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ABSTRACT

We analyzed allelic associations (disequilibria) for four restriction fragment length polymorphisms
(RFLPs) in the region of the 43-kb Apo B gene in a sample of 233 unrelated individuals from Montreal,
Canada, sampled for health. This total sample (T) included 160 individuals of known French Canadian
(FC) ancestry. We present a rigorous application of current methodology to these samples, including
estimation of type 11 error probabilities and correlations between markers for estimates of disequilibria.
We then consider the utility of these estimates of allelic disequilibria for the interpretation of genotype-
phenotype relations. Significant deviations from Hardy-Weinberg equilibrium were not predicted by
proximity to other markers in disequilibrium. We found significant quadri-allelic disequilibrium for
two marker pairs despite absence of significant deviations from Hardy-Weinberg equilibrium for
either marker or tri-allelic disequilibrium, respectively. Altogether these results underscore the
complexity of the genotypic structure of the data. A combination of nonevolutionary factors, including
sampling for health, small sample size and data exclusion due to methodological constraints of not
successfully typing all members of the sample for every RFLP, is a likely explanation for this
complexity. These types of factors are common to many RFLP studies. Patterns of composite di-allelic
disequilibrium indicated that some RFLP allele pairs may have a longer shared evolutionary history
than others and that disequilibrium is not predicted by distance between RFLPs. Type 1I error
probabilities were generally much higher than those for type I errors. Correlations between marker
pairs for disequilibria were generally not high. We show from a review of 14 published studies of
association between the Xbal RFLP and variation in a total of 15 lipid traits that deviations from
Hardy-Weinberg equilibrium can cause substantial differences in the estimation of variability associ-
ated with phenotypic differences among marker genotypes relative to Hardy-Weinberg conditions.

ARKERS such as restriction fragment length
polymorphisms (RFLPs) are in widespread use
to identify DNA sequences containing mutations re-
sponsible for quantitative phenotypic variation in a
population. When multiple markers of a gene region
are available, they are commonly used individually in
separate analyses of variance (ANOVAs) to detect
associations of marker genotypes with phenotypic var-
iation. Inferences are then made about an unknown
functional mutation with a phenotypic effect, which is
nonrandomly associated with marker alleles, consid-
ering all single-marker analyses simultaneously. This
approach implicitly assumes the marker allele frequen-
cies are independent. Inferences from this analytical
strategy ignore the evolutionary history shared by the
markers.

Evolutionary history events, including admixture,
finite population size, selection, migration and muta-
tion, determine the genetic structure defined by fre-
quency associations among marker alleles on the same
(gametic allele associations) and different homologous
chromosomes (nongametic allele associations). Sam-
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pling design factors, including nonrandom sampling,
small sample size and data exclusion due to method-
ological constraints, represent an additional, very im-
portant and largely unrecognized class of determi-
nants of such allele frequency associations. Whichever
the cause(s), nonrandom marker allele frequency as-
sociations (allelic disequilibria) result in two major
problems for ANOVA studies of marker-phenotype
associations.

First, the presence of gametic allele associations
means that inferences from analyses of markers are
interdependent (TEMPLETON, BOERWINKLE and SING
1987; TEMPLETON et al. 1988). In addition, since
evolutionary history events are infrequent and unpre-
dictable in time and in chromosomes they affect, a
predictable relationship is not expected between the
degree of gametic allele association and physical dis-
tance. This unpredictability applies to associations
among marker alleles and between alleles of markers
and the mutation(s) responsible for a phenotypic ef-
fect. Consequently, specificity of information from
individual markers about the location of a mutation
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with a phenotypic effect is not possible. Where there
is gametic allelic disequilibrium, inferences from mul-
tiple single-marker analyses are limited to showing
whether or not the region being marked is involved
with the phenotype (KESSLING et al. 1991).

Second, nongametic allelic disequilibrium will affect
inferences about association of markers with pheno-
typic variation. Phenotypic variation associated with
marker allelic variation is dependent on three factors
related to frequency and scale: (1) the frequency dis-
tribution of marker genotypes; (2) the association
between a mutation with a phenotypic effect and
marker alleles; and (3) the impact of the mutation on
the phenotype (scale). Inferences about associations of
single markers with phenotypic variation are often
made assuming that genotypes are in Hardy-Weinberg
proportions in the population. If it is assumed that the
“truth” is represented by genotypes in Hardy-Wein-
berg proportions, then deviation of marker genotypes
from Hardy-Weinberg expected values results in dif-
ferences in the estimation of phenotypic variation
associated with a single marker relative to these con-
ditions.

The first step in dealing with these issues is to
understand the genetic structure of marker variation.
The strength of inferences about genetic structure
becomes especially important because this information
is critical in the proper design of statistical analyses to
locate mutations with phenotypic effects. Power to
detect disequilibrium given sample sizes used in most
studies may be low (WARD and SING 1970; THOMPSON
et al. 1988). Thus, the complement to power, i.e., the
type II error probability of not detecting disequili-
brium when it is present, may be high. Type 1I errors
may also play an important role in explaining discor-
dant inferences about genetic structure of a region,
estimated by different studies using the same set of
markers. In addition, there is the concern regarding
correlated type I and type II errors of inference
resulting from estimating many allelic associations
from the same set of data.

This report focuses on an analysis of the genetic
structure of marker alleles in the Apolipoprotein B (Apo
B) gene region in humans. The DNA sequence encod-
ing the Apo B gene is on the short arm of chromosome
2, 43 kb in length and includes 29 exons (BLACKHART
et al. 1986). Apo B plays a central role in assembly of
triglyceride-rich lipoproteins (LEIGHTON et al. 1990),
is a major component of low density lipoproteins
(LDL) and the ligand for the LDL receptor (BROWN
and GOLDSTEIN 1986). LDL is a major transporter of
cholesterol in plasma. It is well established that ele-
vated LDL cholesterol levels convey increased risk of
coronary artery disease (CAD). Thus apolipoprotein
B is a candidate for a role in the pathogenesis of CAD
(SNIDERMAN and SILBERBERG 1990).
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FIGURE 1.—The Apo B gene region and location of RFLPs. Filled
bars represent exons; open bars represent introns.

We evaluate the genetic structure defined by allelic
associations at each and between pairs of four RFLPs
in the Apo B region. We present a rigorous application
of current methodology to this data set including
estimation of type II error probabilities and correla-
tions between markers for estimates of allelic disequi-
libria. We then consider the utility of these estimates
of genetic structure for the interpretation of marker
genotype-phenotype relationships. We show from a
review of 14 published studies of association between
the Apo B Xbal RFLP and variation in a total of 15
lipid traits that deviations from Hardy-Weinberg equi-
librium can cause substantial differences in the esti-
mation of variability associated with phenotypic scale
differences among marker genotypes relative to
Hardy-Weinberg conditions.

MATERIALS AND METHODS

Sample: Unrelated white-collar workers, aged 20 to 59
years from the Hydro-Quebec power company of Montreal,
Canada, were sampled according to health status by the
Hyperlipidemia and Atherosclerosis Research Group at the
Clinical Research Institute of Montreal to represent a pop-
ulation free of clinical manifestations of disease, including
cardiovascular disease, hypertension, chronic disorders re-
quiring medication, previously diagnosed thyroid dysfunc-
tion, diabetes, gout, renal dysfunction or hyperlipidemia (S.
LussIER-CACAN, unpublished data). There were 233 individ-
uals with typings for all four Apo B RFLPs; 146 male and
87 female. This was the total (T) sample used for this study.
Of these, 160 individuals were of known French Canadian
(FC) ancestry (KESSLING et al. 1991). These two samples
were part of an overall sample of 347 individuals on which
RFLP typings were attempted. The difference between this
larger sample and the T sample used in this study is the
result of data exclusion due to methodological constraints.
Individuals were not included if they could not be typed for
an RFLP because independent assessments by three inves-
tigators did not agree on the typing from reading the
autoradiograms. In common with other RFLP studies, typ-
ings were repeated where DNA was sufficient but rejected
where DNA was insufficient for a repeat of the assay.

Molecular genetic analyses: Restriction endonuclease
analyses defining the four markers in this region for this
sample have been described (KESSLING et al. 1991). The Apo
B gene region and location of RFLPs is depicted in Figure
1. Two of the four polymorphisms are near the 5’ end with
the others near the 3’ portion of the Apo B region. The
HinclI and Pvull polymorphisms are in intron 4, 171 bp 3’
to exon 4 and within an Alu sequence 523 bp 5’ to exon 5
(HuaNG, R1PPs and BREsLOw 1990), respectively. Both are
restriction site polymorphisms resulting from single base
substitutions. The Xbal polymorphism is in exon 26 and
changes the third base of codon 2488, but does not alter an
amino acid (BERG et al. 1986). The EcoRI polymorphism is
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in exon 29. The presence of the EcoRI variable restriction
site alters glutamic acid to lysine (SHOULDERS et al. 1985)
and is associated with the Ag antisera type t/z (Ma et al.
1987).

Statistical analyses: In the following expressions we em-
ploy the notation of WEIR and COCKERHAM (1989). The
most frequent alleles of a pair of RFLPs are designated A
and B, respectively. Genotype frequency estimates were the
observed 12 single-marker and 54 two-marker genotype
frequencies. For each pair of marker loci, nine two-marker
genotypes were recognized; double heterozygotes were not
distinguished. Allele frequencies were estimated by gene
counting. Variances of allele frequencies were determined
according to WEIR (1990). Using an approach and meth-
odology outlined by WEIR and COCKERHAM (1989), for each
RFLP, we estimated deviations of the three genotype fre-
quencies from those expected at Hardy-Weinberg equilib-
rium {D,). For pairs of RFLPs we estimated composite di-
allelic (Aag), two tri-allelic (Daas, Dass) and quadri-allelic
(Aaann) disequilibria. We also estimated variances for each
of these disequilibria.

Bounds of all these disequilibrium estimates are affected
by allele frequencies (HEDRICK 1987; LEWONTIN 1988).
Disequilibrium estimates and their variances other than Da
are affected by other disequilibria estimates (WEIR and
COCKERHAM 1989). We therefore determined the limits of
each of the observed disequilibria and the percentage of
each divided by its limit. Bounds for Dx were determined
according to WEIR and BROOKS (1986). Since Asp is a
composite measure of two disequilibria having the same
limits, we determined the bounds for A,g as twice values for
D i defined by WEIR and COCKERHAM (1989). Bounds for
tri-allelic disequilibria were determined according to WEIR
and CocKERHAM (1989). Bounds for quadri-allelic disequi-
libria have not been derived and hence were not estimated.

For each disequilibrium estimate, we tested the single
degree of freedom null hypothesis that the disequilibrium
parameter é = 0 by

x* = 6°/var(d)o 0y

where ¢ represents the disequilibrium estimated and var(é)o
represents the variance of é estimated under the null hy-
pothesis with the 6 set to zero and all other parameters at
the respective point estimates. x* in (1) is approximately
distributed as chi-square with one degree of freedom. We
use the conventional statistical significance level « = 0.05
for single tests throughout.

We used computer simulation to determine the type 11
error probabilities of not detecting disequilibrium of the
size determined by the observed allele and genotype fre-
quencies and sample sizes. We constructed T and FC pop-
ulations with the relative genotype and allele frequencies
and hence the disequilibria observed in our samples. These
observed disequilibria served as the alternatives to the null
hypothesis of disequilibrium equal to zero for the type 11
error simulations. Then, for each disequilibrium, 10,000
replicate random samples were drawn from each of these
populations with replacement. Samples were of size 233 or
160 depending on whether we were considering the T
sample or FC subsample. For each replicate sample we
calculated the disequilibrium coefficient of interest and
tested the null hypothesis using the strategy described
above. Type II error probability was determined as the
proportion of the simulations in which the chi-square was
less than or equal to the critical value 3.84 for a single
degree of freedom test at « = 0.05. Altogether, 28 type 11
error probability simulations were performed for the esti-
mated disequilibria in our samples.
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FIGURE 2.—Impact of deviations from Hardy-Weinberg equilib-
rium on estimation of sum of squares variability associated with
marker genotypes. Relationship in figure based on review of 14
published association studies of a total of 15 lipid traits with the
Apo B Xbal RFLP as marker (LAW et al. 1986; Cocozza et al. 1987;
TALMUD et al. 1987; AALTO-SETALA et al. 1988, 1989; DUNNING et
al. 1988; LEREN et al. 1988; MONSALVE et al. 1988; DEMANT ¢t al.
1988; HOULSTON et al. 1988; DARNFORS et al. 1989; MYANT et al.
1989; WIKLUND ¢t af. 1989; PAULWEBER e al. 1990).

Since all of the tests for disequilibria were performed on
the same data set, we were concerned with the potential for
correlated type I (SOKAL and RoHLF 1981) and correlated
type I errors of inference. We evaluated such potential
correlated errors of inference using bootstrap techniques
(EFRON 1982; WEIR and BROOKS 1986) to estimate the
correlation between a pair of markers or two pairs of mark-
ers for the respective allelic disequilibria. A substantial pos-
itive correlation would support the potential for correlated
errors of inference. We focused on the correlations between
RFLPs for Ds in the T sample and FC subsample and
between different pairs of RFLPs for composite measures
of di-allelic disequilibrium in the FC subsample.

We estimated the effects of adjusting critical « levels for
multiple tests on type Il error rates. We estimated the
overall probability of at least one type II error for families
of tests of D, in the T and FC subsamples and Aap in the
FC subsample. For each family of tests we simultaneously
estimated all respective disequilibria for each of the 10,000
bootstrap replicate samples. Type II error probability was
determined as the proportion of simulations in which the
chi-square was less than or equal to the critical value for any
of the disequilibria. For each family of tests the simulations
were run using an individual test « = 0.05 and an experi-
mentwise a = 0.05.

We reviewed the results of 14 published studies of asso-
ciation between variability in a total of 15 lipid traits and
the Apo B Xbal RFLP (references under Figure 2). For each
study we estimated the Da. We then estimated the sum of
squares variability associated with the Xbal RFLP using

SSR = 22 f; (¥; - ¥.)%, @)

where f; is the frequency of the th genotype, ¥; the jth
genotype mean and Y. the grand mean of the sample. We
estimated SSR in two ways: (1) using the observed f;
(SSRogs), and (2) using Hardy-Weinberg equilibrium ex-
pected f; (SSRuw). We estimated the percent difference in
estimating SSR relative to genotype proportions under
Hardy-Weinberg conditions by

((SSRoss — SSRuw)/SSRuw) X 100. 3)
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TABLE 1

Common allele frequencies and deviations from Hardy-Weinberg equilibrium in the total (T) sample (n = 233) and French Canadian

(FC) subsample (n = 160)

5 Hincll Pyull Xbal EcoRI 3’

Sample T FC T FC T FC T FC
pa 0.70 0.70 0.90 0.90 0.52 0.51 0.83 0.83
Var(pa) X 107* 5.1 6.9 2.0 3.2 4.7 7.1 3.3 5.1
Dy 0.027 0.012 0.008 0.016 —0.032 —0.022 0.013 0.019
Var(Da) X 107* 2.0 2.8 0.5 1.1 2.6 3.9 1.1 1.8
DA/Dp wax X 100 12.9 5.7 9.0 17.9 13.8 9.1 9.5 13.4
x? 3.85 0.52 1.88 5.10 3.73 1.24 2.08 2.88
Pr (x%) 0.0497 0.4721 0.1700 0.0240 0.0534 0.2663 0.1489 0.0896
Pr (type 11 error) 0.5024 0.8854 0.7065 0.4269 0.4901 0.7932 0.6892 0.6071

RESULTS

Common allele frequencies and variances for each
RFLP for the T sample and FC subsample are in
Table 1. RFLPs are listed in order 5’ to 3’. Relative
frequencies of the common allele ranged from 0.5 for
Xbal to 0.9 for Pyull. They were not significantly
different between the two samples. Variances of allele
frequencies were larger in the FC subsample, reflect-
ing its smaller sample size.

Estimates of D,, corresponding variances, percent
of maximum possible Da, x? tests and type II error
probabilities are also presented in Table 1. Estimates
of D4 were significant for the Hincll and Xbal RFLPs
in the T sample, but not in the FC subsample. In
contrast, the estimate of D, was not significant for
Pyull RFLP in the T sample, but was significant in
the FC subsample. As expected, variances of all D,
estimates were larger in the smaller FC subsample.
None of the estimates of D, were at or near bounds
set by allele frequencies. Type II error probability
over all tests ranged from 0.43 to 0.89. For the three
tests where significant D, was detected in the actual
samples, the type II error probability was 8.5 to 10.0
times higher (0.43-0.50) than the type I error prob-
ability given by the nominal level of significance a =
0.05 for a single test for the same three estimates.

Estimates of two-marker disequilibria, variances,
percent of maximum possible disequilibrium, x? tests
and type II error probabilities are in Table 2. The
inferences from the T sample and FC subsample were
the same for 22 of the 24 tests. However, because of
differences in significant DA between the two samples,
we present estimates only of two-marker disequilibria
in the FC subsample. Composite measures of di-allelic
disequilibria were significant for four of six pairs of
markers; Aap for the Hincll RFLP paired with the
two RFLPs at the other end of the region (Xbal and
EcoRI) was not significant in either case. We note that
Aap for the Pvull RFLP adjacent to the Hincll RFLP
was significant for all pairings with the other three
markers. None of these composite estimates was at

the bounds set by allele frequencies. None of the tri-
allelic measures was significant and 3/12 were at the
maximum possible values. HinclI-Xbal and Xbal-
EcoRI were the only two of the six marker pairs which
gave evidence for significant quadri-allelic disequili-
brium. Type II error probabilities over all tests ranged
from 0.0 to 0.9989. We note that for the three non-
significant estimates of tri-allelic disequilibria at
bounds (100% maximum) set by allele frequencies,
type II error probability was very high. In addition,
two of the three bounded tri-allelic disequilibria are
from the Pvull-EcoRI RFLP pair. The estimate of
quadri-allelic disequilibrium depends, in part, on these
tri-allelic measures. Type II error probability for
Pyull-EcoR1 quadri-allelic disequilibrium was the
highest of all the tests (0.9989). Furthermore, for the
six two-marker tests in which disequilibrium was de-
tected, type II error probabilities ranged from 4.5 to
10.4 times higher (0.22-0.52; three tests) to over 100
times lower (0.0005-0; two tests) than the fixed o =
0.05 probability of type I error for each of the same
siX tests.

Bootstrap estimates of correlations between the
RFLPs for estimates of DA in the T sample and FC
subsample are in Table 3. Estimated variances are on
the diagonal of Table 3, with T above FC. These
bootstrap variances were nearly the same as those
estimated in Table 1 from the theoretical equations.
Correlations for the T sample are in the upper diag-
onal and for the FC subsample in the lower diagonal
of Table 3. All correlations were positive and low (r
< 0.27). These results indicate the probability of
correlated errors of inferences about D, is low for
this data set.

Bootstrap estimates of correlations between the es-
timates of two-marker composite measures of di-allelic
disequilibria for the FC subsample are in Table 4.
The bootstrap estimated variances were again nearly
the same as those estimated from the theoretical equa-
tions in Table 2. The correlation structure among the
Aaps was more complex than among the DA with not
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TABLE 2

Two-marker disequilibria in French Canadians

Variance Percent Pr
RFLP pair Disequilibrium x 107* maximum x° Pr (x%) (type II error)
Hincll-Pvull
Ars 0.05 1.9 38.1 19.54 <0.0001 0.0005
Dpps —-0.006 0.2 50.2 1.80 0.1796 0.7279
Dags 0.006 0.3 50.3 1.37 0.2423 0.8449
Apnss 0.002 <0.1 0.33 0.5641 0.9381
HinclI-Xbal
Aps —0.02 4.0 7.7 1.29 0.2570 0.7892
Dprn —0.001 0.4 2.4 0.05 0.8264 0.9376
Daps -0.006 0.4 6.8 0.70 0.4042 0.8650
Annss 0.01 0.2 6.55 0.0105 0.2893
Hincll-EcoR1
Anp 0.02 2.6 8.6 1.82 0.1778 0.7226
Dann 0.002 0.3 7.9 0.12 0.7345 0.9176
Dy -0.006 0.3 20.6 1.79 0.1808 0.7416
Aansn 0.002 0.1 0.24 0.6235 0.9384
Pyrull-Xbal
Apn -0.03 1.6 343 6.4 0.0114 0.2238
Dpas 0.006 0.2 65.7 1.9 0.1680 0.8359
Dags —-0.001 0.2 3.4 0.1 0.8118 0.9370
Annss 0.002 <0.1 1.1 0.2950 0.7798
Poull-EcoR1
Ann —-0.03 0.5 81.6 8.0 0.0047 0.0540
Dang 0.002 <0.1 100.0 0.5 0.4677 0.9915
Djps <0.001 <0.1 100.0 <0.1 0.9977 0.9499
Annss —0.0004 <0.1 0.2 0.6714 0.9989
Xbal-EcoRI
App —-0.07 2.5 43.6 21.8 <0.0001 0.0000
Dars 0.002 0.3 100.0 0.1 0.7625 0.9343
Dags 0.008 0.2 72.7 2.3 0.1285 0.7511
AAnBB 0.005 <0.1 4.07 0.0437 0.5196

TABLE 3

Bootstrap variances of and correlations between RFLPs for D,
in the total sample and French Canadian subsample

Hincll Pyull Xbal EcoRI
Hincll 2.1 0.12 0.09 0.02
2.9
Poull 0.15 0.5 0.08 0.03
1.1
Xbal 0.21 0.10 2.6 0.23
3.8
EcoRI 0.06 0.01 0.27 1.1
1.8

Variances (X 107*) are in italics on the diagonal with T above
FC. Correlations for the T and FC samples are given in the upper
and lower diagonals, respectively. Bootstrap samples were 3000 for
each of the T and FC samples.

only larger, but also positive and negative correlations.
The largest positive correlation was between Hincll-
Xbal and Puvull-Xbal (0.42). The inferences about
these two pairs of markers are not candidates for
correlated type I or type II errors since Asp was
significant for the latter marker pair only. We con-
clude the probability of correlated errors of inferences
about A,p is low for this data set.

Estimates of at least one type II error in a family of
tests were 0.9819, 0.9976 and 0.9248 for D, in the
T and FC subsamples and Asp in the FC subsample,
respectively. Adjusting critical a levels for multiple
tests inflated these estimates of type II error rates to
0.9988, 0.9999 and 0.9942, respectively.

Assuming the “truth” is represented by genotypes
in Hardy-Weinberg proportions, the relationship be-
tween percent difference in estimation of SSR associ-
ated with the Apo B Xbal RFLP relative to Hardy-
Weinberg conditions for 14 published studies is shown
in Figure 2 (references under Figure 2). The relation-
ship is linear and predictable. Deviation of individual
study points from linearity are due to differences
among studies in the relative position of the heterozy-
gote mean between the homozygotes and differences
in allele frequencies. When the mean for the heter-
ozygote falls outside of the range determined by the
homozygotes the percent sum of squares difference
relationship with D, is still predictable, but more
complex and nonlinear (K. E. ZERBA, unpublished
results). We included results only from studies for
traits where the heterozygote mean was estimated as
between the homozygotes. As evident from Figure 2,
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TABLE 4

Bootstrap variances of and correlations between RFLP pairs for A,p in French Canadians

Hincll-Pyull Hincll-Xbal HinclI-EcoR1 Pyull-Xbal Pyull-EcoRI Xbal-EcoR1
Hincll-Pyull 1.9 -0.40 —0.28 —0.66 —-0.45 0.24
Hincll-Xbal 4.0 -0.39 0.42 0.18 0.01
Hincll-EcoRI 2.6 0.15 0.08 -0.23
Poull-Xbal 1.6 0.20 -0.21
Pvull-EcoRI 0.5 0.05
Xbal-EcoRI 2.7

Variances (x 107*) are in italics on the diagonal. Bootstrap sample was 3000.

there can be substantial difference in the estimation
of trait variability associated with the Apo B Xbal
RFLP relative to Hardy-Weinberg conditions, rang-
ing from as much as 34% higher to 22% lower.

DISCUSSION

The pattern of significant D, among the four
RFLPs in each of the T and FC samples illustrates
that D4 for a marker is not predicted by proximity to
other markers in disequilibrium. This is a remarkable
result given the high degree of composite di-allelic
disequilibrium among most pairs of markers in this
region. The differences between the T sample and
FC subsample in significant estimates of D4 were also
surprising given the RFLP allele frequencies were not
different between the two samples. These differences
in D, may be partly explained by differences in gen-
otypic structure between the samples of French Ca-
nadians and other populations of origin that comprise
the T sample. Smaller sample size of the FC subsample
may also explain some of the differences. Moreover,
we found significant estimates of quadri-allelic dise-
quilibrium for two marker pairs in the FC subsample,
despite none of the single markers from these pairs
and neither pair showing evidence for significant es-
timates of D, or tri-allelic disequilibrium, respectively.
We suggest that chance sampling associated with small
sample size and data exclusion due to methodological
constraints at the RFLP typing stage of analysis prob-
ably have very important roles in estimates of D4 and
quadri-allelic disequilibrium. For these obvious rea-
sons inferences about the genetic structure of the
original sample of healthy individuals from Hydro-
Quebec cannot be made from this study. Sampling
design factors including samples consisting of multiple
strata with respect to population of origin or race,
nonrandom sampling for disease or health, small sam-
ple size and data exclusion due to methodological
constraints at the RFLP typing level are features com-
mon to many RFLP studies. These results underscore
the complex genotypic structure that may occur in
any particular set of data and force reconsideration of
the meaning of such concepts as Hardy-Weinberg
equilibrium as conventionally considered for a gene

region as a whole. The implications of such complex
genotypic structure for construction of meaningful
population genetic models offers an extraordinary
challenge.

Many studies of genetic structure have considered
only gametic di-allelic (linkage) disequilibrium (CHAK-
RAVARTI ¢ al. 1984; but see CHAKRAVARTI ¢t al. 1986;
WEIR and HiLL 1986), ignoring the potential for other
types of nonrandom allelic associations (SINNOCK and
SING 1972; WEIR 1979; WEIR and COCKERHAM 1989)
that may influence the variance and hence significance
of measures of linkage disequilibrium. Furthermore,
haplotype frequencies are often estimated from non-
family data assuming Hardy-Weinberg equilibrium,
but not considering the possible presence of Dx. WEIR
and BROOKS (1986) and HAVILAND et al. (1991) pres-
ent the only other published applications of this more
comprehensive approach of characterizing disequili-
brium to human marker data sets.

Patterns of composite di-allelic disequilibria we ob-
served in the FC subsample suggests that certain al-
leles for these RFLPs are often packaged together on
individual chromosomes. The Pvull RFLP was in
significant disequilibrium with all three other RFLPs.
However, even though Pvull was in significant dise-
quilibrium with the adjacent HincIl RFLP, there was
nonsignificant disequilibrium estimated when Hincll
was paired with the other two markers at the other
end of the region. These results indicate Hincll may
have had a longer shared evolutionary history with
Xbal and EcoRI than with Pvull. However, a role for
small sample size and data exclusion due to method-
ological constraints in determining these patterns is
also a possibility.

JENNER et al. (1988) found no evidence for disequi-
librium between Xbal and EcoRI. However, not de-
tecting significant disequilibrium does not imply it is
absent in the population (Cox, BELL and XIANG
1988). There are at least four explanations for differ-
ences between our study and that of JENNER et al.
(1988). First, the samples are from different popula-
tions (French Canadian vs. persons living in England)
with possibly different evolutionary histories. This is
supported by differences between the respective stud-
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ies in common allele frequencies (Xbal: 0.51 vs. 0.69;
EcoRI: 0.83 vs. 0.87). Second, the JENNER et al. study
had very small sample sizes and most likely larger type
I1 error probability with regard to detecting disequi-
librium. Third, disequilibria can be at maximal possi-
ble values and not significant. The JENNER et al. study
did not consider this possibility. Fourth, the JENNER
et al. study eliminated double heterozygotes from
consideration because of unknown allelic phase rela-
tionships, which could have affected not only allele
frequencies, but also the estimate of disequilibrium.

Our results also indicate no direct relationship be-
tween physical distance between markers and degree
of composite di-allelic disequilibrium. In theory, in-
creasing distance between markers is accompanied by
increased probability of recombination over time and
subsequent decreases in gametic disequilibrium rela-
tionships with time. This relationship does not appear
to hold in short DNA regions where the force of
recombination on haplotype organization may be sim-
ilar to or less than the force of mutation (LITT and
JOorRDE 1986; THOMPSON et al. 1988; B@ORRESEN,
M@LLER and BERG 1988).

Most studies of genetic structure have focused on
fixed a levels of 0.05 for individual tests. Other studies
have recognized that many tests are being repeated
on the same set of data with the potential for corre-
lated type I errors and thus lower individual test a
levels such that an experimentwise « level 0.05 is
attained (HEGELE, PLAETKE and LALOUEL 1990). In
contrast, WARD and SING (1970) showed huge sample
sizes are needed to detect significant D, at levels
normally observed in most studies of human popula-
tions. THOMPSON et al. (1988) also showed, for linkage
disequilibrium statistics, that large sample sizes are
needed to detect disequilibrium, especially for nega-
tive linkage disequilibrium. We considered the very
important complement to power, i.e., the type Il error
probability, for each disequilibrium estimate from the
samples considered. Our computer simulation results
showed, for most individual tests that detected pres-
ence of significant D, and two-marker disequilibrium
(given the observed sample sizes and allele frequen-
cies), the type II error probability can be much greater
than the fixed type I error, «, probability of 0.05.

We can compare estimates of the overall probability
of making at least one type I error vs. that of a type
IT error for a family of tests of disequilibrium. A
standard probability argument is used to estimate an
overall type I error probability a’ for a family of &
tests,

a'=1- (- at (4)

For example, given the conventional a = 0.05, the
probability of making at least one type I error for the
four tests of D, in the T or FC samples is o’ = 0.19.
For the six tests of Aap in the FC subsample o’ = 0.26.

A similar argument can be made regarding the prob-
ability of making at least one type II error for a family
of k tests (8’). Our simulations indicated the type 1I
error probabilities for these same three families of
tests were quite high (8’ > 0.9). These arguments
assume the tests are independent, which of course
they are not, given the bootstrap estimates of corre-
lation structure among the tests presented in Tables
3 and 4. Furthermore, the type Il error probabilities
are a posteriori estimates, whereas type I error proba-
bility  is determined a priori. Our arguments do,
however, provide crude estimates of the relative dif-
ferences in probabilities of the two types of errors for
sets of tests.

Extending this argument, to achieve an experi-
mentwise ¢’ = .05, the individual test « is lowered.
Our results showed, however, that using an experi-
mentwise o’ = 0.05 for families of tests to lower the
type I error rate simultaneously inflates already high
type 1I error rates. Given these results and the boots-
trap estimates of relatively low probabilities of both
correlated type I and type II errors for this data set,
we must conclude, for disequilibrium analyses of this
data set and others like it, that using experimentwise
type I error rates results in unacceptable experiment-
wise type II error rates. Using an experimentwise o’
= (.05 for the family of tests of Asp in Table 2 would
mean that the value for Pvull-Xbal is now not signifi-
cant. It is true that this value may not represent real
disequilibrium and could be significant by chance
alone. It is also true, however, that any of the nonsig-
nificant values for A,g in Table 2 may represent real
disequilibrium and could be not significant by chance
alone. This point is especially important for inferences
about measures of composite di-allelic disequilibrium
in short DNA regions where we expect such disequi-
librium (LITT and JORDE 1986). Also, given the poten-
tial for involvement of nonevolutionary sampling de-
sign factors in other types of disequilibrium for many
studies, it is reasonable to consider a less conservative
alternative to adjusting critical values for multiple
tests. In this manner, any significant disequilibrium
would require explanation. An argument could cer-
tainly be made for even increasing the « level above
0.05 for individual tests to achieve a better balance
between the two types of potential errors.

Since physical distance between markers in this
region does not predict the magnitude or significance
of disequilibria among marker alleles, we conclude
the physical distance relationships between markers
and unknown functional mutations will be likewise
unpredictable from the degree of associations inferred
about individual markers and phenotypic variation.
This unpredictability is a natural consequence of the
unpredictable evolutionary history shared by alleles.
Furthermore, nonindependence of RFLPs dictates
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markers should be used as multisite haplotypes or
genotypes in ANOVA studies to identify the chro-
mosomes likely to carry the unknown functional mu-
tations with significant phenotypic effects. Using mul-
tisite haplotypes or genotypes automatically incorpo-
rates the evolutionary history shared by marker and
unknown functional mutation alleles. And lastly, it is
clear from this study that genetic structure cannot be
ignored. Our simple example of D, from published
results indicates nonrandom allele frequency associa-
tions will affect genotypic frequencies and hence in-
ferences about genetic variance of quantitative traits
if we assume in our inferences that such disequilibria
do not exist. Work in progress examines the role of
the more complex two-marker allelic associations on
such inferences. Our argument assumes that com-
pletely random allelic associations are the “truth.” If
evolutionary factors are the sole explanation for non-
random allelic associations then there is no bias in the
observed genotype-phenotype relationships, If, how-
ever, nonevolutionary sampling factors are involved
such as those we have described in this study, then the
phenotypic variation associated with a marker is esti-
mated with bias and will remain a problem in the
search for genotype-phenotype relationships.
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