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Abstract Individual differences in intelligence (cognitive

abilities) are a prominent aspect of human psychology, and

play a substantial role in influencing important life out-

comes. Their phenotypic structure—as described by the

science of psychometrics—is well understood and well

replicated. Approximately half of the variance in a broad

range of cognitive abilities is accounted by a general cog-

nitive factor (g), small proportions of cognitive variance are

caused by separable broad domains of mental function, and

the substantial remainder is caused by variance that is

unique to highly specific cognitive skills. The heritability of

g is substantial. It increases from a low value in early

childhood of about 30%, to well over 50% in adulthood,

which continues into old age. Despite this, there is still

almost no replicated evidence concerning the individual

genes, which have variants that contribute to intelligence

differences. Here, we describe the human intelligence

phenotype, summarise the evidence for its heritability,

provide an overview of and comment on molecular genetic

studies, and comment on future progress in the field.

Introduction

The existence of individual differences in intelligence is a

prominent aspect of human psychology. These differences

influence important life outcomes. Their phenotypic

structure—as described by the science of psychometrics—

is well understood and well replicated. In this overview we

shall summarise what is known about genetic—and

sometimes environmental—contributions to people’s dif-

ferences in intelligence. Intelligence may be read as

cognitive abilities, mental abilities, and IQ in its lay and

broad usage. It is a quantitative trait. But it is not like

height and weight: it does not afford straightforward

measurement using basic scientific units. Therefore, before

addressing the genetic and environmental findings, we

describe the phenotype of intelligence.

Intelligence: the phenotype

If we test a large group of individuals on their ability to,

say, explain to us the meanings of words, there are marked

individual differences. Why do some people perform better

than others? Is it because people differ on a general cog-

nitive ability that means they are better on almost all

mental tasks, no matter what the content? Or is it that

people differ on a mental faculty that helps us with cog-

nitive tasks containing verbal materials generally, without

implications for nonverbal types of mental work? Or is it

that people simply differ on the specific skill of explaining

the meanings of words, without implications for their

performance on any other mental task? Or is it that people

differ in their exposure to words, and they tend to be able to

explain best the words to which they have had the most

exposure?

All four suggestions are true to varying degrees. Take

the ability to explain what words mean, for example, and a

specific but entirely ordinary dataset. Over 2,000 children

and adolescents, reasonably representative of the US pop-

ulation, took the Wechsler Intelligence Scale for Children-

IV (WISC-IV), the newest version of one of the most

widely used and comprehensive mental test batteries
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(Watkins 2006). It includes such a vocabulary test, and

nine other mental tests with a diverse range of content.

Scores on the ten tests were positively correlated; those

who did better on one of the tests tended to do better on all

of the others. Of the total variance among the ten mental

tests, 54% was variance shared among the tests, and 46%

was variance unique to individual tests. Of the shared

variance, 71% was due to a general cognitive ability factor.

The remaining 28% was due to four less-general factors

representing broad cognitive domains that were indepen-

dent of the general cognitive ability factor and of each

other: verbal comprehension (12%); nonverbal reasoning

(4%); working memory (4%); and processing speed (8%).

For the vocabulary subtest, 50% of the individual differ-

ences in scores was due to the general cognitive ability

factor, 19% to the verbal comprehension factor, 1% to the

perceptual reasoning factor, and 31% was unique to that

subtest.

Another WISC-IV test is Block Design. It involves

reproducing two-dimensional patterns using cubes that

have red, white, and half-red-half-white faces. It can be

completed without use of language. In that test (Watkins

2006) 42% of the individual differences were due to the

general cognitive ability factor; 8% due to the nonverbal

reasoning factor; and 49% were specific to that test. In this

useful example dataset, the ten individual WISC-IV tests

were correlated with the general factor between 0.47 and

0.72 (mean = 0.62). That is, in ten very different tests of

mental ability, a general cognitive ability factor accounted

for between 22 and 51% (mean = 38%) of the individual

differences on each test. Of the rest, a mean of 46% of the

variance in each subtest was explained by variance unique

to each test, which includes variance attributable to states

such as fatigue, mood, motivation, etc. The specific per-

centages are not important here. What is important is the

very ordinariness of these results. They mean that, when

people engage in mental work there are two principal

contributions to how well they do: their level of general

cognitive ability, and the very specific capability they have

for the particular mental task at that moment. Still, a little

of the performance is accounted for by broad domains of

thinking skill, such as verbal or nonverbal skills that are

less general than the general cognitive factor, but more

general than the specific task. At the same time, if the

vocabulary test were given in Spanish to this sample, most

of the participants would have scored much lower due to

their lack of exposure to Spanish vocabulary.

Broadly, these facts have been known for about a century

(Spearman 1904, 1927). Examine any dataset in which a

number of diverse mental tests has been administered to a

large sample of people—Carroll (1993) did so, in a re-

analysis of over 400 datasets gathered throughout the

twentieth century—and a strong general cognitive ability

factor appears (Gustafsson 1984; Johnson and Bouchard

2005a). It typically accounts for around 40–50% (or even

more) of the variance. Spearman (1904) denoted the general

cognitive ability factor with the symbol g, hoping that a

non-word character would forestall controversy and reifi-

cation. It did not happen so. g has been the subject of

controversy for most of that time. The major criticisms have

come from theories proposing that there might be a number

(usually \10) of broad, independent domains of cognitive

ability. The best known of these are Thurstone’s (1938)

‘primary mental abilities’ (PMAs), and Gardner’s (1983)

‘multiple intelligences’ (MI). But neither account holds

water as a counter to g. It has been known for 70 years that

Thurstone’s supposedly independent PMAs were positively

correlated, and that even his own data contained a strong g

factor (Eysenck 1939; Johnson and Bouchard 2005b).

Gould’s well-known book (Gould 1981, second edition

1996) on intelligence is incorrect and uninformed on the

Spearman–Thurstone debate; it portrays their ideas as

exclusive competitors, but aspects of both are incorporated

in the well-founded hierarchical model of intelligence

(Carroll 1993; Johnson and Bouchard 2005a, b). Gardner’s

theory has led to few empirical studies, but the majority of

his MI are positively correlated and allow a g factor to be

extracted, and some are not what psychologists would

include as ‘cognitive’ abilities (Visser et al. 2006).

The g factor is among the most replicated findings in

psychology (Carroll 1993). There is some continuing

debate about the organization of the broad domains of

thinking skill that link between g and the specific test

variance. But these discussions need not detain us here,

because it is principally g that carries the predictive

validity as well as most of the variance in the intelligence

trait. However, lest people wonder whether g factors

extracted from different assemblages of mental tests would

differ—and therefore might rank people quite differently—

it has been demonstrated that, when test batteries are even

reasonably diverse, g scores from different batteries of tests

correlate all-but perfectly (Johnson et al. 2004; Johnson

et al. 2008b). In addition to g, though, some of the broad

domains of thinking skill (correlated with g) have attracted

the attention of those seeking the genetic foundations of

mental abilities. These include memory (important in

ageing research), executive function (often a prime target

for those investigating psychiatric illnesses), and language

and mathematics (because specific, genetically influenced

disorders of these skills are found). We must emphasise

that g contributes to these domains. So, when we look at

them, we are looking at a composite of g and the inde-

pendent broad cognitive domain as well as the very specific

skill tested.

As a preparation for the studies on heritability and

molecular genetics of intelligence that are discussed below,
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it is important to appreciate that they are rarely conducted

using a statistically derived g factor, and factors repre-

senting the major mental domains that are more specific

than g. Some are, but others are often conducted using total

IQ scores from a battery of tests (like the Wechsler tests),

or single tests that load highly on the general cognitive

ability factor. The intelligence phenotype—whether it be

the g factor score, a total IQ score, or a score from a single

highly g-loaded test—has remarkable psychometric cre-

dentials. It is highly stable across many decades (Deary

et al. 2000). It is highly predictive of educational attain-

ments, occupational success, income and social mobility in

longitudinal studies (Strenze 2007; Deary et al. 2005a). It is

predictive of how long people live, and many other aspects

of illness, health and health behaviours (Batty et al. 2007;

Deary 2008). It is important in the practicality of decision-

making in people’s everyday lives (Gottfredson 1997;

Jensen 1998). Therefore, it is appropriate that scientists

inquire after its neurological and broader biological origins.

Surprisingly, though there are many studies indicating

possible associations, the well-attested findings are rela-

tively few. Intelligence test scores correlate moderately

with tests of speed of more fundamental information pro-

cessing (Deary 2000)—such as reaction times—and they

correlate modestly with overall brain size (McDaniel

2005). The mechanisms of these associations are not

known, though evidence is accumulating around the idea

that intelligence involves the efficient working of an inte-

grated parietal-frontal brain network (Jung and Haier 2007)

and good white matter integrity (Chiang et al. 2009). By far

the best evidence about the origins of intelligence differ-

ences comes from studies asking about environmental and

genetic foundations.

Basic heritability of g

Investigation of the relative importance of nature and

nurture in the manifestation of human intelligence predates

both the understanding of the mechanisms of inheritance

and the systematic measurement of intelligence. One year

before the publication of Mendel’s classic paper on the

laws of heredity and 39 years before Spearman’s (1904)

publication, Francis Galton (1865) published two papers on

the hereditary transmission of high intelligence and other

abilities. He concluded that high abilities were substan-

tively natural in origin, and transmitted via heredity from

one generation to another. Since then, our understanding of

genetic mechanisms has grown explosively, yet a steady

parade of investigators has reached very similar conclu-

sions despite often hostile political reception (Plomin et al.

2008). Studies have been based on the comparison of

similarity in monozygotic (MZ) and dizygotic (DZ) twins

(e.g., Bouchard et al. 1990; Nichols 1978), adoptive and

biological siblings (e.g., Scarr and Weinberg 1977; Skodak

1950), and parents and their adoptive and biological off-

spring (e.g., Plomin et al. 1997; Skodak and Skeels 1949),

and include major systematic reviews (e.g., Bouchard and

McGue 1981). None of the classic papers we cite here is

recent, but this is precisely the point: more recent studies

have done nothing to change the conclusion that there are

substantial genetic influences on human intelligence,

ranging from 30 to 80% of its total variance including the

error with which it is measured. By way of comparison,

genetic influences on broad domains of cognitive ability

are generally similar (Johnson et al. 2007; Posthuma et al.

2001, 2003; Rijsdijk et al. 2002), with the exception of

memory, which tends to show smaller genetic influence

(Finkel et al. 1995; Johnson et al. 2007; Pedersen et al.

1992). Consistent with the presence therein of tests’ error

variances, genetic influences on abilities unique to specific

tests are generally substantially lower.

This large range of heritability estimates might seem to

indicate uncertainty, but it is systematic. The heritability of

g increases with age (McCartney et al. 1990; McGue et al.

1993; Plomin 1986; Wilson 1978). Again we cite older

studies because it is well established that heritability

increases from about 30% in very young childhood (Spinath

et al. 2003) to as much as 80% in adulthood (Edmonds et al.

2008; Jacobs et al. 2007; Johnson et al. 2007). More recent

studies have tended to focus on measuring the extent to

which genetic influences contribute to stability and change

in g. For example, using Dutch twin pairs assessed at ages 5,

7, 10, 12, and 18 years, Hoekstra et al. (2007) found that the

heritability of verbal ability increased from 48% at age 5 to

84% at age 18, while the heritability of nonverbal ability

increased from 64% at age 5 to 74% at age 18. Stability in

nonverbal ability could be attributed completely to genetic

influences. Stability in verbal ability was attributable to

both genetic and shared environmental influences. The

correlation between verbal and nonverbal ability could be

attributed completely to genetic influences.

In fact, one of the older studies still provides some of the

clearer and more informative data on this subject. Wilson

(1978) documented results from the Louisville Twin Study,

which measured cognitive development in twins and their

singleton siblings at the ages of 3, 6, 9, 12, 18, 24, 30, and

36 months, and 4, 5, and 6 years. The data showed the

now-standard pattern of increasing heritability, with MZ

twin correlations increasing quite steadily from 0.66 at

3 months of age to 0.85 at age 6, while DZ twin correla-

tions remained essentially constant at an average of 0.67.

Estimated heritability increased from 0% at 3 months to

44% at age 6, with MZ twins showing less within-pair

variance than DZ twins at each age. In addition, Wilson

documented the similarity of the developmental trajectories
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of the twin pairs by comparing MZ and DZ changes in

relative level within the first year, the third year, and the

final 2 years. In each period, changes in MZ pairs were

significantly more correlated than in DZ pairs, and within-

pair variance over the period was significantly greater in

DZs than in MZs. Moreover, for all twins, correlations of

mental development with birth weight and gestational age

decreased steadily with chronological age from 0.50 and

0.48 to 0.18 and 0.11, respectively, while correlations with

mother’s education and father’s social status increased

steadily from effectively from 0 to about 0.35 in both.

Perhaps most importantly, Wilson (1978) documented

many of the twin pairs’ mental developmental trajectories.

They are reproduced here as Fig. 1 because they are not as

well known as they should be. Across pairs (the panels of

the figure), the differences in trajectories are striking.

Within pairs or panels, the similarities are also striking,

particularly for the MZ pairs. Wilson concluded that cog-

nitive development in young childhood was characterized

by genetically regulated individual differences in devel-

opmental trajectories that affected both period-to-period

change and ultimate level, and largely buffered from

environmental insults involved in prematurity. At the same

time, he explicitly acknowledged the likely importance of

environmental influences to actualize optimal

development.

How heritability may increase with age

The brain clearly undergoes morphological changes with

development (Bell and Fox 1992; Shaw et al. 2006; Sowell

et al. 1999). Strong genetic influences (on the order of 70–

90% of variance) have been reported for many brain

structures, components, and regions in adults, including

gray and/or white matter volumes and/or densities in cor-

pus callosum, superior frontal and temporal cortex, medial

frontal cortex, amygdala, hippocampus, Broca’s area,

anterior cingulate, Heschl’s gyrus, postcentral gyrus, and

overall brain volume (Hulshoff Pol et al. 2006; Pennington

et al. 2000; Peper et al. 2007; Posthuma et al. 2002;

Thompson et al. 2001). Many of these genetic influences

have also been linked to g and/or intelligence (Hulshoff Pol

et al. 2006; Peper et al. 2007; Posthuma et al. 2002).

Similar data have been reported for aspects of brain func-

tion that may be related to intelligence, such as the

dynamic complexity of measuring brain oscillations

assessing executive function output (Anokhin et al. 2006),

suggesting that these physiological brain measures may be

endophenotypes (Gottesman and Gould 2003), or physio-

logical markers of intelligence. Similar data have also been

reported for performance on tasks considered by many to

reflect more elementary information processing capacity,

than performance on intelligence tests (Roberts and Stan-

kov 1999), such as inspection time (Edmonds et al. 2008)

and executive control (Friedman et al. 2008). Moreover,

even in 10-year-old, genetic correlations among different

aspects of intelligence such as reading and mathematics

abilities have shown substantial genetic correlations (Davis

et al. 2008).

Perhaps of even greater relevance is one longitudinal

brain imaging study of typically and atypically develop-

ing children and adolescents being carried out by the

Child Psychiatry Branch of the US National Institute of

Mental Health (Giedd et al. 2007). Typically developing

twins and singletons in this study ranged in age from 5 to

18 at recruitment beginning in 2001, and have been

assessed at approximately 2-year intervals since then.

Cross-sectionally, data from this study have indicated that

developmental trajectories of cortical thickness better

predict age 20 IQ than differences in cortical thickness at

age 20 (Shaw et al. 2006), providing endophenotypic

support for Wilson’s (1978) observations. At the same

time, the midsagittal area of the corpus callosum, the

volume of the caudate nucleus, and gray and the white

matter volumes of the total cerebrum, parietal lobes, and

temporal lobes showed genetic influences accounting for

77–88% of total variance. Genetic influences on the

volume of the cerebellum and lateral ventricles were

lower, at 49 and 31%, respectively. There were few

shared environmental effects. Total variance tended to

increase with age, but genetic variance in white matter

increased with age while nonshared environmental vari-

ance in gray matter increased with age. Genetic

influences across brain regions were more important than

those specific to any one brain region. Earlier developing

brain regions such as primary sensory motor cortex

showed stronger genetic influences in early childhood,

while later developing regions within the dorsal pre-

frontal cortex and temporal lobes showed increasing

genetic influences with age (Lenroot et al. 2009).

Neuronal repair might provide another mechanism to

account for there being different heritabilities at different

ages. As the brain ages, there is an accumulation of

environmental insults (via, for example, oxidative stress

and inflammation) that can harm neurons and must be

protected against and repaired. To the extent that these

defence and repair processes are based on genes that show

genetic variation, one would expect these genetic contri-

butions to intelligence to appear at some point in

adulthood, once individual differences in brain repair had

an effect on cognitive phenotypes. Some support for this

suggestion came from the finding that variation in the

gene for apolipoprotein E was associated with general

cognitive ability at age 79 but not at age 11 years (Deary

et al. 2002).
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Molecular genetic studies

Despite its high heritability, it is not possible confidently

yet to name one genetic locus unequivocally associated

with the quantitative trait of intelligence. Intelligence is not

unusual in the difficulties it has found in trying to identify

the genes responsible for its high heritability (Maher 2008).

Certainly, there are some associations between APOE

variation and cognitive functions (including general mental

ability and memory) in old age (Small et al. 2004), and

there are some associations with language functions (Fisher

2006) but, with respect to individual differences in intel-

ligence in healthy samples, there are no firmly replicated

findings. We state at the outset that there are other

Fig. 1 Illustrative mental

development curves for

monozygotic (MZ) and

dizygotic (DZ) twins. From

Wilson (1978)
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overviews of this and related fields where the reader can

find some similarly bracing judgements about the power of

genetic association studies (Plomin et al. 2006) and

inconsistency in the literature concerning candidate gene

studies (Payton 2006). There are also more upbeat judge-

ments than ours (Posthuma and de Geus 2006).

In part, the lack of replicated molecular genetic findings

might be because intelligence as a trait has as yet attracted

small samples and few studies, by comparison with dis-

ease-related traits, and other traits such as height and

weight. Examinations of genes related to intelligence have

sometimes been the result of studies with a primary interest

in mild mental handicap (e.g. Butcher et al. 2005), cogni-

tive ageing and ageing more generally (e.g. Payton 2006;

Deary et al. 2004), and schizophenia and other psychiatric

disorders that involve cognitive decrements (e.g. Porteous

et al. 2006). Likewise, some of the candidate genes that

have been examined are those related to the same disor-

ders, including those associated with brain size (e.g. ASPM

and MCPH; Mekel-Bobrov et al. 2007), dementia (espe-

cially APOE; Small et al. 2004), dopamine (e.g. COMT;

Barnett et al. 2008) and other cognition-related neuro-

transmitter-receptor systems (e.g. CHRM2; Dick et al.

2007) and synaptic mechanisms (e.g. SNAP25; Gosso et al.

2006a), longevity (e.g. KLOTHO; Deary et al. 2005b), and

oxidative stress (e.g. PRNP; Kachiwala et al. 2005).

Table 1 describes more than 20 candidate genes and the

results obtained, but is given with a warning that many of

the associations shown as significant, have failed to repli-

cate in a study of about 1,000 subjects with a large battery

of cognitive tests and the same genetic variants (Houlihan

et al. 2009). There are, as yet, few meta-analyses for spe-

cific candidate genes, and the one for COMT is not

encouraging (Barnett et al. 2008). The biological functions

of the several possible candidate genes for cognition have

not been discussed here, or included in Table 1. It appeared

to us that this was not useful in advance of better replica-

tion status for individual associations. As the area matures,

and if it brings increasing evidence for more replicated

intelligence-genetic variant associations, then the mecha-

nistic biology of the gene functions and pathways should

be explored in detail. In common with other quantitative

traits, estimates for the effect of any one genetic variant are

well below 1% of the variance, which means that much

larger samples are required than have typical been

employed (Plomin et al. 2006).

Beyond candidate genes, more omnibus approaches

have been taken. Hypothesising that protection against

oxidative stress might be associated with neural health

and intelligence, over 300 SNPs in over 100 genes were

studied in relation to intelligence at age 11 and age 79 in

the same subjects (Harris et al. 2007). There were no

replicable gene-intelligence associations. Based on the

idea that mild mental handicap represents the low end of

the normal distribution of intelligence, 432 brain-expres-

sed nonsynonymous SNPs were tested for associations

with intelligence (Butcher et al. 2005). This produced a

five-SNP candidate set that was not replicated in the

meta-analysis of a later study using six population-based

samples (Luciano et al. 2008). However, within that

study one sample did replicate the original findings, and

one found significant results in the opposite direction.

Other factors that might have led to non-replication were

the ages of the samples in the different cohorts, the dif-

ferent cognitive tests used in the different samples, and

variation in completeness of the five-SNP set in the

replication samples, owing to some failed genotyping.

The ‘pathway’ approach is also being taken by the

Genes-to-Cognition project, whereby genes coding for

proteins in the postsynaptic NRC/MASC complex

(NMDA Receptor Complex or MAGUK-Associated

Signalling Complex)—which is known to be associated

with learning and memory in rodents—are being studied

for variations that might be associated with cognitive

functions (Croning et al. 2009; Laumonnier et al. 2007;

http://www.genes2cognition.org).

Several genome-wide linkage studies of intelligence

provided suggested regions of linkage, and have some

concurrence with associations with individual genes and

SNPs, though none of these is well replicated. The linkage

studies are summarised in Table 2. The first large-scale

genome-wide association scan of general intelligence (g)

used a two stage process (Butcher et al. 2008). First, pooled

DNA from selected high g and low g 7-year-old was

examined for allele frequency differences on 500,000

SNPs. Forty-seven SNPs were tested in a separate group of

over 3,000 children representing the whole range of g. Six

of these were significant—more than the two expected by

chance—though only one (rs2496143) survived after a

false discovery rate of 0.05 was imposed. None was in a

coding region. They accounted for between 0.1 and 0.4%

of the variance in g.

Studies will continue to appear that utilise the candidate

gene, pathways, and genome wide association approaches.

None of these, to date, has been successful in accounting

for any of the large genetic contribution to intelligence

differences. Indeed, only one of the promising candidate

genes listed in Table 1 is located in a region of linkage for

intelligence as listed in Table 2 (CHRM2), confirming the

lack of consistency of results. Other approaches will be

used, but have yet substantially to get off the ground. These

will include well-conceptualised gene-environment inter-

action studies, such as the one that showed that breast

feeding and variation in the FADS2 (involved in the control

of fatty acid pathways) gene contributed to intelligence

differences in children (Caspi et al. 2007).
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Known complications in studying genetic contributions

to intelligence

Though results from studies of adoptive and biological

siblings and parents and both adoptive and biological off-

spring are very consistent with those from twin studies

(Bouchard 2009), twin studies have supplied the majority

of the data on genetic influences on g to date. The twin

study is a powerful natural experiment but, like any other

natural experiment, its use relies on the accuracy of some

important assumptions. As for many other heritable traits,

violations of these assumptions, such as the assumption

that MZ twins are genetically identical, may be contribut-

ing to the difficulties in identifying the specific genes

involved in g.

From a quantitative genetic perspective, however, the

arguably most fundamental assumption actually applies to

studies of all kinships. This is the assumption that genetic

and environmental influences on g are independent. There

are at least two dynamic processes through which this

assumption is probably commonly violated (Johnson 2007;

Moffitt et al. 2006): gene-environment correlation, or the

association between genetic differences and differential

environmental exposure; and gene-environment interac-

tion, or the association between differential environmental

effects and genetic differences. Because individual humans

have some control over their exposure to environments

related to the development of intelligence, these two forms

of gene-environment interplay tend to co-exist in system-

atic ways (Johnson 2007). Where environmental effects are

toxic, all those who possibly can will move to escape them,

creating a correlation between whatever genetic influences

limit ability to escape the environment and environmental

exposure, and an interaction between the environmental

effects and genetic sensitivity to them.

One such process that may be involved in the develop-

ment of intelligence has been partially explored in several

studies. These studies have generally indicated that genetic

influences unique to IQ and not shared with genetic influ-

ences on socioeconomic status (SES) are more important in

environments of higher rather than lower SES, at least in

childhood (Guo and Stearns 2002; Harden et al. 2007;

Turkheimer et al. 2003; but see van den Oord and Rowe

1997; van der Sluis et al. 2008). But IQ and SES tend to be

correlated (Deary et al. 2005c; Herrnstein and Murray

1994; Higgins 1961; Jencks 1979; Korenman and Winship

2000; Waller 1971), and the extent to which and manner in

which genetic influences contribute to this correlation have

not been addressed. It would be surprising if genetic

influences did not contribute (Hegmann and DeFries 1970;

Johnson 2007), but understanding how they do contribute

would help in understanding how intelligence develops and

thus the biological meaning of its apparently highT
a
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Table 2 Linkage findings for intelligence

Linkage region Genetic evidence Cognitive phenotype Sample References

1q41 LOD 2.5 8-Choice reaction time Brisbane adolescent twin sample: 378

families (information processing) and

285 families (delayed response

working memory)

Wright et al. (2008)

1q43 LOD 2.8 General intelligence: full

scale IQ

1,111 individuals from 201 families

(COGA)

Dick et al. (2006)

2q21–q33 LOD 4.4 Performance IQ 634 sib-pairs (329 Australian families and

100 Dutch families)

Posthuma et al.

(2005)

LOD 4.2 (Reading) LOD 3.7

(performance IQ)

Cambridge reading test

Performance IQ

361 Australian and Dutch twin families Luciano et al.

(2006)

3q13 LOD 2.4 Wechsler symbol search

test, strop CWI, digit

span

1,212 individuals from 271 families Doyle et al. (2008)

6p25–p22 LOD 3.2 (full-scale IQ) and 2.3

(verbal IQ)

General intelligence: full

scale IQ and verbal IQ

634 sib-pairs (329 Australian families and

100 Dutch families)

Posthuma et al.

(2005)

LOD 2.2 (full IQ)

LOD 3.1 (Arithmetic—verbal

subtest)

LOD 3.1 (Schonell reading

test)

General intelligence: full

scale IQ

Arithmetic and verbal

subtest (Schonell reading

test)

361 Australian and Dutch twin families Luciano et al.

(2006)

LOD 3.2 General intelligence: full

scale IQ

1,111 individuals from 201 families

(COGA)

Dick et al. (2006)

7q31–36 LOD 2.4 Verbal IQ 361 Australian and Dutch twin families Luciano et al.

(2006)

7q36 LOD 2.9 Delayed response spatial

precision

Brisbane adolescent twin sample: 378

families (information processing) and

285 families (delayed response

working memory)

Wright et al. (2008)

8p12 LOD 2.3 4-Choice reaction time Brisbane adolescent twin sample: 378

families (information processing) and

285 families (delayed response

working memory)

Wright et al. (2008)

11p15 LOD 2.5 8-Choice reaction time Brisbane adolescent twin sample: 378

families (information processing) and

285 families (delayed response

working memory)

Wright et al. (2008)

11q22–q23 LOD 2.2 Vocabulary—verbal subtest 361 Australian and Dutch twin families Luciano et al.

(2006)

11q25 LOD 3.1 Digit span test (WAIS-R) 1,579 individuals in 217 families (COGA) Buyske et al.

(2006)

14q11, 14q24 LOD 6 Digit symbol substitution

test (WAIS-R)

1,579 individuals in 217 families (COGA) Buyske et al.

(2006)

14q13–q21,

14q32

LOD 2.2 (arithmetic), 3.2

(reading)

Arithmetic—verbal subtest

Schonell reading test

361 Australian and Dutch twin families Luciano et al.

(2006)

14q23 LOD 2.3 Delayed response initiation

time

Brisbane adolescent twin sample: 378

families (information processing) and

285 families (delayed response

working memory)

Wright et al. (2008)

17q12 LOD 2.2 General intelligence: full

scale IQ

1,111 individuals from 201 families

(COGA)

Dick et al. (2006)

22q12 LOD 2.3 Schonell reading test 361 Australian and Dutch twin families Luciano et al.

(2006)

This table summarises the six genome-wide linkage studies for cognitive traits. Suggestive and significant linkage regions as defined (LOD [ 2.2

are suggestive, LOD [ 3.6 are significant) are shown (Lander and Kruglyak 1995)

COGA collaborative study on the genetics of alcoholism
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heritability. Bouchard (1997) has proposed that we inherit

not intellectual capacity as such; rather, species-typical

affective-motivational systems shaped by the environment

of evolutionary adaptation that drive both capacity and

preferences. Following Hayes (1962), he suggested that

manifest intelligence is the demonstration of skills and

knowledge accumulated during the experiences created by

these affective-motivational systems. Van der Maas et al.

(2006) have demonstrated that such a conceptualization of

intelligence as an emergent rather than latent trait can

account just as well for the correlations among mental

ability tests that we use to define g. Such a conceptuali-

zation also implies that the specific genes contributing to

any particular level of manifested intelligence may differ

considerably from individual to individual, making them

very difficult to isolate with the techniques currently

available. There is psychometric and neuroscientific evi-

dence that this could be the case as well (Johnson et al.

2008a; Johnson and Bouchard 2007a, b).

This kind of gene-environment interplay model could

also help to account for the Flynn effect, named after James

Flynn, who has amassed most of the data. The Flynn effect

is the robust observation that, over the last 100 years or so,

performance on intelligence tests has risen consistently

over time. The increases vary from nation to nation and test

to test, but they average about five IQ points, or a third of a

standard deviation, per decade, and have led to the ongoing

necessity of re-norming commonly used IQ tests (Flynn

1995, 2007). The existence of the Flynn effect is generally

accepted, though some suggest that it may be levelling off

at least in western countries in recent years (Ronnlund and

Nilsson 2008; Teasdale and Owen 2008). There has been

no consensus on the reasons for it, however, though a

model featuring gene-environment correlation has been

proposed by Flynn (Flynn 2007; Dickens and Flynn 2001).

Some new directions to consider

Though at this writing we have no knowledge of any

specific genes reliably associated with normal-range intel-

ligence, we do know of some 300 genes associated with

mental retardation (see Inlow and Restifo 2004 for a

review). This is generally considered to be an underesti-

mate of the number actually involved (Chelly et al. 2006).

Penke et al. (2007) suggested that genetic variance in

intelligence may result from mutation-selection balance, or

the accumulation of many mildly harmful mutations, both

old and new, that natural selection has not yet wiped from

the population. This would be consistent with our ability to

isolate genetic variants involved in mental retardation but

not in normal-range intelligence with currently available

methods. It would also be consistent with the common

disease-rare variant hypothesis (Goldstein and Chikhi

2002; McClellan et al. 2007) as an explanation for genetic

influences on intelligence.

Of the approximately 300 identified genes associated

with mental retardation, about 20% are located on the X

chromosome (Ropers and Hamel 2005). About 3.4% of all

genes are located on the X chromosome (Skuse 2005). It is

relatively easy to identify genes on the X chromosome

because females have two X chromosomes while males

have only one. Our current knowledge may thus overstate

the proportion of total genes involved in mental retardation

that are located on the X chromosome. Still, it is possible

that genes on the X chromosome are over-represented

among genes involved in intelligence, as the genes on the

X chromosome tend to be expressed in the brain, along

with the reproductive tissues (Laumonnier et al. 2007).

Moreover, many of the genes on the X chromosome do not

appear to be polymorphic in the general population (Ross

et al. 2005), suggesting that these genes could be involved

in fundamental brain organization. This would be consis-

tent with the idea that variation in intelligence could result

from many individually rare mutations in these genes.

Individuals with X chromosome anomalies also provide

evidence that genes on the X chromosome may be involved

in specific abilities contributing to general intelligence,

particularly verbal and spatial abilities. Females with

Turner’s syndrome, who have only a single X chromo-

some, tend to display deficits primarily in spatial and

numerical abilities (Skuse 2005), while males with Kline-

felter’s syndrome, who have an extra X chromsome

(XXY), tend to display deficits primarily in verbal and

executive functioning (DeLisi et al. 2005). The existence of

genes, on any chromosome, with differential effects on

specific kinds of abilities would be consistent with the idea

of g as an emergent trait influenced by different genes to

different degrees in different individuals. Johnson et al.

(2009) provide a more complete review of the reasons for

thinking genes on the X chromosome may be involved in

intelligence.

The approach adopted by the Genes to Cognition project

is a broader variant of the pathway approach that has merit.

It started with the idea that, if the postsynaptic NRC/MASC

complex is a key part of the mechanism for thinking and

memorising, then it is worth exploring to discover whether

genetic variation in its almost 200 genes is associated with

cognitive ability differences and cognitive pathology-rela-

ted disorders (Laumonnier et al. 2007). The human studies

include sequencing and SNP testing, parallel animal studies

involve making knock-out mice and analysing their

behavioural profiles, and bioinformatics studies analyse the

proteomic networks. Such large scale, organised, picking-

apart of the molecular engines of cognition have consid-

erable merit in principle (http://www.genes2cognition.org).
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Progress will be made along the routes already being

explored as offering sources of variance for other

quantitative traits and psychological and psychiatric dis-

orders. The extent to which copy number variation

contributes to intelligence differences should be tested: it

is possible that people with lower g levels have larger

numbers of small chromosomal deletions and duplica-

tions (cf. International Schizophrenia Consortium 2008).

The possibility—revealed by sequencing—that the load

of rare genetic variants might be a contributing factor to

schizophrenia is an obvious one to apply to cognitive

ability, not least because cognitive decrements are a key

feature of schizophrenia. The degree to which runs of

homozygosity (McQuillan et al. 2008) are associated

with intelligence will be used to test the ‘heterosis’

hypothesis of intelligence differences (Mingroni 2007).

We can expect to see more testing of genetic variants on

so-called intermediate phenotypes for intelligence, such

as processing speed and brain-imaging parameters (e.g.

Chiang et al. 2009). Routes into the genetic contributions

to intelligence will continue to come from studies of

cognitive pathologies—reading and other language dis-

orders, autism, schizophrenia, mild mental handicap,

etc.—not least because of the ‘generalist genes’ idea that

many of the genes associated with specific cognitive

disorders will contribute to normal-range variation in g

(Kovas and Plomin 2006; Davis et al. 2008). As is the

case with height—which is probably even more highly

heritable than general intelligence—much work in the

next years will be devoted to seeking the loci of the as-

yet ‘missing heritability’ (Maher 2008).

Acknowledgments The work was undertaken by The University of

Edinburgh Centre for Cognitive Ageing and Cognitive Epidemiology,

part of the cross council Lifelong Health and Wellbeing Initiative.

Funding from the BBSRC, EPSRC, ESRC, and MRC is gratefully

acknowledged. Wendy Johnson is supported by a Research Councils

UK Fellowship. Lorna Houlihan is supported by a grant to Ian Deary

from Help the Aged (The Disconnected Mind Project).

References

Anokhin AP, Muller V, Lindenberger U, Heath AC, Myers E (2006)

Genetic influences on dynamic complexity of brain oscillations.

Neurosci Lett 397:93–98

Barnett JH, Scoriels L, Munafo MR (2008) Meta-analysis of the

cognitive effects of the catechol-O-methyltransferase gene

Val158/108Met polymorphism. Biol Psychiatry 64:137–144

Batty GD, Deary IJ, Gottfredson LS (2007) Premorbid (early life) IQ

and later mortality risk: systematic review. Ann Epidemiol

17:278–288

Becker KG, Barnes KC, Bright TJ, Wang SA (2004) The genetic

association database. Nat Genet 36:431–432

Bell MA, Fox NA (1992) The relations between frontal brain

electrical activity and cognitive development during infancy.

Child Dev 63:1142–1163

Bendixen MH, Nexo BA, Bohr VA, Frederiksen H, McGue M,

Kolvraa S, Christensen K (2004) A polymorphic marker in the

first intron of the Werner gene associates with cognitive function

in aged Danish twins. Exp Gerontol 39:1101–1107

Berr C, Richard F, Dufouil C, Amant C, Alperovitch A, Amouyel P

(1998) Polymorphism of the prion protein is associated with

cognitive impairment in the elderly: the EVA study. Neurology

51:734–737

Bochdanovits Z, Gosso FM, van den Berg L, Rizzu P, Polderman TJ,

Pardo LM, Houlihan LM, Luciano M, Starr JM, Harris SE,

Deary IJ, de Geus EJ, Boomsma DI, Heutink P, Posthuma D

(2009) A functional polymorphism under positive evolutionary

selection in ADRB2 is associated with human intelligence with

opposite effects in the young and the elderly. Behav Genet

39:15–23

Bouchard TJ Jr (1997) Experience Producing Drive Theory: how

genes drive experience and shape personality. Acta Paediatr

Suppl 422:60–64

Bouchard TJ (2009 Genetic influence on human intelligence (Spear-

man’s g): How much? Ann Hum Biol Psychol Sci (in press)

Bouchard TJ Jr, McGue M (1981) Familial studies of intelligence: a

review. Science 212:1055–1059

Bouchard TJ Jr, Lykken DT, McGue M, Segal NL, Tellegen A (1990)

Sources of human psychological differences: the Minnesota

Study of Twins Reared Apart. Science 250:223–228

Burdick KE, Lencz T, Funke B, Finn CT, Szeszko PR, Kane JM,

Kucherlapati R, Malhotra AK (2006) Genetic variation in

DTNBP1 influences general cognitive ability. Hum Mol Genet

15:1563–1568

Butcher LM, Meaburn E, Dale PS, Sham P, Schalkwyk LC, Craig IW,

Plomin R (2005) Association analysis of mild mental impair-

ment using DNA pooling to screen 432 brain-expressed single-

nucleotide polymorphisms. Mol Psychiatry 10:384–392

Butcher LM, Davis OS, Craig IW, Plomin R (2008) Genome-wide

quantitative trait locus association scan of general cognitive

ability using pooled DNA and 500 K single nucleotide poly-

morphism microarrays. Genes Brain Behav 7:435–446

Buyske S, Bates ME, Gharani N, Matise TC, Tischfield JA, Manowitz

P (2006) Cognitive traits link to human chromosomal regions.

Behav Genet 36:65–76

Carroll JB (1993) Human cognitive abilities: a survey of factor

analytic studies. Cambridge University Press, Cambridge

Caspi A, Williams B, Kim-Cohen J, Craig IW, Milne BJ, Poulton R,

Schalkwyk LC, Taylor A, Werts H, Moffitt TE (2007) Moder-

ation of breastfeeding effects on the IQ by genetic variation in

fatty acid metabolism. Proc Natl Acad Sci USA 104:18860–

18865

Chelly J, Khelfaoui M, Francis F, Cherif B, Bienvenu T (2006)

Genetics and pathophysiology of mental retardation. Eur J Hum

Genet 14:701–713

Chiang M-C, Barysheva M, Shattuck DW, Lee AD, Madsen SK,

Avedissian C, Klunder AD, Toga AW, McMahon KL, de

Zubicaray GI, Wright MJ, Srivastava A, Balov N, Thomson PM

(2009) Genetics of brain fiber architecture and intellectual

performance. J Neurosci 29:2212–2224

Chorney MJ, Chorney K, Seese N, Owen MJ, Daniels J, McGuffin P,

Thompson LA, Detterman DK, Benbow C, Lubinski D, Eley T,

Plomin R (1998) A quantitative trait locus associated with

cognitive ability in children. Psychol Sci 9:159–166

Comings DE, Wu S, Rostamkhani M, McGue M, Lacono WG,

Cheng LS, MacMurray JP (2003) Role of the cholinergic

muscarinic 2 receptor (CHRM2) gene in cognition. Mol

Psychiatry 8:10–11

Croning MD, Marshall MC, McLaren P, Armstrong JD, Grant SG

(2009) G2Cdb: the genes to cognition database. Nucleic Acids

Res 37:D846–D851

Hum Genet

123



Davis OS, Kovas Y, Harlaar N, Busfield P, McMillan A, Frances J,

Petrill SA, Dale PS, Plomin R (2008) Generalist genes and the

Internet generation: etiology of learning abilities by web testing

at age 10. Genes Brain Behav 7:455–462

Deary IJ (2000) Looking down on human intelligence. Cambridge

University Press, Cambridge

Deary IJ (2008) Why do intelligent people live longer? Nature

456:175–176

Deary IJ, Whalley LJ, Lemmon H, Crawford JR, Starr JM (2000) The

stability of individual differences in mental ability from

childhood to old age: follow-up of the 1932 Scottish Mental

Survey. Intelligence 28:49–55

Deary IJ, Whiteman MC, Pattie A, Starr JM, Hayward C, Wright AF,

Carothers A, Whalley LJ (2002) Cognitive change and the

APOE epsilon 4 allele. Nature 418:932

Deary IJ, Wright AF, Harris SE, Whalley LJ, Starr JM (2004)

Searching for genetic influences on normal cognitive ageing.

Trends Cogn Sci 8:178–184

Deary IJ, Taylor MD, Hart CL, Wilson V, Davey Smith G, Blane D,

Starr JM (2005a) Intergenerational social mobility and mid-life

status attainment: influences of childhood intelligence, childhood

social factors, and education. Intelligence 33:455–472

Deary IJ, Harris SE, Fox HC, Hayward C, Wright AF, Starr JM,

Whalley LJ (2005b) KLOTHO genotype and cognitive ability in

childhood and old age in the same individuals. Neurosci Lett

378:22–27

Deary IJ, Hamilton G, Hayward C, Whalley LJ, Powell J, Starr JM,

Lovestone S (2005c) Nicastrin gene polymorphisms, cognitive

ability level and cognitive ageing. Neurosci Lett 373:110–114

Deary IJ, Gow AJ, Taylor MD, Corley J, Brett C, Wilson V, Campbell

H, Whalley LJ, Visscher PM, Porteous DJ, Starr JM (2007) The

Lothian Birth Cohort 1936: a study to examine influences on

cognitive ageing from age 11 to age 70 and beyond. BMC

Geriatr 7:28

DeLisi LE, Maurizio AM, Svetina C, Ardekani B, Szulc K,

Nierenberg J, Leonard J, Harvey PD (2005) Klinefelter’s

syndrome (XXY) as a genetic model for psychotic disorders.

Am J Med Genet B Neuropsychiatr Genet 135B:15–23

Dempster EL, Toulopoulou T, McDonald C, Bramon E, Walshe M,

Wickham H, Sham PC, Murray RM, Collier DA (2006) Episodic

memory performance predicted by the 2 bp deletion in exon 6 of

the ‘‘alpha 7-like’’ nicotinic receptor subunit gene. Am J

Psychiatry 163:1832–1834

Dick DM, Aliev F, Bierut L, Goate A, Rice J, Hinrichs A, Bertelsen S,

Wang JC, Dunn G, Kuperman S, Schuckit M, Nurnberger J Jr,

Porjesz B, Beglieter H, Kramer J, Hesselbrock V (2006) Linkage

analyses of IQ in the collaborative study on the genetics of

alcoholism (COGA) sample. Behav Genet 36:77–86

Dick DM, Aliev F, Kramer J, Wang JC, Hinrichs A, Bertelsen S,

Kuperman S, Schuckit M, Nurnberger J Jr, Edenberg HJ, Porjesz

B, Begleiter H, Hesselbrock V, Goate A, Bierut L (2007)

Association of CHRM2 with IQ: converging evidence for a gene

influencing intelligence. Behav Genet 37:265–272

Dickens WT, Flynn JR (2001) Heritability estimates versus large

environmental effects: the IQ paradox resolved. Psychol Rev

108:346–369

Doyle AE, Ferreira MA, Sklar PB, Lasky-Su J, Petty C, Fusillo SJ,

Seidman LJ, Willcutt EG, Smoller JW, Purcell S, Biederman J,

Faraone SV (2008) Multivariate genomewide linkage scan of

neurocognitive traits and ADHD symptoms: suggestive linkage to

3q13. Am J Med Genet B Neuropsychiatr Genet 147B:1399–1411

Edmonds CJ, Isaacs EB, Visscher PM, Rogers M, Lanigan J, Singhal

A et al (2008) Inspection time and cognitive abilities in twins

aged 7 to 17 years: age-related changes, heritability, and genetic

covariance. Intelligence 36:210–225

Egan MF, Goldberg TE, Kolachana BS, Callicott JH, Mazzanti CM,

Straub RE, Goldman D, Weinberger DR (2001) Effect of COMT

Val108/158 Met genotype on frontal lobe function and risk for

schizophrenia. Proc Natl Acad Sci USA 98:6917–6922

Egan MF, Kojima M, Callicott JH, Goldberg TE, Kolachana BS,

Bertolino A, Zaitsev E, Gold B, Goldman D, Dean M, Lu B,

Weinberger DR (2003) The BDNF val66met polymorphism

affects activity-dependent secretion of BDNF and human

memory and hippocampal function. Cell 112:257–269

Eysenck HJ (1939) Primary mental abilities. Br J Educ Psychol

9:270–275

Finkel D, Pedersen NL, McGue M, McClearn GE (1995) Heritability

of cognitive abilities in adult twins: comparison of Minnesota

and Swedish data. Behav Genet 25:421–431

Fisher SE (2006) Tangled webs: tracing the connections between

genes and cognition. Cognition 101:270–297

Flynn JR (1995) IQ gains over time. In: Sternberg RJ (ed)

Encyclopedia of human intelligence. Simon and Schuster

Macmillan, New York, London, pp 617–623

Flynn JR (2007) What is intelligence? Cambridge University Press,

Cambridge

Friedman NP, Miyake A, Young SE, Defries JC, Corley RP, Hewitt

JK (2008) Individual differences in executive functions are

almost entirely genetic in origin. J Exp Psychol Gen 137:201–

225

Froehlich TE, Lanphear BP, Dietrich KN, Cory-Slechta DA, Wang N,

Kahn RS (2007) Interactive effects of a DRD4 polymorphism,

lead, and sex on executive functions in children. Biol Psychiatry

62:243–249

Galton F (1865) Heredity, talent, and character. Macmillan’s Mag

12:157–166, 318–327

Gardner H (1983) Frames of mind: the theory of multiple intelli-

gences. Basic, New York

Genro JP, Roman T, Zeni CP, Grevet EH, Schmitz M, de Abreu PB,

Bau CH, Rohde LA, Hutz MH (2006) No association between

dopaminergic polymorphisms and intelligence variability in

attention-deficit/hyperactivity disorder. Mol Psychiatry 11:1066–

1067

Giedd JN, Schmitt JE, Neale MC (2007) Structural brain magnetic

resonance imaging of pediatric twins. Hum Brain Mapp 28:474–

481

Goldstein DB, Chikhi L (2002) Human migrations and population

structure: what we know and why it matters. Annu Rev

Genomics Hum Genet 3:129–152

Gosso MF, de Geus EJ, van Belzen MJ, Polderman TJ, Heutink P,

Boomsma DI, Posthuma D (2006a) The SNAP-25 gene is

associated with cognitive ability: evidence from a family-based

study in two independent Dutch cohorts. Mol Psychiatry 11:878–

886

Gosso MF, van Belzen M, de Geus EJ, Polderman JC, Heutink P,

Boomsma DI, Posthuma D (2006b) Association between the

CHRM2 gene and intelligence in a sample of 304 Dutch

families. Genes Brain Behav 5:577–584

Gosso MF, de Geus EJ, Polderman TJ, Boomsma DI, Posthuma D,

Heutink P (2007) Exploring the functional role of the CHRM2

gene in human cognition: results from a dense genotyping and

brain expression study. BMC Med Genet 8:66

Gosso MF, de Geus EJ, Polderman TJ, Boomsma DI, Heutink P,

Posthuma D (2008) Common variants underlying cognitive

ability: further evidence for association between the SNAP-25

gene and cognition using a family-based study in two indepen-

dent Dutch cohorts. Genes Brain Behav 7:355–364

Gottesman II, Gould TD (2003) The endophenotype concept in

psychiatry: etymology and strategic intentions. Am J Psychiatry

160:636–645

Hum Genet

123



Gottfredson LS (1997) Why g matters: the complexity of everyday

life. Intelligence 24:79–132

Gould SJ (1981) The mismeasure of man, 2nd edn 1996. Norton, New

York

Guo G, Stearns E (2002) The social influences on the realization of

genetic potential for intellectual development. Soc Forces

80:881–910

Gustafsson JE (1984) A unifying model for the structure of

intellectual abilities. Intelligence 8:179–203

Harden KP, Turkheimer E, Loehlin JC (2007) Genotype by environ-

ment interaction in adolescents’ cognitive aptitude. Behav Genet

37:273–283

Harris SE, Wright AF, Hayward C, Starr JM, Whalley LJ, Deary IJ

(2005) The functional COMT polymorphism, Val 158 Met, is

associated with logical memory and the personality trait

intellect/imagination in a cohort of healthy 79 year olds.

Neurosci Lett 385:1–6

Harris SE, Fox H, Wright AF, Hayward C, Starr JM, Whalley LJ,

Deary IJ (2006) The brain-derived neurotrophic factor Val66Met

polymorphism is associated with age-related change in reasoning

skills. Mol Psychiatry 11:505–513

Harris SE, Fox H, Wright AF, Hayward C, Starr JM, Whalley LJ,

Deary IJ (2007) A genetic association analysis of cognitive

ability and cognitive ageing using 325 markers for 109 genes

associated with oxidative stress or cognition. BMC Genet 8:43–

61

Hayes KJ (1962) Genes, drives, and intellect. Psychol Rep 10:299–

342

Hegmann JP, Defries JC (1970) Are genetic correlations and

environmental correlations correlated? Nature 226:284–286

Herrnstein RJ, Murray CA (1994) The bell curve: intelligence and

class structure in American life. Free Press, New York

Higgins JV (1961) An analysis of intelligence of 1, 016 families.

University of Minnesota, Minneapolis

Hill L, Chorney MJ, Lubinski D, Thompson LA, Plomin R (2002) A

quantitative trait locus not associated with cognitive ability in

children: a failure to replicate. Psychol Sci 13:561–562

Hoekstra RA, Bartels M, Boomsma DI (2007) Longitudinal genetic

study of verbal and nonverbal IQ from early childhood to young

adulthood. Learn Individ Differ 17:97–114

Houlihan LM, Harris SE, Luciano M, Gow AJ, Starr JM, Visscher

PM, Deary IJ (2009) Replication study of candidate genes for

cognitive abilities: the Lothian Birth Cohort 1936. Genes Brain

Behav 8:238–247

Hulshoff Pol HE, Schnack HG, Posthuma D, Mandl RCW, Baare WF,

van Oel C, van Haren NE, Collins DL, Evans AC, Amunts K,

Buergel U, Zilles K, de Geus E, Boomsma DI, Kahn RS (2006)

Genetic contributions to human brain morphology and intelli-

gence. J Neurosci 26:10235–10242

Inlow JK, Restifo LL (2004) Molecular and comparative genetics of

mental retardation. Genetics 166:835–881

International Schizophrenia consortium (2008) Rare chromosomal

deletions and duplications increase risk of schizophrenia. Nature

455:237–241

Jacobs N, van Os J, Derom C, Thiery E (2007) Heritability of

intelligence. Twin Res Hum Genet 10:11–14

Jencks C (1979) Who gets ahead? The determinants of economic

success in America. Basic Books, New York

Jensen AR (1998) The g factor: the science of mental ability. Praeger,

Westport

Johnson W (2007) Genetic and environmental influences on behavior:

capturing all the interplay. Psychol Rev 114:423–440

Johnson W, Bouchard TJ (2005a) Constructive replication of

the visual-perceptual-image rotation model in Thurstone’s

(1941) battery of 60 tests of mental ability. Intelligence

33:417–430

Johnson W, Bouchard TJ (2005b) The structure of human intelli-

gence: It is verbal, perceptual, and image rotation (VPR), not

fluid and crystallized. Intelligence 33:393–416

Johnson W, Bouchard TJ (2007a) Sex differences in mental abilities:

g masks the dimensions on which they lie. Intelligence 35:23–39

Johnson W, Bouchard TJ (2007b) Sex differences in mental ability: a

proposed means to link them to brain structure and function.

Intelligence 35:197–209

Johnson W, Bouchard TJ, Krueger RF, McGue M, Gottesman II

(2004) Just one g: consistent results from three test batteries.

Intelligence 32:95–107

Johnson W, Bouchard TJ, Mcgue M, Segal NL, Tellegen A, Keyes M,

Gottesman II (2007) Genetic and environmental influences on

the verbal-perceptual-image rotation (VPR) model of the struc-

ture of mental abilities in the Minnesota study of twins reared

apart. Intelligence 35:542–562

Johnson W, Jung RE, Colom R, Haier RJ (2008a) Cognitive abilities

independent of IQ correlate with regional brain structure.

Intelligence 36:18–28

Johnson W, te Nijenhuis J, Bouchard TJ (2008b) Still just 1 g:

consistent results from five test batteries. Intelligence 36:81–95

Johnson W, Carothers A, Deary IJ (2009) A role for the X

chromosome in sex differences in variability in general intelli-

gence? Perspect Psychol Sci (in press)

Jung RE, Haier RJ (2007) The parieto-frontal integration theory (P-

FIT) of intelligence: converging neuroimaging evidence. Behav

Brain Sci 30:135–154

Kachiwala SJ, Harris SE, Wright AF, Hayward C, Starr JM, Whalley

LJ, Deary IJ (2005) Genetic influences on oxidative stress and

their association with normal cognitive ageing. Neurosci Lett

386:116–120

Korenman S, Winship C (2000) A re-analysis of the Bell curve:

intelligence, family background, and schooling. In: Arrow K,

Bowles S, Durlauf S (eds) Meritocracy and income inequality.

Princeton University Press, Princeton, pp 137–178

Kovas Y, Plomin R (2006) Generalist genes: implications for the

cognitive sciences. Trends Cogn Sci 10:198–203

Lambert JC, Ferreira S, Gussekloo J, Christiansen L, Brysbaert G,

Slagboom E, Cottel D, Petit T, Hauw JJ, DeKosky ST, Richard

F, Berr C, Lendon C, Kamboh MI, Mann D, Christensen K,

Westendorp R, Amouyel P (2007) Evidence for the association

of the S100beta gene with low cognitive performance and

dementia in the elderly. Mol Psychiatry 12:870–880

Lander E, Kruglyak L (1995) Genetic dissection of complex traits:

guidelines for interpreting and reporting linkage results. Nat

Genet 11:241–247

Laumonnier F, Cuthbert PC, Grant SGN (2007) The role of neuronal

complexes in human X-linked brain diseases. Am J Hum Genet

80:205–220

Lenroot RK, Schmitt JE, Ordaz SJ, Wallace GL, Neale MC, Lerch JP,

Kendler KS, Evans AC, Giedd JN (2009) Differences in genetic

and environmental influences on the human cerebral cortex

associated with development during childhood and adolescence.

Hum Brain Mapp 30:163–174

Lerer E, Levi S, Salomon S, Darvasi A, Yirmiya N, Ebstein RP

(2008) Association between the oxytocin receptor (OXTR) gene
and autism: relationship to Vineland Adaptive Behavior Scales

and cognition. Mol Psychiatry 13:980–988

Luciano M, Wright MJ, Duffy DL, Wainwright MA, Zhu G, Evans

DM, Geffen GM, Montgomery GW, Martin NG (2006) Genome-

wide scan of IQ finds significant linkage to a quantitative trait

locus on 2q. Behav Genet 36:45–55

Luciano M, Lind PA, Deary IJ, Payton A, Posthuma D, Butcher LM,

Bochdanovits Z, Whalley LJ, Visscher PM, Harris SE, Polder-

man TJ, Davis OS, Wright MJ, Starr JM, de Geus EJ, Bates TC,

Montgomery GW, Boomsma DI, Martin NG, Plomin R (2008)

Hum Genet

123



Testing replication of a 5-SNP set for general cognitive ability in

six population samples. Eur J Hum Genet 16:1388–13895

Maher B (2008) Personal genomes: the case of the missing

heritability. Nature 456:18–21

McCartney K, Harris MJ, Bernieri F (1990) Growing up and growing

apart: a developmental meta-analysis of twin studies. Psychol

Bull 107:226–237

McClellan JM, Susser E, King MC (2007) Schizophrenia: a common

disease caused by multiple rare alleles. Br J Psychiatry 190:194–

199

McDaniel MA (2005) Big-brained people are smarter: a meta-analysis

of the relationship between in vivo brain volume and intelli-

gence. Intelligence 33:337–346

McGue M, Bouchard TJ, Iacono WG, Lykken DT (1993) Behavioral

genetics of cognitive ability: A life-span perspective. In: R.

Plomin, McClearn GE (eds) Nature, Nurture, and Psychology

American Psychological Association, Washington, DC, pp 59–76

McQuillan R, Leutenegger AL, Abdel-Rahman R, Franklin CS,

Pericic M, Barac-Lauc L, Smolej-Narancic N, Janicijevic B,

Polasek O, Tenesa A, Macleod AK, Farrington SM, Rudan P,

Hayward C, Vitart V, Rudan I, Wild SH, Dunlop MG, Wright

AF, Campbell H, Wilson JF (2008) Runs of homozygosity in

European populations. Am J Hum Genet 83:359–372

Mekel-Bobrov N, Posthuma D, Gilbert SL, Lind P, Gosso MF,

Luciano M, Harris SE, Bates TC, Polderman TJ, Whalley LJ,

Fox H, Starr JM, Evans PD, Montgomery GW, Fernandes C,

Heutink P, Martin NG, Boomsma DI, Deary IJ, Wright MJ, de

Geus EJ, Lahn BT (2007) The ongoing adaptive evolution of

ASPM and microcephalin is not explained by increased intel-

ligence. Hum Mol Genet 16:600–608

Meyer-Lindenberg A, Straub RE, Lipska BK, Verchinski BA,

Goldberg T, Callicott JH, Egan MF, Huffaker SS, Mattay VS,

Kolachana B, Kleinman JE, Weinberger DR (2007) Genetic

evidence implicating DARPP-32 in human frontostriatal struc-

ture, function, and cognition. J Clin Invest 117:672–682

Mill J, Caspi A, Williams BS, Craig I, Taylor A, Polo-Tomas M,

Berridge CW, Poulton R, Moffitt TE (2006) Prediction of

heterogeneity in intelligence and adult prognosis by genetic

polymorphisms in the dopamine system among children with

attention-deficit/hyperactivity disorder: evidence from 2 birth

cohorts. Arch Gen Psychiatry 63:462–469

Mingroni MA (2007) Resolving the IQ paradox: heterosis as a cause

of the Flynn effect and other trends. Psychol Rev 114:806–829

Moffitt TE, Caspi A, Rutter M (2006) Measured gene-environment

interactions in psychopathology: concepts, research strategies,

and implications for research, intervention, and public under-

standing of genetics. Perspect Psychol Sci 1:5–27

Moises HW, Frieboes RM, Spelzhaus P, Yang L, Kohnke M, Herden-

Kirchhoff O, Vetter P, Neppert J, Gottesman II (2001) No

association between dopamine D2 receptor gene (DRD2) and

human intelligence. Perspect Psychol Sci 108:115–121

Nichols RC (1978) Twin studies of ability, personality and interests.

Homo 29:158–173

Payton A (2006) Investigating cognitive genetics and its implications

for the treatment of cognitive deficit. Genes Brain Behav 5:44–

53

Payton A, Holland F, Diggle P, Rabbitt P, Horan M, Davidson Y,

Gibbons L, Worthington J, Ollier WE, Pendleton N (2003)

Cathepsin D exon 2 polymorphism associated with general

intelligence in a healthy older population. Mol Psychiatry 8:14–

18

Payton A, van den Boogerd E, Davidson Y, Gibbons L, Ollier W,

Rabbitt P, Worthington J, Horan M, Pendleton N (2006)

Influence and interactions of cathepsin D, HLA-DRB1 and

APOE on cognitive abilities in an older non-demented popula-

tion. Genes Brain Behav 5(Suppl 1):23–31

Pedersen NL, Plomin R, Nesselroade JR, Mcclearn GE (1992) A

quantitative genetic analysis of cognitive abilities during the 2nd

half of the life-span. Psychol Sci 3:346–353

Penke L, Denissen JJA, Miller GF (2007) The evolutionary genetics

of personality. Eur J Pers 21:549–587

Pennington BF, Filipek PA, Lefly D, Chhabildas R, Kennedy DN,

Simon JH, Filley CM, Galaburda A, DeFries JC (2000) A twin

MRI study of size variations in the human brain. J Cogn

Neurosci 12:223–232

Peper JS, Brouwer RM, Boomsma DI, Kahn RS, Poll HEH (2007)

Genetic influences on human brain structure: a review of brain

imaging studies in twins. Hum Brain Mapp 28:464–473

Plomin R (1986) Development, genes, and psychology. Erlbaum,

Hillsdale

Plomin R, Fulker DW, Corley R, DeFries JC (1997) Nature, nurture,

and cognitive development from 1 to 16 years: a parent-

offspring adoption study. Psychol Sci 8:442–447

Plomin R, Turic DM, Hill L, Turic DE, Stephens M, Williams J,

Owen MJ, O’Donovan MC (2004) A functional polymorphism

in the succinate-semialdehyde dehydrogenase (aldehyde dehy-

drogenase 5 family, member A1) gene is associated with

cognitive ability. Mol Psychiatry 9:582–586

Plomin R, Kennedy JKJ, Craig IW (2006) The quest for quantitative

trait loci associated with intelligence. Intelligence 34:513–526

Plomin R, DeFries JC, McClearn GE, McGuffin P (2008) Behavioral

genetics, 5th edn. W. H. Freeman, New York

Porteous DJ, Thomson P, Brandon NJ, Millar JK (2006) The genetics

and biology of DISC1: an emerging role in psychosis and

cognition. Biol Psychiatry 60:123–131

Posthuma D, de Geus EJC (2006) Progress in the molecular-genetic

study of intelligence. Curr Dir Psychol Sci 15:151–155

Posthuma D, de Geus EJ, Boomsma DI (2001) Perceptual speed and

IQ are associated through common genetic factors. Behav Genet

31:593–602

Posthuma D, De Geus EJC, Baare WFC, Pol HEH, Kahn RS,

Boomsma DI (2002) The association between brain volume and

intelligence is of genetic origin. Nat Neurosci 5:83–84

Posthuma D, Baare WFC, Pol HEH, Kahn RS, Boomsma DI, De Geus

EJC (2003) Genetic correlations between brain volumes and the

WAIS-III dimensions of verbal comprehension, working mem-

ory, perceptual organization, and processing speed. Twin Res

6:131–139

Posthuma D, Luciano M, Geus EJ, Wright MJ, Slagboom PE,

Montgomery GW, Boomsma DI, Martin NG (2005) A genome-

wide scan for intelligence identifies quantitative trait loci on 2q

and 6p. Am J Hum Genet 77:318–326

Reynolds CA, Gatz M, Berg S, Pedersen NL (2007) Genotype-

environment interactions: cognitive aging and social factors.

Twin Res Hum Genet 10:241–254

Rigbi A, Kanyas K, Yakir A, Greenbaum L, Pollak Y, Ben-Asher E,

Lancet D, Kertzman S, Lerer B (2008) Why do young women

smoke? V. Role of direct and interactive effects of nicotinic

cholinergic receptor gene variation on neurocognitive function.

Genes Brain Behav 7:164–172

Rijsdijk FV, Vernon PA, Boomsma DI (2002) Application of

hierarchical genetic models to Raven and WAIS subtests: a

Dutch twin study. Behav Genet 32:199–210

Roberts RD, Stankov L (1999) Individual differences in speed of

mental processing and human cognitive abilities: Toward a

taxonomic model. Learn Individ Differ 11:1–120

Ronnlund M, Nilsson LG (2008) The magnitude, generality, and

determinants of Flynn effects on forms of declarative memory

and visuospatial ability: Time-sequential analyses of data from a

Swedish cohort study. Intelligence 36:192–209

Ropers HH, Hamel BC (2005) X-linked mental retardation. Nat Rev

Genet 6:46–57

Hum Genet

123



Ross MT, Grafham DV, Coffey AJ, Scherer S, McLay K et al (2005)

The DNA sequence of the human X chromosome. Nature

434:325–337

Rujescu D, Meisenzahl EM, Krejcova S, Giegling I, Zetzsche T,

Reiser M, Born CM, Moller HJ, Veske A, Gal A, Finckh U

(2007) Plexin B3 is genetically associated with verbal perfor-

mance and white matter volume in human brain. Mol Psychiatry

12:190–194, 115

Rushton JP, Vernon PA, Bons TA (2007) No evidence that

polymorphisms of brain regulator genes Microcephalin and

ASPM are associated with general mental ability, head circum-

ference or altruism. Biol Lett 3:157–160

Scarr S, Weinberg RA (1977) Intellectual similarities within families

of both adopted and biological children. Intelligence 1:170–191

Shaw P, Greenstein D, Lerch J, Clasen L, Lenroot R, Gogtay N,

Evans A, Rapoport J, Giedd J (2006) Intellectual ability and

cortical development in children and adolescents. Nature

440:676–679

Shimokata H, Ando F, Niino N, Miyasaka K, Funakoshi A (2005)

Cholecystokinin A receptor gene promoter polymorphism and

intelligence. Ann Epidemiol 15:196–201

Skodak M (1950) Mental growth of adopted children in the same

family. J Genet Psychol 77:3–9

Skodak M, Skeels HM (1949) A final follow-up study of 100 adopted

children. J Genet Psychol 75:85–125

Skuse DH (2005) X-linked genes and mental functioning. Hum Mol

Genet 14 Spec No 1:R27–R32

Small BJ, Rosnick CB, Fratiglioni L, Backman L (2004) Apolipo-

protein E and cognitive performance: a meta-analysis. Psychol

Aging 19:592–600

Sowell ER, Thompson PM, Holmes CJ, Jernigan TL, Toga AW

(1999) In vivo evidence for post-adolescent brain maturation in

frontal and striatal regions. Nat Neurosci 2:859–861

Spearman C (1904) ‘‘General intelligence’’ objectively determined

and measured. Am J Psychol 15:201–292

Spearman C (1927) The abilities of man. Macmillan, London

Spinath FM, Ronald A, Harlaar N, Price TS, Plomin R (2003)

Phenotypic g early in life: on the etiology of general cognitive

ability in a large population sample of twin children aged 2–

4 years. Intelligence 31:195–210

Strenze T (2007) Intelligence and socioeconomic success: a meta-

analytic review of longitudinal research. Intelligence 35:401–

426

Teasdale TW, Owen DR (2008) Secular declines in cognitive test

scores: a reversal of the Flynn effect. Intelligence 36:121–126

Thompson PM, Cannon TD, Narr KL, van Erp T, Poutanen VP,

Huttunen M, Lonnqvist J, Standertskjold-Nordenstam CG,

Kaprio J, Khaledy M, Dail R, Zoumalan CI, Toga AW (2001)

Genetic influences on brain structure. Nat Neurosci 4:1253–1258

Thomson PA, Harris SE, Starr JM, Whalley LJ, Porteous DJ, Deary IJ

(2005) Association between genotype at an exonic SNP in

DISC1 and normal cognitive aging. Neurosci Lett 389:41–45

Thurstone LL (1938) Primary mental abilities. Psychometric Mono-

graphs, vol 1

Turkheimer E, Haley A, Waldron M, D’Onofrio B, Gottesman II

(2003) Socioeconomic status modifies heritability of IQ in young

children. Psychol Sci 14:623–628

Ucok A, Alpsan H, Cakir S, Saruhan-Direskeneli G (2007) Associ-

ation of a serotonin receptor 2A gene polymorphism with

cognitive functions in patients with schizophrenia. Am J Med

Genet B Neuropsychiatr Genet 144B:704–707

van den Oord EJCG, Rowe DC (1997) An examination of genotype-

environment interactions for academic achievement in an US

national longitudinal survey. Intelligence 25:205–228

van der Maas HLJ, Dolan CV, Grasman RPPP, Wicherts JM,

Huizenga HA, Raijmakers MEJ (2006) A dynamical model of

general intelligence: the positive manifold of intelligence by

mutualism. Psychol Rev 113:842–861

van der Sluis S, Willemsen G, de Geus EJ, Boomsma DI, Posthuma D

(2008) Gene-environment interaction in adults’ IQ scores:

measures of past and present environment. Behav Genet

38:348–360

Visser BA, Ashton MC, Vernon PA (2006) Beyond g: putting

multiple intelligences theory to the test. Intelligence 34:487–502

Waller JH (1971) Achievement and social mobility: relationships

among IQ score, education, and occupation in two generations.

Soc Biol 18:252–259

Watkins MW (2006) Orthogonal higher order structure of the

Wechsler Intelligence Scale for Children: fourth edition. Psychol

Assess 18:123–125

Wilson RS (1978) Synchronies in mental development: epigenetic

perspective. Behav Genet 8:575–576

Wright MJ, Gillespie NA, Luciano M, Zhu G, Martin NG (2008)

Genetics of personality and cognition in adolescents. In: Hudziak

JJ (ed) Developmental psychopathology and wellness: genetic

and environmental influences, 1st edn. American Psychiatric

Publishing Inc, Washington, pp 85–108

Hum Genet

123


	Genetic foundations of human intelligence
	Abstract
	Introduction
	Intelligence: the phenotype
	Basic heritability of g
	How heritability may increase with age
	Molecular genetic studies
	Known complications in studying genetic contributions to intelligence
	Some new directions to consider
	Acknowledgments
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /SyntheticBoldness 1.00
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org?)
  /PDFXTrapped /False

  /Description <<
    /ENU <>
    /DEU <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [5952.756 8418.897]
>> setpagedevice


