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Missing heritability of complex
traits and G-E interactions
The development of high-density single nucleotide poly-
morphism (SNP) arrays has resulted in a plethora of new
molecular SNPmarkers robustly associated with complex
traits [1], [2]. The success of these genome-wide associ-
ation studies (GWAS) is largely based on stringent signifi-
cance levels (α=5x10–8) and high statistical power due
to meta-analytic summaries of individual cohort results
in large-scale consortia. Moreover, consistent replication
has become the gold standard for GWAS publications. A
catalogue of GWAS results is available at http://
www.genome.gov/gwastudies/ [3].

Heritability and genome-wide
association studies

Despite the success of GWAS to detect many new and
robust SNP associations for complex traits, GWAS have
also been frequently criticized [4]. One example is the
effect size of the molecular markers which is often quite
small – e.g., odds ratios per effect allele <1.2 in case-
control GWAS – although considerably larger effects have
been reported for phenotypes that are “closer to the
biology” such asmetabolic outcomes [5]. For the purpose
of this report but without loss of generality, let us focus
on the body-mass-index (BMI measured in kg/m2 units)
as an example of a complex quantitative trait. Using a
simple linear model for the quantitative trait BMI as out-
come Y and SNP genotype as predictor X coded as 0, 1,
and 2 to quantify the presence of 0, 1 or 2 effect (e.g.,
BMI increasing) alleles in one individual i one may write:

where β0 is the intercept while β1 refers to the “dosage”
effect of one allele of a single SNP assuming an additive
genetic model. In this simple model, environmental ef-
fects are assumed to be part of εi (a normally distributed
error term). Alternatively this model may be extended to
include (environmental) covariate information. The narrow
sense heritability (the heritability under an additive genet-
ic model) for a single SNP can be estimated by the pro-

portion of variance of the BMI that can be “explained” by
the SNP alleles as compared to the total variability of the
BMI. Model (1) can be generalized to an oligogenicmodel
which includes more than a single SNP. For J SNPs one
may write:

where each allele effect size βj is allowed to be different;
in a modified version of model (2) effects sizes are
sometimes forced to be the same. Given that the effects
are often of similar (small) size, fewer parameters need
to be estimated.
In a GWAS meta-analysis by the Genetic Investigation of
Anthropometric Traits (GIANT) consortium including
249,796 individuals, 32 SNP alleles were found to be
robustly associated with BMI variability [6]. The frequency
of effect alleles ranged between 0.04 and 0.83 while the
effect sizes (change of BMI per effect allele) ranged
between 0.06 and 0.39 kg/m2. Furthermore, the narrow
sense heritably estimates for each SNP ranged between
<0.01% and 0.34%. When estimating the narrow sense
heritability across all 32 SNPs in a model similar to
model (2) this changed to ~1.5%. This number is in
striking contrast to the heritability estimates derived from
formal genetic studies of BMI such as twin, family and
adoption studies (reviewed in [7]). In these formal genetic
studies in which no molecular data had been utilized,
heritability estimates ranged between 40% and 70% [6],
[7]. The gap between GWAS-based and formal genetics
based narrow sense heritability estimates has been ob-
served for many other complex traits and has been re-
ferred to as “missing heritability” [8], [9], [10].

G-E interactions as an explanation for
missing heritability

Many explanations have been provided for the “missing
heritability” [8], [9], [10]. The usual explanations deal
with the limited perspective on genetic variation when
focussing on SNPs, the choice of the analysed pheno-
types, more complex inheritance patterns including epi-
genetic processes or the choice of the statistical model
[11]. In addition, interactions have also been identified
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as a possible culprit. As both “heritability” and gene-en-
vironment (G-E) issues have been extensively discussed
in the past, it is beyond the scope of this short article to
provide a comprehensive overview (for a review see [12]).
However, referring to the landmark paper by Lewontin in
1974 [13] it is obvious that all modelling assumptions
that we should usually check by model diagnostics also
provide the limits for G-E assessments. Quoting Lewontin
“…The simple analysis of variance is useless for these
purposes [the analysis into genetic and environmental
components of variation] and indeed it has no use at all.
In view of the terrible mischief that has been done by
confusing the spatiotemporally local analysis of variance
with the global analysis of causes, I suggest that we stop
the endless search for better methods of estimating
useless quantities. There are plenty of real problems.”
Despite the awareness of this general problem, new
methods have been proposed to screen for biologically
plausible interactions using statistical methodology (for
a review see [14]). For our BMI example the first robust
G-E findings have now been published [15] showing that
the effect of the variant with the strongest effect in GWAS
is attenuated in the physically active individuals. Genome-
wide G-E assessments e.g., focussing on interactions with
physical activity or smoking will be the next step.

From missing to hidden and phantom
heritability?

Using a more parsimonious model ignoring statistical in-
teractions, Peter Visscher and colleagues [16], [17] have
estimated the variance explained by all SNPs together
using a linear mixed model framework instead of focus-
sing only on those SNPs thatmeet a stringent significance
threshold. For BMI they report a narrow sense heritability
of ~16% when using all autosomal SNPs which is closer
to the estimates of formal genetic studies. This finding
has been used to introduce the term “hidden heritability”
which simply means that there aremore SNPs truly asso-
ciated with the complex trait of interest which have not
been discovered yet. These polymorphisms are likely
either less frequent variants or variants with even smaller
genetic effects. Alternatively, Eric S. Lander and col-
leagues [18] have introduced the term “phantom heritab-
ility”. They argue that models including gene x gene inter-
actions are also consistent with the available empirical
data. Given the presence of such interactions the “missing
heritability” gap will become much smaller.
If a parsimonious model of additive genetic effects or a
more complex model truly reflects large parts of the un-
derlying biology will be part of future discussions on the
genetic architecture of complex traits once whole genome
sequencing will become reality in large scale consortia.
Most likely the answer will be different for different
phenotypes. Apart from this theoretical discussion a re-
cent finding for body height should warn us [19].
Makowsky et al. [19] used all SNPs and derived whole
genome prediction models built in a training data set.
This prediction model based on all SNPS was sub-

sequently applied to an independent test data set from
the same population to predict body height. Based on
the samples they used, predictions were dramatically
worse (a reduction of about 80% in terms of variance
explained) in the test data set as compared to the vari-
ance explained in the training set. If replicated in larger
samples and for disease phenotypes, such a finding will
also show the practical limits of predictive genetic tests
using SNPs [20]. The currently discussed genetic risk
scores for complex diseases so far only implement a few
SNPs. Given the relatively poor performance of most of
these scores improved performance is often expected
the more SNPs are included in the score. The finding by
Makowsky et al. [19] shows that this may not be the case.
However, a different picture may arise for rare variants.
In this field where standard statisticalmethodology relying
on asymptotic properties frequently fails, rigorous statis-
tical evaluation and detailed reporting following guidelines
like GRIPS [20] or REMARK [21] is an urgent request.
Most importantly, the “incorporation of the underlying
biology into our conceptual models” citing Duncan C.
Thomas [22] will become more and more central to the
field of genetic epidemiology.
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