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Intelligence is a complex behavioral trait reported to be involved in different 
important life aspects such as environmental adaptation, education, social economic 
status and life expectancy. Mutations in genes involved in the development of 
intellectual abilities have been shown to be associated with mild mental disability. 
Studying the causes of individual differences in normal intellectual function is thus 
essential to understanding the causes of intellectual dysfunction, and is of broad 
clinical and societal interest. In other to identify genetic factors explaining variation 
in intelligence and cognitive ability I made use of several different approaches. In this 
chapter I summarize the main results from these approaches. In addition, I present 
my findings in the broader context of the literature and ongoing scientific efforts 
in understanding the genetic pathways and mechanisms underlying intelligence. 
Finally, the possibilities of further research are also discussed in this chapter.

Summary

The past 150 years have seen major efforts in understanding individual differences 
in intelligence. This field of research started with Sir Francis Galton’s observation 
in the second half of the 19th century that family members tend to be more alike 
than unrelated individuals on intellectual capabilities (Galton, 1869). Twin studies in 
the second half of the 20th century showed that familial resemblance in intelligence 
and differences between unrelated individuals are mainly due to heritable factors 
(Bouchard & Mcgue, 1981, Posthuma et al., 2002). Whole genome linkage studies at 
the start of the 21st century suggested that some of these heritable factors reside on 
chromosomes 2 and 6 (Dick et al., 2006, Luciano et al., 2006, Posthuma et al., 2005, 
Wainwright et al., 2006). Candidate gene studies have further yielded a handful of 
putative genes for intelligence (for review see (Posthuma & De Geus, 2006) and 
Chapter 1 of this thesis).  However, the most promising of these (i.e. CHRM2) has 
not been replicated (Lind et al., 2009), and it has proven difficult to replicate most of 
these genes  (http://economics.cornell.edu/dbenjamin/IQ-SNPs-PsychSci-20111205-
accepted.pdf). 

The studies included in this thesis aimed to add to the understanding of the 
genetic variation underlying intelligence. To this end, I adopted several approaches. 
In chapter 2, I followed up on previous linkage results and carried out an in-silico 
candidate loci study. From all nominally significant SNPs (39) in the discovery cohort 
in this study only 5 in 2 genes (ATXN1 and TRIM31) were significantly associated with 
intelligence in the replication samples (explaining each < 3% of the variance). 

In chapter 3, I moved from association to causation. In this study, I used a pathway-
based approach in combination with brain expression information and investigated 
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the role of genetic variants involved in the fatty acid pathway in intelligence. Besides 
the reported importance of the fatty acid on brain development and cognition 
(Church et al., 2008, De Groot et al., 2007, Innis, 2007, Oddy et al., 2010, Oddy et 
al., 2011), there is no reported empirical observation that fatty acid pathway genetic 
variants are causative polymorphisms involved on cognitive variance.  I found strong 
evidence that genetic variants inside the FADS1 and FADS2 genes are correlated 
with brain expression of FADS1 and that most probably this expression is affected 
by a combined effect of multiple genetic variants. Our findings suggest that genetic 
variance in the FADS cluster region in combination with food/breast milk intake 
might alter the composition of the fatty acids in the brain, thereby possibly affecting 
cognitive behavior. 

In Chapter 4, I put the generalist gene hypothesis to a test and found that the 
SNAP25 gene, which was previously associated with intelligence in the normal range, 
was also associated with the more extreme form of mental retardation. Our findings 
suggest that genes involved in synaptic signaling pathways and axonal growth, such 
as SNAP25, may play a general role on both intellectual ability and disability. 

In chapter 5, I applied a genome wide association (GWa) analysis strategy in 
combination with a gene-based approach to find genes involved in educational 
attainment, which is highly correlated with IQ. In that study we report two novel 
genes related to educational attainment (AQP4 and GPX2) and confirm the evidence 
of association of DYNLL2 that was among the top hits in a previous GWa study 
for educational attainment (Martin et al., 2011). In addition I showed that genetic 
variance in ALDH5A1 and DRD2, previously reported to influence intelligence, also 
contributed to the genetic variance for educational attainment. 

In the studies presented in my thesis I combined a range of approaches to find 
genetic variants explaining variation in human intelligence. The largest proportion 
of variance in intelligence explained by any of the tested variants in this thesis was 
less than 3% which is consistent with other recent GWaS findings for complex traits. 
For example, a recent genome wide study for IQ in 3511 unrelated adults did not 
find any genome wide significant markers and their best markers explained only 1% 
of the variance in intelligence (Davies et al., 2011). However, they did show that at 
least 40% of the variation in intelligence between individuals is accounted for by 
linkage disequilibrium between genotyped common SNP markers and unknown 
causal variants, confirming previous heritability estimates for intelligence (Davies 
et al., 2011). The same group later applied a novel analytical method using GWa 
to determine the genetic and environmental contributions to stability and change 
in intelligence across the life course (Deary et al., 2012). They showed that the 
proportion of phenotypic variation explained by all SNPs for cognition was 0.48 
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(standard error 0.18) at age 11 and 0.28 (standard error 0.18) at age > 65, however 
they did not report any individual SNPs significantly associated with IQ. The results 
of these studies are consistent with my findings, that many genes of small effect 
underlie additive genetic influences on intelligence and that it remains difficult to 
detect these genes (Deary et al., 2012). 

The lack of genome wide significant findings for intelligence is in sharp contrast 
with its high heritability (±40% in children and ±80% in adults). This discrepancy is a 
well-known phenomenon in current GWa studies and has been called the “missing 
heritability” (Maher, 2008).

explaining the missing heritability of intelligence
In the last decade, there have been unprecedented advances in the technologies 

that characterize genomic variation. This has been paralleled by a growth in publicly 
available data sets containing genotypic information. Publicly available data sets 
have allowed the genetics of complex traits studies to move from traditional linkage 
and candidate gene studies to the new generation of association studies (GWaS), 
wherein genotypes at several hundred thousand variant sites, combined with the 
knowledge of LD structure, allow the vast majority of common variants (MaF >5%) 
to be tested for association with the quantitative traits. In 2008, the first public 
catalogue of variant sites (dbSNP 129) was available, containing approximately 11 
million SNPs and 3 million short insertions and deletions (Sachidanandam, 2001). 
Later, the International HapMap Project catalogue became available with both 
allele frequencies and the correlation patterns between nearby variants, linkage 
disequilibrium (LD), across several populations for 3.5 million SNPs (The International 
Hapmap, 2003, The International Hapmap, 2005, The International Hapmap, 2007). 
The National Human Genome research Institute (NHGrI) launched in 2003 a public 
research consortium named eNCODe (encyclopedia of dNA elements), making 
available a monumental DNa functional elements library that helps scientists to gain a 
deeper understanding of the biological function of the genetic variants in the genome 
and helps in the prediction of potential risk alleles (Feingold, 2004). More recently, 
a deep characterization of sequence variation of the genome of 1000 individuals 
has become available (The 1000 Genomes Project), providing scientists a complete 
information of all the SNPs presented in a certain group of individuals (Durbin et al., 
2010). These publicly available catalogues are valuable tools to investigate human 
genome diversity and its relation to complex traits such as cognition. With these data 
sets it is possible to map human genomic variation (SNPs and structural variants), 
build SNP arrays experiments and to investigate slight variations between whole 
genomes (or loci) in different populations. another advantage of these available data 
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sets is that researchers are now able to include missing genotype values in a sample 
of individuals using genomic imputation. Imputation uses a reference panel of 
haplotypes at a dense set of SNPs to impute untyped genotypes in a study sample of 
individuals that have been genotyped at a subset of the SNPs. The reference panels 
mostly used in the imputation process are from the HapMap and 1000 Genome 
catalogues. 

The advent of high-throughput, cost-effective methods for genotyping and 
sequencing has provided powerful tools to make the above catalogues possible but 
also allowed the development of an integrative database with both genotypic and 
phenotypic information. In 2007, the database of Genotypes and Phenotypes (dbGaP) 
was developed with the intention to archive and distribute the results of studies 
that have investigated the association between genotype and phenotype. Such 
studies include genome wide association studies, medical sequencing, molecular 
diagnostic assays, as well as association between genotype and non-clinical traits. 
These valuable tools have produced many success stories over the years, however 
for several complex traits there is still a lot missing and just a small proportion of the 
heritability can be explained by observed genetic variants.

One possible explanation of the “missing heritability”, concerns the limitations of 
the applied research approaches (Maher, 2008). The approaches generally employed 
are limited to the detection of common genetic variants with small effect, or rare 
variants with high penetrance (Mendelian disease) (Maher, 2008, Manolio et al., 
2009, Mccarthy et al., 2008).  However, variation in quantitative traits like intelligence 
is probably due to the joint effect of several common causal genetic variants (Davies 
et al., 2011), implying  that very large sample sizes (>10.000) will be needed to detect 
individual loci with genome wide significance.  

another explanation of the missing heritability might be that the heritability 
estimates of traits like intelligence are actually overestimated. The recent study by 
Davies et al (Davies et al., 2011) provides a heritability estimate based on measured 
genotypes and sets the lower bound of the heritability of adult intelligence at 40-50% 
(Davies et al., 2011). The reported higher heritability of IQ in adults (60-80%) is derived 
from classical twin studies in which the phenotypic resemblance of monozygotic twins 
is compared to the phenotypic resemblance of dizygotic twins. Stronger resemblance 
between monozygotic twins is taken as evidence for the involvement of genetic 
factors. These classical twin studies, however, rely on a number of assumptions that 
may not always be correct. For example, genetic effects are assumed to be stable 
across different environmental conditions. However, multiple studies have shown 
that this is not always the case. In the context of intelligence, for instance, Vinkhuizen 
and colleagues (Vinkhuyzen et al., 2011) studied the heritability of intelligence across 
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samples of subjects who were exposed to different life events. The study showed 
that the heritability of intelligence ranged from only 9% to above 90% across levels of 
positive, negative, and neutral life events, suggesting that genetic and environmental 
factors influence cognitive variation differently depending on the type of life events 
that subjects were exposed to. These so-called gene-environment interaction (Gxe) 
studies showed that population-based estimates of heritability, i.e., averaged across 
subgroups and various environmental conditions, can be misleading as the heritability 
may be higher in some subgroups, and lower in others. In addition, these studies 
suggested that the success of genetic association studies might increase when such 
subgroups and the effects of environmental conditions are taken into account. 

Two other assumptions underlying the classical twin design that may affect the 
‘missing heritability’ concern random mating (i.e., the phenotypes of the parents of 
the twins are assumed to be uncorrelated), and the absence of cultural transmission 
(i.e., environmental factors related to the trait of interest are not transmitted from 
the parental generation to the offspring). If these assumptions are violated (i.e., 
assortative mating and cultural transmission do in actuality affect the trait of interest) 
but the effects are not accommodated explicitly in heritability studies of intelligence, 
the result may be that effects of genetic dominance (i.e., non-additive genetic 
factors) are underestimated (Fulker, 1982, Keller et al., 2009). Since gene-finding 
methods like GWas generally assume the absence of genetic dominance, heritability 
may go missing when non-additive genetic effects that are actually present are not 
sufficiently considered. Previous studies indeed suggest that these assumptions may 
not always hold for intelligence. Various studies have, for example, shown that mates 
do select each other on the basis of similar cognitive levels (Loehlin, 1978, Mascie-
Taylor, 1989, reynolds et al., 2000). In a study using an extended family design 
(twins, and the siblings, children and parents of these twins, N=1314), Vinkhuyzen 
et al (Vinkhuyzen et al., 2012) showed that the pattern of phenotypic resemblance 
between family members other than twins did not comply with high heritability due 
to additive genetic effects. They reported the presence of genetic dominance effects 
on intelligence besides effects of assortative mating and cultural transmission, and 
suggest that heritability estimates based solely on twin samples may not always 
provide a complete picture of the dynamics between genes and environment.

another genetic mechanism that is not accounted for in the current gene-finding 
studies, is epigenetic inheritance, in which changes in phenotype and rNa expression 
are passed on from generation to generation without being accompanied by changes 
in the underlying DNa sequence of the organism. That is, specific changes in the 
environment or food intake of the first generations can affect the phenotypes of 
following generations without altering the DNa sequence. as a result, study designs 



CHaPTer 6

162

that focus on variation in DNa sequence only will not be able to link the trait to the 
implicated genetic loci. 

In addition to environmental factors like food intake, gene-gene interactions 
(epistasis) can also influence rNa expression. That is, the expression of a certain 
gene can be enhanced or reduced by (several) other gene variants and, as in the 
previous case, the phenotype can be passed through generations even if the 
genetic variants that caused the effect are not (Lam et al., 2004). Complex genetic 
mechanisms like epigenetics and epistasis are practically impossible to track using 
relatively simple techniques such as GWas and candidate gene studies, which usually 
focus on the effects of single genes (rather than studying their concerted effects) and 
generally make use of information collected in a single generation only. although 
studies in which these complex genetic processes are implicated in intelligence are 
as yet lacking, it is deemed very likely that such complex genetic processes underlie 
variation in complex traits such as intelligence. The fact that these complex genetic 
processes are not well accommodated in current behavioral genetic studies could 
therefore well be one of the reasons that a large part of the heritability of intelligence 
remains as yet unexplained.

Future directions
One of the primary findings of the wide range of GWas studies conducted to date 
is that single gene effects are usually (very) small and accumulative, suggesting that 
most of the genes interact epistatically or work concertedly within pathways. It is, 
therefore, possible that the effect of one gene on the trait of interest can only be 
observed when the effects of other genes are taken into account. Functional pathway 
approaches based on cellular function might promote the identification of genes 
with small effect that together explain more variance in the phenotype than alone. 
Pathway analyses have been proposed to assess the effect of multiple genes grouped 
in biologically pathways or gene-sets. Using this approach ruano et al (ruano et al., 
2010), showed how the combined effect of multiple genes can explain part of the 
additive genetic influences on intelligence. Their study provided replicated evidence 
for a role of a functional group of genes that code for G-proteins in intelligence 
(ruano et al., 2010).

More complex but yet less-studied are the structural variations such as the 
CNVs, which involve large-scale changes: wholesale duplications and reversals, 
or unexpected additions and omissions, of long DNa sequences. recently it was 
reported, using deep sequence approach, that structural variations are more specific 
to individuals than SNPs are (Li et al., 2011). Indicating that it is easier to distinguish 
individuals based on their structural variances than by single point variations and that 
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structural variances may in general, influence a much larger part of human genome 
and consequently have a larger effect on complex traits. Using deep sequencing and 
new algorithms, Li et al (Li et al., 2011) was able to  assemble long, relatively intact 
genome sequences from small fragments, allowing the detection of more structural 
variation than was previously usually possible with the traditional sequence 
technologies (Li et al., 2011). These new findings and new approaches developed 
by this group, demonstrate that whole-genome second-generation sequencing is 
a feasible approach to deriving more comprehensive maps of genetic variation in 
complex traits. 

Deep sequencing however is still costly and under development (Depristo et al., 
2011, Le & Durbin, 2011, Nielsen et al., 2011, Sampson et al., 2011). Pasaniuc et 
al (Pasaniuc et al., 2012) showed recently that low coverage sequence can be as 
efficient in detecting common (>5%) and low-frequency (1–5%) SNP variation across 
the genome as SNP arrays and also less costly than SNP array approaches. In this study 
they combined low coverage sequence with genotype calling from 1000 Genomes 
Project reference panels. Sequencing at low coverage yielded more than 90% of the 
effective sample size that was achieved by SNP array plus conventional imputation 
and achieved enough power comparable to high-density SNP arrays. In addition, 
the same group using both simulated and real exome-sequencing data sets, showed 
that association statistics obtained using extremely low-coverage sequencing data 
attain similar P- values at known associated variants as data from genotyping arrays, 
without an excess of false positives (Pasaniuc et al., 2012). although these findings 
are encouraging and can be used to discover new associations between common/
low frequency genetic variants and common diseases, this new approach do not 
involve sufficient coverage to discover rare and new risk variants and to associate 
them with the complex traits.

Future efforts in gene finding for intelligence will benefit from the availability of 
both deep sequence and SNP array approaches for structural variants findings. It 
may also benefit from looking at the combined effect of multiple genes as opposed 
to testing for single SNP/structural variants effects on intelligence. In addition, 
unraveling gene environment interaction processes seems of utmost importance. 
Ideally, future studies aimed at revealing the genetic basis of intelligence may benefit 
from combining these two lines of research by studying groups or networks of genes 
that share the same cellular function while controlling for, or accommodating, the 
effects of environmental factors that induce variation in cognitive functioning. 

Identifying the relevant genetic variants is only the starting point on the journey 
to elucidate and understand the genetic basis of intelligence. after this, we need to 
translate the genetic findings into biological useful insights, using e.g. gene expression 
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data or pluripotent stem cells approach. Publicly available expression data exist for a 
growing number of tissues (Chen et al., 2008, Dixon et al., 2007, emilsson et al., 2008, 
Kang et al., 2011, Myers et al., 2007, Schadt et al., 2008, Stranger et al., 2007), however 
these datasets are limited to brain regions (no tissue/cell information) and in general, 
the expression panel is not linked to a desired human quantitative phenotype.  In the 
last decade, has been a major effort in developing cell lines to serve as a model for 
functional experiments. Pluripotent stem cells (PSCs) present potential opportunities 
for quantitative traits modeling (Park et al., 2008, Zhu et al., 2011) specially induced 
PSCs lines. Induced PSCs have the potential to differentiate into more than 220 cell 
types and replicate indefinitely (evans & Kaufman, 1981; Martin, 1981; Yu et al., 2007).  
These pluripotent cells can be derived from donor somatic cells such as fibroblasts 
and blood (Seki et al., 2012, Takahashi et al., 2007, Takahashi & Yamanaka, 2006, 
Yamanaka & Takahashi, 2006) and can be differentiate into brain cells (Schwartz et al., 
2008). These differentiate neural lineage cells from PSCs lines have normal karyotypes, 
express telomerase activity, express cell surface markers and genes that characterize 
human neural cells. These characteristics make the donor PSC line an incredible tool 
to understand the biological mechanisms of the genetic variants, combining the donor 
quantitative phenotype and genotype information with allele-specific transcriptional 
variations in the phenotype-relevant tissues. although the use of pluripotent donor 
cells for understanding the genetics underlying complex traits is still in its infancy, it 
may provide a major step forward in the confirmation and functional characterization 
of cognitive genetic studies, allowing the field to move from association to causation.

at the start of my PhD project, we were at the verge of a new era - the era of 
GWaS - which kept skyrocketing promises for gene-finding. The field of the genetics of 
complex traits changed rapidly during my PhD project, with datasets increasing from 
just a few kB containing data on one or two candidate genes to more than 20 Gb 
containing data on millions of markers for 1000’s of individuals. Figure 1 provides a 
time-line overview of some of the important benchmark events in the search for genes 
for intelligence that occurred before and during the writing of my thesis.

The knowledge we had at that time in the context of intelligence could be 
summarized in three general statements: 1. Intelligence is heritable; 2. Genes for 
intelligence most likely reside on chromosomes 2 and 6; and 3.There are a couple of 
candidate genes that are likely involved in intelligence (e.g. SNAP25, CHRM2, APOE, 
DRD2). The first statement is still true, we even have obtained further evidence and we 
can adjust this statement slightly by stating: 1-revised. Intelligence is highly heritable, 
influenced by multiple genetic variants each of small effect and most of the genetic 
variance is likely to be additive. 
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The second statement needs some adjustment, as we now believe that genes for 
intelligence reside on multiple chromosomes. In addition we also tend to believe that 
regulatory elements outside genes may be of importance: 2-revised. Genetic variants 
for intelligence are likely to reside on multiple chromosomes. 

There is no scientific evidence to support statement three as there are still no 
genes that are consistently shown to be associated with intelligence. However, 
most researchers will believe this statement is generally true as it can be implied by 
statements 1 and 2. We do note that the set of candidate genes most researchers 
would have come up with in 2007 will differ from the set in 2012. In fact, a recent 
report (http://economics.cornell.edu/dbenjamin/IQ-SNPs-PsychSci-20111205-
accepted.pdf)  stated that most candidate genes for intelligence are likely to be false. 
In this study (http://economics.cornell.edu/dbenjamin/IQ-SNPs-PsychSci-20111205-
accepted.pdf) they tried to replicate previous findings on intelligence, using a 
population sample of more than 9000 individuals with sufficient power to detect 
genetic variants with effect size of 0.1%. Despite the statistical power of this study, 
none of the candidate genes were replicated (total of 13)  (http://economics.cornell.
edu/dbenjamin/IQ-SNPs-PsychSci-20111205-accepted.pdf). 

My own work presented in chapter 2 also reports on numerous failed replications 
of previous associated genes, although we were able to find replicated association 
for two new genes (ATXN1 and TRIM31) but only for intelligence in an aDHD 
background. In the Davies et al (Davies et al., 2011) GWa study, the best gene for 
intelligence (FNBP1L) was not genomewide significant, however the same gene was 
found to be the best associated gene in a recent second GWaS study in children 
(Benyamin et al., under review), providing suggestive evidence for a role of this gene 
in intelligence. We therefore like to keep statement 3 unchanged. at the end of my 
PhD project we can add a statement based on my own work and concurrent work 
from others, statement 4: 4. Genes for intelligence most likely are functionally linked, 
suggesting that the focus of research might benefit from shifting from structure 
towards function. 

Understanding how genetic variation affects intelligence is one of the greatest 
scientific challenges of the 21st century. The field of complex trait genetics is now 
having a graceful and elegant bearing. New molecular genetics approaches focusing 
more on pathways, gene environment interactions and cellular functions will help us 
to unveil the underlying biological factors involved in intelligence. This exciting and 
rapidly changing field is progressing fast towards the understanding of intellectual 
ability and human brain capacity.
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