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To the editor: Recent advances in genetic association
(GA) studies have reported novel associations between
common genetic markers and human susceptibility to many
major infectious diseases. In parallel, an increasing number
of rare genetic variants have been identified that are
associated with susceptibility to infection. Together, these
achievements have highlighted the genetic architecture of
infectious disease susceptibility and illuminated immune
and cellular pathways that are associated with the infection
process. However, for a genetic association study to yield
valid results, particular considerations on study design and
conduct are required to be taken. Application of GA studies
in the field of infectious diseases is at its early stage, calling
the need for further elaborations on design considerations
of these studies. Perhaps one of the most commonly
referred approach in GA studies is to test for “Hardy-
Weinberg equilibrium” (HWE, described below) principle.
However, this principle is frequently disregarded or miss-
interpreted in GA studies of infectious diseases. So, in this
piece, | would further elaborate on this concept, its
applications, and its testing and interpretation.

The HWE principle deals with the interdependence of
allele and genotype frequencies in a population. Allele
frequency is the proportion of a variant of a gene (allele) in
a given locus among all alleles in the population. Genotype
frequency is the number of individuals with a particular
genotype in a population divided by the total number of
individuals in that population. Both allele and genotype
frequencies are proportions in nature, which mean that they
can hold a range of valuse between 0 and 1, and the sum of
allele (as well as genotype) frequencies will equal one.
Now, assume a large yet close population with no
emigrations, immigrations, or population bottlenecks,
where individuals randomly mate and there are no
evolutionary forces on individuals’ genome. Under this
scenario, alleles will remain at a constant frequency over
generation. Since the frequency of alleles are stable,
genotype frequencies can be predicted from allele
frequencies using a simple function. For example, if a and b
are the allele frequencies of a bi-allelic trait, then the
expected frequency of genotypes aa, ab, and bb would be
(@)’ 2 (axb), and (b)?, respectively. These genotype
frequencies will remain constant over generations. This
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phenomenon is termed Hardy-Weinberg equilibrium [1-2].
HWE principle can also be applied to loci with more than
two alleles. In this case, the expected genotype frequencies
are derived by multinomial expansion of all k alleles:
(a+b+c+. . .+k)%.

Testing for HWE is now a common practice in
population genetics and genetic association studies, where
conforming to HWE expectations is usually desired.
Although most of the assumptions of the HWE principle are
not expected to hold for most human populations, there is a
common expectation from HWE principle to hold for most
populations of healthy individuals. Deviations from HWE
principle at particular markers are considered as a
suggestion of population sub-structure, genotyping error or,
in samples of diseased individuals, an association with the
disease [1, 3].

Despite its use in everyday practice and its practical
importance, empirical data suggest that HWE reporting
may be suboptimal in both genetic [4] and non-genetics [5]
journals. For example, re-analysis of the data from 92
studies (150 associations) published in high-profile genetic
journals showed significant deviation from HWE in the
disease-free controls of 13 studies (20 associations), but
less than 20% of them were admitted in the published
articles. Evidence from this study also suggested that most
studies conforming to HWE simply were mostly
underpowered to detect HWE deviation [4]. There are also
cases where the HWE test result is misinterpreted. For
example, statistically significant results of the HWE test
have been interpreted as the existence of HWE, while this
shows a violation of the HWE assumption [6].
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This empirical evidence suggests that, even in high
profile genetics journals, testing and reporting for HWE is
often neglected and deviations are rarely admitted in the
published reports. Hence, | have provided a brief guide on
the applications of HWE, the corresponding statistical test
for that, and proper interpretation of its results, in order to
prevent similar issues in the future.

HWE applications. The validity of a GA study depends
considerably on the use of a proper control (non-infected)
group [7]. As stated above, healthy (hon-infected) human
populations from outbred populations are expected to hold
for HWE principle [8, 9]. So, the assessment of this
assumption in the control (healthy) group of a GA study has
been a common practice for long times [10]. The same
applies to conditions where all subjects have a common
infectious disease, for example, studies evaluating different
treatments, whenever the disease risk per se is not
influenced by the evaluated polymorphism [4]. Deviations
from HWE can be indicative of genotyping error. This is
mostly the case in genome-wide association studies where
millions of single nucleotide polymorphisms (SNP) are
genotyped, hence the chance of genotyping error is high. In
these studies, HWE is usually checked and SNPs whose
distribution deviates from HWE among controls, are
discarded from the dataset. So, in the ‘data analysis’ phase,
assessment of HWE in such datasets would be meaningless,
as all SNPs violating from HWE has previously been
excluded from the data set [11].

HWE test. HWE is not merely a theoretical law;
deviations can signal essential problems, errors, or
peculiarities in the analyzed data sets [12, 13]. The critical
inferences from a GA study, for example, may be
compromised if HWE is violated. Violation from HWE is
tested using Pearson’s x2 goodness-of-fit test, or an
asymptotically equivalent variant such as the log-
likelihood-ratio test. The tests evaluate the degree of
difference between observed genotype and allele
frequencies with the frequencies that are expected if HWE
assumption holds. If observed vs. expected frequencies are
different to a large extent, then the test would turn
statistically significant and suggest violations from HWE
assumption [3, 14].

As stated previously, HWE test provides insights into a
population's actual genetic structure. HWE test has five
basic assumptions: 1) the population size is infinitely large;
2) between-populations gene flow, from migration or
transfer of gametes, does not exist; 3) there are negligible
amount of mutations and migrations; 4) individuals are
mating randomly; and 5) there are no natural selections
operating on the population [1, 15-17]. So, significant test
results suggest that one or more of the abovementioned
assumptions are being violated.

Overall, significant departures from HWE should
invoke thinking for the underlying reason. Regardless of the
underlying reason, departures from HWE may suggest that
allele-infectious disease associations are biased. For these
reasons, HWE testing should be routinely and appropriately
used and adequately interpreted in the setting of genetic
association studies of infectious diseases.
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