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Abstract

Homozygosity has long been associated with rare, often devastating, Mendelian disorders® and
Darwin was one of the first to recognise that inbreeding reduces evolutionary fitness2. However,
the effect of the more distant parental relatedness common in modern human populations is less
well understood. Genomic data now allow us to investigate the effects of homozygosity on traits
of public health importance by observing contiguous homozygous segments (runs of
homozygosity, ROH), which are inferred to be homozygous along their complete length. Given
the low levels of genome-wide homozygosity prevalent in most human populations, information is
required on very large numbers of people to provide sufficient power34. Here we use ROH to
study 16 health-related quantitative traits in 354,224 individuals from 102 cohorts and find
statistically significant associations between summed runs of homozygosity (SROH) and four
complex traits: height, forced expiratory lung volume in 1 second (FEV1), general cognitive
ability (g) and educational attainment (nominal p<1 x 107300 2.1 x 1076, 2.5 x 10710, 1.8 x
10719). In each case increased homozygosity was associated with decreased trait value, equivalent
to the offspring of first cousins being 1.2 cm shorter and having 10 months less education. Similar
effect sizes were found across four continental groups and populations with different degrees of
genome-wide homozygosity, providing convincing evidence for the first time that homozygosity,
rather than confounding, directly contributes to phenotypic variance. Contrary to earlier reports in
substantially smaller samples®8, no evidence was seen of an influence of genome-wide
homozygosity on blood pressure and low density lipoprotein (LDL) cholesterol, or ten other
cardio-metabolic traits. Since directional dominance is predicted for traits under directional
evolutionary selection’, this study provides evidence that increased stature and cognitive function
have been positively selected in human evolution, whereas many important risk factors for late-
onset complex diseases may not have been.
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Inbreeding influences complex traits through increases in homozygosity and corresponding
reductions in heterozygosity, most likely resulting from the action of deleterious (partially)
recessive mutations®. For polygenic traits, a systematic association with genome-wide
homozygosity is not expected when dominant alleles at some loci increase the trait value
while others decrease it. Rather, dominance must be biased in one direction on average over
all causal loci, for instance to decrease the trait. Such directional dominance is expected to
arise in evolutionary fitness-related traits due to directional selection®. Studies of genome-
wide homozygosity thus have the potential to reveal the non-additive allelic architecture of a
trait and its evolutionary history. Historically inbreeding has been measured using
pedigrees®. However, such techniques cannot account for the stochastic nature of
inheritance, nor are they practical for the capture of the distant parental relatedness present
in most modern day populations. High density genome-wide single nucleotide
polymorphism (SNP) array data can now be used to assess genome-wide homozygosity
directly, using genomic runs of homozygosity (ROH). Such runs are inferred to be
homozygous-by-descent and are common in human populations!0-11, SROH is the sum of
the length of these ROH, in megabases of DNA. Fron is the ratio of SROH to the total
length of the genome. Like pedigree-based F (with which it is highly correlated3), Fron
estimates the probability of being homozygous at any site in the genome. Fropn has been
shown to vary widely within and between populations2 and is a powerful method of
detecting genome-wide homozygosity effects’3.

We found marked differences by geography and demographic history in both the population
mean SROH and the relationship between SROH and NROH (the numbers of separate runs
of homozygosity). (Fig. 1). As observed previously31214, isolated populations have a higher
burden of ROH whereas African heritage populations have the least homozygosity.

We studied Berop, defined as the effect of Fron on 16 complex traits of biomedical
importance (Fig. 2). For height, FEV1 (forced expiratory volume in one second, a measure
of lung function), educational attainment (EA) and g (a measure of general cognitive ability
derived from scores on several diverse cognitive tests), we found the effect sizes were
greater than two intra-sex standard deviations (SD), with p-values all less than 107>, Thus
the associations could not plausibly be explained by chance alone (Table 1; see Extended
data Figs. 1-4 for Forest plots of individual traits; Supplementary Table 1 for SD). To ensure
that the results were not driven by a few outliers, we repeated the analysis excluding
extreme sub-cohort trait results. In all cases the effect sizes and their significance remained
similar or increased (see Supplementary Table 2 for comparisons with and without outliers).
After exclusion of outliers, these effect sizes translate into a reduction of 1.2 cm in height
and 137 ml in FEV1 for the offspring of first cousins, and into a decrease of 0.3 SD in g and
10 months less educational attainment.

We performed a number of analyses to exclude confounding. Whilst SROH is wholly a
genetic effect, its inheritance is entirely non-additive. Therefore, unlike in genome-wide
association, an association with population genetic structure or co-segregation of additive
genome-wide polygenic effects and SROH (as opposed to SNPs in a GWAS) are not
expected as a matter of course, except in the case of siblings. However, confounding could
still theoretically arise as discussed below. We therefore assessed this by conducting
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stratified and covariate analyses. We found effects of similar magnitude and in the same
direction for all four traits across isolated and non-isolated European, Finnish, African,
Hispanic, East Asian and South and Central Asian populations (Extended Data Fig. 5a,
Supplementary Table 3). We further tested whether the effect sizes were similar when
cohorts were split into more and less homozygous groups. The effect sizes were very similar
even though the degree of homozygosity (and variation in homozygosity) varied 3-10-fold
between the two strata (depending on which cohorts contributed to the trait; Extended Data
Fig. 5b). This suggests a broadly linear relationship with SROH. In general confidence
intervals overlap for stratified estimates, suggesting differences arose due to sampling
variance. Larger confidence intervals for some estimates reflect the lower power of some
strata, in turn reflecting the sample size and degree of homozygosity of those strata (e.g. the
wider confidence intervals for estimates of Educational Attainment frron for Finnish and
African strata). Finally, we fitted educational attainment as a proxy for potential
confounding by socio-economic status; this covariate was available in sufficient (47) cohorts
to maintain power. The estimated effect sizes for height, FEV1 and g all reduced (17%, 18%
and 35%, Fig. Extended Data Fig. 5c), but this might have been expected given the known
covariance between these three traits and EA, and the association we found between
educational attainment and Fron. We found very small differences (3-11% reductions) in
estimated Brron (Extended Data Fig. 6, supplementary table 4), when comparing the fitting
of polygenic mixed models as opposed to fixed-effect-only models, again suggesting that
confounding (in this case due to polygenic effects due to recent common ancestry) was not
substantially affecting the results.

Despite the observed 17-35% reductions in estimated effect sizes for Fron on height, FEV1
and g, when fitting educational attainment as a covariate, the persistence of an effect
suggests that most of the signals we observe are genetic. The consistency of effects with and
without fitting relatedness and in particular in populations with very different degrees of
homozygosity, all appear inconsistent with confounding due to environmental or additive
genetic effects. As does the broad similarity in effect sizes across continents, although the
relatively smaller numbers of cohorts of non-European descent meant we had limited power
to detect inter-continental differences in effect sizes.

It is also interesting to consider the potential influence of assortative mating, which is
commonly observed for human stature, cognition and education. The phenotypic extremes
could be more genetically similar to each other and hence the offspring more homozygous,
even if the highly polygenic trait architectures reduce this effect. However, at least in its
simplest balanced form, the increase in genetic similarity would be equal at both ends of the
phenotypic distribution, leading to no linear association between such genetic similarity and
the trait; both tall and short people would be more homozygous. Furthermore, humans also
mate assortatively on body mass index (BMI), for which we see no effect. A more complex
possibility, a form of reverse-causality, could arise when subjects from one trait extreme
(e.g. more educated people) are on average more geographically mobile, and thus have less
homozygous offspring, with those offspring in turn inheriting the trait extreme concerned?®.
We do not think that this mechanism can account for our results, since it does not readily
explain the constancy of our results under different models, especially the similarity in
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Brron for either more or less homozygous populations. Moreover, we observe similar
effects in multiple single village cohorts, and the Amish and Hutterites, where there is no
geographic structure and/or no sampling of immigrants, hence such confounding by
differential migration cannot occur.

Our estimate for the effect of homozygosity in height is consistent with previous work:
genomic? and pedigreel® studies have shown genome-wide homozygosity effects on stature
with similar effect sizes (0.01 increase in F decreases height by 0.037 SD16 versus 0.029 SD
in the present study). We speculate that homozygosity is acting on a shared endophenotype
of torso size which we detect in the height and FEV1 traits. The fact that the FEV1/FVC
(forced vital capacity) ratio is not associated with ROH points to the effect being on lung/
chest size rather than airway calibre. The cognition effects cannot be wholly generated by
height as an intermediate cause, given the greater proportion of variance explained for
cognition, although we note that the correlation between height and cognition is 0.16 (SE
0.01), and the genetic correlation (the correlation in additive genetic values) is 0.28 (SE
0.09; ref 17). Height is the canonical human complex trait, highly heritable and polygenic,
with 697 genome-wide significant variants in 423 loci explaining 20% of the heritability and
all common variants predicted to explain 60% of the heritabilityl8. Most of the genetic
architecture appears to be additive in nature, however ROH analysis reveals a distinct
directional dominance component.

Our genomic confirmation of directional dominance for g and discovery of genome-wide
homozygosity effects on educational attainment in a wide range of human populations adds
to our knowledge of the genetic underpinnings of cognitive differences, which are currently
thought to be largely due to additive genetic effects'9. Our findings go beyond earlier
pedigree-based analyses of recent consanguinity to demonstrate that the observed effect of
genome-wide homozygosity is not a result of confounding and influences demographically
diverse populations across the globe. The estimated effect size is consistent with pedigree
data (0.01 increase in F decreases g by 0.046 SD in our analysis and 0.029-0.048 SD in
pedigree-based studies)?C. It is germane to note that one extreme of cognitive function, early
onset cognitive impairment, is strongly influenced by deleterious recessive loci%, so we can
speculate that an accumulation of recessive variants of weaker effect may influence normal
variation in cognitive function. Although increasing migration and panmixia have generated
a secular trend in decreasing homozygosity22, the Flynn effect, wherein succeeding
generations perform better on cognitive tests than their predecessors23, cannot be explained
by our findings, because the intergenerational change in cognitive scores is much larger than
the differences in homozygosity would predict. Likewise, the genome-wide homozygosity
effect on height cannot explain a significant proportion of the observed inter-generational
increases?4.

Inbreeding depression, which arises from the effect of genome-wide homozygosity, is
ubiquitous in plants and is seen for numerous fitness-related traits in animals2®, but we
observed no effect for the 12 other mainly cardio-metabolic traits in which variation is
strongly age-related. This suggests that previous reports in ecological studies or
substantively smaller studies using pedigrees or relatively small numbers of genetic markers
may have been false positives®®. The lack of directional dominance on these traits does not,
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however, rule out a recessive component, as recessive variants acting in different directions
will cancel out. Dominance variance is predicted to be greater for late-onset fitness traits25,
so the lack of genome-wide homozygosity effects in the cardio-metabolic traits may be due
to lack of directional dominance. ROH analyses within specific genomic regions are
warranted to map recessive effects even when there is no genome-wide directional
dominance. Such recessive effects have been observed for a subset of cardiovascular risk
factors2” and expression traits28,

We have demonstrated the existence of directional dominance on four complex traits
(stature, lung function, cognitive ability and educational attainment) whilst showing any
effect on the other 12 health-related traits is at least almost an order of magnitude smaller or
non-existent. This directional dominance implies that size and cognition (like schizophrenia
protective alleles?®) have been positively selected in human history — or at least that some
variants increasing these traits contribute to fitness. However, the lack of any evidence for
an association between many late onset cardiovascular disease risk factors and ROH is
perhaps surprising and suggests testing directly for an association between ROH and disease
outcome. The magnitude of genome-wide homozygosity effects is relatively small in all
cases, thus Darwin’s supposition3C of “any evil [of inbreeding] being very small” is
substantiated.

METHODS

Outline

Our aim was to look for an association between a genetic effect (SROH) and 16 complex
traits. Our approach followed best practice genome-wide association meta-analysis
(GWAMA) protocols, where applicable, except we had only one genetic effect to test.

Cohorts were invited to join based on known previous participation in GWAMA and
willingness to participate. 159 sub-cohorts were created from 102 population-based or case-
control genetic studies, by separating different genotyping arrays, cases and controls or
ethnic sub-groups to ensure each sub-cohort was homogeneous. Within each of the 159 sub-
cohorts we measured the association between SROH and trait using the following model.
Where a sub-cohort had been ascertained on the basis of a disease status associated with a
particular trait, that sub-cohort was excluded from the corresponding trait analysis.

Phenotype was regressed on genetic effect and known relevant covariates within each
cohort, under the model specified in Equation 1. The estimated genetic effect of SROH was
then meta-analysed using inverse variance meta-analysis.

Y=p+b; SROH+b, age+bsg sex+b; PC14-b5 PC2+b5 PC3+e  Equation (1)

Where Y is the vector of trait values, |1 the intercept, by the effect of SROH and b,_g the
effect of covariates. PC1 — PC3, the post quality control within-cohort principal components
of the cohort’s relationship matrix and e the residual. Relationship matrices were determined
genomically by each cohort using genome wide array data. In addition, any other cohort-
specific covariates known to be associated with the trait, including further principal
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components, and any trait-specific covariates and stratifications, such as medication and
smoking status, were fitted as specified below. SROH was the sum of ROH called, with a
length of at least 1.5 Mb using PLINK3L,

As is routine in GWAMA, for family-based studies only, we also fitted an additional term to
account for additive genetic values and relatedness, using grammar+ type residuals and full
hierarchical mixed modeling using GenABEL32 and hglm33, as specified in equation 2.

Y=p+b; SROH+by age+bg sex+b; PCl+b5; PC2+b5 PC3+Za  Equation (2)

Where a is the additive genetic value of each individual. Var(a) is assumed to be
proportionate to the Genomic Relationship matrix (GRM) (a pedigree relationship matrix
was used in the Framingham Heart Study) . Z is the identity matrix.

We then meta-analysed the regression coefficients (b;) of traits on SROH for the 159
subcohorts.

Cohort Recruitment

Genotyping

Data from 102 independent genetic epidemiology studies of adults were included. All
subjects gave written informed consent and studies were approved by the relevant research
ethics committees. Homogeneous sub-cohorts were created for analysis on the basis of
ethnicity, genotyping array or other factors. Where a cohort had multiple ethnicities, sub-
cohorts for each separate ethnicity were created and analysed separately. In all cases
European-, African-, South or Central Asian-, East Asian- and Hispanic-heritage individuals
were separated. In some cases sub-categories such as Ashkenazi Jews were also
distinguished. Ethnic outliers were excluded, as were the second of any monozygotic twins
and pregnant subjects. Continental ancestry of cohorts participating in each trait study is
presented in Extended data Table 1. Cohort genotyping and summary information are shown
in Supplementary Table 6, with age, sex, trait and homozygosity summary statistics given in
Supplementary Tables 9,10,, and 11.For case-control and trait extreme studies, patients or
extreme-only sub-cohorts were analysed separately to controls. Where case status was
associated with the trait under analysis the sub-cohort was excluded from that study (see
below).

Subjects within a sub-cohort were genotyped using the same SNP array, or where two very
similar arrays were used (e.g. lllumina OmniExpress and llluminaOmnil), the intersection

of SNPs on both arrays — provided the intersection exceeded 250,000 SNPs. Where a study
used two different genotyping arrays, separate subcohorts were created for each array, and

analysis was done separately. Paediatric cohorts were not included.

All subjects were genotyped using high density genome-wide (>250,000 SNP) arrays, from
Illumina, Affymetrix or Perlegen. Custom arrays were not included. Each study’s usual
array-specific genotype quality control standards for genome-wide association were used
and are shown in Supplementary Table 6. Only autosomal data were analysed.
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Phenotyping

We studied 16 quantitative traits which are widely available and represent different domains
related to health, morbidity and mortality: height, body mass index (BMI), waist : hip ratio
(WHR), diastolic and systolic blood pressure (DBP, SBP), fasting plasma glucose (FPG),
fasting insulin (FI), Haemoglobin Alc (HbAZlc), total-, HDL- and LDL-cholesterol,
triglycerides, forced expiratory volume in 1 second (FEV1), ratio of FEV1 to forced vital
capacity (FVC), general cognitive ability (g) and years of educational attainment (EA).
Phenotypic QC was performed locally to assess the accuracy and distribution of phenotypes
and covariates. Further covariates were included when the relevant GWAS consortium also
included them. The trait categories were anthropometry, blood pressure, glycaemic traits,
classical lipids, lung function, cognitive function and educational attainment, following
models in the GIANT34, ICBP35, MAGIC36, CHARGE?’, Spirometa38 and SSGAC3
consortia. The model for FEV1 did not include height as a covariate. Effect sizes for FEV1
therefore include size effects that also underpin height. Studies assembled files containing
study traits and the following covariates: sex, age, first three principal components of
ancestry, lipid-lowering medication, ever-smoker status, anti-hypertensive medication,
diabetes status and year of birth (YOB). Educational attainment was defined in accordance
with the ISCED 1997 classification (UNESCO), leading to seven categories of educational
attainment that are internationally comparable3®. LDL values estimated using Friedewald’s
equation were accepted. Cohorts without fasting samples did not participate in the LDL-
cholesterol, triglycerides, fasting insulin or fasting plasma glucose analyses. Cohorts with
semi-fasting samples fitted a categorical or quantitative fasting time variable as a covariate.
Subjects with less than 4 hours fasting were not included.

Where subjects were ascertained, for example, on the basis of hypertension, that sub-cohort
was excluded from analysis of traits associated with the disorder, for example blood
pressure. The traits excluded from meta-analysis are as follows: ascertainment on type-2-
diabetes, thus fasting insulin, HbAlc, fasting plasma glucose excluded; ascertainment on
hypertension, thus blood pressures excluded; ascertainment on venous thrombosis or
coronary artery disease, thus blood lipids excluded; ascertainment on obesity or the
metabolic syndrome, thus blood lipids, body mass index, waist-hip ratio, fasting insulin and
fasting plasma glucose excluded.

Somewhat unusually for a large consortium meta-analysis, the majority of the analysis after
initial genotype and phenotype QC was performed by a pipeline of standardised R and shell
scripts, to ensure uniformity and reduce the risk of errors and ambiguities (available at
https://www.wiki.ed.ac.uk/display/ROHgen/Analysis+Plan+production+release+3.0). The
pipeline was used for all stages from this point onwards.

Calling Runs of Homozygosity

SNPs with more than 3% missingness across individuals or with a minor allele frequency
less than 5% were removed. ROH were defined as runs of at least 50 consecutive
homozygous SNPs spanning at least 1500 kb, with less than a 1000 kb gap between adjacent
ROH and a density of SNP coverage within the ROH of no more than 50 kb/SNP, with one
heterozygote and 5 no calls allowed per window, and were called using PLINK?3L, with the
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following settings --homozyg-window-snp 50 --homozyg-snp 50 --homozyg-kb 1500 --
homozyg-gap 1000 --homozyg-density 50 --homozyg-window-missing 5 --homozyg-
window-het 1. The same criteria were used by McQuillan et al.3, except SNP density has
been relaxed to avoid regions of sparser coverage (still including 50 SNPs) being missed.
The sum of runs of homozygosity was then calculated (SROH) . F was calculated as SROH/
(3x10% ROH ) reflecting the length of the autosomal genome. Copy number variants (CNV)
are known to influence cognition?; however, prior calling of CNV and ROH in one of our
cohorts reduced the SROH by only 0.3%3, making it implausible that deletions called as
ROH influence our findings.

ROH called from different genotyping arrays

We show that SROH called with these parameters is relatively insensitive to the density and
type of array used (Extended data Fig. 7). We used 2.5 million SNPs available for 851
HapMap and 1000 Genomes Project*! samples from multiple continents to investigate the
effect of array when using our ROH-calling parameters in plink. The dataset included
samples of African, European, admixed American, South and East Asian heritage. By
subsampling SNPs from the 2.5 million we created array data for the commonly used
Illumina CNV370 and OmniExpress beadchips and the Affymetrix6 array for each
individual (see Supplementary Table 7 for details of the SNP numbers). The correlation in
SROH using different arrays on the same individuals was 0.93-0.94 for all pairwise chip
comparisons.

Trait association with SROH

The association between trait and SROH was calculated using a linear model in accordance
with equation 1. Additional covariates were fitted for some analyses (shown below) or for
some cohorts where analysts were aware of study specific effects (e.g. study centre). For
BMI, WHR, FEV1, FEV1/FVC and g, trait residuals were calculated for the model
excluding SROH, these residuals were then rank-normalised and the effect of SROH on
these rank-normalised residuals estimated. Triglycerides and fasting insulin were natural log
transformed. Additional covariates were as follows: age? was included as a covariate for all
traits apart from height and g. BMI was included as a covariate for WHR, SBP, DBP, FPG,
Fl and HbA1c. YOB was included as a covariate for educational attainment and ever-
smoking for FEV1 and FEV1/FVC. Where a subject was known to be taking lipid-lowering
medication, total cholesterol was adjusted by dividing by 0.8. Similarly, where a subject was
known to be taking anti-hypertensive medication, SBP and DBP measurements were
increased by 15 and 10 mm Hg, respectively.

Where the cohort was known to have significant kinship, genetic relatedness was also fitted,
using the mixed model, in accordance with equation 2. The polygenic model was fitted in
GenABEL using the fixed covariates and the genomic relationship matrix32. GRAMMAR+
(GR+) (ref. 42) residuals were then fitted to SROH as well as the full mixed model being
fitted simultaneously, using GenABEL’s hierarchical generalised linear model (HGLM)
function33, Populations with kinship thus potentially had three estimates of Brrop: using
fixed effects only, and using the mixed model approaches, (GR+ and HGLM) for SROH.
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To investigate potential confounding, where available, EA was added as an ordinal covariate
and all models rerun, giving revised estimates of Bgron. This is potentially an over
adjustment for g due to the phenotypic and genetic correlations with EA*3, However it must
be recognised that EA does not capture all potential environmental confounding.

Cohort phenotypic means and standard deviations were checked visually for inter-cohort
consistency, with apparent outliers then being corrected (e.g. due to units or incorrectly
specified missing values), explained (e.g. due to different population characteristics) or
excluded. Individual sub-cohort trait means and standard deviations are tabulated in
Supplementary Table 9 and age and gender information is in Supplementary Table 10.

Meta-analysis

Again as is routine in GWAMA, analysis was performed within homogeneous sub-
populations and only meta-analysis of the estimated (within population) effect sizes was
used to combine results between populations, avoiding any confounding effects of inter-
population differences in trait or genetic effect distributions. Inverse-variance meta-analysis
of all sub-cohorts” effect estimates was performed using Rmeta, on a fixed effect basis
(Supplementary Table 5 compares random effects meta-analysis). In the principal analyses,
for cohorts with relatedness, HGLM estimates of frron Were preferred, however where
HGLM had failed to converge, results using GRAMMAR+ were included. These results
were combined with those for unrelated cohorts on a fixed model only basis. Result outliers
were defined as individual cohort by trait results, which failed the hypothesis, cohort
(Berow) = pre-QC meta-analysis (Beron), With a t-test statistic >3. Analyses were
performed with and without outliers for Brron in phenotypic units and in intra-sex
phenotypic standard deviations (Supplementary Table 8). The principal results we present
are for Fron with outliers included for the hypothesis tests (which turns out to be more
conservative), but with outliers excluded when estimating Brron (ref. 44). Meta-analysis
was performed using inverse variance meta-analysis in the R package Rmeta, with Brron
taken as a fixed effect and alternatively as a random effect. The principal results are on a
fixed effects basis, with Supplementary Table 5 showing comparison with the random
effects analysis.

Meta-analyses were rerun for various subsets, according to geographic and demographic
features of the cohorts. Cohorts were divided into more homozygous and less homozygous
strata with the boundary being set so each within-stratum meta-analysis had equal statistical
power.
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Extended Data
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Extended Data Figure 1. Forest plot for cognitiveg
Individual sub-cohort estimates of effect size and the standard error are plotted. Sub-cohorts

are ordered from top to bottom according to their weight in the meta-analysis, so larger or
more homozygous cohorts appear towards the top. The scale of beta Frop is in intra-sex
standard deviations. The meta-analytical estimate is displayed at the bottom. Sub-cohort
names follow the conventions detailed in Supplementary Table 6 and the Supplementary
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Table 11 legend. Sample sizes, effect sizes and P values for association are given in Table 1.
This trait was rank transformed.
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Extended Data Figure 2. Forest plot for educational attainment
Individual sub-cohort estimates of effect size and the standard error are plotted. Subcohorts

are ordered from top to bottom according to their weight in the meta-analysis, so larger or
more homozygous cohorts appear towards the top. The scale of beta Frop is in intra-sex
standard deviations. The meta-analytical estimate is displayed at the bottom. Sub-cohort
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names follow the conventions detailed in Supplementary Table 6 and the Supplementary
Table 11 legend. Sample sizes, effect sizes and P values for association are given in Table 1.

NePiS 05 HUTT

= HELIC_Pomak
OGPTalana EVG f
0GP . omni
oG 470 NSPHS-00
i HELI(:?MANOLIS
LOLIPOP_Omp¥E"
328,dlabeﬂc LOLIPOP_iA317
WELLGEN | 5 1pop_1A610
METSIM — giome-Ad
MICROS

VBI
FUSION_CASERS'ONsCONTROLS
8’;;“ SDS:nondiabetics
860 oty NiHS2010

H2000_ca ;«sgog_m
ORChap300 oordc on
ﬁggéGE INDICO-cases
GOROG-CT
YFS iy
BBLOVD  gione-ra
CLHNS ___ oro g
/nglgoT sc ORComni
MES, A_Fi IS INBD(;(;.O_controls
AN EGCUT_OMNI
QU EA  SIGNET
= inGene
THISEAS*CO"%H‘%EAS_cases
Biole-nA ~EGCUT 370
MESA CAU pofe i
PIVUS70 NHSaﬁyy
COLAUS  ipEgomni
HPFSillumina HRS AA
ggf,g " NIGERIA
HRS EA BioMe-AA
PROSPER NPROSPER IE
_NlbRoSPER_SC
aegs2 =hE
PegasuscasePegasusle
NHSillumina aegst
”:‘AESA*AFA aric_black
i GENOAAA
NHSomni
MAYWOOD _£h3
GeneSTARE i cHiANTH
ARIC_CEU _ |1y DeiGEN-AA
HUFS ROH /P
INGIPEY——pEST
JHS
GeneSTARA HOMAFd
LoLIPOP_EWRYHS >
TERoRs LOLIPOP-EWA
PREVEND s
CARDIAﬁCARm
= 2"5":;2 LOLIPOP-EWP
am  TRAILSpop
CHOP_CAU-gova
WGHS A
BB, sases 1amhs-670
CHOP:AFR Rotterdam_Study1

eMERGE-PA ?é%?l
DNBC_control! COT UK~
HyperGEN-W = .
240 eENGAER
MESA_CHN GENOS

GRAPHIC i UK-610K

e ALSPAG
ame TwinsUK_317K
Fenland B58C
Summary -

Extended Data Figure 3. Forest plot for height

Individual sub-cohort estimates of effect size and the standard error are plotted. Subcohorts
are ordered from top to bottom according to their weight in the meta-analysis, so larger or
more homozygous cohorts appear towards the top. The scale of beta Fron is in intra-sex
standard deviations. The meta-analytical estimate is displayed at the bottom. Sub-cohort

Nature. Author manuscript; available in PMC 2016 January 23.



s1duosnuBIA Joyiny sispund DN edoin3 ¢

s1dLIOSNUBIA JoLINY sispund DN 8doin3 ¢

Joshi et al.

Cohort

Page 13

names follow the conventions detailed in Supplementary Table 6 and the Supplementary
Table 11 legend. Sample sizes, effect sizes and P values for association are given in Table 1.
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Extended Data Figure 4. Forest plot for forced expiratory lung volume in one second
Individual sub-cohort estimates of effect size and the standard error are plotted. Subcohorts

are ordered from top to bottom according to their weight in the meta-analysis, so larger or
more homozygous cohorts appear towards the top. The scale of beta Frop is in intra-sex
standard deviations. The meta-analytical estimate is displayed at the bottom. Sub-cohort
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names follow the conventions detailed in Supplementary Table 6 and the Supplementary
Table 11 legend. Sample sizes, effect sizes and P values for association are given in Table 1.
This trait was rank transformed.
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Extended Data Figure 5. Signals of directional dominance are robust to stratification by
geogr aphy or demographic history or inclusion of educational attainment as covariate

(a) Cohorts are divided by continental biogeographic ancestry (African (15 sub-cohorts),
East Asian (5), South & Central Asian (10), Hispanic (3)), with Europeans being divided
into Finns (13), other European isolates (self-declared, 23), and (hon-isolated) Europeans
(90). Meta-analysis was carried out for all subsets with 2000 or more samples available.
Sample numbers are as follows: cognitive g, Eur isolate 6638, European 44,153; educational
attainment, African 4811, Eur isolate 8032, European 55,549, Finland 9068; height, African
21,500, E Asian 30,011, Eur isolate 23,116, European 228,813, Finland 30,427, Hispanic
5469, SC Asian 13,523; FEV1, African 6604, Eur isolate 4837, European 49,223, Finland
2340. BeroH is consistent across geography and in both isolates and more cosmopolitan
populations. (b) Cohorts were divided into High and Low ROH strata of equal power and
meta-analysis repeated — the effects are consistent across strata for all four traits. The mean
SROH for the high and low strata are 13.4 and 4.3 Mb for cognitive g; 28.1 and 5.1 Mb for
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education attained; 31.9 and 10.8 Mb for height; and 41.4 and 4.5 Mb for FEV1. (c) To
assess the potential for socio-economic confounding, where available, educational
attainment was included in the regression model (edu) and compared to a model without
educational attainment (none) in the same subset of cohorts. The signals reduce slightly
when the education covariate is included; the analysis is not possible for educational
attainment as a trait. For cognitive g, numbers are 36847 and 36023 for edu and none; for
height 131,614 and 120,945; and for FEV1, 15717 and 15425. The numbers differ because
of missing individual educational data within cohorts. + indicates phenotype was rank
transformed. FEV1, forced expiratory lung volume in one second; g is the general cognitive
component (first unrotated principal component of test scores across diverse tests of
cognition); SC Asian is South & Central Asian, E Asian is East Asian, trait units are intra-
sex standard deviations and the genomic measure is unpruned SROH.
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Extended Data Figure 6. Signals of directional dominance arerobust to model choice
Meta-analytical estimates of effect size and standard errors are plotted for various models.

Fixed indicates no mixed modelling was used, gr res indicates the GRAMMAR+ residuals

were fitted and hglm indicates the full hierarchical generalised linear mixed model was used.

+ indicates the phenotype was rank transformed; FEV1 is forced expiratory lung volume in
one second; Cognitive g is the general cognitive factor. 15,355 subjects were used for
cognitive g, 36,060 for educational attainment, 89,112 for height and 15,262 for FEV1.
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Extended Data Figure 7. Correlation in SROH for different genotyping arraysusing HapMap
populations
In panels (a) — (c), X and Y axes show SROH (sum of runs of homozygosity) from 0-30 Mb

(30,000 kb). il1370: Illumina CNV370, aff6: Affymetrix6, illomni: lllumina OmniExpress.
The graphs are shown for the specific plink call parameters used. (d) Sample numbers per
continent are presented in a bar chart. AFR: African, AMR: Mixed American, ASN: East
Asian, EUR: European, SAN: South Asian. Only samples with SROH below 30 Mb are
plotted, to be conservative to the effect of outliers, which have very strongly correlated
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estimates of SROH (r = 0.96-0.97 for comparisons including such very homozygous
individuals). In these plots, the correlation between SROH called by the two arrays, r =
0.93-0.94.

Extended data Table 1
Continental ancestry of cohorts participating in each
trait study

The first number in each cell is the number of participants with that continental ancestry.
The second number is the number of sub-cohorts. BP is blood pressure; FEV1 is forced
expiratory lung volume in one second; FVC is forced vital lung capacity; FP is fasting
plasma; HbAlc is haemoglobin Alc; HDL/LDL are High/low-density lipoprotein; g is the
general cognitive factor (first unrotated principal component of test scores across diverse
domains of cognition). S/C Asian is South & Central Asian.

African East Asian | European Hispanic | SIC Asian | All
BMI 21689/15 29009/5 | 279400/117 7836/3 13464/10 | 351398/150
Cognitive g 1539/1 NA/NA 49559/22 - - 51098/23
Diastolic BP 17074/12 24200/5 204742/85 7284/3 12876/9 | 266176/114
Education Attained 4811/4 NA/NA 79576/42 - 338/1 84725/47
Fasting Insulin 6895/8 1603/1 72006/49 - 6303/5 86807/63
FEV1 6604/5 617/1 58089/27 825/1 - 66135/34
FEVI/FVC 6565/5 616/1 57888/27 822/1 - 65891/34
FP Glucose 8942/9 1615/1 122368/74 1938/1 6921/5 141784/90
HbAlc 6629/4 694/1 92732/31 4038/2 7509/4 111602/42
HDL Cholesterol 15099/13 10478/5 215621/92 4426/3 12508/9 | 258132/122
Height 20300/14 30011/5 | 281369/114 5469/2 13523/10 | 350672/145
LDL Cholesterol 13375/11 2503/2 172245/77 4340/3 11186/8 | 203649/101
Systolic BP 17023/12 24424/5 205253/85 7225/3 12859/9 | 266784/114
Total Cholesterol 15130/13 20187/5 209421/91 4491/3 11674/8 | 260903/120
Triglycerides 13886/12 2542/2 181526/84 2745/2 10688/7 | 211387/107
Waist-hip ratio 8182/7 2549/2 171753/73 1446/1 12598/9 196528/92
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GWM, RHM, RN, MN, MSN, GTO, AO, SP, WRP, JSP, IPa, KP, NPo, SRa, PR, SSR, HR,
AR, LMR, RR, BSa, RMS, VS, ASa, LJS, SSe, PS, BHS, NSor, ASttn, MGS, KS, NTa,
KDT, BOT, ATog, MTo, JT, AGU, AvHV, TV, SV, EVI, EVu, MW, JBW, SW, GW, CSY,
GZ, XZ, MMg, HB, NJS, DC, DAM, RSC, GP, SFG, HH, LF, RAS, GDe, PD, LB, UL,
SIB, GDS, NJT, ATon, PBM, TIS, CNR, DKA, AJO, SLK, BB, MKK, GGa, JGE, MJW,
NGM, SCH, JMS, D, LRG, JKa, NJW, LP, JGW, GGi, MJC, OR, DDB, CGi, Pv, AAH,
PKr, JS, PKn, MJ, PKM, AH, RSc, IBB, EVa, DMB, DB, KLM, MB, CMvD, DKS, EZ,
AMe, PG, CO, DT, DJP, MC, TDS, CHay, RIL, AFW, GRC, PV, ASh, PMR, JIR, NS, UG,
MP, BMP, DRW, MLa, JCC, JSK, DPS, JNH, MP, OP, JFW collected the data. STr, DIC,

Nature. Author manuscript; available in PMC 2016 January 23.



s1duosnuBIA Joyiny sispund DN edoin3 ¢

s1dLIOSNUBIA JoLINY sispund DN 8doin3 ¢

Joshi et al.

Page 30

MCC, CBo, UB, ID, MA, FWA, SJB, DJB, EB, EPB, ACc, SJC, JC, IF, TMF, CGu, CJH,
TBH, NDH, MI, El, JJ, PKo, MKu, LJL, RAL, LLi, RAM, KM, JBM, GWM, RHM, PAP,
KP, SSR, RR, HS, PS, BHS, NSor, NSot, DVa, JBW, CSY, MMeg, NJS, DC, DAM, RSC,
PF, GP, SFG, HH, LF, GDe, PD, LB, UL, SIB, CML, ATon, PBM, CNR, DKA, AJO, SLK,
BB, GGa, APM, MJW, NGM, SCH, JMS, IID, LRG, JKa, NJW, LP, MJC, DDB, Pv, PKTr,
MJ, PKM, AH, RSc, IBB, DMB, DB, KLM, MB, CMvD, DKS, EZ, AMg, PG, SU, CO, IR,
DJP, MC, TDS, CHay, AFW, GRC, PV, ASh, PMR, JIR, NS, UG, KEN, BMP, DRW, MLa,
VG, DPS, HC, OP, JFW contributed to funding. PKJ, TE, HMa, NE, I1Ga, TN, AUJ, CSc,
AVS, WZhan, YO, AStc, JDF, WZhao, TMB, MMC, NFra, SE, VV, STr, XG, DIC, JRO,
TC, SSN, YChen, MMa, DR, MTa, AF, TKac, ABj, AvS, YW, AKG, LRY, LW, EH, CAR,
OM, MCC, CP, NV, CBa, AAA, HRW, DVu, HMe, JRP, SSMi, MCB, SSMe, PAL, GM,
AD, LY, LFB, DZ, PJv, DS, RM, GHe, TKar, ZW, TLi, ID, JZ, WM, LLa, SWvL, JPB,
ARW, ABo, TSA, LMH, ES, SY, IMM, LCa, HGdH, MA, UA, NA, FWA, SEB, SB, ACa,
YChan, CC, GDa, GE, BF, MFF, FGe, MG, SEH, JJH, JH, JEH, PGH, AJ, YK, SK, RAL,
BL, MLo, SJLoo, YL, PM, AMa, CMen, FDM, EM, MEM, AMo, AO, IPa, FP, IPr, LMR,
BSa, RMS, RSa, HS, WRS, CSa, CMa, BSe, SSh, SJLon, JAS, LS, RJS, MJS, STa, BOT,
ATog, MTo, NTs, JvS, SV, DVo, EBW, WW, JY, GZ, NJS, RAS, ADM, CNP, SIB, NJT,
APM, SCH, HT, NPi, LP, Pv, PKr, RSc, IBB, ATe, CO, MC, JD, JIR, NS, KEN, ATa, JCC,
JSK, DPS analysed the data. PKJ, TE, HMa, NE, IGa, TN, AUJ, CSc, AVS, MCB, DPS
performed beta-testing of scripts. PKJ and TE performed meta-analysis. PKJ, TE, OP and
JFW wrote the manuscript. All authors approved the final manuscript.
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Runs of Homozygosity by Cohort
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Figure 1. Runs of Homozygosity by Cohort
The sum of runs of homozygosity (SROH) and the number of runs of homozygosity

(NROH) are shown by sub-cohort. . Populations differ by an order of magnitude in their
mean burden of ROH. There are clear differences by continent and population type both in
the mean SROH, and the relationship between SROH and NROH.. SC.Asian is South &
Central Asian, E.Asian is East Asian, Eur.lsolate is European isolates. The ten most
homozygous cohorts are labelled: AMISH are the Old Order Amish from Lancaster County,
Pennsylvania; HUTT, S-Leut Hutterites from South Dakota; NSPHS, North Swedish
Population Health Study, 06 and 09 suffixes are different sampling years from different
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counties in Northern Sweden; OGP, Ogliastra Genetic Park, Sardinia, Italy; Talana is a
particular village in the region; FVG, Friuli-Venezia-Giulia Genetic Park, Italy, omni and
370 suffices refer to subsets genotyped with the Illumina OmniX and 370CNV arrays;
HELIC, Hellenic Isolates, Greece, from Pomak villages in Thrace, and CLHNS, Cebu
Longitudinal Health and Nutrition Study in the Philippines.
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Figure 2. Effects of genome-wide homozygosity, BrroH, On 16 traits
Four phenotypes show a significant effect of burden of ROH: height (145 sub-cohorts),

FEV1 (34), educational attainment (47) and general cognitive ability, g (23). HDL and total
cholesterol are not significantly different from zero after correcting for 16 tests and no effect
is observed for the other traits. To account for the different numbers of males and females in
cohorts and marked effect of sex on some traits, trait units are intra-sex standard deviations.
Beron is the estimated effect of Fron 0N the trait, where Frop is the ratio of the SROH to
the total length of the genome. 95% confidence intervals (Cls) are also plotted. + indicates
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phenotype was rank transformed, * indicates phenotype was log transformed. BMI, body
mass index; BP, blood pressure; FP fasting plasma; HbAlc, haemoglobin Alc (glycated
haemoglobin); FEV1, forced expiratory volume in one second; FVC, forced vital capacity;
HDL, high density lipoprotein; LDL, low density lipoprotein.
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Table 1
Effects of genome-wide burden of runs of homozygosity on four traits

P-association is P value for association, P-heterogeneity is P value for heterogeneity in a meta-analysis
between trait and unpruned Fron, Brron-SD is the effect size estimate of Fron expressed in units of intra-sex
phenotypic standard deviations and SE is the standard error. Brron-units is the effect size estimate for Fron =
1 expressed in the measurement units and SE the standard error. The P values for those traits showing
evidence for association are calculated including 5 outlying cohort-specific effect size estimates (an outlier
was defined as T-test statistic over 3 for the null hypothesis that the cohort effect size estimate equals the
meta-analysis effect size estimate), which is conservative as the majority of these are in the opposite direction.
Beta estimates however exclude these outliers, for which there is evidence of discrepancy, and should thus be
more accurate. + indicates phenotype was rank transformed; FEV1 is forced expiratory lung volume in one
second; g is the general cognitive factor (first unrotated principal component of test scores across diverse
domains of cognition).

Phenotype Outliers Height FEV1+ Educational Attainment  Cognitive g+
Subjects 354,224 64,446 84,725 53,300
P-association Included <1x10730 2.1 x107 1.8 x 10710 2.5x10710
P-heter ogeneity Included 0.014 0.10 1.2x107° 0.071
Breron-SD Excluded -2.91 -3.48 -4.69 -4.64
SE Brron-SD Excluded 0.21 0.73 0.58 0.73
BrroH-UNits Excluded -0.188 -2.2 -12.9 -4.64
SE Brron-units Excluded 0.014 0.46 1.83 0.73
Units m litres years SD
First cousin offspring effect ~ Excluded -1.2 -137 -9.7 -0.29
Units cm ml months SD
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