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Genome-wide estimates of inbreeding in unrelated
individuals and their association with cognitive ability

Robert A Power*, Craig Nagoshiz, John C DeFries?, Wellcome Trust Case Control Consortium 2% and
Robert Plomin!

The consequence of reduced cognitive ability from inbreeding has long been investigated, mainly restricted to cousin—cousin
marriages. Molecular genetic techniques now allow us to test the relationship between increased ancestral inbreeding and
cognitive ability in a population of traditionally unrelated individuals. In a representative UK sample of 2329 individuals,
we used genome-wide SNP data to estimate the percentage of the genome covered by runs of homozygous SNPs (ROH).
This was tested for association with general cognitive ability, as well as measures of verbal and non-verbal ability. Further,
association was tested between these traits and specific ROH. Burden of ROH was not associated with cognitive ability after
correction for multiple testing, although burden of ROH was nominally associated with increased non-verbal cognitive ability
(P=0.03). Moreover, although no individual ROH was significantly associated with cognitive ability, there was a significant
bias towards increased cognitive ability in carriers of ROH (P=0.002). A potential explanation for these results is increased

positive assortative mating in spouses with higher cognitive ability, although we found no evidence in support of this
hypothesis in a separate sample. Reduced minor allele frequency across the genome was associated with higher cognitive
ability, which could contribute to an apparent increase in ROH. This may reflect minor alleles being more likely to be

deleterious.
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INTRODUCTION

Research on consanguineous marriages, and other forms of inbreed-
ing, has long shown a reduction in cognitive abilities in the offspring
of such unions.!> The presumed mechanism is that detrimental
recessive mutations are more likely to be identical by descent in the
offspring of such unions and so have a greater chance of being
expressed. To date, research on the relationship between inbreeding
and cognitive ability has largely been restricted to recent inbreeding
events as determined by pedigree, although one genome-wide study
of ancestral inbreeding has been reported for 10 unrelated families
each with two mentally retarded siblings.* It has been suggested that
intellectual disability is under negative selection, and that recent
deleterious mutations have an important role in the underlying
aetiology.>® The wealth of molecular genetic data currently available
allows estimates of inbreeding on a genome-wide level and to
examine the effects of long-term ancestral levels of inbreeding.’
Such an association with inbreeding, as measured by runs of
homozygous polymorphisms (ROH), has previously been identified
with several behavioural traits, such as schizophrenia, Parkinson’s
disease and personality measures,® 10 as well as non-behavioural traits
such as height.!!

The relationship between inbreeding on a population level and
cognitive ability is particularly interesting due to assortative mating,
non-random mating, which is greater for cognitive ability than for
other behavioural traits, as well as physical traits such as height and

weight. Positive assortative mating has been reported for cognitive
ability, particularly for verbal traits, with spousal correlations
generally around 0.5.12716 Assortative mating should lead to greater
genetic similarity between mates at causal loci for cognitive ability and
to a lesser extent across the genome, which in turn reduces
heterozygosity at these loci. In other words, in contrast to the
genome-wide reduction of heterozygosity caused by inbreeding, the
reduction of heterozygosity due to assortative mating for a trait is
limited to loci associated with the trait. However, if many loci affect
the trait-which is the conclusion from genome-wide association
studies of complex traits and common disorders, including
cognitive ability!”!8—the trait-specific reduction of heterozygosity
might be observed genome-wide even if the effects of individual
loci are too small to be observed. Another difference between
inbreeding and assortative mating is that the effects of inbreeding
are expected to be negative, lowering cognitive ability, whereas the
effects of assortative mating affect the high, as well as the low end of
the ability distribution, thus increasing genetic variance, that is, when
high-ability parents mate assortatively, their children are more likely
to be homozygous for variants for high ability, just as offspring of
low-ability parents are more likely to be homozygous for variants for
low ability.

In this paper, we examine the effects of genome-wide burden of
autosomal runs of homozygosity (Froy) on cognitive ability to test
whether the association of reduced ability with extreme inbreeding,
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such as cousin—cousin marriage, is also reflected in a similar
association with ancestral levels of relatedness. Although inbreeding
is classically defined as an excess of homozygosity, levels of homo-
zygosity are sensitive to population stratification and technical
artifacts. By restricting to segments of homozygous markers pre-
sumably identical by descent, the use of Fpoy has previously been
shown to best capture ancestral inbreeding.” We also tested for
associations between specific ROH and cognitive ability. Lastly, in a
separate sample, we considered the effect of assortative mating on the
results of our Froy analysis.

MATERIALS AND METHODS

Participants

The Twins Early Development Study (TEDS) recruited over 11 000 families of
twins born within England and Wales between 1994 and 1996.'%20
Comparative analysis of the TEDS sample to census data has shown it to be
representative of the UK population in terms of demographics.?! Ethical
approval was provided by the Institute of Psychiatry, London (05/Q0706/228),
and informed consent was obtained from all families. In this analysis,
individuals were excluded if they reported severe current medical problems,
as well as children who had suffered severe problems at birth or whose mothers
had suffered severe problems during pregnancy. Twins whose zygosity was
unknown or uncertain or whose first language was not English were also
excluded. Finally, analysis was restricted to twins whose parents reported their
ethnicity as ‘white’ Genotyping on the Affymetrix 6.0 GeneChip and
subsequent quality control were carried out as part of the WTCCC2 project
for 3154 individuals (one member of a twin pair) for whom cognitive data at
age 12 were also available. The methods and quality control have been
described in greater detail elsewhere?? as part of the WTCCC2 project.?> In
total, 2329 genotyped individuals were available for whom phenotype
information at age 12 were also available.

Cognitive measures

Verbal and non-verbal tests were administered using web-based testing.>* The
verbal tests consisted the Similarities subtest and the Vocabulary subtest from
the Wechsler Intelligence Scale for Children (WISC-ITI-UK).?* The non-verbal
tests were the Picture Completion subtest from the WISC-III-UK and
Conceptual Grouping from the McCarthy Scales of Children’s Abilities.”®
A general score was derived from the test battery as the standardized sum of
the standardized subtest scores, which correlates 0.99 with a score derived as
the first principal component of the test battery score.?’

Runs of homozygosity

Fron was defined as the percentage of an individual’s genome consisted of
runs of homozygosity (ROH). Before analysis, SNPs were pruned for LD
within PLINK, removing any SNPs with an R? of 0.90 with any other SNP in a
50 SNP window, leaving 394 563 SNPs. Frop was also derived within PLINK,
which uses a series of sliding windows across the genome to call ROH within
each individual separately. The size of the windows was set to 65 consecutive
SNPs, so any single SNP would be found in 65 different windows. If at least 4
(5%) of these windows contained entirely homozygous SNPs, then the SNP in
question could be included within a ROH. Within windows, one missing SNP
was allowed. To avoid false positives, only ROH with a minimum of 65
consecutive SNPs covering 2.3Mb were used when calculating the total
proportion of the genome covered by ROH. In addition, the required
minimum density in a ROH was set at 200 kb per SNP, and the maximum
gap between two consecutive homozygous SNPs was set at 500Kkb.
The X chromosome was excluded from the analyses. The estimate of the total
genome captured was 2.7 x 10°bp. It has been suggested that Fpopy at these
recommended settings estimates F more accurately than SNP-by-SNP indices
and that PLINK captures ROH more accurately than other software.”?® Froy
was tested for association with each of the cognitive variables in a linear
regression model. The first 10 ancestry-informative principal components were
used as covariates, as was the percentage of SNPs missing for an individual and
the traditional measure of inbreeding as an excess of homozygous SNPs
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compared with the expected number based on Hardy—Weinberg equilibrium.
The latter was obtained using the ‘~het’ command in PLINK,?® and was used
to correct for differences in overall homozygosity resulting from population
stratification, DNA quality or other confounders. Sex, age, study cohort and
socio-economic status were also used as covariates to remove any subtle
differences in Froy they might contribute to. As a further analysis, individual
ROH was tested for association with cognitive traits. This analysis was
restricted to those ROH found for more than 10 individuals and again
corrected for the first 10 ancestry-informative principal components. These
analyses were performed in STATA.

Assortative mating for cognitive ability

For reasons described later, we tested whether the strength of assortative
mating differs for couples with higher versus lower cognitive ability. Here, we
used data from the Hawaii Family Study of Cognition (HFSC),>**! as no such
parental data were available for the genotyped individuals in TEDS. The HFSC
includes 949 families of Caucasian descent and 400 families of Japanese descent
living in Hawaii between the years 1972 and 1976. The cognitive measures in
the HFSC included 15 cognitive abilities tests,>*32 which yielded 4 factor
scores for verbal ability, spatial ability, perceptual speed and accuracy, and
visual memory, and a general score based on an unrotated first principal
component for the 15 tests. These five measures of cognitive ability were used
to stratify both mothers and fathers separately as 0.5 standard deviation below
the mean, 0.5 above the mean, and the intermediate group, which roughly
divided the sample into thirds. Correlations between parents within the three
groups were compared for the five cognitive measures, first using the mothers’
measures to stratify couples and then using fathers’

RESULTS

Table 1 includes descriptive statistics for Froy and the three measures
of cognitive ability (general, verbal, and non-verbal). Froy is slightly
positively skewed, as it represents the total percentage of the genome
that includes runs of homozygosity (ROH). The Average percentage
of genome covered by ROH was 0.7% (95% CI 0.65-0.72%).
Verbal and non-verbal abilities correlate 0.49; because general
cognitive ability is the sum of the standardized verbal and non-verbal
subtests, they correlate much more highly with general ability
(0.87 and 0.86, respectively).

Table 2 presents the results of the linear regression analyses. No
significant regression was found between Froy and the cognitive
measures after correction for multiple testing, although the associa-
tion with non-verbal cognitive ability was nominally significant

Table 1 Descriptive statistics for percentage of genome composed of
runs of homozygosity (Fron) and the three cognitive measures for
individuals included in analyses (n=2329)

Inbreeding indices

Mean number of ~ Mean length of runs

Standard runs of homozyosity of homozygosity in
Mean (%) deviation Skewness (range) kb (SE)
FroH 0.069 0.10 3.52 0.63 (0-7) 2973 (22.0)

Cognitive abilities

Standard Correlation with Correlation with

Mean deviation Skewness  general ability verbal ability
General 0.039 0.97 -0.41 1 —
Verbal 0.017 0.98 -0.62 0.87 1
Non-verbal 0.057 0.95 -0.28 0.86 0.49
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(P=0.03). Although this association was not statistically significant, it
is noteworthy that every regression in Table 2 is positive, indicating
that increased homozygosity tends to be associated with higher
cognitive scores across different measures of cognitive ability (general,
verbal and non-verbal).

Our analysis identified 87 loci where ROH overlapped in 10 or
more individuals. For these overlapping regions we tested for
association with each of the cognitive measures and again showed
no significant associations after correction for multiple testing
(P-value of less than 5.7 x 10 ). A sign test of the direction of effect
across all ROH showed a disproportionately large number of positive
associations, indicating that ROH are associated with higher cognitive
ability (P=0.002). The sign test was non-significant for verbal ability
but highly significant for non-verbal ability (P<107°). The sign test
for non-verbal ability alone remained significant after correcting for
an individual’s genome-wide Froy score (P<<1079).

As explained earlier, positive assortative mating can also lead to
genome-wide homozygosity for trait-specific loci, and, unlike
inbreeding, assortative mating can affect the high as well as the low
end of the ability distribution. One possible explanation for the trend
suggesting a positive correlation between homozygosity and cognitive
scores in our data is that positive assortative mating on intelligence
might be greater for higher cognitive ability individuals. This greater
phenotypic similarity within higher cognitive ability parents would
presumably result in increased genetic similarity at loci associated
with cognitive ability, and would lead to a positive correlation
between homozygosity and cognitive performance in their offspring.
As the genotyped TEDS sample lacked parental data, we used a
separate sample, the Hawaii Family Study of Cognition (HFSC), to
analyse spousal correlations for high, intermediate and low cognitive
ability individuals. Table 3 summarizes the results of analyses

Table 2 Results of the association between percentage of genome
composed of runs of homozygosity (Fron) and the three cognitive
measures (general, verbal and non-verbal)

Coefficient Standard error P-value
General cognitive ability 34.1 27.8 0.17
Verbal cognitive ability 2.4 25.6 0.92
Non-verbal cognitive ability 56.7 25.3 0.03

investigating whether assortative mating differs as a function of
cognitive ability and shows that assortative mating for general
cognitive ability was similar for low and high ability individuals of
both ethnic groups (Japanese Americans and European Americans).
Similar results were found for the four measures of specific cognitive
abilities (Supplementary Table 1).

As a final analysis, we returned to the genome-wide genotype data
used in the Fpoy analysis to test whether the positive association
between Froy and cognitive ability might reflect reduced SNP minor
allele frequencies in high cognitive ability individuals. As the minor
allele frequency gets closer to zero, it increases the probability of the
SNP being homozygous by chance for the major allele. If lower minor
allele frequencies were a marker for increased cognitive ability—
perhaps because minor alleles are more likely to be deleterious or
population stratification—then it could lead to a spurious positive
association between homozygosity and cognitive ability. Using the
minor allele frequency of each SNP, we performed a sign test
comparing the frequency in those individuals in the top quartile for
non-verbal cognitive ability to the frequency of the same SNP in a
sample of those in the bottom quartile (see Supplementary Table 2).
The high cognitive ability sample was found to be significantly
associated with lower minor allele frequencies across all 394 563 SNPs
after pruning for linkage disequilibrium (P=0.04 for a sign test
between cohorts of high and low ability individuals), though the
difference in average minor allele frequency across all SNPs was tiny
(0.21823 to 0.21824, unpaired t-test non-significant).

DISCUSSION

Our results show that within a representative UK population sample
there was a weak nominally significant association between burden of
autosomal runs of homozygosity and higher non-verbal cognitive
ability. This nominal association with increased cognitive ability is
counterintuitive when compared with the results from more extreme
inbreeding based on pedigree information.'”> A potential explanation
for this direction of effect is that individuals with higher cognitive
ability might show greater positive assortative mating, which would
lead to increased homozygosity at loci for higher cognitive ability in
their offspring. However, in a separate sample we showed that greater
positive assortative mating was not associated with higher cognitive
ability. While these findings seem to provide clear evidence against
this hypothesis, it is possible that the genome-wide genetic findings
reflect historical mating habits that no longer exist today. It should

Table 3 Assortative mating correlations between parents on general cognitive ability for two ethnic groups in the Hawaiian Family Study of

Cognition, European Americans and Japanese Americans

Parental correlation stratified by:

Father’s cognitive ability

Mother’s cognitive ability

European American individuals (949 families) Low Middle High Low Middle High
First principal component of measures 0.13 0.11 0.05 0.13 0.12 0.11

95% confidence intervals 0.011-0.244  -0.001 to 0.219  —0.065 to 0.165 0.004-0.254 0.014-0.224  -0.003-0.225
Standard deviation 0.988 0.904 0.891 0.839 0.869 0.786
Parental correlation stratified by: Father’s cognitive ability Mother’s cognitive ability

Japanese American individuals (400 families) low medium high low medium high

First principal component of measures 0.08 0.07 0.06 0.12 0.10 0.11

95% confidence intervals -0.130-0.289  -0.117-0.245 —0.133-0.247 -0.094-0.324  -0.090-0.273  —0.080-0.291
Standard deviation 0.878 0.938 0.899 1.040 0.989 0.952

Each sample was divided roughly into thirds based on cognitive ability: low (>0.5 standard deviation below the mean), middle (0.5 SD below to 0.5SD above mean), and high (>0.5 standard
deviation above the mean). The parental correlations were then calculated within each band of cognitive ability. This was done stratifying on both paternal and maternal cognitive ability separately,

which may have differed.
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also be noted that there was a reduction in the standard deviations for
spousal correlations in the increased cognitive ability groups by an
average of 6% compared with the decreased cognitive ability group
(see Table 3), which could reflect lesser genetic variability in the high
ability couples or a ceiling effect on the cognitive tests. This lesser
phenotypic variability at the high ability end would have a small effect
in reducing the spouse correlations and potentially confound our
analysis.

Genetic variants were found to have a slight (though signifi-
cant) reduction in minor allele frequency across the genome in
individuals in the top quartile of general cognitive ability
compared with those in the bottom quartile (means of 21823
and 21824), which in turn could lead to increased homozygosity
by chance. This could indicate that these individuals descend
from subtly different ancestral populations that experienced loss
of variation. This difference in ancestry may be correlated with
either genetic variants for improved cognitive ability, or with
social or environmental backgrounds that lead to higher cognitive
ability, though our analysis of Froy corrected for socio-economic
status and population stratification. Another potential explanation
is that the reduced minor allele frequency in the high
cognitive ability is reflective of the less frequent allele being
deleterious due to selection against it. As a result, these
high-functioning individuals could benefit from having more
major alleles at fixation and a reduced burden of rarer deleterious
variants.

Overall, these results highlight the importance of understanding
mating habits, such as inbreeding and assortative mating, when
investigating the genetic architecture of complex traits such as
cognitive ability. The results certainly suggest that there is no large
effect of Froy on reduced cognitive ability, the expected direction of
effect. The nominally significant associations found in this study may
even suggest that in the case of non-verbal cognitive ability, beneficial
associations with homozygosity at specific loci might outweigh the
negative effects of genome-wide inbreeding and that the relationship
between inbreeding and cognitive ability may be more complicated
than previously thought.
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