesterol are associated with increased
risk to CAD.

The gene coding for apolipoprotein E (ApoE) is on the long arm
of chromosome 19, 3.6 kb in length, and includes four exons. ApoE
influences the metabolism of Apo B-containing lipoproteins (Mahley
1988). There are three common alleles in most populations (ε2, ε3,
ε4) that combine to produce six genotypes (Davignon et al. 1988).

This is one of the few examples where there is evidence for variabili-
ty in the functional characteristics of the gene product among com-
mon allelic variations (Rall et al. 1982). At the organismic level, al-
lelic variation in ApoE contributes to predicting interindividual
phenotypic differences in several traits that are measures of lipid me-
tabolism (Davignon et al. 1988; Kaprio et al. 1991; Sing and
Davignon 1985; Sing et al. 1992a; Xhignesse et al. 1991).

The gene coding for the LDLR is on the short arm of chromo-
some 19, 45 kb long, and includes 18 exons (Südhof et al. 1985).
LDL cholesterol is removed from the plasma by non-receptor-medi-
ated pathways and by receptor-mediated endocytosis through the
LDLR (Goldstein and Brown 1989). Particular mutations in the
LDLR gene have been associated with excessive plasma cholesterol
levels and premature CAD (for review see Hobbs et al. 1990).

Marker typings

Blood samples were collected by venipuncture into EDTA. Markers
of all but the ApoE gene were typed by DNA amplification using
primers flanking each polymorphic site followed by digestion of the
amplification product with the appropriate restriction endonuclease
and electrophoresis in 1% agarose gels. The three common ApoE
protein isoforms coded by the three common ApoEalleles were de-
termined by isoelectric focusing using the method described by
Kamboh et al. (1988). Since these isoforms correspond directly to
differences at amino acid residue sites 112 and 158 (Rall et al.
1982), we used the isoform typings to infer the common ApoEgeno-
type of each individual (Reilly et al. 1992). Parents and children of
the unrelated sample of individuals used in this study were also
typed for the purpose of checking for typing errors. We used the
computer program PATCH (Wijsman 1987) to identify inheritance
inconsistencies. When an inconsistency was found, all members of a
pedigree were retyped to resolve the error.
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Gene region Chromosome Marker Location Reference
/locus

ApoB 2/p23–p24 I/D Signal peptide Boerwinkle and 
region (5’) Chan (1989)

XbaI Exon 26 Berg et al. (1986)
MspI Exon 26 Priestley et al. (1985)
EcoRI Exon 29 Shoulders et al. (1985)

LPL 8/p22 PvuII Intron 6 Fisher et al. (1987); 
Li et al. (1988)

HindIII Intron 8 Heinzmann et al. (1987)
BstNI Intron 8 Funke et al. (1988)

ApoAI–CIII–AIV 11/q23.3 I/D 5’ to ApoAI Coleman et al. (1986)
PstI 3’ to ApoAI Kessling et al. (1985)
SstI 5’ to ApoCIII Rees et al. (1983)

ApoE 19/q13.2 AA 112 AA 112 Rall et al. (1982)
AA 158 AA 158 Rall et al. (1982)

LDLR 19/p13.3 TaqI Intron 4 Yamakawa et al. (1987)
StuI Exon 8 Kotze et al. (1986)
HincII Exon 12 Leitersdorf and 

Hobbs (1988)
AvaII Exon 13 Hobbs et al. (1987); 

Leitersdorf and 
Hobbs (1988); 
Yamakawa et al. (1987)

Table 1 Gene regions and
marker locations (AA amino 
acid)



Statistical analyses

The most frequent alleles of a pair of markers are designated A and
B. All markers have only two codominant alleles. The observed rela-
tive frequencies of the single marker and two-marker genotypes were
taken to be estimates of the relative genotype frequencies. Double
heterozygotes were not distinguished, since complete phase informa-
tion was not available for all individuals for all pairs of markers.
There were nine two-marker genotype classes for each pair of mark-
er loci. Variances of relative allele frequencies were estimated as de-
scribed by Weir (1996). We characterized the genetic structure with-
in and among regions using the approach and methodology outlined
by Weir and Cockerham (1989). For each marker, we estimated the
deviations of the three genotype frequencies from Hardy-Weinberg
equilibrium expectations (DA). For marker pairs we estimated the
composite diallelic (∆AB), two triallelic (DAAB, DABB), and quadriall-
elic disequilibria (∆AABB).

We estimated the bounds for each measure of disequilibrium.
Bounds for DA were determined according to Weir and Brooks
(1986). The bound for DAB is the same as that for DA/B when their
signs are the same. The signs of DAB and DA/B are more likely the
same the more ∆AB is significantly different from zero. Their signs
may be different, however, when ∆AB is not significantly different
from zero. Differences in sign in this case depend on the distribution
of individuals in the two possible double heterozygote classes; the
signs are the same only at or near an equal distribution of individu-
als. Bounds for ∆AB were therefore estimated as twice the values for
DAB defined by Weir and Cockerham (1989), assuming a nearly
equal distribution of individuals among the two double heterozygote
classes. Bounds for the triallelic disequilibria were estimated accord-
ing to Weir and Cockerham (1989). Bounds for quadriallelic disequi-
librium are unknown. We also computed the standardized disequilib-
rium, ∆9AB, as the disequilibrium estimate divided by its positive
upper or negative lower bound, corresponding to the sign of the esti-
mate of ∆AB.

For each disequilibrium estimate, we tested the null hypothesis
that a particular disequilibrium parameter estimate, , for the popu-
lation was zero by 

X2 = / var ( )0 (1)δ̂
2

δ̂
2

δ̂

where var( )0 is the variance of δ estimated under the null hypothe-
sis (δ set to zero) and all other parameters, relative genotype fre-
quencies and disequilibria, are at their respective point estimates.
The variance of each disequilibrium was estimated according to Weir
and Cockerham (1989). The X2 is approximately distributed as a χ2

with one degree of freedom. We use the conventional statistical sig-
nificance level of α=0.05 for single tests throughout and did not ad-
just the significance level for multiple tests. This is a conservative
procedure for estimating patterns of significant disequilibrium given
the low power to detect disequilibrium in general (Zerba et al. 1991).

We were interested in testing for differences in average compos-
ite diallelic disequilibrium among regions. It is well known that dise-
quilibrium is a function of allele frequencies (Hedrick 1987;
Lewontin 1988). It is not known in our study, however, whether the
degree to which variability in the observed disequilibria among re-
gions is due to real differences in disequilibrium among regions
and/or differences in allele frequencies among sites/regions. Conse-
quently, we tested homogeneity of the relative allele frequencies
among sites, among regions, and among sites within regions using
likelihood ratio statistics (G2; Weir 1996). We found significant het-
erogeneity of relative allele frequencies at all levels. Heterogeneity
in allele frequencies among regions could result in significant differ-
ences in average disequilibrium among gene regions. Consequently,
we performed linear regression analyses of composite diallelic dise-
quilibrium estimates on common relative allele frequency estimates
at the two loci involved in each disequilibrium estimate to obtain es-
timates of the relationships between variability in disequilibria and
variability in common allele frequencies. Equality of average com-
posite diallelic disequilibria among regions was then tested by
ANOVA.

For each pair of unlinked marker loci (101 pairs altogether) and
each of the four disequilibria (composite diallelic, two triallelic and
quadriallelic) for that pair, we used computer simulation to
determine the type II error probability of not detecting
disequilibrium of the magnitude observed in our sample. We con-
structed a population with the relative genotype and allele frequen-
cies and hence disequilibria observed in our sample. Each observed
disequilibrium served as the alternative to the null hypothesis of that
disequilibrium equal to zero for the type II error simulations. For
each marker pair and each of the four disequilibria for that pair, 

δ̂
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Fig. 1A–D  Patterns of signifi-
cant disequilibria within and
among regions. A Composite
diallelic. B Triallelic, DAAB. C
Triallelic, DABB. D Quadriallelic.
Significance levels are indicated
by slashes0.1>Pr≥0.05, crosses
0.05>Pr≥0.01, half-filled
squares0.01>Pr≥0.001, filled
squares Pr<0.001



10,000 bootstrap samples were drawn from this population with re-
placement. For each replicate sample we estimated the disequilibri-
um coefficient of interest and tested the null hypothesis using (1).
Type II error probability was determined as the proportion of the
simulations in which the χ2 was less than or equal to the critical val-
ue of 3.84 for a single degree of freedom test at α=0.05. For each of
the four types of disequilibria we then estimated the average type II
error probability over the 101 pairs of unlinked marker loci for our
study

Results

The most frequent relative allele frequencies are presented
in Table 2. For each region, markers are listed in order 59
to 39. These relative allele frequencies ranged from 0.53,
for PvuII and HincII in the LPL and LDLR gene regions,
to 0.95, for StuI in the LDLR gene region.

There were no significant deviations of single-locus
genotype frequencies from the Hardy-Weinberg expecta-
tion and none of the values of DA were at the maximum
possible values. Estimates of composite diallelic disequi-
librium (∆AB) within regions, ∆9AB×100, and significance
tests are presented in Table 3. Most estimates were signifi-
cant (17/19). The exceptions were PstI–SstI in Apo-
AI–CIII–AIV and TaqI–StuI in LDLR. Note that for these
two marker pairs, the 59 marker has a significant ∆AB with
all other 39 markers. We observed no significant triallelic
disequilibria, although 12 estimates were at the maximum
possible values. We observed one significant quadriallelic
disequilibrium (I/D–EcoRI in ApoB: ∆AABB=1.10×10–3,
χ2=7.4, Pr=0.006).

Patterns of significant disequilibria within and among
regions are presented in Fig. 1. The most significant com-
posite diallelic disequilibria were most frequently ob-
served within regions (Fig. 1A). There were 4/101 com-
posite diallelic disequilibria among regions, however, that
were significant. There were 13/202 significant triallelic
disequilibria among regions and only one within regions
(Fig. 1B, C). We observed 2/101 significant quadriallelic
disequilibria among regions (Fig. 1D). If the significance
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Table 2 Most frequent relative allele frequencies. In no case did
the observed relative genotype frequencies deviate significantly from
the Hardy-Weinberg expectation (AA amino acid)

Region Marker var( )×10–4

ApoB I/D 0.67 1.87
XbaI 0.54 2.23
MspI 0.89 0.85
EcoRI 0.88 0.99

LPL HindIII 0.74 1.84
PvuII 0.53 0.24
BstNI 0.72 1.86

ApoAI–CIII–AIV I/D 0.56 2.43
PstI 0.94 0.55
SstI 0.90 0.84

ApoE AA 112 0.83 1.32
AA 158 0.92 0.65

LDLR TaqI 0.93 0.62
StuI 0.95 0.41
HincII 0.53 2.34
AvaII 0.54 2.28

P̂AP̂A

Region: marker pair (A–B) AB×10 9AB×100 χ2 Pr

ApoB:
I/D–XbaI 0.80 22.35 71.69 <0.001
I/D–MspI 0.40 27.99 65.26 <0.001
I/D–EcoRI –0.24 30.53 14.19 <0.001
XbaI–MspI 0.40 34.06 40.34 <0.001
XbaI–EcoRI –0.54 48.26 56.44 <0.001
MspI–EcoRI –0.12 46.70 7.64 0.006
LPL: 
PvuII—HindIII 0.96 34.72 93.92 <0.001
PvuII–BstNI 1.02 34.55 104.74 <0.001
HindIII–BstNI 1.88 49.92 441.73 <0.001
ApoAI–CIII–AIV: I/D–PstI 0.34 49.96 33.46 <0.001
I/D–SstI 0.41 35.67 34.70 <0.001
PstI–SstI –0.01 11.55 0.24 0.625
ApoE:
AA 112–AA 158 –0.11 40.70 6.48 0.011
LDLR: 
TaqI—StuI –0.02 32.13 0.89 0.344
TaqI–HincII –0.41 61.46 48.92 <0.001
TaqI—AvaII –0.38 57.16 43.89 <0.001
StuI–HincII –0.09 20.01 4.34 0.035
StuI–AvaII –0.09 19.69 4.28 0.039
HincII–AvaII 2.44 24.53 521.56 <0.001

∆̂∆̂
Table 3 Composite diallelic
disequilibria within regions (AA
amino acid)



level is extended to include α=0.1, there are an additional
eight significant composite diallelic, eight triallelic, and
two quadriallelic disequilibria among regions, and there an
additional two significant triallelic disequilibria within re-
gions.

We observed significant heterogeneity of relative allele
frequencies among sites, among regions, among sites with-
in regions, and among sites within every region specifical-
ly (Pr<0.001 in all cases). Variability in composite
diallelic disequilibrium estimates was significantly nega-
tively associated with variability in common relative allele
frequencies at the two loci (F=7.42, Pr=0.0052, df=2,16:

0=4.1, pA=–3.1, t=–3.56, Pr=0.0026, pB=–1.9,
t=–2.34, Pr=0.0328). Means of raw and standardized com-
posite diallelic disequilibrium, however, did not differ sig-
nificantly among regions (F=1.47, Pr=0.2644, F=0.12,
Pr=0.9736, respectively, df=4,14).

Estimates of type II error probabilities for the observed
disequilibria among unlinked loci in our sample are present-
ed in Table 4. The type II error probabilities were quite
high; the estimates, on average, were at least 15 times great-
er than the standard type I error probability of 0.05.

Discussion

We observed statistically significant estimates of disequi-
librium within all of the gene regions studied. Moreover,
patterns of significant composite diallelic disequilibrium
within regions indicate that the relative allele frequencies
of pairs of loci are highly associated. These results suggest
that particular marker allelic combinations that occur close
together on chromosomes have a shared evolutionary his-
tory, reflected in diallelic disequilibrium that recombina-
tion has not dissipated. In the ApoAI–CIII–AIVregion, the
estimate of composite diallelic disequilibrium was not sig-
nificant for the PstI–SstI marker pair although both mark-
ers were in significant disequilibrium with the I/D poly-
morphism 59 to PstI. A similar relationship was observed
in the LDLR region. The estimate of composite diallelic
disequilibrium was not significant for the TaqI–StuI mark-
er pair although both markers were in significant disequi-
librium with all other 39 markers in the region. These two
marker pairs, PstI–SstI and TaqI–StuI, may each have had
a longer shared evolutionary history than other marker
pairs, such that there has been sufficient time for recombi-
nation events to randomize the relative allelic frequencies.

β̂β̂β̂

These patterns of disequilibrium in the Apo-
AI–CIII–AIV and LDLR regions also indicate that disequi-
librium cannot be used to predict the physical distance re-
lationships among loci in these two regions. A similar
conclusion can be reached for the ApoB region. The mag-
nitude of the standardized estimates of disequilibrium,
∆9AB, and the physical orderings of the markers are not
correlated (Table 3). Magnitudes of standardized estimates
for the LPL region were highest for the HindIII–BstNI
marker pair closest together in the same intron and about
the same for both of these marker pairings with the 59
marker (PvuII). A conclusion that disequilibrium might be
related to physical distance between loci in the LPL gene
region cannot be made with confidence from data on only
three polymorphisms.

Our study adds to a substantial body of empirical evi-
dence that disequilibrium cannot be used to infer physical
distance relationships among loci in short DNA regions
(but see also Jorde 1995b; see review by Jorde et al. 1994;
Zapata and Visedo 1995). All of the regions in our study
were less than 50 kb. Jorde (1994) argues that the variance
of standardized disequilibrium measure, r, is too large in
regions less than 50–100 kb for there to be a reliable
disequilibrium–distance relationship. This argument as-
sumes all polymorphisms are of equal age and recombina-
tion is the only force affecting the disequilibrium between
loci. There cannot be a reliable disequilibrium–distance re-
lationship in such regions for three additional reasons.
First, although markers in a region share an evolutionary
history, the unpredictable nature of mutation means that
each polymorphism probably originated at a different
time. Second, mutation rate may be of the same order of
magnitude as that of recombination in these short DNA re-
gions. Third, the rate of recombination is likely to vary
along the chromosome resulting in heterogeneity in the de-
cay of disequilibrium between markers.

Thompson and Neel (1997) suggest that there is no
need to invoke selection as an explanation for the high de-
gree of disequilibrium observed in closely linked regions.
Instead, they argue that most polymorphisms are likely of
recent origin and unique to what were once isolated tribal
populations. The recent extensive expansion and amalgam-
ation of most human populations is thus expected to have
generated considerable disequilibrium among loci over re-
gions as large as 0.5 cM. This could also explain the heter-
ogeneity in allele frequencies we observed within and
among regions. Moreover, although variability in compos-
ite diallelic disequilibrium was negatively associated with
variability in relative allele frequencies, this relationship
was not strong enough to result in statistically detectable
differences in average estimates of composite diallelic dis-
equilibrium among regions. This suggests that these recent
population historical effects on disequilibrium are distrib-
uted about equally across the five regions of this study and
probably across much of the genome.

It is well known that admixture among populations can
generate disequilibrium even among loosely linked loci.
The significant composite diallelic disequilibrium among
regions that we observed also included higher-order triall-
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Table 4 Type II error probabilities for unlinked loci (n=101 pairs
of marker loci). Each of the 101 type II error probabilities was based
on 10,000 bootstrap samples

∆AB DAAB DABB ∆AABB

Mean 0.83 0.83 0.81 0.79
SD 0.16 0.15 0.19 0.23
Minimum 0.05 0.36 0.18 0.00
Maximum 0.95 0.99 0.99 0.97



elic and quadriallelic disequilibria. Such higher-order dise-
quilibria represent additional dependencies among alleles
in the way they combine to form haplotypes and genotypes
which may be caused by the same forces responsible for
diallelic gametic disequilibrium. Assuming no further ge-
netic contact, however, diallelic gametic disequilibrium
among unlinked loci that is caused by admixture is expect-
ed to decay rapidly within two to four generations
(Stephens et al. 1994). Current worldwide changes in the
genetic structure of the human population due to popula-
tion expansion and amalgamation, as described by Thomp-
son and Neel (1997), and the high degree of mobility of
many individuals among populations in modern society
suggest that continuous admixture is more likely. More-
over, the population of Rochester, Minn. increased from
57,890 to 70,745 individuals (22.2% increase) between
1980 and 1990 alone (United States Bureau of the Census
1983, 1993). This population increase was during the time
which the sample for this study was collected. This popu-
lation increase is not an isolated event, but parallels the
generally recognized worldwide changes in population
growth and amalgamation that have occurred since the ad-
vent of modern agriculture. We conclude that recent popu-
lation historical factors are the most likely explanation for
the considerable disequilibrium among unlinked regions
we observed and suggest that disequilibrium among un-
linked loci may therefore be much more extensive than is
commonly assumed.

Our findings suggest caution in using information
about associations between marker loci and phenotypic
variation for inferring the locations of functional muta-
tions. The 16 loci in the five regions we studied represent
only a tiny fraction of the possible set of loci in these re-
gions that may also be in disequilibrium. Moreover, as-
suming functional mutations can be identified in known
candidate susceptibility gene regions, estimating their im-
pacts on quantitative trait variation in the population will
be affected by other functional loci, within and among re-
gions on the same chromosome as well as on different
chromosomes, in disequilibrium with the functional muta-
tion. The portion of genetic variance of a quantitative trait
attributable to a particular functional mutation will be ei-
ther enhanced or diminished depending on the signs of the
disequilibria involved (Falconer and Mackay 1996).

One possible interpretation of the number of significant
disequilibria among unlinked loci we observed is that it is
not much different than might be expected by chance; it
could be just a series of type I errors. Type II error probabil-
ity estimates, however, were at least 15 times higher, on av-
erage, than the standard type I error probability of 0.05. We
suggest that real disequilibrium is a much more likely inter-
pretation since hypothesis tests about disequilibria are so
conservative in general (low power, high type II error proba-
bility) that it is much more likely to miss real disequilibria
and hence make a type II error using the standard α level of
0.05 (Ward and Sing 1970; Zerba et al. 1991). Increasing
the α level to 0.10 increases the acceptable type I error rate
by only 5%, in contrast to the average observed type II error
probability of about 0.85 at the standard α level. It is indeed

possible that we are picking up additional signals of real
disequilibrium in this α range just above 0.05.

It is commonly assumed that the contributions of varia-
tions in polygenes to variations in complex quantitative
traits are independent and additive. Considering the poten-
tial cumulative impact of large numbers of unlinked loci in
disequilibrium across the genome on estimates of the ge-
netic variance of quantitative traits associated with known
functional mutations, discounting the possibility of mak-
ing type II errors and writing off these results solely due to
chance could have much more serious consequences than
allowing for a slightly higher possibility of making type I
errors. We conclude that the patterns of disequilibria with-
in and among the many genes that are involved in deter-
mining interindividual variation in susceptibility to a com-
mon disease having a complex multifactorial etiology
make the characterization of the effects of a particular
functional mutation one of the most difficult biomedical
research challenges for the twenty-first century.
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