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Abstract

Background: Twin studies have shown that anxiety in a general population sample of children involves both domain-
general and trait-specific genetic effects. For this reason, in an attempt to identify genes responsible for these effects, we
investigated domain-general and trait-specific genetic associations in the first genome-wide association (GWA) study on
anxiety-related behaviours (ARBs) in childhood.

Methods: The sample included 2810 7-year-olds drawn from the Twins Early Development Study (TEDS) with data available
for parent-rated anxiety and genome-wide DNA markers. The measure was the Anxiety-Related Behaviours Questionnaire
(ARBQ), which assesses four anxiety traits and also yields a general anxiety composite. Affymetrix GeneChip 6.0 DNA arrays
were used to genotype nearly 700,000 single-nucleotide polymorphisms (SNPs), and IMPUTE v2 was used to impute more
than 1 million SNPs. Several GWA associations from this discovery sample were followed up in another TEDS sample of 4804
children. In addition, Genome-wide Complex Trait Analysis (GCTA) was used on the discovery sample, to estimate the total
amount of variance in ARBs that can be accounted for by SNPs on the array.

Results: No SNP associations met the demanding criterion of genome-wide significance that corrects for multiple testing
across the genome (p<<5x10~8). Attempts to replicate the top associations did not yield significant results. In contrast to
the substantial twin study estimates of heritability which ranged from 0.50 (0.03) to 0.61 (0.01), the GCTA estimates of
phenotypic variance accounted for by the SNPs were much lower 0.01 (0.11) to 0.19 (0.12).

Conclusions: Taken together, these GWAS and GCTA results suggest that anxiety — similar to height, weight and intelligence
— is affected by many genetic variants of small effect, but unlike these other prototypical polygenic traits, genetic influence
on anxiety is not well tagged by common SNPs.

Citation: Trzaskowski M, Eley TC, Davis OSP, Doherty SJ, Hanscombe KB, et al. (2013) First Genome-Wide Association Study on Anxiety-Related Behaviours in
Childhood. PLoS ONE 8(4): e58676. doi:10.1371/journal.pone.0058676

Editor: Abraham A. Palmer, University of Chicago, United States of America
Received October 30, 2012; Accepted February 5, 2013; Published April 2, 2013

Copyright: © 2013 Trzaskowski et al. This is an open-access article distributed under the terms of the Creative Commons Attribution License, which permits
unrestricted use, distribution, and reproduction in any medium, provided the original author and source are credited.

Funding: TEDS is supported by a program grant (G0500079) from the U.K. Medical Research Council (MRC), with additional support from the US National
Institutes of Health (HD044454; HD046167). Genome-wide genotyping was made possible by grants from the Wellcome Trust Case Control Consortium 2 project
(085475/B/08/Z; 085475/2/08/Z). RP is supported by a Medical Research Council Research Professorship award (G19/2) and a European Advanced Investigator
award (295366); O.S.P.D. is supported by a Sir Henry Wellcome Fellowship from the Wellcome Trust (WT088984); C.M.A.H. is supported by a research fellowship

* E-mail: maciej.trzaskowski@kcl.ac.uk

® These authors contributed equally.

from the British Academy. The funders had no role in study design, data collection and analysis, decision to publish, or preparation of the manuscript.

Competing Interests: The authors have declared that no competing interests exist.

Introduction

Anxiety disorders are among the most common psychiatric
disorders [1]. They often begin in childhood [2] and continue into
adulthood [3], when they become co-morbid with other psychi-
atric disorders especially depression [4] and entail significant costs
both to society and to the individual [5]. Quantitative anxiety-
related traits, assessed as clinical symptoms, e.g. [6] or personality/
temperament traits [7,8], are strong predictors of diagnosed
anxiety disorders [7].

Twin studies have shown that childhood anxiety in represen-
tative samples, like other complex traits, is influenced genetically,
e.g. [9]. Multivariate genetic studies indicate genetic overlap as
well as specificity between different aspects of anxiety and from
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age to age as early as the preschool years [10] and into middle
childhood [11] and adolescence [12,13]. At age 7, the age of the
twins in the present study, parent ratings of anxiety-related traits
have been shown to be moderately heritable with both domain-
general and trait-specific genetic effects [11]. Similar results were
found at age 9 and for continuity from age 7 to age 9 [l14].
Although these quantitative genetic findings are important, the
next step is to identify specific genes responsible for these effects.

Until recently, molecular genetic investigation into the actiology
of anxiety relied on linkage and candidate-gene designs. Linkage,
which looks for co-inheritance between DNA variants and a
disorder within families, is a systematic strategy for detecting genes
of large effect size throughout the genome. However, linkage
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found few such large effects for common disorders like anxiety and
lacks power to detect more modest effects [15].

In contrast, allelic association, which looks for correlations
between an allele and a trait among unrelated individuals, is much
more powerful than linkage, but until recently, association has
been limited to the exploration of a few candidate genes and could
not be used to conduct a systematic search of the genome.
Candidate-gene association studies of anxiety-related traits
reported many associations but few of these associations have
stood the test of replication, similar to candidate-gene studies in
other domains in the life sciences [16].

Association studies became systematic with the advent of
genome-wide DNA arrays that genotype hundreds of thousands
of DNA wvariants throughout the genome and resulted in a
plethora of genome-wide association (GWA) studies [17].
Although the first major GWA studies were reported in 2007
[18], significant results have been reported for more than 200
traits in 1500 GWA studies [19]. The only GWA studies of
anxiety-related traits have focused on the personality trait of
neuroticism in adults and reported possible associations with
several genes [20,21,22]. However, no GWA studies of anxiety-
related traits in children have previously been reported.

The current study presents the first GWA study of anxiety-
related traits in children. The multivariate genetic results
mentioned earlier led us to consider trait-specific as well as
domain-general measures. Despite the success of GWA, reported
associations are of small effect size and together account for only a
modest proportion of the heritability of traits, known as the
“missing heritability” problem [23,24]. One of many possible
reasons for the missing heritability problem is that potential
assoclations are missed by the common SNPs that are included in
extant DNA arrays. To test this hypothesis, a new technique,
described by Yang et al. [25] and implemented in a software
package called Genomewide Complex Trait Analysis (GCTA), has been
developed that allows estimation of the total genetic variance
captured by SNPs on a genome-wide DNA array, even though it
does not identify which SNPs are responsible for the genetic
influence [26]. For this reason, we also report GCTA results for
anxiety-related traits in childhood and compare them to our twin
study estimates of heritability from the same sample at the same
age and using the same measures.

Methods

Ethics Statement
Written parental consent was obtained prior to data collection

and the project received approval from the Institute of Psychiatry
ethics committee (05/Q0706/228).

Sample

The sample was drawn from the Twins Early Development
Study (TEDS), a multivariate longitudinal study which recruited
over 11,000 twin pairs born in England and Wales in 1994, 1995
and 1996 [27], whose families are representative of the UK
population [28]. Twins with severe medical problems or severe
birth complications or whose zygosity could not be determined
were excluded from the sample. To decrease heterogeneity of
ancestry, the sample was restricted to families who identified
themselves as white and whose first language was English. After
exclusions, 7834 pairs of twins had anxiety data available at age 7
(mean age =7.06, SD =0.25). Although anxiety data were also
available at age 9, we did not use these data in our GWA analyses
because only half the sample were contacted at age 9 to provide
phenotypic data.
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3747 DNA samples from unrelated children in TEDS were sent
for DNA array genotyping at the Wellcome Trust Sanger Institute,
Hinxton, UK as part of the Wellcome Trust Case Control
Consortium 2.

3665 samples were successfully hybridized to Affymetrix
GeneChip 6.0 SNP genotyping arrays using standard experimen-
tal protocols (see Text S1). 3152 samples (1446 males and 1706
females) survived stringent quality control procedures performed
(see Text S1), of whom 2810 also had anxiety data.

The replication sample was also drawn from TEDS children for
whom DNA and anxiety data were available but for whom
genome-wide genotyping was not available. After quality control,
both anxiety data and SNP genotyping were available for 4804
additional individuals. Of these, 2625 were unrelated children who
were also unrelated to children in the discovery sample; for 1742
children, their fraternal co-twin was in the discovery sample, and
for 437 children their fraternal co-twin was also in the replication
sample.

Anxiety-Related Behaviours Questionnaire (ARBQ)
Anxiety was rated by parents using the Anxiety-Related
Behaviours Questionnaire (ARBQ) [10]. The ARBQ is a
quantitative trait parent rating instrument for children in the
general population rather than a diagnostic tool. It includes items
that assess anxiety symptoms as well as aspects of anxiety-related
personality. The items are best structured as four latent variables
in childhood: negative affect, negative cognition, fear, and social
anxiety [l1]. In order to investigate domain-general genetic
associations, we also constructed a general anxiety composite by
summing the standardised scores for these four variables. The
overall composite was crucial to produce a phenotypic measure
that was free from any scale-specific error. In addition, combining
standardised scores assured that none of the scales biased the
composite. The ARBQ has been shown to have good construct
validity, and high internal consistency [10]. In order to avoid the
skew that occurs for behaviour problem measures, the five anxiety
scores were quantile normalised (van der Waerden; ranks averaged
for tied data) [29]. Although the distributional properties of these
transformed scores are better, the correlation between the raw
scores and the transformed scores varied from .80 to .98 and
results were highly similar for the raw and transformed scores.

Genotyping

Genome-wide genotyping was done on AffymetrixGeneChip
6.0 SNP genotyping array with additional ~2.5 million SNPs
imputed from HapMap 2 and 3 and WTCCC controls Details
about genotyping and quality control are included in the Text S1.
13 SNPs for the top hits for the five anxiety-related scales from the
discovery sample were genotyped in the replication sample of 4804
individuals using the Sequenom MassARRAY iPlex Gold® system
(Sequenom, San Diego, USA). Three SNPs failed to meet quality
control criteria, leaving 10 SNPs available for the replication stage.

Statistical Analyses

Genome-wide association (GWA) analysis. Linear regres-
sion analyses were conducted using SNPTEST v2.0 [18] under an
additive model, using a frequentist method that accounts for
uncertainty of genotype information [30]. We included age, sex,
cohort and eight eigenvectors representing population ancestry as
covariates. Consolidation and summary of the GWA results was
performed in R (www.r-project.org) [31].

The strongest association results from the GWA were selected
for genotyping in the replication sample. Where imputed SNPs
were in LD with genotyped SNPs, the genotyped SNPs were
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Figure 1. Log quantile-quantile (Q-Q) p-value plots for
1,724,317 single-SNP test of association of four anxiety-related
traits and the anxiety composite at age 7. Footnote: Expected (X-
axis) versus observed (Y-axis) p-values are plotted on the negative log
scale to highlight the strongest associations. The diagonal line
represents the null hypothesis and the grey polygons represent the
95% confidence interval (Cl) of the null range. Significant association
would be indicated by departure of the p-value (black dot) beyond the
95% Cl of the null range.

doi:10.1371/journal.pone.0058676.9001

preferred. However, one especially promising imputed SNP
(rs1113313) was also selected. The SNPs were selected that were
not in linkage disequilibrium (LD) with each other.

Sequenom genotyping results for the replication sample were
analysed using the same protocols and software as those in GWA
analysis. We conducted analyses using the total replication sample
as well as the subsample of individuals genetically unrelated to
each other or to individuals in the discovery sample. Although this
1s somewhat unorthodox, power is crucial for replication and the
total sample provides maximum power because it maximises
sample size. If replication is found for the total sample, the
replication may be biased because the sample is not completely
independent of the discovery sample and more replication would
be required for definitive proof of replication. However, if the
results from the discovery sample do not replicate using the total
sample, this is the strongest possible evidence of failure to replicate
because our replication sample consists of a highly similar sample
tested at exactly the same age using exactly the same measures.

Genome-wide Complex Trait Analysis (GCTA). GCTA
does not attempt to identify specific variants associated with traits.
Instead, it uses chance genetic similarity among unrelated
individuals across hundreds of thousands of SNPs to predict
phenotypic similarity. We used the GCTA software package [25]
to evaluate the amount of the phenotypic variance explained by
the genetic information available from the Affymetrix 6.0 DNA
array. Detailed explanation of the methodology and procedure is
available from Yang et al. [26]. To remain consistent with the
procedure outlined by the proponents of the software, we initially
used all ~700,000 genotyped SNPs to calculate a genetic
relatedness matrix (GRM). However, GCTA results reported
previously for height, weight and intelligence used the Illumina
microarray, which was designed with specific focus on European
ancestry, whereas the Affymetrix microarray was less ancestry
specific. We found that by adding high-quality imputed SNPs (see
‘Genotyping’ section), thus increasing the number of SNPs to
~1.7 million, brought our GCTA estimates in line with previously
published estimates for height, weight and intelligence. Thus, we
used the 1.7 million SNPs to estimate how much of the heritability
as estimated by the classical twin method could be accounted for
by the available genetic information.

Results

Genome-wide Association (GWA)

Figure 1 presents quantile-quantile (Q-Q) plots for the five
anxiety-related traits. Q-Q plots graphically compare the
~1.7 million observed —logjo p values against the —logjo p values
expected on the basis of no association. Although there is some
increase of observed p values against expected p values for the
lowest p values, few of the associations fall outside the 95%
confidence bands (the grey areas), which indicates that there is
little evidence of significant deviation from the null hypothesis of
no association.
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Figure 2 presents ‘Manhattan’ plots for the same traits that show
—logo p values on the Y axis for the ~1.7 million SNPs across the
22 autosomes on the X axis. The p values on the Y axis are the
negative logarithms of the p values so that the highest points in the
plot represent the strongest SNP associations. The dotted
horizontal line represents suggestive significance (5x1077), not
genome-wide significance (5x107°%). Regions with the strongest
associations were chosen for replication — for example, regions of
chromosome 6 and 12 that reached suggestive significance
(5x1077) for the anxiety composite and negative cognition scale
respectively. The association of the SNP on chromosome 6 with
negative affect (Figure 2) was not proposed for replication due to
the SNP’s low minor allele frequency (maf =0.03). Table 1 shows
results in the discovery sample for the 10 SNPs that were also
successfully genotyped in the replication sample. Two of the lowest
p values in the discovery sample were SNP rs16879771, associated
with the anxiety composite (p=6.27x1077), and rs1952500,
which was associated with Negative Cognition (p=4.12x1077).
The significance of the remaining SNPs varied from 107* to
8—1077. The amount of variance explained in the discovery
sample as indicated by the squared beta values varied from 0.09%
to 1.0%. Visual inspection of the genotype-specific means
suggested that none of the selected SNPs deviated from additivity.

Replication

Table 1 also includes results for the 10 SNPs in the replication
sample. None of the SNPs reached significance and the direction
of the associations in the replication sample was nearly at a chance
level (6 in the same direction as in the GWA analysis and 4 in the
opposite direction). These replication analyses were based on our
total replication sample of 4804 for which we had greatest power;
similarly negative results were found for our subsample of 2625
individuals which constituted a more independent but less
powerful replication sample.

Genome-wide Complex Trait Analysis (GCTA)

As described earlier, we used ~1.7 million SNPs to estimate the
GCTA Genetic Relatedness Matrix for our sample of 2810
individuals. Our sample included no known pairs related in the
traditional sense, which was confirmed by finding that no pairs
reached the standard GCTA relatedness cut-off threshold of 0.025
genetic relatedness. Table 2 summarises the GCTA estimates
obtained for the five anxiety-related traits and compares them to
twin study heritability estimates from the sample at the same age
using the same measures. Table 2 also includes GCTA estimates
for height and weight in our sample in order to compare our
results to previously reported results for height and weight. As
indicated in Table 2, our twin study heritability estimates are 0.80
and 0.84 for height and weight, respectively, and our GCTA
estimates are 0.35 and 0.42, all of which are comparable to results
reported in the literature [32]. Also similar to the literature
reviewed in the Introduction, our twin study heritabilities for
anxiety-related traits are substantial, varying from 0.50 to 0.61.
However, the GCTA estimates for anxiety-related traits were
much lower, ranging from only 0.01 to 0.19. None of the GCTA
estimates reached statistical significance (p<<.05) due to the large
standard errors of estimates.

Discussion

This first genome-wide association study of anxiety-related traits
in childhood indicates that no common genetic variants of large
effect contribute to the heritability of these traits. Our sample of
2810 had 80% power to detect causal variants with effect sizes
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Figure 2. Manhattan plots for 1,724,317 single-SNP test of
association for four anxiety-related traits and anxiety com-
posite at age 7. Footnote: Oberved p-values are plotted on a scale of
negative logs (Y-axis) against the SNP’s physical position in the genome
(X-axis). Black dots represent associations with p<5><1075 and the
horizontal dashed line represents suggestive significance with
p<5x107".

doi:10.1371/journal.pone.0058676.9g002
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greater than 1.4% of the variance and none were detected. Power
was calculated with the Genetic Power Calculator [33] using an
additive model with a genome-wide significance threshold of
p<5x107% As seen in Table 1, the largest effect size from the
GWA analysis accounted for only 1% of the variance. Our power
calculations indicated that we had less than 80% of power to
detect a signal of this magnitude; thus this result should be
considered with caution until replicated. That said, these results
are similar to those found for other quantitative traits for which the
strongest associations account for about 1% of the variance such as
height [34], weight (GIANT Consurtium) [35], and cognitive traits
including reading [36], mathematics [37], and general cognitive
ability [38,39]. Our GWA results for anxiety-related traits in
childhood are compatible with a growing consensus from GWA
studies of complex traits that the largest effect sizes are very small
and that all known associations only explain a small portion of the
heritabilities of complex traits and common disorders, a gap that is
known as the missing heritability problem [23]. The missing heritability
problem can be seen in Table 2 in which our twin study estimates
of heritability for the five anxiety-related scales exceed 50%,

Table 2. Genome-wide Complex Trait Analysis (GCTA)
estimates of genetic variance compared to twin study
estimates of heritability.

GCTA Twin study h®
Phenotype estimate (SE) P-value estimate (SE)
Negative Cognition 0.07 (0.12) 0.257 0.52 (0.03)
Negative Affect 0.07 (0.12) 0.281 0.50 (0.03)
Fear 0.19 (0.12) 0.057 0.59 (0.02)
Social Anxiety 0.01 (0.11) 0.479 0.61 (0.01)
Anxiety Composite 0.16 (0.11) 0.075 0.52 (0.02)
Height 0.37 (0.14) 4x107* 0.80 (0.02)
Weight 0.48 (0.14) 0.005 0.84 (0.02)

Footnote: SE - standard error; n with non-missing phenotypic data =2806-2810
twin individuals (one co-twin per pair) for GCTA estimates and twin pairs for
heritability estimates.

doi:10.1371/journal.pone.0058676.t002
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Table 1. Associations in the GWA discovery sample and in the replication sample for SNPs showing the lowest p values in the
GWA analysis.
Beta Beta P-value
rsid chr alleleA alleleB maf gene Phenotype discovery  replication  discovery P-value replication
rs7649323 3 C G 0.36 DCP1A Fear 0.06 0.02 7.42x10°° 0.11
rs4568308 4 A G 0.21 EREG, BTC, AREG Negative Affect 0.07 —0.003 6.73x10°° 0.28
rs16879771 6 C T 0.08 CAP2 Anxiety Composite —0.07 —0.03 6.27x10°7 0.15
rs4130405 8 A C 0.15 NIPAL2, KCNS2 Anxiety Composite 0.05 0.01 1.70x107° 0.40
rs1113313 10 C T 0.41 VDAC2, SAMD8 Negative Cognition —0.06 —0.04 420x10°° 0.44
rs2772129 10 A G 0.38 SORCST, XPNPEP1 Social Anxiety 0.07 —0.02 8.68x1077 0.14
rs10787217 10 A T 0.24 SORCST1, XPNPEP1 Negative Affect —0.06 0.01 9.98x10°° 0.28
rs2922037 1m C T 0.16  API5, LRRC4C Social Anxiety 0.08 0.02 8.22x107° 0.13
rs1952500 14 A C 0.12  STXBP6, NOVA1 Negative Cognition 0.10 —0.06 4.12x1077 0.13
rs9977125 21 C T 0.38 TMPRSS15, C210rf131 Anxiety Composite 0.03 0.02 1.20x107* 0.05
Footnote: rsid — SNP id; chr - chromosome; maf — minor allele frequency; gene — nearest gene; p-values for the replication sample are one-tailed and uncorrected for multiple
51655,?3'1 371/journal.pone.0058676.t001

whereas the sum of the effect sizes of the 10 SNPs shown in Table 2
is less than 5% in the discovery sample, and negligible in the
replication sample.

Dozens of papers have been published about possible solutions
to the missing heritability problem [40]. One possibility is that
heritability might be overestimated in twin studies and another is
that the common SNPs on commercially available DNA arrays
might be missing associations due to very small effect sizes and also
might be caused by rare polymorphisms of larger effect sizes [41].
Some of these issues are addressed in part by GCTA analysis.
GCTA estimates overall genetic influence directly from overall
SNP similarity pair by pair for a large population of unrelated
individuals; in this sense, it is independent of the effect size of
individual polymorphism, although it is limited to detecting the
additive effects of the DNA array’s common SNPs and the variants
they tag. The large standard errors (Table 2) from our GCTA
estimates based on a sample of 2810 indicate the daunting
demands for power in trying to detect a tiny genetic signal from
the noise of 1.7 million SNPs: Most of the population differ by less
than 1% in overall SNP similarity across more than a million SNPs
[42]. Nonetheless, for height and weight, our GCTA estimates are
similar to those reported in the literature, which account for about
half the heritability of these ‘anchor’ variables [32]. In contrast,
across the five anxiety-related traits, the average GC'TA estimate
of 10% (Table 2) is less than one-fifth of the average twin-study
heritability estimate of 55%. The total composite showed the
highest, albeit non-significant, GCTA estimate but even this
estimate was only about 30% of the twins study heritability
estimate, which fell below the expected 50%. Importantly,
consideration of the standard errors shows that if the SNPs
accounted for 50% of the twin study heritability, as has been found
with the ‘anchor’ variables height and weight, the GCTA results
would have been significant in our study.

Two hypotheses for explaining the gap between these anxiety-
related GCTA estimates and twin-study estimates are that GCTA
underestimates genetic influence or that twin studies overestimate
genetic influence, although these are not mutually exclusive
hypotheses. We know that GCTA underestimates genetic influ-
ence to some extent because it only captures causal variants that
are in linkage disequilibrium with the common SNPs used in the
analysis; it misses the effect of rarer DNA variants not tagged by
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these SNPs. In addition, GCTA only assesses additive genetic
effects. So, one possibility is that anxiety is influenced by rarer
DNA variants or nonadditive genetic effects to a greater extent
than height and weight.

On the other hand, our twin study heritability estimates for
parental ratings may be inflated — most estimates of heritability of
anxiety traits in childhood and adolescence using other assessment
techniques are around 30% [43], which would put our GCTA
estimates more nearly in range of accounting for half the
heritability. Another possibility is that, unlike in GCTA, non-
additive genetic variance can inflate estimates of additive genetic
variance in a twin study. That is because its estimation is generally
weak without extended family data [44].

It is important to resolve this issue of the gap between GCTA
and twin-study estimates of heritability in general and specifically
in terms of the possibility that the gap might be larger for anxiety-
related traits than for other complex traits. To the extent that
GCTA estimates account for heritability, it should be possible to
identify genes responsible for the heritability of anxiety using
common SNPs alone if samples are sufficiently large. Larger
samples could result in closing this gap by producing an increased
number of significant SNP associations in GWA and by providing
GCTA estimates with smaller error terms. That said, a recent
study reported GCTA estimate of 0.06(0.03) for neuroticism in a
sample of nearly 12,000 adults [40]. Suggesting that this gap might
remain opened until either data from exome-sequencing micro-
arrays are available (that tag rarer variants), or until whole-genome
sequencing identifies all variants of any kind [45].

Conclusion

Our GWA results for anxiety-related traits suggest that, similar
to other quantitative traits and common disorders, heritability is
caused by many genes of small effect. Our GCTA results suggest
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that the genetic architecture of parent-rated anxiety-related traits
may differ from previously published results in showing a greater
gap between GCTA estimates of genetic influence and twin study
estimates of heritability. One implication of knowing that there are
no genes of large effect and that at least some of the genetic
variance can be accounted for by the common SNPs on current
DNA arrays is to increase sample sizes to detect associations of
small effect size. Eventually, polygenic prediction, using compos-
ites of hundreds or thousands of DNA markers, may reach levels of
predictive power useful at least for research if not for clinical
practice.
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