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ABSTRACT
No proper statistical test is available for the evaluation of deviation of a single homozygous genotype from

Hardy-Weinberg equilibrium (HWE) proportion. We propose a 1-d.f. � 2-test. The power of the proposed test
is favorable compared to existing HWE testing procedures. The applications of this test are discussed.

STATISTICAL tests for the overall deviation from tion genotype frequencies Pik . The random vector X �
{Xik , i , k � 1, 2, . . . , m} then follows a multinomialHardy-Weinberg equilibrium (HWE) proportions

have been well studied and widely used. These include distribution with probability vector P � {Pik , i, k � 1, 2,
the traditional �2 -goodness-of-fit (GOF) tests (Li 1955; . . . m}, and �i,kX ik � n .
Elston and Forthofer 1977; Emigh 1980; Smith 1986) Using notation similar to that of Hernández and
and those using the exact approach (Louis and Demp- Weir (1989), the population Hardy-Weinberg deviation
ster 1987; Guo and Thompson 1992). coefficient for a heterozygote, Aik (k � i), is defined as

In addition to checking for overall fit to HWE propor- Dik � PiPk � (1/2)Pik , with the corresponding sample
tions, researchers are interested in learning whether deviation coefficient d ik � pip k � (1/2)pik . Similarly we
one or several specific genotypes are over- or underrep- define the population deviation coefficient for a homo-
resented. For example, researchers may suspect a bias zygote, Aii , as Dii � P 2

i � Pii , with the corresponding
in detecting particular genotypes or that selection may sample deviation coefficient d ii � p 2

i � p ii . The Dii pa-
be acting to increase or reduce the frequency of a partic- rameters are bounded by the following condition:
ular genotype. For the deviation of a single heterozygous �Pi(1 � Pi) � Dii � P 2

i .
genotype, Hernández and Weir (1989) suggested a The derivation of the test statistic: Given the con-
1-d.f. �2 -test and Chen and Thomson (1999) derived straint that p i � p ii � (1/2)�k�i pik , we have
the correct variance of this individual heterozygous ge-
notype test statistic under the null hypothesis. For the var(dii) � var��(pii �

1
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pik� � pii�evaluation of a single homozygous genotype, however,

little work has been done and researchers have been
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n � .using an unreliable ad hoc 1-d.f. “GOF” test (e.g., Sebe-
tan and Hajar 1997). In this note, we propose an
appropriate 1-d.f. �2 -test for this purpose and discuss its Applying Fisher’s formula for the variance of a func-
properties. tion, T, of multinomial variates, X (Bailey 1961), we

Notation: Given a random sample of n subjects from have var(T) � �i,k(�T/�Xik)2
o · npik � n · (�T/�n)2

o , where
a diploid population, let the number of unique alleles the subscript “o” indicates expectation. Therefore,
be m , with sample allele frequencies pi , i � 1, 2, . . . ,
m , and the corresponding population allele frequencies n · var(dii) � �2nPii �

1
n�

k�i
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1
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TABLE 1

Comparison of type I error rates among four Hardy-Weinberg testing procedures (� � 0.05)

Sample size

50 100 200 400

Setting Type I error rate (%) T1 T2 T3 T4 T1 T2 T3 T4 T1 T2 T3 T4 T1 T2 T3 T4

Three alleles
Even (1⁄3, a 1⁄3, 1⁄3) 4.5 5.2 4.8 0.7 4.9 5.3 5.0 0.3 5.5 5.6 5.7 0.3 6.2 5.5 5.2 0.2
Skewed (0.5, a 0.3, 0.2) 6.3 5.1 4.5 0.0 4.7 3.6 3.6 0.0 5.7 5.6 5.3 0.0 3.8 4.7 5.0 0.0

(0.2, a 0.3, 0.5) 4.0 6.5 5.8 1.4 3.8 4.7 4.0 0.7 4.8 4.0 3.9 1.6 5.0 4.8 4.8 1.1

Four alleles
Even (1⁄4, a 1⁄4, 1⁄4, 1⁄4) 4.2 4.4 4.2 0.5 4.9 5.2 4.7 0.6 5.2 4.7 4.8 0.7 4.9 5.9 6.0 0.9
Skewed (0.4,a 0.3, 0.2, 0.1) 5.0 4.3 4.2 0.1 4.8 5.4 5.4 0.3 6.1 6.1 6.1 0.1 4.2 4.4 4.5 0.2

(0.1a, 0.2, 0.3, 0.4) 4.6 4.9 4.8 2.5 3.4 5.8 5.1 2.8 2.3 5.1 5.1 1.5 4.8 5.2 4.9 2.7

Five alleles
Even (1⁄5, a 1⁄5, 1⁄5, 1⁄5, 1⁄5) 3.7 5.3 4.3 1.1 3.7 4.2 3.9 0.7 4.6 4.2 4.2 1.2 4.3 4.0 3.6 1.5
Skewed (0.3,a 0.25, 0.2, 0.15, 0.1) 4.6 4.6 4.3 0.5 5.4 5.0 4.3 0.5 5.4 5.1 4.9 0.7 5.2 5.0 4.8 0.4

(0.1,a 0.15, 0.2, 0.25, 0.3) 5.4 5.5 4.2 2.8 3.0 4.7 4.6 1.6 2.7 4.6 4.4 1.7 4.6 6.4 6.2 2.8

Eight alleles
Even (1⁄8, a 1⁄8, 1⁄8, 1⁄8, 1⁄8, 1⁄8, 1⁄8, 1⁄8) 4.8 5.1 4.6 3.4 3.6 5.1 4.3 1.9 4.7 4.3 4.6 1.6 4.5 5.9 5.7 3.2
Skewed (0.16,a 0.15, 0.14, 0.13, 0.12, 3.9 4.2 3.9 1.7 4.9 5.2 4.4 1.2 4.0 5.4 5.3 2.1 4.2 5.9 6.0 1.8

0.11, 0.10, 0.09)
(0.09,a 0.10, 0.11, 0.12, 0.13, 5.1 5.5 3.6 2.2 4.0 4.4 4.2 2.9 2.7 6.1 5.0 1.9 3.6 5.6 4.9 2.2

0.14, 0.15, 0.16)

T1, single homozygous genotype test; T2, Guo-Thompson exact test; T3, overall �2-test; T4, 1-d.f. “GOF” test.
a Homozygote of this allele studied.

maximum possible values of D11. Given D11, the deviation
var(dii) �
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i (1 � Pi)2 . coefficients of other genotypes, Aik (k � 1, i � 1), of

the population were assigned proportionally to the min-
The �2-test statistic can then be calculated using sample imum or maximum possible values of the Dik (k � 1,
allele and genotype frequencies as i � 1), constrained by the allele and genotype frequen-

cies. We simulated 1000 samples from each “population”
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. with the specified allele frequency distribution and devi-
ation coefficients. Type I error rates, at D11 � 0, for the
four procedures are summarized in Table 1. The power
graphs for both an even and a skewed allele frequencyThis single homozygous genotype test can be easily
distribution with four alleles are presented in Figure 1.implemented. A program for this test written in Splus is

The single homozygous genotype test, together withavailable upon request from the corresponding author
the overall �2 -test and MCMC exact test (Guo-Thomp-(J.J.C.).
son test), show reasonable type I error rates. The ad hocStatistical power of the test: We compared the statisti-
1-d.f. GOF test tends to be conservative, with very lowcal power of the single homozygous genotype test with
type I error rates.that of three other Hardy-Weinberg testing procedures:

The statistical power of the single homozygous geno-the overall �2 -test, the Markov chain Monte Carlo
type test to detect homozygous genotype deviations(MCMC) exact test of Guo and Thompson (1992), and
from HWE proportions is superior to the three otherthe ad hoc 1-d.f. �2 -GOF test. We simulated data for
tests, across all the test settings studied. Although thethree, four, five, and eight alleles. In each case, we used
range of possible values for the deviation coefficienttwo different allele frequency distributions, one even
varies, the overall pattern of the power curves is notand one skewed. For the skewed distribution, we consid-
affected by the number of alleles or whether the overallered two situations: when the allele associated with the
allele frequency distribution is even or skewed. Instead,specific homozygote of interest (A11) has the highest
they are directly related to the allele frequency of theand the lowest allele frequency.
homozygote tested and the sample size.For each scenario, we considered 20 different levels

When the frequency of the allele of interest is relativelyof the deviation coefficient (D11) for the specific homozy-
gotes of interest (A11), ranging from the minimum to the high, the statistical power is relatively balanced in terms
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Figure 1.—Power comparison among the four Hardy-Weinberg testing procedures for simulated data: (a) four alleles and an
even allele frequency distribution of (1⁄4, 1⁄4, 1⁄4, 1⁄4), testing the homozyote of a particular allele; (b) four alleles and a skewed
allele frequency distribution of (0.4, 0.3, 0.2, 0.1), testing the lowest-frequency allele (T1, single homozygous genotype test; T2,
Guo-Thompson exact test; T3, overall �2 -test; T4, 1-d.f. “GOF” test).

of detecting either homozygote deficiency (D11 � 0) or microsatellite marker from 47 unrelated individuals of
Northern European descent to illustrate the usefulnesshomozygote excess (D11 � 0) (Figure 1a). The 1-d.f. GOF

test shows the lowest power across the spectrum of D11 of the test when EPA is a problem. The subjects studied
are the grandparents of 13 CEPH families that havevalues studied, while the Guo-Thompson exact test and

the overall �2-test display very similar power, especially been extensively used in human genetic studies. MogCA
is a microsatellite polymorphism located in the ex-when sample sizes are large.

On the other hand, when the frequency of the allele tended class I human leukocyte antigen (HLA) region
on chromosome six. Nine distinct MogCA alleles wereof interest is low, the single homozygous genotype test

has power only for the detection of homozygote excess, found in this data set. Details of the microsatellite typing
can be found in Martin et al. (1998).unless the sample size is very large (Figure 1b). Again,

the Guo-Thompson exact test and overall �2 -test show Previous experience with this marker along with a
significant overall test of HWE proportions suggestedsimilar power. Both tests have lower power than the 1-d.f.

GOF test, which in turn is lower than, but close to, the possible preferential amplification problems. Single ho-
mozygous genotype testing applied to the data revealedpower of the single homozygous genotype test.

An application: One of the problems for microsatel- highly significant overrepresentation for homozygotes
of five of the nine MogCA alleles (MogCA*122, -*132,lite genotyping is extreme preferential amplification

(EPA). For microsatellite heterozygotes, the shorter -*134, -*136, and -*148). It provides valuable informa-
tion that was not available from the overall test. Individu-fragment size generally amplifies better than the larger

fragment. In extreme cases it can be difficult to distin- als were then retyped using a PCR protocol designed
to compensate for preferential amplification. After re-guish the longer allele from background noise leading

to the overrepresentation of homozygotes for the typing, only one unadjusted homozygote deviation re-
mained marginally significant (for the MogCA*136 al-shorter alleles (Demers et al. 1995). Consequently, the

nonrandom genotyping errors will affect the subsequent lele).
Discussion: With the increasing amount of geneticanalyses using these genotyping results.

For illustration, we applied the proposed single ho- data and the fact that the assumption of HWE has been
built into many disease models and subsequent geneticmozygous genotype test to genotype data for the MogCA
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data analyses, testing for HWE proportions has become cesses of specific homozygous genotypes (Gomes et al.
1999).an important quality control step for genetic data. Devia-

In addition to its application to microsatellite geno-tion from the HWE proportions suggests that at least
typing, the proposed single homozygous genotype testone of the standard underlying assumptions for the
is well suited to detect deviations from HWE proportionstest (nonoverlapping generations, large population size
for other types of highly polymorphic loci. For example,with random mating, no mutation, no migration, and
the study of deviation from HWE proportions can beno selection) may be violated.
utilized in the detection of selection acting on a poly-Genotyping error, however, is a primary suspect in any
morphic genetic region, such as the HLA region (e.g.,observed deviations from HWE proportions; these may
Chen et al. 1999). It can also be applied to patient databe genotype specific and not necessarily detected in
to detect genotype-specific effects on disease risk. Whenan overall test. If genotyping error is ruled out, other
an overall test for Hardy-Weinberg is significant, forpossibilities such as admixture should be investigated.
markers of any type, additional information about theOf more interest in a population genetics setting are situa-
specific genotypes responsible for the deviation can aidtions where heterozygote advantage may have shaped
either in the detection and resolution of genotypingallele and genotype frequency distributions, resulting
errors or in the identification of specific genotypes onin a reduced frequency of specific homozygotes, for
which selection may be acting.example, with certain HLA genes. The single homozy-

gous genotype test developed expands our range of This work was supported by grants AI49213 (G.T. and R.S.) and
GM 35326 (G.T. and K.M.) from the National Institutes of Healthoptions for testing deviations from HWE proportions.
and DE-FG02-00ER45828 (R.S.) from the U.S. Department of Energy.The test can be applied to data from any genetic system.

It is especially powerful for highly polymorphic loci, e.g.,
microsatellite loci, and HLA genes in population and
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