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Abstract

Inbreeding results in increased levels of homoziggdsr deleterious recessive
alleles, leading to increased incidence of monagdisiease in inbred families. It
has also been suggested that inbreeding increaseisk of diseases such as cancer
and heart disease, implying a role for the combgféetts of many recessive alleles
distributed across the genome. A better undersigraf the links between
inbreeding, homozygosity and disease is therefbneterest to those concerned with
understanding the genetic architecture of compisgate. A homozygous genotype
is defined as autozygous if both alleles origirfeden the same ancestor.
Quantifying inbreeding involves quantifying autonggy. A new, observational
method of quantifying autozygosity using genomitada developed here. Based on
runs of homozygosity (ROH), this approach has addheoretical basis in the
biological processes involved in inbreeding. laliso backed by strong empirical
evidence, correlating strongly with pedigree-dadiestimates of inbreeding and
discriminating well between populations with difaet demographic histories. ROH
are a signature of autozygosity, but not necegsauilozygosity of recent origin.
Short ROH are shown to be abundant in demonst@libyred individuals and it is
suggested that this is a source of individual gemnetriation which merits
investigation as a disease risk factor, althougisdegenotype scans than those used
in the present study are required for the relialeteection of very short ROH. In the
absence of such dense scans, it is suggested@taidhger than 1 or 1.5 Mb be
used to estimate the effects of inbreeding on dsea quantitative physiological
traits (QT), and that a simple measure of homozygbg used to investigate overall

recessive effects. Evidence for recessive effacts3 QT important in



cardiovascular and metabolic disease was investigat5 European isolate
populations, characterised by heightened leveislwkeding. A significant decrease
in height was associated both with increased hogusity and (to a lesser extent)
with increased ROH longer than 5 Mb (i.e. inbreglliestimated using a 300,000
SNP panel. No evidence was found for recessiveetsfion any of the other QTs.
Evidence for recessive effects on colorectal canskmwere investigated in two
outbred case control samples typed with a 500,00® ganel. Cases were
significantly more homozygous and had more of themome in short ROH than did
controls. Cases were significantly more homozygbasa controls even when inbred
individuals were removed from the sample. Thers alao some evidence of an
inbreeding effect, with inbred subjects havinglslig significantly higher odds of
colorectal cancer than outbred subjects. Thisysgtmadvides evidence of recessive
effects on a common, complex disease in outbredlpopns and on height in both
inbred and outbred populations and shows that stfehts are not solely attributable
to increased levels of homozygosity resulting fa@oent inbreeding. Individual
variation among outbred individuals in the propmitof the genome that is
homozygous may be important in disease risk. Hweldpment of denser genotype
scans will facilitate better enumeration of sho@HRin outbred individuals so that

these can be properly enumerated and investigatadisease risk factor.
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Chapter 1: Introduction

1.1 Key concepts

This thesis explores the population genetic corscepinbreeding, autozygosity and
homozygosity and their relation to human healtRumopean populations.
Homozygosityis the state of having two identical alleles on@aic segments at
corresponding loci on homologous chromosomes. Hygusity is often partitioned
into autozygosity, where the alleles or genomic segments are iddriecause they
are inherited from a common ancestor, and “chanceozygosity”, orallozygosity,
where the two alleles have the same DNA sequenicarbunot inherited from a
common ancestor (Purcell, Neale et al. 2007). t€has are not precisely defined,
with autozygosity usually implying inheritance franrecent common ancestor only
a few generations back and “chance homozygosityigoesed to describe all
homozygosity not derived in this way, including gHeoomozygous segments

inherited from very ancient common ancestors.

In addition, there are two related terms, whiclered the sharing of identical alleles
among individuals or gametes, with or without hoggmsity. Two alleles at a locus
are said to balentical-by-state (IBS) if they have the same DNA sequence,
regardless of whether they are inherited from amomancestor. Two alleles at a
locus are said to hdentical-by-descent(IBD) if they are identical because they are

inherited from a common ancestor.



Inbreeding, or mating between individuals who share a comamestor, increases
homozygosity because it increases the probablidy @t any given locus both alleles
will be inherited identical-by-descent (IBD) fronrcammon maternal and paternal
ancestor. This is shown graphically in Figure 1This probability can be calculated
and expressed as the inbreeding coefficient, Fof@einthroughout this thesigdgto
distinguish it from genomically derived measuresbfeeding) which is defined as
the probability of inheriting two alleles IBD at antosomal locus, or equivalently,
the average proportion of the autosomal genomeiteddBD (Hartl and Clark

1997).



Figure 1.1: Pedigree of the offspring of first cous ins

=il

)1

An example chromosome is illustrated. The female common ancestor is red. The
chromosome inherited from one of her parents is coloured red and the chromosome
inherited from her other parent is coloured pink. The male common ancestor is blue. The
chromosome inherited from one of his parents is coloured dark blue and the chromosome
inherited from his other parent is coloured light blue. The second generation are sisters.
They share around 50% of their chromosomes IBD. The segments coloured red and pink
are segments inherited from their mother and the segments coloured dark blue and light blue
are segments inherited from their father. The third generation are first cousins. In each
case, the second (white) chromosome derives from their fathers (not shown), the red and
pink segments are inherited from their maternal grandmother and the dark blue and light
blue segments are inherited from their maternal grandfather. The offspring of these first
cousins has segments inherited from both founders on both copies of the chromosome.
Where the same segments have been passed down both sides of the pedigree, the offspring
of first cousins has extended identical-by-descent tracts or runs of homozygosity.



The effects of inbreeding on health and fithegsnéelinbreeding depression have
long been noted in plant and animal biology. Wrigihal define inbreeding
depression as:
“the detrimental effects of inbreeding, typicallusing a reduction in the
means of fithess-related traits as a result oe@sed homozygosity” (Wright,
Charlesworth et al. 2003).
Inbreeding is thought to be detrimental to healtig¢ly because it increases
homozygosity for deleteriougcessivealleles (i.e. for harmful alleles which are
expressed only when homozygous). In terms of ¢exngisease, recessivity is
more often partial than complete, that is the ¢ffeexpressed when one allele is

present, but there is a departure from additivityhsthat the effect is much greater

when two alleles are present (i.e. in the homozggtate).

The probability of homozygosity for a rare allede i

o’(1-F) + gF for an inbred organism
o for a non-inbred organism
where:

g is the frequency of the allele in the population

F is the inbreeding coefficient

(Hartl and Clark 1997).

Overdominance where heterozygotes are fitter than either homotey(also called
heterozygote advantagand perhaps best exemplified by Major Histocontfyiléir
Complex alleles and infectious disease) may alstribwute to the performance gap

between inbred and outbred organisms for some ti@though Charlesworth



suggests that this contribution is relatively mi(@harlesworth and Charlesworth

1999).

1.2 Measuring inbreeding, autozygosity and homozpgity

There are several approaches to quantifying ttreetsfiof inbreeding. At a
population level, inbreeding can be defined agtioportionate reduction in
heterozygosity relative to that expected undereandhating (Hartl and Clark 1997).
This can be estimated from genotype frequencies:

F=(2pq—-H)/2pq
where:

p and g are the population frequencies of theeallat a locus

H, is the frequency of heterozygous genotypes intihepopulation of inbred individuals.

In terms of assessing the impact of inbreedingumdn health, it is important to be
able to quantify the reduction in heterozygosityhat individual level. Until

recently, this has typically been estimated usiedjgree data.

Calculating an individual’s inbreeding coefficidndm pedigree data involves
estimating the probability that both copies of Hela at a randomly chosen locus are
autozygous (IBD). There are four steps to thisrHad Clark 1997). Firstly, all
common ancestors must be identified. Secondlyed&sh common ancestor, all the
genealogical paths leading from one parent upga@timmon ancestor and back
down to the other parent must be traced. Thesthangaths along which an allele
from a common maternal and paternal ancestor dmddme autozygous. Thirdly,

the probability of autozygosity in the individual question is calculated for each



path in turn. This is straightforward: with Menidel segregation, the probability
that an allele present in a parent is transmitbea $pecified offspring is equal to %.
Finally, the inbreeding coefficient is derived hynsming the probabilities for each
path:

Foed= Ya(1/2) (1+F)
where

> a= summation over all possible paths through all wmm ancestors
i= the number of individuals in each path
A= the common ancestor in each path

Fa= the inbreeding coefficient of the common ancestor

Since the inbreeding coefficient of the common ataras typically unknown, this is
assumed to be zero, thugfts a relative measure, expressing an individudgree
of inbreeding relative to that of a specified foandeneration. This simplifies the
calculation:

l:ped = Z‘.A(]—/Z)i

This approach to estimating inbreeding has clega@tdges: where pedigree data are
available, it is cheap and easy to calculate; heweven where pedigrees are known

and accurate, it has two major disadvantages (RergtRudan et al. 2006).

Firstly, meiosis is a random process. Whereasverage, half of the DNA making
up a gamete is maternally and half paternally @ekithere is a high degree of
stochastic variance about this average (Stam 198@gnegger, Prum et al. 2003).
As a consequence grandchildren vary in the prapof DNA they inherit from

each of their four grandparents and although mgayofthe offspring of first



cousins is 0.0625, the standard deviation is 0.@248others, Rudan et al. 2006).
This variance (i.e. variance as a proportion @f)fncreases with each meiosis (i.e.
each degree of cousinship) so it is perfectly gdsgor the offspring of third cousins
to be more autozygous (homozygous by descent)ttieaoffspring of second
cousins. Becausgyis derived on the basis of this expectation, thexefore only a

very approximate estimate of individual genome-wadézygosity.

Secondly, Feqestimates the proportion of an individual’s gendhrat is IBD,

relative to that of some poorly characterized famgkneration. This generation is
usually fairly recent and, moreover, the foundeespaesumed to be unrelated, when
in fact members of historical populations were oftelated several times over
through multiple lines of descent. As a resuli #ipproach fails to capture the
effects of distant parental relationships and tieeesunderestimates autozygosity,
particularly in small, isolated populations or iogolations with a long tradition of
consanguineous marriage (defined as marriage betkiee(Woods, Valente et al.

2004; Liu, Elefante et al. 2006).

With the increasing availability of high-densityrgeme-scan data, interest has grown
in exploring whether a valid and accurate estinoteutozygosity might be derived
on the basis of genomic marker data. Some of thré& w this field has been
motivated by those interested in recessive efieatemplex disease genetics
(Carothers, Rudan et al. 2006); however much ofrtipetus comes from those
searching for specific disease genes using homsaygnapping. Since the 1980s,

many autosomal recessive genes underlying monogeman diseases have been



identified using homozygosity mapping, which exfddhe fact that regions flanking
the disease gene will be identical by descent (IBpeople with the disease whose
parents are related to each other (Lander anddot$©87). Examples of rare
recessive disease genes to have been mapped wathiaclude Charcot-Matrie-
Tooth disease (Gschwend, Levran et al. 1996; Saaindler et al. 1998; Rogers,
Chandler et al. 2000) and the Fanconi anemiasriBpBrancolini et al. 1996;
LeGuern, Guilbot et al. 1996; Bouhouche, Benomat.et999; Waisfisz, Saar et al.
1999; Leal, Morera et al. 2001). Botstein and Rislentified nearly 200 studies
published between 1995 and 2003 which used homg#ygoapping in
consanguineous families to identify rare recesdigease genes (Botstein and Risch
2003). Homozygosity mapping requires an estimatbeoproportion of the genome
that is autozygous for each affected individualftumbasis of which a LOD score
for linkage to a specified locus is computed. Aatel estimation of autozygosity is
crucial: under-estimation results in an inflated8core and thus false evidence for
linkage (Miano, Jacobson et al. 2000; Leutenedg®ralme et al. 2006). Over-

estimation results in false negatives.

Attempts at quantifying individual autozygosity finagenetic marker data fall into
two categories: single-point and multi-point aptees. The simplest single-point
method is termed internal relatedness (IR) (Amosméf et al. 2001). This is

defined as:

o (2H = 3f)
(2N -=f)



where H is the number of homozygous loci, N isttital number of loci typed and f
is the frequency of théh allele contained in the genotype. This methodghts

allele sharing by the frequencies of those allélsffman, Boyd et al. 2004), and
thus allows that rare allele homozygotes are giwene weight than common allele

homozygotes.

The method developed by Purcell et al and impleatemt PLINK (Fink) is @
variation on IR (Purcell, Neale et al. 2007). Bgparticular SNP with known allele
frequencies p and q, the probability that individua homozygous is the probability
of being autozygous plus the probability of beimgnozygous by chance:

fi + (1) (" +o)

If individual i has I; genotyped autosomal SNPs,i©the number of observed
homozygotes and; ks the number of homozygotes expected by chahee; t
O=fixL+(1-0)E

which is equivalent to:

F=(0-B)I(Li-E)

Ei is estimated using sample allele frequenciesnsemnacross all non-missing
SNPs:

1 1-200 X Tai/(Twy -1)

where Ty is twice the number of nonmissing genotypes ifiqr js

Related to this is a simple measure of excess hpgosty (H.,), which is

equivalent to the numerator ofifx: the difference between the number of observed



homozygotes and the number predicted on the baklardy Weinberg expectation

derived from sample allele frequencies.

Carothers et al have proposed another measuretadygosity, which uses locus-
specific heterozygosity to give greater weight mmlozygotes at loci with lower
expected homozygosity. Expected homozygositytimesed either from a reference
population (which may not be appropriate) or frdra actual sample (which may be
confounded by unidentified population sub-structarel cryptic kinship) (2006).
The key disadvantage to all three of these appesach that they require the
estimation of allele frequencies, a non-trivial [geam in many populations
(Hoffman, Boyd et al. 2004). A second drawbackiitese methods is that they

assume that individual markers segregate indepégden

An improvement in this respect is proposed by Leedgger et al, whose multi-point
approach uses a hidden Markov model to infer agoziyy. Although it is well

suited for dense microsatellite maps or mixed nsiatellite-SNP maps, it is not in its
present form usable with dense SNP maps: it regjulrvat markers are in linkage
equilibrium, hence it is computationally compleggquiring either that LD be taken
into account or that a subset of SNPs in low LDsélected (Leutenegger, Labalme

et al. 2006).

All the above approaches estimate autozygosity sijgua variety of inferential

methods to filter out homozygous genotypes thatehavow probability of being

inherited IBD from a recent common ancestor. ds designed to quantify

10



homozygosity avoid this complication. These methagre originally developed to
estimate heterozygosity. The simplest approachtiloaus heterozygosity (MLH)
or observed heterozygosity, simply estimates tlogpgmtion of typed loci for which
an individual is heterozygous (Charpentier, Setadtedl. 2005). There is, however,
a potential for bias if individuals are untypedpatticular loci (Coltman, Pilkington
et al. 1999). Standardized multilocus heterozygasitMLH), defined as the ratio of
the heterozygosity of an individual to the mearetatygosity of those loci at which
the individual was typed, avoids this problem (Hwdih, Boyd et al. 2004). MLH is
a measure of heterozygosity: the corollary (1-MLH the proportion of typed

markers that are homozygous) is used in this tlegisexpressed asi

Any approach to estimating homozygosity or autosygoon the basis of genomic
array data faces the problem that because the msairkgluded in such arrays are
highly selected, extrapolation from the homozygostatus of observed markers to
the homozygosity status of unobserved markers maya valid. For example, the
estimated probability of homozygosity based on plese common variants cannot
be extrapolated to unobserved variants, which mayhéve very different allele

frequencies. This is a particular problem for &Agpint methods such as,k Hex

and %””k'

1.3 Inbreeding and health in human populations

The impact of inbreeding on human health is mastnoéxplored in the context of
consanguineous marriage, which is usually defired ainion between two people

related as second cousins or closgsF0.0156) (Bittles 2003). Although

11



consanguineous marriage is now uncommon in mostldeed countries (fewer than
1% of marriages are estimated to be consanguinaausstern Europe, north
America, Australasia and Russia), it is still cmséoy in many parts of the world
(estimated at between 1% and 10% in the Iberiampela, Japan and South
America and between 20% and 50% in north and shiat&a Africa, and west,
central and south Asia) (Bittles 2003). Worldwida,estimated 20% of the human
population live in communities which favour consaimgous marriage and over 8%

of children are the product of consanguineous B{@YHO 1985; Bittles 1990).

Whilst many studies investigating the health effexdtinbreeding are conducted in
populations favouring consanguineous marriagebdedie consanguinity is not the
only mechanism resulting in inbreeding. In smabjated populations where
immigration is negligible, marriage with (distakth is unavoidable. The degree of
relatedness between two individuals in a populasatirectly dependent on
population size: randomly mating pairs of indivithuare inevitably more closely
related to each other the smaller the populatiatc(her and Mackay 1996). For
this reason, small, isolated populations exhilflated levels of inbreeding, even
where consanguinity is actively avoided. Peoplg nunsciously choose not to
marry a cousin or second cousin; however multipkeatral relationships between
members of the community increases the probaltiigy any marriage within the

community is a marriage between (distant) relatives

It has long been recognised that there is a higicetence of pre-reproductive

monogenic disease, birth defects and early maortalipopulations where
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consanguinity is common (Khlat and Khoury 1991; Mibdnd Darr 2002; Bittles

2003). A comprehensive listing of published reseas given atvww.consang.net

(Bittles 2001). More recently, interest has bemwgng in the impact of inbreeding
on the risk of common, complex, late onset diseasdscomplex genetic and
environmental aetiologies. Cardiovascular disgeancer and adult onset diabetes
are the major cause of morbidity and mortalityha teveloped world and
increasingly in the developing world, yet the genatechanisms underlying such
late onset diseases are still not fully understoRdcent theoretical and experimental
advances have lent support to a theory that sisgasges result from an accumulation
of deleterious mutations of individually small eftehroughout the genome. These
are kept in check in early life by homeostatic natbdms and so are not selected
against and are allowed to accumulate in the gendrate onset disease is the result
of the combined effects of these alleles and tkeatgr sensitivity of the organism to
environmental assaults when compensatory mechatisak down in later life

(Charlesworth and Hughes 1996).

Inbreeding has been associated with increaseafistmmon late onset diseases
(Rudan, Rudan et al. 2003). A number of studiesoodnary heart disease (Shami,
Qaisar et al. 1991; Puzyrev, Lemza et al. 1992aikmafar et al. 2004) and cancer
(Simpson, Martin et al. 1981, Lebel and Gallagh#@83 Shami, Qaisar et al. 1991;
Rudan 1999) have found evidence suggestive ofaseckrisk associated with close
inbreeding. Another approach to the genetic epidiegy of complex disease is to
study quantitative physiological traits (QT), thevantage being that this has the

potential to provide mechanistic insights into dse pathways. Several studies have
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found a small but significant increase in bloodsgree (Krieger 1969; Matrtin,
Kurczynski et al. 1973; Hurwich and Nubani 1978jldéastein 1999; Saleh,
Mahfouz et al. 2000; Rudan, Smolej-Narancic e2@03; Badaruddoza 2004;
Campbell, Carothers et al. 2007) and in LDL chieled (Campbell, Carothers et al.

2007) attributable to inbreeding.

The results of such studies should be treated swithe caution, as failure to control
properly for confounders, particularly socio-ecomostatus (SES) can distort
results. Nevertheless, given the global prevaleh@®nsanguinity, investigation of
the association between inbreeding and common @aaease is a valid and
important subject of epidemiological research $moivn right. In addition, it is also
important in a more general sense because of wiragit reveal about the genetic
architecture of common complex diseases which sgotethe major burden of ill

health in the developed, and increasingly in theetbging, world.

1.4The genetic architecture of common complex disease

Over recent years, genome-wide association sty@G¥sAS) have successfully
identified many common genetic variants of modedsatge effect size associated
with complex disease risk (Florez 2008; Houlstorebly et al. 2008; McCarthy,
Abecasis et al. 2008; Tomlinson, Webb et al. 2608zer, Murray et al. 2009).
These findings have been consistent with the “comdisease/common variant” or
CD/CV hypothesis of disease aetiology, that theegerromponent of common
disease is the result of genetic variants whicluocommonly in the population

(Lander 1996). However, despite the increasingessthat GWAS have
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undoubtedly had in identifying susceptibility Idor a wide range of complex
diseases over the last 2 — 3 years, neverthelelgsasmall proportion of the
heritable component of complex disease and disedated quantitative traits has
been accounted for (Florez 2008; Houlston, Weld).2008; McCarthy, Abecasis et
al. 2008; Frazer, Murray et al. 2009). For examplhilst over a dozen
susceptibility loci had been published for typei@gtes by mid-2008, this accounts
for only around 5% of heritability (Florez 2008Rne plausible explanation for this
might be that many of the alleles contributing igedse susceptibility are of very
low frequency in the population. This is consistith the “common disease/rare
variant” hypothesis, which suggests that compleeases are influenced by large
numbers of rare variants distributed throughoutgseome (Wright, Charlesworth et
al. 2003). The panels of single nucleotide polywhisms (SNPs) used by GWAS
are designed primarily to detect common variantsae not well powered to detect
rare variants. For example, it is estimated thatwidely used Illumina
HumanHap500 panel tags only around 12% of SNPsmwittor allele frequency
(MAF) of less than 10% (Houlston, Webb et al. 2008mlinson, Webb et al. 2008).
A second possible explanation for the limited sssde date in accounting for
disease heritability might be that disease suduiéiptiresults from the combined
contribution of many, many alleles of individuaignall effect size. Without
extremely large sample sizes, current techniquesairable to detect susceptibility
alleles with such small effects (Houlston, Weblkle008; Tomlinson, Webb et al.

2008).
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The results of GWAS over the last few years sugthegtwhilst many common
disease susceptibility alleles have been identitied is by no means the whole
story. The fact that GWAS have only been ablelémiify a small proportion of the
heritable component of disease aetiology lends hteéaythe view that rare variants
are an important factor in disease susceptibilibe quest for identifying rare
susceptibility loci for complex disease and disdasits has led some researchers to
perform GWAS in isolate or inbred populations, wheandom genetic drift can
result in high frequencies of alleles that are mnemore cosmopolitan, outbred
populations, thus making them easier to identfysecond advantage of isolate or
inbred study populations, and of central relevaodhis thesis, is that the higher
prevalence of inbreeding, and therefore excess hgguosity, in such populations
can be used to investigate the involvement of ®eeslleles in disease aetiology,
leading to a better understanding of the heritablaponent of disease (Abney,
McPeek et al. 2001). The total phenotypic variaiWGeof a quantitative trait (QT)
can be partitioned into environmental and gen&tiy components. ycan be
further partitioned into the additive genetic vaga (\4), the component of variance
due to genetic effects that are directly transrblsdrom parent to offspring and
which are the main cause of resemblance betweatived; the dominance variance
(V4), the component of variance due to interactiorieéen alleles at the same locus,
such as complete or partial dominance or recegsaditd the epistatic variance;fV
the component of variance due to interactions betvedleles at different loci
(Wright, Charlesworth et al. 2003). Inbred populas have increased power to
detect dominance variance because of increasels lefleomozygosity compared

with outbred populations (Abney, McPeek et al. 200this is essential for the
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estimation of broad sense heritability’fHlefined as the ratio of the total genetic
variance of the trait to the total phenotypic vade of the trait (Burton, Tobin et al.
2005). This approach has proven successfulidy $h a highly inbred Hutterite
population found evidence of dominance varianee fecessivity) in LDL
cholesterol and systolic blood pressure (Abney, &tfet al. 2001; Ober, Abney et
al. 2001). This is consistent with the findingsobkervational studies in inbred
populations described above (Krieger 1969; MaKurczynski et al. 1973; Hurwich
and Nubani 1978; Saleh, Mahfouz et al. 2000; Ru8amlej-Narancic et al. 2003;
Badaruddoza 2004; Campbell, Carothers et al. 2@0a@Yyiding further evidence

suggestive of recessive genetic effects on these QT

1.5 Thesis Aims and Objectives

Recessive genetic effects are usually investigatéite context of inbred or isolate
populations. Research has for a long time focosetthe health effects ofibreeding
rather those dfiomozygosity. There are good reasons for this. Firstly, ustently

it was simply not feasible to investigate indivilbhamozygosity directly: the only
proxy measure available wag.d~ Secondly, inbreeding increases homozygosity,
making it easier to detect recessive effects inroamities with a range of levels of
parental relatedness. Studies in inbred commugnatnel kindreds have been
extremely fruitful in identifying rare recessiveriamnts causing monogenic diseases
(Botstein and Risch 2003). Finally inbreeding tessun increased homozygosity for
rare recessive alleles, which are predicted to beeriikely to be deleterious than

common recessive alleles (Wright, Charlesworth.e2G03).
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Recent technological advances have resulted idalielopment of very dense
genotyping platforms, making it possible to devealimect measures of
homozygosity and autozygosity. Thus there is notemtial for the emphasis of
research to move away from inbreeding depressidah,al its potentially
stigmatising connotations for study populationsoimis directly on investigating the

role of recessivity in the genetic architectureiskease.

The broad aim of this thesis is to investigate sene genetic effects in complex
disease aetiology in European populations, focusatgust on inbreeding as a risk
factor, but also assessing the contribution toggige genetic effects of

homozygosity which is not attributable to recentep#al relatedness.

This study has five objectives:

* To develop a novel genomic measure of inbreedirngclwexploits the fact
that autozygous genotypes are not evenly distribtiteoughout the genome
but are distributed in runs of homozygosity (ROHp(re 1.1).

* To compare this measure witheffand with other genomic approaches to
quantifying both homozygosity and autozygosity.

* To assess the utility of this approach in quantifyihe effects on
homozygosity levels of deeper demographic histotyoth the individual and
population level.

* To investigate recessive effects, both those ataiile to and independent of

recent inbreeding, on QT of biomedical importan@ng samples from
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isolate populations with increased levels of indieg compared to more
cosmopolitan European populations.
* To investigate recessive effects on colorectal ea(flCRC) risk in non-inbred

European populations.

The key study population is the Scottish isolat©déney, a remote archipelago off
the north coast of Scotland. Genealogical, gemetttphysiological data were
collected by the Orkney Complex Disease Study (ORES), an ongoing, family-
based, cross-sectional study that seeks to idegeifigtic factors influencing
cardiovascular and other disease risk in this @mr. The North Isles of Orkney,
the focus of this thesis, consist of a sub-grougeofinhabited islands with census
populations varying from ~ 30 to ~ 600 people ochealand. Although transport
links have steadily improved between the Northslsled the rest of Orkney, the
geographical position of these islands, couplett witather and sea conditions,
means that even today they are isolated and tegivtbuld have been considerably

more so in the past.

Although consanguinity, or marriage between kimasthe cultural norm in Orkney
— indeed there is evidence of consanguinity avadaturing the twentieth century
(Brennan and Relethford 1983) — two key factors erthle North Isles population
ideal for this type of study. Firstly, the Nortflds have experienced a period of
severe population decline over the last 150 ydéaefied by high emigration and low
fertility. The population fell from an estimatedak of 7700 in the 1860s to 2217 by

2001. Secondly, endogamous marriage, or marriatyeden members of the same
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community, was widespread during the nineteentlucgrand into the twentieth
century (Boyce, Holdsworth et al. 1973). Therefdespite consanguinity
avoidance, the combined effects of steep populatemtine and endogamy have led

to inflated levels of parental relatedness in tineent population.

ORCADES is one of five studies in genetically isethpopulations participating in
the European Special Populations Research NetvilIROSPAN). The Erasmus
Rucphen Family Study (Pardo, MacKay et al. 2009rKEthe Netherlands) is a
family-based study that investigates the genetigims of complex diseases in an
isolated community in the south west of the Netmeds. The study population
essentially consists of one extended family of dedants from 20 related couples
who lived in the isolate between 1850 and 1900he MICROIsolates in South
Tyrol study (Pattaro, Marroni et al. 2007) (MICROBRaly) is a family-based
population study that investigates the geneticinsiggf complex diseases in remote
isolate communities in a high valley in South TyrolThe Northern Sweden
Population Health Study (Johansson, Marroni e2@09) (NSPHS; Sweden) is a
family-based population study which aims to idgngenetic and environmental risk
factors for common, mainly non-communicable, diseiaspopulations living in the
most northerly parish in Sweden. The Croatian yst{@ampbell, Carothers et al.
2007) (CROAS; Croatia) is a family-based study edidents of small villages in a
single Dalmatian islandlhe village populations of this and neighbouringnsls in
the eastern Adriatic, Middle Dalmatia, Croatia ex@nt a well characterized meta-

population of genetic isolates.
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In addition to the five EUROSPAN samples, samplemfthree other populations
are examined in this thesis. The Scottish Colomc€aStudy (Tenesa, Farrington et
al. 2008) (SOCCYS) is a large case-control studth vases resident throughout
Scotland and controls matched by age, sex andergsatl postal area. The London
colorectal cancer sample is also part of a large-cantrol study, comprising CRC
cases who also have at least one first degreeveekffected by CRC and controls
with no family history of CRC. Cases and contiais of European origin and from
the UK. Finally, the Utah European American sanfgleU) from CEPH (Frazer,
Ballinger et al. 2007) consists of 60 unrelatedvilials of north and west European

origin resident in Utah, USA.

This thesis is divided into seven chapters. Chdpte a detailed description of the
ORCADES study population based on genealogicalend. Data on levels of
endogamy and parental relatedness are presentehtef 3 develops a novel
approach to estimating individual autozygosity frex@H first suggested by Broman
and Weber (Broman and Weber 1999) (Figure 1.1)m&driron, this is defined as
the proportion of the autosomal genome in ROH alzospecified length. Data are
presented from a 289,738 SNP panel in 2618 indalglfrom two isolate
populations (ORCADES and CROAS) and two more cosiitaym populations of
European origin (the control sample from SOCCSthrdCEU founders from
CEPH). Firstly, konis used to compare the four populations, and sabps

within these populations defined in terms of graaréptal endogamy, to see whether
this approach can be used to compare populatiathsdifferent demographic

histories: the hypothesis under investigation & the more isolated the population
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or the more endogamous the sub-population, theegrdee mean goy. Secondly,
with the use of high-quality pedigree informatioradgable for the ORCADES
population, correlations are reported betwegsyand pedigree estimates of
autozygosity (Fed. Correlations between,&and other measures of autozygosity

and homozygosity are also shown.

In order to investigate ROH as a disease risk faotsearchers need to be able to
detect them reliably. Chapter 4 estimates thetssioROH that can be reliably
detected by SNP panels of different densities asdsses the potential of this
approach for quantifying the effects of both inlolieg and more distant individual
demographic history. The densest SNP dataseslaiit the time (HapMap
release 23a for CEU founders, containing 3.9 nmIEENPs, available at

www.hapmap.orgHapMap 2002)) was used as a baseline. ROH dstgndarived

from SNP panels of different densities (500K, 3G0# 50K SNPs extracted from
the 3.9 million panel to represent the markerslalslg in commonly used off-the-
shelf products) were compared with estimates dérir@m the HapMap release 23a

panel.

Using the 5 genetically isolated EUROSPAN populagicChapter 5 appliesbn

and Hy, to assess the role of recessivity in 11 QT of irtgowe in cardiovascular and
metabolic disease risk. A linear mixed model, called for genetic kinship, was
used, to avoid confounding by relatedness betwadimiduals. The effects on

phenotypic variance of both inbreeding and homogig@f more ancient
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demographic origin were assessed. A sixth pomuiaample (the controls from

SOCCS) was included in the analysis of one QT (iteig

Finally, although this analysis shows that ROH kmitnan 1 to 2 Mb are often
indicative of parental relatedness in populatioh&wopean origin, shorter ROH
(from tens of kb up to 1 or 2 Mb in length) arerertely abundant throughout the
genome (Frazer et al, 2007). These result fronmtmeritance from both parents of
identical haplotypes. These may have reachedfregjuency in the population,
perhaps because in the past they conferred soedigeladvantage or through a
process known as allelic surfing, a particular tgpgenetic drift whereby an allele
or haplotype reaches much higher frequency thahtoignerwise be expected
through its presence in the wave front of setiieis new region (Hofer, Ray et al.
2009). However as haplotype diversity is low imtans, even in the absence of
selection or other effects it is not uncommon famtical haplotypes to be inherited
from both parents. These shorter ROH have nottoityp with inbreeding as it is
commonly understood, although they are strictlya&p®ey autozygous, being
inherited from common maternal and paternal ancest@any, many generations in
the past. The number, length and location of tiseseter ROH differ between
individuals and as such, are an aspect of indivigaaetic variation that might play
a causal role in common complex disease and trexefore, merit further
exploration as risk factors in their own right (lcznLambert et al. 2007). Chapter 6
explores this issue by investigating the associdietween CRC and botldy and
Hpn in the predominantly outbred SOCCS and London CR<&-control study

samples, using data from a 500,000 SNP panel.
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Chapter 2: Historical and genealogical descriptiorof the

population of the North Isles of Orkney

2.1 Introduction

A key goal in human genetics and medicine is theld@ment of effective
approaches to identifying genetic factors influagatommon complex diseases such
as heart disease, stroke and diabetes. Diseadeasthese result from the
cumulative effects of many QT such as blood pressuood lipid levels and arterial
stiffness. Because QT are less complex than digessdf, they are a more

promising target for genetic analysis and can resle@s about pathways underlying
disease process. There are also practical advemntagtudying QT: research can be

undertaken in general populations rather than bedmfined to disease cohorts.

The Orkney Complex Disease Study (ORCADES) is ggomg, family-based study
investigating the genetic factors influencing coexplliseases through the study of
over 100 QT. Orkney is an archipelago of arounesty islands and skerries
beginning seven miles north of the northernmosttpai the Scottish mainland
across the Pentland Firth and extending for akitiytmhiles northwards (figure 2.1).
Seventeen of the islands are now inhabited, a numbieh has declined over the
past 150 years (Collacott 1984). Kirkwall and 8tness, Orkney’s only two towns,
are situated on the biggest island, known as thel&tad. South of the Mainland are
the South Isles of Hoy, Flotta, Burray and Soutin&dsay, the last two connected

by road to the Mainland across the Churchill Bas;i®uilt by Italian prisoners of
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war in World War Il to keep enemy submarines ouhefallied harbour at Scapa

Flow.

Figure 2.1: Map of Orkney

NORTH RONALDSAY

SOLND
WERIHAY THE NORTH
SOUND 3
L3 = SANDAY
T84,
£y
2
£ SANDAY
Y SOUND
ROUSAY S :
BROUGH HEAD
STRONSAY
i STRONSAY
_y gOouMD
SHAPINSAY R RS
U=
MAINLAN P
Stromness
RFCORA HEAD
SOUTH
RONALDSAY
pENT LAy, F‘L‘“n
S -
DUMNET r i
HEAD DUNGANSBY .
HEAD
Kilometres 0 10 20 30
| 1 |
I
Miles O 10

25



The North Isles of Orkney, the focus of this stuchynsist of ten inhabited islands:
Westray, Papa Westray, North Ronaldsay, Rousajsd&ygiWyre, Stronsay, Sanday,
Eday and Shapinsay. Although transport links lsgadily improved between the
North Isles and Orkney Mainland, with passengeawfiinks since the nineteenth
century and a regular air service since the 1a®@sgeographical position of these
islands, coupled with weather and sea conditiomamithat even today they are
isolated and not always easily accessible. Sttioladycurrents and numerous reefs
and shoals hamper easy sea navigation betweesl¢seand prevailing strong winds

disrupt both air and sea travel (Collacott 1984).

A number of factors make Orkney an ideal populat@mrocalising the genes
involved in polygenic disease: Orkney’s small p@pioin size and isolation mean
that there is reduced genetic diversity and redbeterogeneity for disease-related
alleles compared with what would be found in urpapulations. Environmental
exposures are also more homogeneous in isolatdgimms, making it easier to
identify genetic factors (Wright, Carothers etl®99; Ober, Abney et al. 2001).
Finally, despite the population decline and inceglasmigration of the last 150 years,
it is still common to find several generations &mdnches of the same family settled
in Orkney. Being able to sample families rath@ntfust individuals means that both
linkage and association approaches to variantisatedn are possible. The North
Isles of Orkney are also well-suited to an investmn of recessive genetic effects on
QT. A small population with (until recently) liglmigration, spread across a number
of islands which are (to varying degrees) rematenfeach other as well as from

mainland Scotland, together create the conditionsie inflated levels of
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background inbreeding necessary for this typeuwdyst A further advantage for the
present study is the availability of reliable amanprehensive records of vital events,
making it possible to trace the ancestry of presagtScots. Civil records of births,
marriages and deaths have been universally andmsgtitally produced in Scotland
since the mid nineteenth century but even befaeetitine, it was customary for
baptisms and marriages to be recorded in pariskteeg, which are also indexed,
digitised and available to researchers. It isdfoge possible to reconstruct the
pedigrees of present-day study participants baektestors living around 200 years

ago.

The collection of data from ORCADES study subjet#sted in 2005, with over
1000 recruits having attended measurement clipicsjided blood for the extraction
of DNA and had their pedigrees reconstructed te.d&htis chapter presents an
analysis of inbreeding and endogamy levels in tREADES study population
derived from pedigree data. The analysis is s#tarcontext of Orkney’s population
history and in particular in the population histofythe North Isles since the
eighteenth century. The literature on the geraigins of modern Orcadians is
reviewed, assessing the relative contributionsio€sssive waves of settlers. The
availability of historical records of vital everaser the last 200 years has given rise
to an anthropological approach to population stmgtwhich investigates the
influence of major socio-economic forces on maseidgrtility and migration. A
review of this literature as it relates to Orkngyresented, providing valuable

comparative data to those derived from the prestenty.
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2.2 ORCADES Pedigree Analysis: Methods

The pedigrees of 1071 study participants were trasing official birth, marriage,
death and census records held by the General Be@iffice for Scotland in
Edinburgh. Pedigrees were traced back at least@s#ral generations (to the level
of great grandparents) and up to 8 ancestral gemesa Data were entered into
RootsMagic, a specialist genealogy programme. & bategories were defined on
the basis of grandparental birthplace: those witlogamous ancestry had at least 3
grandparents born on the same isle (isle popukatiange from ~ 30 to ~ 600); those
with mixed Orcadian ancestry had at least 3 grareypa born in Orkney but not on
the same isle and those with half Orcadian ancésityone set of Orcadian-born and
one set of Scottish-born grandparents, but witradian ancestry in the Scottish-
born pair. Because people have become increasingjyle over the last century,
grandparental birthplace rather than the birthptddbe subjects themselves was

used to create these categories.

Of the 1071 individuals with reconstructed pedigre®4 with QT measurements
available were chosen for priority genotyping.ohder to ensure that the genotyped
sample had a wide range of inbreeding levels deiti@ subsequent genomic
analyses, a mix of individuals was chosen frontlinee categories described above.
In addition preference was given to those with:

e relatives in the study

» full pedigree information to at least 4 or 5 ancasgenerations in all lineages

(i.e. to the level of great great grandparentsreaipggreat great grandparents)

» pedigree evidence of inbreeding
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* North Isles ancestry.

Inbreeding coefficients (&j were calculated using Wright's Path Method (Wtigh
1922) — see section 1.2. Meapdwas estimated separately for the mixed and
endogamous categories. MeghagMas also estimated separately for those with 4
Westray-born grandparents, 4 Stronsay-born graedpaand 4 Orkney-born

grandparents, to illustrate the effect of populas@e on inbreeding.

2.3 Results

725 of the 754 subjects genotyped are includebarfdllowing analysis. Apart from
failing to meet genotyping quality control (QC)rstiards (which will be described in
the next chapter), subjects were excluded becaesedid not fit one of the three
pedigree categories described above — for examnmplejduals with one Orcadian
and three Scottish parents were excluded, as Wwese twith one set of Orcadian and

one set of English grandparents. The mean ydairtbfof the sample was 1952.

Table 2.1 shows pedigree completion by ancestradrgéion, where a subject’s
parents constitute ancestral generation 1, higogtandparents constitute ancestral
generation 2, and so on. Three ancestral genesafi@. a subject’s great
grandparents) must be identified in order to detdwtther an individual is the
offspring of first cousins. Four ancestral generet must be identified in order to
detect a second cousin inbreeding loop, and sdale 2.1 shows the percentage of
subjects in the endogamous and mixed groups wathtified inbreeding loops in

their pedigrees (the half Orcadian category isshotvn, as no inbreeding was
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detected in this group). Inbreeding loops orighawithin 8 ancestral generations
were detected in a total of 179 individuals, 0B#17% of the endogamous group and
9.8% of the mixed group. The proportion of thetstample of 725 individuals with
detected inbreeding loops is 24.5%. This is likelype an under-estimate because of
incomplete pedigree data, particularly beyond Seatral generations in the past.
The “raw” estimate of mean,& in the sample, based on all inbreeding loops
identified, regardless of pedigree completion,.30Q9, equivalent to a parental
relationship of between third and fourth cousifi$is, however, is unlikely to be an
accurate estimate, as the increasing proportionisding ancestral information with
each receding ancestral generation means thahtlistaeeding loops are likely to

be under-estimated. Table 2.1 shows that almdgtddigree information is

available to the level of 4 ancestral generatisnsestimated numbers of first and
second cousin inbreeding loops in the sample asereéable. Almost % of those in
the 8" ancestral generation have been identified; thtimated numbers of third
cousin inbreeding loops are reasonably reliableyoBd this level, pedigree
information becomes increasingly sparse, so thegbgace of more distant

inbreeding loops must be extrapolated.
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Table 2.1: Pedigree completion by ancestral generat  ion
Number of % ancestors identified % of individuals in sample w ith Number of
ancestral inbreeding loops detected* individuals
generations | Endogamous | Mixed Half Full Endogamous | Mixed Full in sample
group (n = group (n | Orcadian | sample group group sample with
390) = 286) group (n | (n=725) complete
=49) pedigree
information
3 98.3 98.3 97.4 98.2 0.3 0.7 0.4 655
4 96.8 94.6 89.9 95.5 6.9 3.5 5.1 568
5 83.3 57.6 56.6 71.4 20.8 5.6 13.4 179
6 45.3 27.4 23.9 36.7 31.6 8.7 20.4 7
7 13.7 5.8 5.5 10.0 38.2 9.8 24.4 0
8 1.8 0.8 0.5 1.3 38.7 9.8 24.5 0

* Percentages are percentages of the population where inbreeding loops have been detected originating at or more recently
than the ancestral generation indicated.
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Perhaps a better way of estimatingqfvould be to use only those subjects with no
missing data. Table 2.2 shows mean samplgeStimates based on 3, 4 and 5
ancestral generation pedigrees using only thode suitnplete pedigree information
to these levels. One problem with this approa¢hasthere are several individuals
in the sample who are the offspring of first or@®t cousins but who have otherwise
incomplete pedigree information. Excluding thes#ividuals results in an
underestimation of mean samplgdhowever including them results in over-
estimation. The equivalendz values with these individuals included are 0.00029
for 3 ancestral generations (n = 657), equivalert parental relationship of'5
cousin; 0.0013 for 4 ancestral generations (n 9,5uivalent to a parental
relationship of between®and 4" cousin; and 0.0048 for 5 ancestral generations (n
247), equivalent to a parental relationship of etdkan %' cousins. A second
problem with this approach is that it cannot estemabreeding originating prior to 5

ancestral generations in the past.

Table 2.2: F peq results of subjects with full pedigree information to 3,4
and 5 ancestral generations

No of No of Mean Approximate equivalent
ancestral subjects | Fped parental relationship
generations

used in

estimate

3 655 | 0.000095 | Between 5" and 6™ cousin
4 568 | 0.00065 | Between 4™ and 5™ cousin
5 179 | 0.0017 | Between 3™ and 4™ cousin

Because pedigree information is limited beforedady nineteenth century and

virtually non-existent before the mid-eighteenthtoey, perhaps the best way to
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estimate the prevalence of inbreeding is to extedpmn the basis of the number of
inbreeding loops and the proportion of ancestorgpaeration who have been
identified. To improve the accuracy of such exttapons, the sample should first
be stratified by population size because simplg essult of population size
(assuming high levels of endogamy and low levelsnohigration) subjects from
larger sub-populations will have lower levels dirieeding than those from smaller
sub-populations. The sample was therefore spbttimee endogamous and mixed
categories, as described above. Those with entlmggancestry have at least 3
grandparents born in the same isle or parish, wihitse in the mixed category have
at least 3 grandparents born in Orkney, but ntihénsame isle or parish. Table 2.3
shows the number of inbreeding loops detectedah sab-group, and the number
expected had all pedigrees been complete. Thisstavated by dividing the
number of identified inbreeding loops originatimgrh a given ancestral generation
by the proportion of ancestors of that generatitamiified in the sample. For
example, if 9 third cousin inbreeding loops werenitfied but only 30% of ancestors
in the fifth ancestral generation had been idesdifthe estimated true number of
inbreeding loops would be 30. Table 2.4 showsaad estimated true meaped
statistics for the endogamous and mixed sub-granddor the sample as a whole.
Data are also shown graphically in figure 2.2 bdith the sub-groups and the sample
as a whole, the raw estimate of inbreeding, whagie$ no account of pedigree
completion, underestimates inbreeding by arounddrBpared with an estimate
based on 8 extrapolated generations. The estimated .4 (8 generations) is
0.0029 for the sample as a whole, equivalent tarargal relationship almost as

close as 8 cousins; 0.0041 for the endogamous category, abgrivto a parental
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relationship of & cousins; and 0.0016 for the mixed group, equivatea parental
relationship of a little closer tharf'4ousins. Fedain the endogamous group is thus
around 2.5 times higher than in the mixed groupaMF.q estimates on the basis of
3 ancestral generations (i.e. measuring first coafspring only) are higher in the
mixed than in the endogamous group. This simdlgcts the fact that there are two
first cousin offspring in the mixed group but owlye in the endogamous group (an
overall rate of 0.4%). Using data from 4 or moneestral generations, meag.f
estimates are higher in the endogamous group thdreimixed group, reflecting
differences in effective population size betweantthio groups. Mean,kestimates
increase with each additional generation includetthe estimate, reflecting the
impact of multiple distant inbreeding loops. Thffect is stronger in the
endogamous group than in the mixed group becaude ampact of the two first
cousin offspring on meany,&in the mixed group. Jzg0n the basis of 8 ancestral
generations is 24 times higher thaRg®n the basis of 3 ancestral generations in the
endogamous group. In the mixed group, the 8 génarastimate of fzqis 3 times
higher than the 3 generation estimate. Althoughrises with each additional
generation of ancestral information, the magnitofiéne rise appears to decrease, as
the number of additional pedigree loops per germaras counteracted by the fact
that they each contribute on average one quartenah to keq as loops in the
previous generation. This effect is clearer indhdogamous data (figure 2.2) and

will eventually lead to an asymptote at the tryg Falue.
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Table 2.3: Observed and expected inbreeding loops b

y sub-population

Number of Endogamous group Mixed group
Parental cousin ancestrtgl Number Estimated Number of | Estimated
relationship ?:(;‘j::&%gs of loops gﬁ?nber of loops true number
detect detected loops detected of loops
1% cousin 3 1 1 2 2
1% cousin once removed 4 4 4
2" cousin 4 19.5 20 8 8.5
2"Y cousin once removed 5 19 23 3.5 6
3" cousin 5 66.5 80 2 35
2"% cousin twice removed 6 4 9
3" cousin once removed 6 445 98.5 5 18.5
4™ cousin 6 36 79.5 6 22
4™ cousin once removed 7 455 333 4 69
5™ cousin 7 18 132 2 34.5
4™ cousin twice removed 8 5 279.5
5™ cousin once removed 8 6 335 2 253
6™ cousin 8 1 56 2 253
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Table 2.4: Raw and extrapolated true F 4 Statistics by depth of pedigree and population sub

Endogamous group

Number of _ Mixed group (n=286) Full sample (n=725)

ancestral (n_glggt)imated Estimated Estimated

generations | Raw Fpeq true F peq Raw Fpeqd true F peq Raw Fpeqd true F ped
3 0.00016 0.00016 0.00044 0.00044 0.00026 0.00026
4 0.00126 0.00128 0.00087 0.00090 0.00102 0.00105
5 0.00231 0.00254 0.00100 0.00111 0.00164 0.00181
6 0.00266 0.00333 0.00105 0.00131 0.00185 0.00231
7 0.00273 0.00383 0.00106 0.00146 0.00189 0.00264
8 0.00274 0.00411 0.00106 0.00162 0.00189 0.00285

-group

36



Figure 2.2: F peq estimates by ancestral generation for those of end ogamous and mixed Orcadian ancestry
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The effect of population size on the prevalenceraadnitude of inbreeding can be
illustrated by comparing those with 4 grandparé&ais on the (relatively) large isle
of Westray (population today ~ 600, of whom mor@tB80% are indigenous
Orcadian; population in 1841, 1791), those withr@hgparents born on the smaller
isle of Stronsay (population today ~ 300, of whomhye-150 are indigenous
Orcadian; population in 1841, 1220) and those wWigrandparents born in different
parts of Orkney (population today ~ 20,000, of whem0% are indigenous
Orcadian; population in 1841, 30,433) (figure 2.3he mean fzqestimate for those
with endogamous Stronsay ancestry is one and ditma&$ higher than the estimate
for those with endogamous Westray ancestry, whaéh furn more than twice as
high as the estimate for those with mixed Orcadiacestry: in other words, there is
an inverse relationship between population sizeraedn ks The 8 generation
estimate of feqfor Stronsay is 0.0089, equivalent to a paremtaltionship of
between ¥ and & cousins. The equivalent 8 generatiggEstimate for Westray is
0.0037, equivalent to a parental relationship'®t8usins and close to the estimate
of the entire endogamous category. The 8 gener&figestimate for the mixed
Orcadian category is 0.0012, equivalent to a pateelationship of % cousins.
Consistent with figure 2.2, meagekin these three groups increases with each
additional ancestral generation included in theveste, although the relative
increase in the Stronsay group is less than tlagivelincrease in the Westray and
mixed Orcadian groups. The 8 generation megagif-the mixed Orcadian group is
1.5 times the 3 generation estimate. The equivélgure for Westray is 2.5 and for
Stronsay, 0.7. The absolute difference betwee tned 8 generation estimates is

highest for Stronsay and lowest for Orkney.
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Figure 2.3: F peq €stimates by ancestral generations for those with all 4
grandparents born in Orkney, Westray and Stronsay
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2.4 Discussion

This analysis provides a clear illustration of &ffect of population size on
inbreeding. Feqestimates are higher the greater the number @rgeans included

in the estimate, reflecting the fact that first simuunions are uncommon in this
population but more distant cousin relationships, lhus marriages, are more
prevalent. Thus inflated levels of background édaling are a consequence of small
population size and isolation, even in the absemeecultural preference for
consanguineous marriage. This is illustrated geagblly in figure 2.4, which shows
the estimated reproductive-age population of tleedEWestray (one of the two
largest North Isles) since the laté™century, alongside the number of ancestors of a
hypothetical individual born in 1970. Prior to tharly eighteenth century, the
number of ancestors exceeds the reproductive-guéaimn. Thus, assuming high
levels of endogamy and low levels of immigratiofreeding loops are inevitable in
this population (as they are in any population giaesufficiently long view), with

the number of loops per individual doubling witltlkeaeceding ancestral generation.
This is a direct consequence of population sizeh shiat individuals with
endogamous ancestry from the smaller isles araqieeido have more, and more
recent, inbreeding loops than those from Westidthough the contribution of a
single inbreeding loop decreases by % per ancegnadration going back in time
(figure 2.5), the existence of multiple loops viniflate inbreeding levels and again,

this effect will be more marked the smaller the ydapon.
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Figure 2.4: Number of ancestors of an individual bo rn in 1970 compared with the reproductive-age popul ation and
total population of the isle of Westray
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Figure 2.5: F peq Of parental cousin relationships
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This analysis also illustrates one of the deficiesof using pedigrees to estimate
inbreeding: the reliability of fzq estimates is dependent on the availability of
complete pedigree information in all ancestraldiges. Information on births and
marriages is relatively complete and reliable Fos population; yet even so, it is not
possible to trace complete pedigrees beyond ficestral generations and even this
Is not possible for every individual in the sampWhilst extrapolation might
provide a reasonable estimate of the meandf the sample going back 8 ancestral
generations, this is not possible at the levehefihdividual. Finally, without good
information on historic population size, it is rpuissible to extrapolate further back
than the most distant inbreeding loops identifirethie sample. In a small, isolated
population, the effect of multiple distant inbregglioops may be significant,
particularly in populations that have experienceg\ere bottleneck, for instance

through the action of an epidemic.

What can this analysis reveal about levels of iabireg in today’s North Isles of
Orkney? The ORCADES study population was chosenaximise sampling of
individuals with at least one grandparent fromNweth Isles of Orkney. The study
population is not, therefore a representative esassion of the population of
Orkney or even of the population of the North Isl&ubjects were not pre-selected,
but volunteered to join the study, a factor likiyincrease bias. The location of
measurement clinics is also likely to have hadfetton recruitment: Clinics were
held in four of the North Isles (Westray, Strons@gnday and Shapinsay) and in the
town of Kirkwall on Orkney Mainland. This has bealsthe sample towards those

with mixed Orcadian ancestry or endogamous ancésiny Westray, Sanday or
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Stronsay. Although individuals with at least 3rgtparents from Birsay, Eday,
Egilsay, Fair Isle, Holm, North Ronaldsay, Papa ifgs Rousay, Shapinsay and
South Ronaldsay were recruited to the study, nusnvere smaller than from
Westray, Sanday and Stronsay. Undoubtedly, Hagkeit logistically possible to run
clinics on other isles, greater numbers of indieiduwith endogamous ancestry from
these other isles would have been recruited. gears that the population of
Shapinsay has undergone significant immigratiomfather parts of Orkney, as in
spite of recruitment on this isle, only a small tngnof endogamous volunteers
came forward. A probable explanation for thishigttShapinsay is much closer to
and more easily accessible from Orkney Mainlandgamed with the other North
Isles, with several scheduled ferries travellingach direction daily throughout the

year.

It is not, therefore, valid to extrapolate fromshadigures to thegq of today’s
Orkney population or even today’s North Isles pagioh. Care must also be taken
in drawing conclusions about the prevalence of tateelatedness or endogamy on

one isle compared with another.

With these caveats in mind, two interesting reseiiteerge. Firstly, given the remote
location, low levels of immigration and small pogtibn sizes of these islands, it is
perhaps surprising that levels of parental relagedrare as low as they appear to be.
A possible explanation for this is the traditionimfartible inheritance that prevails
in Orkney, whereby only one son inherits the farfalyd and only one daughter

receives a dowry. As a result, younger siblinggehao choice but to seek their

44



fortunes elsewhere, a process that has had a dcagffatt on the population of
Orkney, as is described in more detail in the foitgy section. The alternative
system, whereby the family inheritance is dividetileen the children, tends to be
associated with higher levels of consanguineousiatg, as marrying a cousin is
one means of keeping land or property in the fagpéysonal communication, A.H.
Bittles). A second interesting result to emerge from déimalysis is the much higher
prevalence of second and third cousin inbreedingdan the Stronsay group
compared with the Westray group. Numbers in therSay group are small and so
must be treated with caution, but it is nevertrefdausible to interpret these results
in the context of the very sharp decline in Strgisspopulation over the past century
or so. In the eighteenth century, Stronsay hdutiging kelp industry. As this
declined, it was replaced by an equally succes$suing fishery. Since this
declined from the late nineteenth century, the pettpn has fallen. In the group of
27 individuals with 4 Stronsay-born grandparen@sinbreeding loops at the level of
3" cousin or closer were identified. Such inbreedariginating from recent
generations when the population has been smalkkaappo account for most of the
difference in mean &qbetween Westray and Stronsay. Beyond these itentat
suggestions, however, it is not possible to draykapader conclusions about
inbreeding or endogamy levels in Orkney. In ottdgput this analysis in context, it
Is necessary to look beyond the current study andider Orkney’s population
history and the existing literature on endogamlgreeding and population structure

in these isles.
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2.4.1 The population history of Orkney

The earliest evidence of human habitation in Orkaweyartefacts left by Neolithic
peoples around 4000 BC (Boyce, Holdsworth et al318erry 1986). Two distinct,
though similar and contemporary cultures have lhdemtified, named after the
artefacts they left behind: the Grooved Ware peoplemplified by the inhabitants
of Skara Brae and the Unstan Ware people of Kn&joefar, Papa Westray and

elsewhere (Berry 1986).

These ancient people were followed around 700 B& ydden appearance in the
archaeological record of Iron Age artefacts (Brd@65; Berry 1986). It is
impossible to tell who these Iron Age people ware/loat happened to the pre-
existing population. Modern “indigenist” archaegyaends to the view that the Iron
Age people were simply the descendants of eardlabitants. This is in contrast to
mid-twentieth century “migrationist” archaeologyhmh saw each new cultural
transition as evidence of a new wave of migratiaivhatever their origins, these
Iron Age people are thought to have evolved ineoglople described today as the
Picts (Berry 1986). It was the Picts who, betw&@@ and 600 AD built more than
100 brochs, or large fortified stone towers, thifoaug Orkney. It is thought that
each of these brochs housed between 30 and 50gpsaghesting a substantial Iron

Age population of 3000-5000 (Boyce, Holdsworthletl873).

During this period, there is also evidence of s@aelic influence, possibly in the

form of Christian missionaries, traders and settfesm Ireland and the Western
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Isles and west coast of Scotland. Traces of theeple can be found in Orkney

place names: “Papa” is thought to be a form ofpged, or priest (Berry 1986).

Probably the single greatest demographic eventkm&y’s history, and one which
still leaves its mark on place and family names twedocal dialect, started around
800 AD with the arrival of the Vikings. It seentmat the Norsemen arrived initially
in small numbers, perhaps as raiders, but thatbhéend of the eighth century there
was a large movement of population from what isyodorway (Berry 1986).
Whether these new settlers annihilated or intenedmith the indigenous
population is still a matter of debate. The dismgwf Pictish artefacts on Viking
archaeological sites (Ritchie 1993), the sugggséssistence of Pictish
administrative and land tenure systems (PenrithRerdith 2002) and the
persistence of some Celtic place hames is citesblne as evidence of assimilation
(Penrith and Penrith 2002); however others argatttiese could equally plausibly
have post-dated as preceded the Norse invasiothanthe fact that the
overwhelming majority of place and farm names (8&%) are Norse suggests that
the Norsemen overwhelmed and replaced the PictgcéBdHoldsworth et al. 1973;

Berry 1986; Smith 2001).

By the late ninth century, what had previously baenere series of settlements
emerged as the kingdom of Norway, under a poweufuig elite. In 875 AD
Norway annexed Orkney, establishing it as a Noaskelem, in order, according to
the Orkneyinga Saga, to put a stop to raids froitle@Norwegian pirates based

there (Collacott 1984). During the following twathree hundred years Orkney was,
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while not an independent nation like Iceland, ntbign just a colony of Norway. Its
importance was the result of its strategic posiabthe heart of lucrative north
Atlantic trade routes (Collacott 1984). At thedtdiof Norse power, Earl Thorfinn

the Mighty of Orkney held ten Scottish earldoms.

From the thirteenth century onwards, Norse powes waning. During this period
there was considerable inter-marriage between premiNorse and Scottish
families, culminating in the first Scottish famiigking over the earldom in 1231
(Miller 1986). Orkney’s Norse era finally camean end in 1468, when the islands
were pledged to the Scottish crown as part of tverg of Princess Margaret of
Denmark on her marriage to James lll of Scotlanahwdy and Denmark having
been united under the Danish crown in the latetémumth century. Although the
islands were now officially part of Scotland, stgozultural and trading links with
Norway persisted. In the sixteenth century, harlomes were waived for Orkney
and Shetland ships berthing in Bergen harbour Isectihey were still considered to
be Norwegian and there is documentary evidencatehsive trading between and
emigration from Orkney to Norway throughout theesgeenth century (Collacott
1984). The Orkney Norn, the form of old Norse sokuring the Viking period,
was gradually replaced by Lowland Scots and lardiedg out as a distinct language
in the eighteenth century, although many words renmethe Orkney dialect spoken

today (Flaws and Lamb 1996).

Following the transfer of Orkney to the Scottisbwen in 1468, there was an influx

of Scottish settlers, with Scottish immigration kieg in the seventeenth century.
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There is no reliable evidence as to how many Sodagsated northwards but various
attempts have been made to estimate the likelytgezentribution of this wave of
settlers by examining surnames. One study of taeegtones of over five thousand
individuals identified the three most common suraarnm each cemetery. Of these
23 common surnames, 14 were Norse and the remd@nivege of more recent
Scottish origin, implying considerable Scottish ggnintrusion (Boyce, Holdsworth
et al. 1973). Another study using the 1614 - 15r€Book for Orkney and Shetland
found that although many Shetlanders had Norse-pfronymic names, in Orkney
there were only Scots names or names derived ftaceg. Since it is a Scottish but
not Norse custom to name a farmer after his latiterahan after his father, this
implies considerable Scottish cultural, if not resaily genetic, influence (Miller
1986). On the other hand, a recent genetic stedyodstrated that over half the
patrilines of these Orcadian land surnames wersdiororigin (Wilson, Weiss et al.

2001).

There are a number of more recent historical evamdsprocesses which have
resulted in people moving into Orkney, althoughinatumbers big enough to make
any significant genetic impression. The growthhaf herring fishing industry in the
nineteenth century saw Scottish fishing boats walhgy the herring on an annual
odyssey from the west coast of Scotland, to Sheiti@nkney, Wick and as far south
as Lowestoft. The isle of Stronsay became a ntegaing fishing port, harbouring
up to 300 boats during the peak of the nineteeaiiiucy herring fishery (Penrith and

Penrith 2002). The growth of the Orkney herrindustry also prompted migration
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from over-crowded Fair Isle in Shetland, with emfiamilies moving south to

participate and to teach the Orcadians their skills

More recently, Orkney was an important naval badsth World War One and
World War Two, after which many Orcadian servicememrned from the south
with non-Orcadian wives. The stationing of Brits#rvicemen in Orkney during
World War Two in particular may have made a genetigression on the population,

although the magnitude of this is unknown (Mill&88).

The most recent external input to the Orkney pdmraare English families,
attracted northwards in steady numbers since t68sl8nd 1970s by the promise of
a better quality and slower pace of life (Miller8B). Whether their presence makes
a lasting genetic impression will depend on themixto which the younger
generation stay in Orkney and inter-marry withitildigenous population. It will

also depend on the relative proportions of outsi@e&d indigenous Orcadians.
Incomers comprise around half the population ofdagrand Stronsay, whilst on

Egilsay and Eday, they are so numerous as to olteufrcadians.

Finally, two other intriguing, though unverifiedyugces of genetic input are also
worth mentioning. There are persistent rumouts@North Isles of Orkney about
sixteenth century connections with the doomed $paArmada. After their defeat
by the English, the Armada dispersed north intoNbgh Sea, then homewards via
the west of Ireland. Many ships were wrecked ererand twenty-seven out of the

original one hundred and thirty ships were neveoanted for. There are many
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Orkney stories about shipwrecked Spanish sailorpé&naps the best known
concerns the “Dons of Westray”. Legend has it tivator six crew members of a
ship wrecked off Fair Isle or, more likely, on tReef Dyke off North Ronaldsay,
ended up in Westray and decided to stay, marryogllgirls and taking the local
names of Balfour and Hewison, as their own werkcdit to pronounce. The Dons
allegedly led fairly reclusive lives, not permigjimarriage outside the group.
Descendants were said to have “Mediterranean fesituvavy black hair, short
necks and volatile temperaments (Anderson 1988w kiuch truth there is in this
particular legend is unknown, but there were celyahrmada ships wrecked in the
waters around Orkney (Anderson 1988). It is diffi but not impossible to
distinguish Spanish Y-chromosomes from those aéroBuropean origin so it may
be possible to identify male patrilineal descengaftSpanish sailors enrolled in

ORCADES, if any exist.

A second fascinating but as yet unverified possyhi the genetic contribution of
Native American, mainly Cree, women to the Orknegigpool (Miller 1986). The
Hudson’s Bay Company was a major employer of Oaradien in the nineteenth
century. At its peak, 80% of those working as éradr explorers for the company
in Canada were Orcadian. Men were employed onyiae contracts and many
never returned, settling in Canada and establidiaimglies with Native American
wives. Some, however, did return to Orkney, bniggiheir wives and families with
them (Miller 1986). Cree connections are diffidal(pin down from public records -
because the native American partner was invari@shale, surname analyses are

uninformative — however family history informatipnovides evidence of Cree
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ancestry in a few families and Native American DISAighly distinctive. Thus any
descendants of Cree women enrolled in ORCADEShaiildentified when
admixture analyses allow recognition of individixgtive American haplotype
blocks in a European ancestry background. Any hregdl descendants would be

immediately recognisable from their mitochondridi® haplotype.

In summary, Orkney’s rich history raises many iegting questions. What
happened to the pre-Norse inhabitants? Were theidated or absorbed by the
Vikings? Are today’s Orcadians more like moderotSor modern Norwegians? Is
there any evidence for different male and femalesrm the various cultural

transitions that have taken place in Orkney inléisésix thousand years?

2.4.2 The genetic origins of modern Orcadians

These questions have interested biologists andigest® since the early twentieth
century. In 1940, Fisher and Taylor analysed blgaadip frequencies to test the
hypothesis that people from northern Britain wega@rsimilar than their southern
neighbours to Norwegians because of the histolikihg settlement in northern
England and Scotland (Fisher and Taylor 1940)ac¢h blood group analysis
showed the opposite: moving from south to northhiniBritain, frequencies of
group A decreased, while O increased reciprocdllye southern English sample
was closest to that found in modern Norway, wiist Scottish sample was closest
to Icelandic frequencies. Fisher and Taylor codetuthat, on the basis of blood
group frequencies, modern Norwegians are gensaticaltly different from their

Viking forebears because of centuries of infilwatfrom the east and the north into
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Norway. In contrast, they suggest that the Icatapdpulation, which has
undergone little immigration since its establishi®nNorse settlers, more closely
resembles the original proto-Scandinavian peoples settled much of the north

Atlantic in the Dark Ages.

This early study was obviously constrained by #ahhological limitations and
prevailing genetic theory of the early 1940s. Mm@eent studies have demonstrated
clear genetic affinities between Norwegians anda@ans (Wilson, Weiss et al.
2001). Differences in ABO blood group frequen@es much more likely to be the
result of genetic drift or even selection in Norvwamyd/or Scotland. The Icelandic
population has also undergone significant genetft; duch that the postulated close
genetic resemblance between modern Icelandershamdtiking forebears is
somewhat questionable. Finally, the assumptiontiiwse from Scotland and
northern England are more Scandinavian than throse $outhern Britain needs to
be challenged: Viking settlement, and thus Scaniimagenetic input, was very

localised across Scotland and northern Englands@jlWeiss et al. 2001).

Until recent technological advancements which haaée it possible to analyse
genetic origins using DNA markers, studies of gergffinities had to rely on
inferred gene frequency and phenotypic distribiondifferent populations. Over
the last forty years, there have been a numbeudfes of population distributions of
dermatoglyphics (finger and palm prints), taste emldur blindness, pigmentation

(Boyce, Holdsworth et al. 1973), blood antigenso{ian 1965; Boyce, Holdsworth et
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al. 1973; Welch, Barry et al. 1973; Roberts 1988h&ts 1986) and longevity

(Bowers 1986).

There is considerable historical anecdotal evidénaeOrcadians are generally
long-lived compared with mainland Scots. Theral$® evidence that the same is
true of Shetlanders and Faroese people (Bowers) 1®@wvers set out to investigate
this further by analysing Orkney'’s civil records tbe period 1860-1964. She found
no evidence of exceptional levels of extreme loitgdwt she did find evidence of a
high modal age at death for both men and womeaougirout the period, the modal
age of death for both sexes was in the 75-84 age, Iseggnificantly higher than that
in comparative British populations. Bowers argties there is strong evidence for a
genetic rather than environmental basis for this:dattern is consistent across
parishes and throughout the period, despite changasdical care, health and
hygiene practices and standards of living whichehdramatically increased mean

life expectancy (Bowers 1986).

Studies of physical characteristics have produittel beyond concluding that
Orcadians are somewhat more blue eyed than thémand neighbours but not as
blonde as Scandinavians (Boyce, Holdsworth et93)L Studies of blood group
gene and phenotypic frequencies have fared albgteer, but have been hampered
by inconsistent comparative data, the limited varmabetween Scottish and
Scandinavian gene frequencies and conflicting eviddrom different markers
(Welch, Barry et al. 1973). It is also importamtnote that these are not simply

markers of genetic affinities: the effect of sel@cton blood antigens should not be
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discounted. In summary, these studies found eeelehlower frequencies of blood
group A in Orkney than in Norway and Denmark, alifjo the frequency in Orkney
was higher than in the rest of Scotland (Brown 1%3s%/ce, Holdsworth et al. 1973).
There were also consistent findings that a highueacy of blood group B
distinguished Orkney both from more southerly paftBritain and from other Norse
areas (Brown 1965; Boyce, Holdsworth et al. 197 own also found affinities
between Orkney and Scottish east coast fishing aamtias, which share unusually
high frequencies of group B (Brown 1965). In atwakiate analysis of a range of
blood gene frequencies, Roberts concluded thatdizes are distinct from the
Gaelic Atlantic populations of northwest Europes genetically closer to North Sea
than Atlantic populations and have genetic affastwith other Viking areas of

Britain, such as Newcastle and Cumbria (Robert$)198

Various studies have found extreme values for soakers (Welch, Barry et al.
1973; Roberts 1986). Roberts suggests that sutiereumight represent traces of
pre-Norse inhabitants. More likely, unusually hajlele frequencies may be of
more recent origin, resulting from the effects ehgtic drift in these small, isolated,
island populations. Most notably, a high frequeaotw rare variant of superoxidase
dismutase has been found in Westray (Welch and sVIE®#2) but not in nearby
North Ronaldsay (Welch 1973). From worldwide disttions of this variant, it has
been hypothesised that it is of Scandinavian orgid spread through Viking

migrations (DeCroo, Kamboh et al. 1988).
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Recent technological developments have meant thehmmore sophisticated
population genetic analyses can now be broughe#o bn the questions of Orkney
population affinities. Very high resolution systemhich can identify many

different genetic types and therefore allow fingale inference are now available. In
particular, non-recombining Y-chromosome and mitoalrial DNA markers, which
can be used to infer population history even infoe of admixture, have been
developed. These can be used to distinguish diftggopulation genealogies and to
explore differences between male and female ralesgl periods of major cultural
transition. Wilson and colleagues used this apgraa place modern Orcadians on a
genetic map of Europe and to explore the extentiich the Norse invasion

involved male and female population movement frararfslinavia (Wilson, Weiss et

al. 2001).

Comparing Orcadian Y-chromosomes with those frondeno Norway (representing
the Norse source population), Anglesey and Ire(&wedtic/pre-Anglo-Saxon

British), West Friesland (Anglo-Saxon) and the Rascegion of Spain (pre-
Neolithic European), they found that, unsurprisgn@rkney was situated mid-way
between the Norwegian and Celtic samples. Becawsames co-segregate with the
Y-chromosome, the Orkney sample was further sutddd/according to whether
subjects’ surnames were of Norse or Scottish arigfifhereas the Y-chromosomes
of those with Scottish surnames were indistingibh&om either the Welsh or Irish
samples, 38% of those with Norse surnames had dhubsomes of unambiguously
Scandinavian origin, providing genetic confirmatmfithe movement of males from

Scandinavia during the Norse period. The more guthis Y-chromosome

56



haplotypes are those that are found commonly ih Bobtland and Norway, thus it
is impossible to say for certain with the givendesaf resolution whether or not an
individual Orcadian man with such a haplotype Biji@eally descended from a
Viking. It is likely, however, that a large propion of these ambiguous haplotypes
are also of Norwegian origin. This is because fedp not migrate according to
their haplotype, so ambiguous and unambiguous Ngiamehaplotypes should have
been brought to Orkney by the Vikings in proportiortheir frequency in the source
population. Newly discovered markers which divide ambiguous origin groups
into subgroups with more circumscribed distribusiovill soon allow much

improved assignment of patrilineal ancestry in @nkn

Wilson and colleagues suggest that it is not péssibassess the relative
contributions of Celtic and Norse female ancesirthe modern Orcadian
population. This is because the homogeneity obchibndrial DNA from European
source populations (probably as a result of fenmatgation during at least one
earlier major cultural transition in Europe) meémet there is no power to
distinguish Norse and Celtic strands at the leveésolution utilised in their paper
(Wilson, Weiss et al. 2001). Whole mtDNA molecséxjuencing should provide
considerably more information but at present, titerd to which the Norse invasion
was an exclusively male affair and the questiowléther the Vikings annihilated or
fused with the indigenous population, remain unkesb Another study estimates
the mitochondrial DNA make-up of modern Orcadian8%.5% Scandinavian (95%
confidence interval 13.0 — 64.5) and 64.5% Cefik% confidence interval 35.5 —

87.0) (Helgason, Hickey et al. 2001). This is ¢stesit with the involvement of
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female Norse settlers, but is uninformative abbatitlentity or fate of the pre-Norse

population.

2.4.3 Orkney since the eighteenth century

There are few reliable data on the population &n®y prior to the mid-eighteenth
century (Collacott 1984). For the first hundredsoryears for which data are
available, numbers grew steadily, peaking at o2e0@ in the 1860’s. There then
followed a period of sharp decline, to a low pamharound 17,000 in the early
1970s. Since then, the population has recovergiatlsl as a result of English
immigration and greater economic prospects senyithie North Sea oil industry

(Miller 1986) (figure 2.6).
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Figure 2.6: Population of Orkney: 1755-1971
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Although civil registration of births, marriagescadeaths has only been compulsory
since 1855, most parishes kept fairly comprehensigerds of births/christenings
and marriages from at least the mid-eighteenthucgminwards. Thus Orcadians can
generally trace most of their ancestors back tedhmmrn between 1750 and 1800.
The availability of such detailed records makes#sible to examine population
trends at the micro level. Individual decisioh®at whether, whom and when to
marry, how many children to have and whether torategghave a direct bearing on
population size and structure. These decisiongaren influenced by prevailing
socio-economic conditions, customs and sociallis, religion and, of course,
geography. This section describes key histoagahts and processes which have
had a bearing on population structure over thed@8tyears. It then outlines the
findings of a number of studies which have investgd the effects on population
size and structure of geographic isolation and iagerand kinship trends, with

particular reference to consanguinity and endogamy.

Population growth and decline

From the 1750s to the 1860s the population of Orlgrew steadily. Rich soil and
the introduction of agricultural improvements byjardandowners meant that the
islands were able to sustain this growing poputatwhilst avoiding much of the
upheaval experienced by crofting communities elswin the Highlands and
Western Isles at this time (Collacott 1984). Tiedaduction of commercial steam
shipping in the 1830s, both inter-island and betw®ekney and mainland Scotland,
meant that farmers could switch from producing wmeeic and risky grain to much

more lucrative cattle, in the knowledge that thees now a reliable means of export
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(Collacott 1984). Orcadians also responded suftdbst the Industrial Revolution
by turning whole communities over to the productidkelp from seaweed, which
was used to make potash for Glasgow’s soap and gldastries (Penrith and
Penrith 2002). At its peak in the late eightearghtury, the kelp industry had
overtaken agriculture in economic importance in sguarts of Orkney (Collacott
1984). Atfter the kelp industry collapsed in 182flort was diverted into developing
a commercial herring fishing industry, which wagportant to the islands’ economy

into the early twentieth century (Collacott 1984).

After peaking at over 32,000 in the 1860s, Orkn@gpulation, in common with
rural populations throughout western Europe (Brerarad Relethford 1983) went
into a period of steep and sustained decline, reg@hlow of around 17,000 in the
1970s, a process characterised by falling birthsrand rising emigration. Whilst no
single factor was responsible for this trend, a benof inter-related causes can be
identified. The enclosure and division of commoazing land made crofting a less
viable way of life and rising living standards ieesed the minimum farm size
regarded as sufficient to sustain an acceptahhelatd of living (Collacott 1984).
The tradition of impartible inheritance, wherebyyoone male heir inherited land
and usually one daughter received a dowry, meatythunger siblings had either to
emigrate or seek work as landless labourers (Breand Dyke 1980). Agricultural
mechanisation meant fewer employment opportunitiesuch people (Brennan
1981), whilst universal education and improved camitations links with the
outside world brought them the possibility of nepportunities elsewhere. Whilst

young men tended to emigrate abroad, women tygioadived to the UK mainland
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to work as domestic servants (Coull 1966). Witnwaning of the herring industry,
Orkney seafarers also took jobs further afieldhwiite Greenland whaling fleet and
the Royal Navy (Penrith and Penrith 2002). Thesmemic changes were
accompanied by a process of social modernisaW@hereas in earlier times,
marriage had been primarily an economic contratdsen two families, it was now

increasingly regarded as a decision between twwithdhls (Brennan 1981).

Population trends in the North Isles of Orkney

How did these trends affect the North Isles of @gkh Figure 2.7 shows the
populations of Westray, Papa Westray and North Risag from 1811 and the
population of Sanday from 1851. In general, thitepa in the North Isles follows
that in Orkney as a whole, but with populationskueg slightly later, followed by a
considerably more extreme decline, as a resulietombined effects of decreasing
fertility and increasing emigration and celibacygBnan 1981). In fact,
depopulation resulted in the desertion of severti@North Isles: Linga Holm and
Eynhallow have been uninhabited since 1851 andyFsanae 1931. Gairsay and
Papa Stronsay were deserted in 1951 and Auskefr§dGh (Collacott 1984)
although these last three have since been re-itdthlailbeit by non-indigenous

Orcadians.

In Orkney as a whole, the only places to bucktifeisd up until the 1960s were the
towns of Kirkwall and Stromness, which actuallywgria size between 1861 and
1961 at the expense of the smaller isles (seedigL8) (Boyce, Holdsworth et al.

1973). In a study of population trends on West@&yyll observed a temporal
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change in migration patterns: whereas the majofifyre-World War Two Westray
emigrants headed abroad, after World War Two moggrated to Orkney Mainland,
either to work as farm labourers or in Kirkwall'arigeoning twentieth century

service sector (Coull 1966).

A second interesting pattern to develop over teisgal involved changes in
relationships between the North Isles. In a stfdyarriage patterns on Sanday
between 1800 and 1964, Brennan noted a temporaise in the proportion of
spouses born off-island, coupled with an increas#ftisland spouses coming from
the larger population centres of Kirkwall and Edirgh, as opposed to the other
North Isles. Thus she suggests that over thi®gehe North Isles were becoming
more isolated from each other (Brennan 1981). I&miends were observed in

Westray (Collacott 1984).
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Figure 2.7: Populations of Westray, Papa Westray, N  orth Ronaldsay and Sanday, 1811 - 2001
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Figure 2.8: Change in population size of Orkney par  ishes, 1861-1961
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Effects on population structure

How did the combined effects of sharp populatiodide and increasing mobility
impact on marriage behaviour in the North Isles laod has this in turn affected
population structure? These issues have beenstxninvestigated by Brennan
and colleagues on the isle of Sanday (Brennan I®&hinan, Leslie et al. 1982,
Relethford and Brennan 1982; Brennan and ReletHf888). Other studies have
reported on endogamy in the North Isles (Boyceds\brth et al. 1973; Collacott
1984), on levels of inbreeding in Orkney (RobeRsberts et al. 1979), on
population substructure (Roberts 1985) and on deapbgc factors impacting on

population structure (Brennan and Dyke 1980).

Endogamy

Endogamy is the social practice of marrying witthia same clan or community. For
the present purposes, it is defined as marryingiwihe same isle or parish. A
detailed investigation of marriages in Westray lestw1855 and 1974 found that in
87% of these, both partners lived in Westray befoageriage. Sixty-three per cent of
Westray marriages were between people who liveditlem 3 miles apart (Collacott
1984). Eighty-four point five per cent of marrisga Sanday between 1855 and
1965 were between Sanday residents and 57.8% wexedn people living within
three miles of each other (Boyce, Holdsworth el @¥3). It should be noted,
however, that residence before marriage is a E&tte measure of endogamy than
natal residence because during this period it washon for young single people of
both sexes to move away from home in search of @nmpnt (Coull 1966). Figure

2.9 is an illustration of endogamy levels in diffet parts of Orkney in 1861. It
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shows proportions of marriages in which both pagmeere born in the same parish
(Boyce, Holdsworth et al. 1973). By this measitmeduter isles were generally

more endogamous than Orkney Mainland (connectetés); although the more
remote westernmost (Birsay) and Easternmost (Dssg)mparishes had similar
endogamy levels to the North Isles. Using natsiblence on Sanday as a measure of
endogamy, Relethford and Brennan found lower lethea those quoted for

Westray and Sanday above. Nevertheless, 65% ofages in the mid-to-late
nineteenth century were between Sanday-born cauplésough this fell steadily

over the next century, a majority (52%) of mid-tweth century Sanday marriages

were still endogamous (Relethford and Brennan 1982)
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Figure 2.9: Proportions in 1861 of marriages in whi

were born in the same parish
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Consanguinity
Four key questions about consanguinity in Orknagesthe late eighteenth century
are:

e Can any temporal trends be observed?

* Is there any evidence of consanguinity avoidanga&fierence?

* What is the association between consanguinity $eaetl population size?

* Has religion influenced attitudes to consanguinenasiage?
The coefficient of kinship®) is defined as the probability that two randonelats
from the same locus in two individuals are inheritBD from a common ancestor
(Relethford and Brennan 1982). An individual'snedding coefficient (fzq is the
equivalent of the kinship coefficient between hiher parents. Defining
consanguineous marriage as marriage between seoasshs or closer, Brennan
found that the kinship coefficient of married resits of Sanday increased from an
average of 0.001481 in the period 1800-1854, t6X1262 in the period 1885-1924.
It then declined to zero in the period 1925-64 (Bian 1981). This study also found
that whilst absolute numbers of marriages betwekatives remained fairly constant
between 1800 and 1924, the proportion involvingelelatives fell and that
involving more distant relatives increased reciptlyc Interestingly, although this
study looked at marriages from over 150 years kigship levels are similar to the
mean keq0f the ORCADES endogamous sub-group (0.0013 béikedhe Brennan

sample, on 4 ancestral generations).

Roberts and colleagues conducted an Orkney-widestigation of inbreeding levels,

covering individuals born in the period 1870 — 194%is was based on complete 6 -
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8 generation pedigrees. Megpdwas 0.001834, comparable to the raay Bf the
ORCADES sample based on 7 ancestral generatidd31®), but considerably

lower than the estimated true 7 generation ORCAB#&Bnate of 0.0029. Roberts
found evidence of some level of inbreeding in 7%hefsample, considerably lower
than the 24.5% of the ORCADES sample with detextieeeding loops. Unlike
Brennan, Roberts found no evidence of change awerhut because the time
periods of the two studies are different it isidifft to draw any conclusions from
this. Roberts and colleagues also investigateidmagdifferences in the prevalence
and levels of inbreeding within Orkney, althougmgée sizes for this analysis were
small. The most inbred areas were the West Maihtemishes (12.1% inbred; mean
Fprea= 0.00325) and the outer North Isles (Westray aRafestray, Eday, Sanday,
North Ronaldsay and Stronsay — 8.2% inbred; mgay+F.003189). The inner
North Isles of Rousay, Egilsay, Wyre and Shapirsay an inbreeding prevalence of
6.7%, mean fz¢= 0.001042 and the South Isles had a prevalenZ¢€®s, mean fq
=0.000848. No inbreeding was detected in the Hastland, where Kirkwall is

located, and this was significant (p = 0.01) (RtheRoberts et al. 1979).

A measure of attitudes towards consanguinity catiebiwed by comparing the
average kinship between actual spouses with thatele®@ maters and their potential
mates (Brennan and Relethford 1983). This anahessto be controlled for the
effects of geography: because marriage was typicalhducted across very short
distances (i.e. people tended to marry their neaghd) and because levels of kinship
declined with distance (i.e. relatives tended\e klose to each other) it is important

to distinguish between a tendency to marry oneighturs and a preference for kin
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marriage. Brennan and Relethford analysed Sandasiages in three time periods
(1855-84, 1885-1924 and 1925-64) in order to elteidemporal trends in
relatedness and marital distance. They foundithiie two earlier periods, Sanday-
born males preferentially married their relatiiegg within 10km. In other words,
they married relatives more than would be expedsddng the pool of potential
mates as those living within 10 km. In the eatlgeriod, they found evidence for
consanguinity preference even for relatives bomsida Sanday. In contrast, from
1925 onwards, they found evidence of consanguavitydance at all marital

distances (Brennan and Relethford 1983).

In many European countries, prevailing religioutuences have had a profound
effect on the prevalence of consanguineous martri&ge Roman Catholics,
Diocesan dispensation is still required for firgstisin marriages and prior to 1917,
this was also required for second and third comsarriages (Bittles 2001; Bittles
2003). In contrast, there is no such prohibitienrhembers of Protestant
denominations and consequently, the prevalencernganguineous marriage has
been higher in predominantly Protestant Europeantc@s than in countries where
Roman Catholicism is the dominant religion. Asedominantly Protestant region,

there has been no religious prohibition againsikairiage in Orkney.

In order to investigate the inter-play of matingidens and population size on
genetic variability, Brennan and colleagues anaysepulation data from Sanday
using a model which quantifies the genetic effests time of these factors. They

suggest that whilst consanguinity avoidance thratlgiosing unrelated spouses will
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have a modest effect on maintaining genetic vdiglaiver time, this is insignificant
compared with the opposite effect of high levelemiigration and celibacy, which
act to reduce the effective population size, theiebreasing random inbreeding and
dramatically reducing genetic variability in thentpterm (Brennan, Leslie et al.

1982).

Of course, real life is more complex than populatiodels and empirical studies
have demonstrated a decrease in inbreeding lesstxiated with population decline
(Brennan and Relethford 1983). This is becauseased prosperity and ease of
transport, coupled with changes in social attitudesards marriage with kin, have
enabled people to look further afield for marriggetners, as evidenced by the
increasing proportion of immigrants amongst mardedples in Sanday (Brennan

1981).

Evidence of population sub-structure

High levels of endogamy and the geographic isatadioOrkney’s outlying islands
prompted Roberts to analyse genotype frequencragdocell blood groups, red cell
iIsoenzymes, serum proteins and HLA types in oml@ntestigate the extent to
which there was detectable genetic structure betviae island groupings: the
North Isles, the South Isles, West Mainland and E&snland (Roberts 1985). If
there were no population substructure, individwadsild be equally likely to choose
a partner from their own island group as from athepisland group and genotype
frequencies across the entire sample would be &qgbée be in Hardy-Weinberg

Equilibrium. The extent to which actual genotypegliencies diverge from Hardy-
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Weinberg Equilibrium is a measure of populationstuixture. Roberts found
evidence of significant excess homozygosity, suyggshat there is indeed
population structure within Orkney (see figure 2.18 multivariate principal
components analysis of a number of markers usiifigreint measures of genetic
distance suggested that the greatest genetic destappeared to be between the
northern and southern isles and between the Nslgk &nd the west mainland.
Furthermore, genetic distances within Orkney weeatgr than between Orkney and
mainland Britain. Finally, Roberts used gene feagty data to estimate levels of
inbreeding in the sample. At 0.00771, the meaallef/inbreeding calculated from
gene frequency data was over four times that estoifaom a 200 year old pedigree
in the earlier study quoted above (Roberts 198%)s suggests that the population
substructure revealed here dates back consideratiner than 200 years. This
study also provides further evidence of the inadegjwf Feqat capturing the effects

of multiple distant inbreeding loops in a small pigtion.
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Figure 2.10: Fine-scale population structure in Ork  ney
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Other demographic factors impacting on population gucture

Brennan and Dyke found that both males and fenvettesmarried and remained on
Sanday were more likely than their single or emmgunterparts to be first-born
children and their average birth rank was highérey also came from smaller
families (Brennan and Dyke 1980). This is unsipg: an eldest child from a small
family with few competing brothers and sisters adwetter chance of securing land

or a dowry.

Sustained differential male and female emigratiatigons will have an impact on
population structure. This has not been specijicalestigated in Orkney; however
there is some evidence of excess female emigratitre nineteenth and early
twentieth centuries, driven by lack of female enyptent opportunities in
predominantly agricultural communities (Coull 196@&jale land inheritance may

also contribute.

2.5 Conclusions

The history of Orkney over the last 250 years iskae by a long period of steep
population decline, particularly in the remoteesgslas young people increasingly left
Orkney in pursuit of better economic prospectsveteze. Although there is
evidence that this population decline has beenrsehsince the 1970s, this has
been the result of immigration, primarily from Eagél, rather than through
improved retention of the indigenous populatiomisTall adds up to a picture of

gradual isolate break-down.
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The purpose of the present study is not to invatgitevels of endogamy and
inbreeding in Orkney in order to assess the evielénicisolate breakdown: to do so
would require very careful sampling to ensure agsgntative cross-section of the
population, which is beyond the scope of ORCADE®Bcadians were invited to
volunteer for ORCADES if they had at least one dpament born in the North Isles
of Orkney. Out of the 1071 individuals satisfyitlgs requirement who signed up for
the study, those in the final 725 were chosen dieoto maximise the range of
inbreeding in the sample: both the half Orcadianugrand those with detected
inbreeding loops in their pedigrees are therefitiedy to be over-represented, thus
precluding extrapolation of these results to theewiOrcadian, or even North Isles,
population. Itis, nevertheless, interestingiewthe evidence of inbreeding and
endogamy in the ORCADES sample in the light of ek of isolate breakdown.
In this context, it is striking that evidence obreeding was detected in almost one
guarter of the ORCADES sample and that over halfiefsample had at least 3
grandparents born on the same isle or Orkney Maghpearish. Although the mean
year of birth of the Half Orcadian group (1958) \ater than that of either the
mixed (1952) or endogamous (1951) groups, thigdifice was not significant.
Furthermore, the estimates of inbreeding in the @BRES sample are comparable to
those found by both Brennan (1981) and RobertsQl@/much earlier time
periods. This study does not, then, provide stndence in support of isolate
breakdown in Orkney. On the other hand, the maam year of the sample is 1952,
so these findings relate primarily to patternsred@gamy in the middle third of the
twentieth century. It seems unlikely that Orkneyldchave remained untouched by

the accelerating pace of social change over thidn&dscentury.
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Chapter 3: Runs of Homozygosity in European Populabns

3.1 Introduction

Chapter 1 considers why measuring the effects inpal relatedness at an
individual level is of epidemiological interestghiights the deficiencies of using
pedigree data to do this and describes differeptagzhes using genomic data to
quantify both autozygosity and homozygosity. Heraultipoint, observational
approach to estimating autozygosity from genomta é¢adeveloped, which exploits
the fact that autozygous genotypes are not evasiilited throughout the genome,
but are distributed in runs or tracts (Figure 1.Ihis idea was first suggested by
Broman and Weber, who proposed identifying automgggegments from runs of
consecutive homozygous markers (Broman and Wel89)19 here are three
objectives to this study:

* To identify and describe ROH observable from higimgity genome scan
data in two isolated and two more cosmopolitan petmns of European
origin. The key study population is the ORCADES atldescribed in
chapter 2. Three additional populations are useddmparison: a
representative Scottish comparison population (S®Cenesa,
Farrington et al. 2008), an isolate populatiomfra Dalmatian island in
Croatia (CROAS) (Campbell, Carothers et al. 2000 the HapMap CEU
founders from CEPH (northwest European-derived [atjmn from Utah,
USA) (Frazer 2003).

« To investigate whether mean ROH statistics refli@étrences in

demographic history. Where possible, the studyfatipns are sub-divided
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according to levels of grandparental endogamy @deioto see whether these
differences are reflected in mean ROH statistics.

* To explore whether ROH can be used to provide diviolual inbreeding
coefficient which reliably reflects the genomicezts of recent parental
relatedness. Using high quality pedigree infororafivailable for the
ORCADES population, correlations are reported betwgeqand a
genome-wide autozygosity measure derived from RE{d4) and these are
compared with correlations betweegdand 3 alternative genomic

measures of homozygosity or autozygosity.

3.2 Subjects and Methods

3.2.1 The study populations

ORCADES received ethical approval from the apprdprresearch ethics
committees in 2004 (Appendix 1). Data collectioasvearried out in Orkney
between 2005 and 2007. 1019 Orcadian volunteehsatieast one grandparent
from the North Isles of Orkney gave informed conserd provided a blood sample.

The mean age of the sample is 55 (dates of binhe from 1909 to 1988).

A Scottish comparison population was derived fromdontrols of the Scottish

Colon Cancer Study (SOCCS) (Tenesa, Farringtoh 2088). This consists of 984
subjects not known to have colon cancer matchaedigential postal area and age
to a series of incident cases of colorectal cargaojects were resident throughout

Scotland, with dates of birth ranging from 19211883 (mean 1952).
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The CROAS sample consists of 849 Croatian indivglaged 18-93 sampled from
the population of one island in 2003 - 2004 (CantipBarothers et al. 2007). Both

SOCCS and CROAS were approved by the relevantstimmittees.

The CEU sample consists of 60 unrelated individtrals Utah, USA of northwest
European ancestry, collected by the Centre d’EtludBolymorphisme Humain

(CEPH) in 1980 (2003).

3.2.2 Genotyping

Genotyping procedures for the SOCCS (Tenesa, [gtonret al. 2008), CROAS
(Vitart, Rudan et al. 2008) and CEU (Frazer, Bghinet al. 2007) samples are
described elsewhere. All were genotyped usingniitha Infinium HumanHap300
platform (lllumina, San Diego). After extractiohgenomic DNA from whole blood
using Nucleon kit¢Tepnel, ManchesterJ58 ORCADES samplasere genotyped
according to the manufacturer's instructions onltbeina Infinium
HumanHap300v2 platform (lllumina, San Diego). Arsadyof the raw data was done
using BeadStudio software with the recommendednpetiers for the Infinium assay

using the genotype cluster files provided by lllaeni

Individuals with less than 95% call rate were rest\as were SNPs with more than
10% missing. SNPs failing HWE at a threshold ef 0001 were removed, as this
may reflect poor genotyping of these SNPs. IBDrislgebetween all first and
second degree relative pairs was assessed usifgtbme program in PLINK,

available at http://pngu.mgh.harvard.edu/purcetikgl(Purcell 2007; Purcell, Neale
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et al. 2007) and individuals falling outside exekctanges were removed from the
study. Sex checking was performed using PLINK iadd/iduals with discordant
pedigree and genomic data were removed. On coimplet data cleaning and
guality control procedures, 725 individuals and ,33®4 autosomal SNPs remained.

45% are male.

A consensus SNP panel was then created, usingloydg markers that satisfied
these QC criteria in all 4 populations, leavingnalf sample of 289,738 autosomal
SNPs and 2618 individuals (60 CEU, 725 ORCADES, GR®DAS and 984

SOCCS).

3.2.3 ked estimates

The pedigrees of all individuals in the ORCADES p@nwere traced back for as
many generations as possible in all ancestraldiegausing official birth, marriage,
death and census records held by the General Be@ifftce for Scotland in
Edinburgh. This involved tracing the records aecbrding the details of over
12,000 individuals. fqwas calculated for each individual using Wrightath

method (Wright 1922). Full details are given irapter 2.

Limited pedigree information is available for th®OAS data set. Very few
individuals had complete pedigrees to three araegnerations, the minimum
required to identify the offspring of first cousjrs® it was not possible to derive
individual estimates of fsa Grandparental information was, however, fairly

complete, so it was possible to categorise indadislin terms of grandparental
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birthplace and therefore to assess the associat¢ioveen endogamy and ROH in this

sample.

No pedigree information is available for the SOQfa& set; however data were
analysed according to the rurality of subjectsidestial address to investigate
whether there appears to be any association betwge®ste rurality and autozygosity
in Scotland. Two measures of rurality were usestly, subjects were classified on
the basis of residential postcodes according t&tiwtish Household Survey 6-fold
urban/rural classification (table 3.1) (SE 2004gikable at
http://www.scotland.gov.uk/Publications/2004/. &adly, the analysis was
repeated, collapsing categories 1 — 3 into a buokdn group and categories 4 — 6
into a broad rural group. The small number ofndleesidents was separated out into
a third group. Data on grandparental country dhbwere available for a subset of
this sample. Mean homozygosity and autozygositgsueed in various ways (see
below) of those with 4 Scottish-born grandparergsaxcompared with those who

had at least one grandparent born outside Scotland.
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Table 3.1: Scottish Executive Urban Rural Classific ation, 2003 - 2004

Category | Description

1 | Large Urban Areas - Settlements of over 125,000 people.

2 | Other Urban Areas - Settlements of 10,000 to 125,000 people.

Accessible Small Towns - Settlements of between 3,000 and
10,000 people and within 30 minutes drive of a settlement of
3| 10,000 or more.

Remote Small Towns - Settlements of between 3,000 and
10,000 people and with a drive time of over 30 minutes to a
4 | settlement of 10,000 or more.

Accessible Rural - Settlements of less than 3,000 people and
5 | within 30 minutes drive of a settlement of 10,000 or more.

Remote Rural - Settlements of less than 3,000 people and with a
6 | drive time of over 30 minutes to a settlement of 10,000 or more.

3.2.4 Runs of Homozygosity

ROH were identified using the Runs of Homozygopitygramme implemented in
PLINK version 1.0 (Purcell; Purcell, Neale et @0Z). This slides a moving
window of 5000 kb (minimum 50 SNPs) across the gento detect long
contiguous runs of homozygous genotypes. An ocnakgenotyping error or
missing genotype occurring in an otherwise unbrdk@mozygous segment could
result in the under-estimation of ROH. To addtess the program allows one

heterozygous and 5 missing calls per window.

The aim of this analysis is to identify and quan®OH of different lengths in order
to assess the extent to which they result fromrateelatedness and population
isolation and the extent to which they do not.altye the aim would be to identify
all ROH, regardless of how short; however in rgalitnitations on the length of

ROH it is possible to identify are set by the dgnef SNP panel used in the
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analysis. This is explored in more detail in cleagt, where it is shown that the
300K panel under-estimates the proportion of threogee in ROH shorter than 1.5
Mb compared with estimates made using a denserd@Neél. For the present
analysis, the minimum length of ROH is set at 5Bpdtthough most analyses are
conducted using the more reliable 1.5 Mb threshbie: reason for retaining the 500
kb limit is that it gives an (albeit under-estin@jténdication of the prevalence of
ROH of intermediate length which result from thaentance through both parents
of haplotypes that are at high frequency in theutettpon. The ideal would be to
measure ROH resulting from all LD, which typicadiytends up to about 100 kb in
the human genome (Abecasis, Noguchi et al. 200ithR€argill et al. 2001; Wall
and Pritchard 2003; Abecasis, Ghosh et al. 20@%yeker this is not possible with a
300K SNP panel. All empirical studies have ideatifa few much longer stretches
of LD in the human genome, measuring up to sevenatired kb in length (Wall and
Pritchard 2003), which may result in the occurreoicil®enger ROH in outbred
individuals. Such longer stretches can be idetifvith the 300K panel, with the

caveat that ROH shorter than 1.5 Mb are likelygaibder-estimated.

PLINK also requires the specification of a minimaomber of consecutive
homozygous SNPs constituting a ROH. The greagentimber of consecutive
homozygous genotype calls, the more likely the R@ptesents a true homozygous
segment. With, for example, only 3 consecutive bpoygous genotypes, there
would be a very high probability that these 3 cdubchomozygous by chance alone
(on the basis of allele frequencies) and thatnkervening, unobserved

chromosomal stretches could be heterozygous. évet bf confidence that a ROH
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measuring 500 kb and containing 30 SNPs representest homozygous segment
would obviously be higher than the level of confide in a ROH of the same length
but containing only 5 SNPs. The density of SNPecage in the study panel is 9.23
kb/SNP, which means that, on average, a 500 ktrktvall contain 54 SNPs. There
is, however, a great deal of variation in the dgmsi SNP coverage across the
genome, so for this reason, the minimum numbeN#sSconstituting a ROH was
set at 25. This was felt to be high enough to mine the erroneous identification of
non-homozygous segments as ROH, whilst also bdilegta identify ROH in
sparsely covered genomic regions. Two furtherrpatars were included: tracts
with a mean tract density > 50 kb/SNP were excludad the maximum gap

between two consecutive homozygous SNPs was $60dkb.

In order to exclude the possibility that appare®HRare in fact regions of
hemizygous deletion, an analysis of deletions veased out in the Orkney data set.
An Objective Bayes’ Hidden Markov model, as emptbye QuantiSNP v. 1.0, was
used to identify heterozygous deletions with aistjdvindow of 2 Mb over the
genome and 25 iterations. This work was undertélyeRehab Abdel-Rahman. All
the samples were corrected for genome GC-contesrttprcopy number inference
to ensure the variation of the observed IBgatio is not attributed to the specific
regional GC-content (Marioni, Thorne et al. 200A)l heterozygous deletions with
estimated Bayes’ facter 10 were included in the downstream analysis toirena
low false negative rate as reported in Colelld,e2@07 (Colella, Yau et al. 2007). A
custom Perl script was developed to compare thdifeel heterozygous deletions

and ROH. All deletions overlapping with ROH wedemtified. Where deletions
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covered the entire length of the ROH or where feas 0.5 MB of the tract remained
after taking account of the deletion, the ROH waaaaved from the analysis

(personal communication, Rehab Abdel-Rahman). Because the CROAS, CEU and
SOCCS data sets were uncorrected for deletionsrgated ORCADES data are
shown where there are population comparisons. y&ealusing only the ORCADES

data set use data corrected for deletions.

3.2.5 o
A genomic measure of individual autozygositgdk) was derived, defined as the
proportion of the autosomal genome in runs of hgrgogity above a specified
length threshold:

Fron =) Lron/L
where) Lron Is the total length of all an individual’'s ROH afeca specified
minimum length and L is the length of the autosogedome covered by SNPs,
excluding the centromeres. The centromeres aleded because they are long
genomic stretches devoid of SNPs and including theght inflate estimates of
autozygosity if both flanking SNPs are homozygotike length of the autosomal
genome covered by the consensus panel of SNP&738,268 kb. Individual and
population mean values okfy are shown for a range of different ROH length

thresholds.

3.2.6 Alternative genomic measures of autozygosity homozygosity

Fron Statistics are compared with 3 other genomic mreasurhese are described

more fully in chapter one, and are summarized lyrieére. Multi-locus
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heterozygosity (MLH) (Charpentier, Setchell et24l05) is simply a measure of the
proportion of typed genotypes that are heterozygdiusexpress this as a measure of
homozygosity rather than heterozygosity, the statised here is 1-MLH, termed

Hpn throughout this thesis. pfk is @ genomic estimate of autozygosity implemented
in PLINK (Purcell, Neale et al. 2007). This us&p&cted genome heterozygosity to
control for background homozygosityifx is closely related to a measure of excess
homozygous genotypes (i.e. observed minus expécezygous genotypes,

termed here K, with expected homozygous genotypes estimated $ample allele
frequencies on the basis of Hardy Weinberg expeaiat H.« is simply the

numerator of Fink.

3.2.7 Statistical analysis

For statistical analyses, the ORCADES sample whisisio endogamous Orcadians,
defined as those with at least 3 grandparents tmotthe same isle within Orkney,
typically ~ 10 knf in size with a population of 50 — 500 (n = 390)xed Orcadians,
defined as those with at least 3 grandparents ind@rkney but not on the same
island - i.e. from an area over 500 %with a population of ~ 20,000 (n = 286); and
half Orcadians, defined as those with 1 pair ofadran and 1 pair of Scottish-
mainland-born grandparents (n = 49). Although g information is not
available to assess whether the parents of halidian subjects are related beyond 5
generations in the past, it is reasonable to asshatehey are likely to be unrelated
for at least 10-12 generations. It is known that¢ was major Scottish immigration
to Orkney in the 18 and 16' centuries, before 10 — 12 generations ago. Aghou

Scottish immigration has certainly occurred sparaltly since then, rates have been
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low. An analysis of the area of origin of the Sisbt parents of our half Orcadian
subjects shows that they came from all over Scdtlere found no evidence for
strong Orcadian connections with any specific $&gloettlement, which might have
increased the chances of parental relatednessigrbup. Furthermore, the
surnames of the ancestors of the Orcadian parétitssgroup were markedly

different from those of the ancestors of the nonadran Scottish parents.

The CROAS sample was split into endogamous Dalmadiefined as those with all
4 grandparents born in the same village — i.e. faotrknt area, with a population of
< 2000 (n = 431); mixed Dalmatian, defined as thegk all 4 grandparents born on
the same island but not in the same village -frioe a 90 krfl area with a

population of 3,600 (n = 221); and Croatian, defias residents of the island with
grandparents born elsewhere in Croatia (n = 19 CEU and SOCCS samples
were not sub-divided, with one exception: a subséte SOCCS sample, consisting
of individuals for whom grandparental country aftbiwas available, was used in

some analyses.

All calculations were performed using SPSS and Esa#ware. The proportions of
each sub-population with ROH measuring less thdn5l,and 2 Mb were calculated.
All subjects in all sub-populations had ROH shotten 1.5 Mb. Sub-populations
start to become differentiated from each otheiROH > 1.5 Mb, with the effects of
endogamy on ROH starting to emerge above thishbtds Unless otherwise
specified, all analyses exploring the effects afagamy and parental relatedness on

ROH therefore define a ROH as measurng5 Mb.
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Sub-population means were calculated for the tetgjth of ROH per individual.
Number of ROH was plotted against total length ©HRper individual for each sub-

population.

The correlation betweernpd and lron was calculated using a subset of 249
individuals from the ORCADES sample. This subset &t least 2 grandparents on
the same side of the family born in Orkney and ramdparents born outside
Scotland. They were either the offspring of cogs@meous parents (parents related
as 2 cousins or closer) or they were the offspring afi+tonsanguineous people for
whom it was possible to establish pedigrees féteadt 5 ancestral generations in all
Orcadian ancestral lineages, or 4 ancestral geoesah non-Orcadian ancestral
lineages. The reason for the difference in paramadietween Orcadian and non-
Orcadian lineages is that it is much more difficaltrace ancestry in mainland
Scotland than ancestry in Orkney. Any inbreedoapk detected beyond the 4 or 5
ancestral generation limit were disregarded, aggpees were very incomplete

beyond this limit.

Correlations were also calculated betwegaFF,eq and the three other measures of

autozygosity or homozygosity described abovgh,(Fuink and k).
3.2.8 Prevalence and genomic location of ROH inftkrent sub-populations

Next, the hypothesis that ROH in outbred individuaind to cluster in the same

genomic locations, whereas those present in tiepirfig of related parents tend to
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be more randomly distributed across the autososrame was explored. The
location of ROH in 3 groups was compared: the @atfadian group, consisting of
all half Orcadians with at least one ROH measuririgs Mb (n = 46); an offspring
of cousins group, which was constructed by takihmdividuals in the ORCADES
sample with parents related d8&usins or closer and then choosing the 20 with th
greatest total length of ROH; and a control popoiatierived from the SOCCS
sample. Because some individuals in the SOCCSIsamape long ROH which may
be indicative of parental relatedness, the comsmolple was restricted to those with
no more than 8 ROH, totalling no more than 17 Mbese are the maximum values
in the half Orcadian group, the members of whighlkarown to be the offspring of
unrelated parents. There were 943 individual&éncontrol group. ROH measuring
at least 1.5 Mb in all three groups were compafR@H in the control group
overlapping by at least 0.5 Mb with ROH in eithdRCADES group were counted.
The number of control overlaps per ROH (and perd¥IBOH) in the half Orcadian

group was compared with those in the offspringafsins group.

Next, the question of whether ROH in half Orcadiaosurred in regions of lower
than average recombination was investigated. Basestx-averaged mean
recombination rates per Mb derived from the deC@egetic map, the UCSC
Genome Browser was used, available at http:/genase edu/cgi-bin/hgGateway
(Kent, Sugnet et al. 2002) to calculate the meaamdination rate of all complete

Mb of ROH in the half Orcadian sample.
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3.3 Results

3.3.1 Copy number variation

224 deletions were detected which overlapped wittHRmedian length of deletion
995 kb). Overlapping deletions were detected im8#iduals (7.6% of sample).
(personal communication, Rehab Abdel-Rahman). After removal of these lapsr
from the sample, and removal of the entire affe®@H if less than 0.5 Mb
remained, ROH statistics were recalculated. Thex®no significant difference
between results before and after correction foetewd for mean total length of ROH
(correcting for deletions reduced this by less &% in the sample as a whole) or
mean number of ROH (reduced by 0.02%). Furthermmaresignificant differences
were found when data were analysed by sub-popualatia when different length
parameters were used to define ROH. This prosttesg evidence that the ROH

identified are true homozygous tracts and not hgyaas deletions.

3.3.2 Urban/rural analysis of SOCCS sample

No difference was found in meaadr, Hpn, Foiink OF Hex between those living in

rural and urban areas of Scotland, regardless efiveln the analysis used a detailed
6-category classification from large urban to reenatral or a broader, 3 category
classification (tables 3.2 and 3.3). For easatafrpretation, kon Statistics are
expressed here as percentages rather than proofite. oy is here defined as the

percentage of the typed autosomal genome in ROH).
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Table 3.2: Mean (95% confidence interval) F
percentage), H pn, Fpink and Hex of SOCCS sample by urban rural
classification (6 categories)

rRoH (expressed as a

Category Measure |N Mean SE 95% Confidence
Interval
Large urban FroHo.s 351 3.09 0.019 3.051t03.12
Other urban (%) 314 3.12 0.018 3.09 t0 3.16
Accessible small town 75 3.15 0.087 2.98 to 3.32
Remote small town 49 3.07 0.045 2.9810 3.16
Accessible rural 129 3.10 0.027 3.05t0 3.15
Remote rural 66 3.13 0.043 3.05t0 3.22
Large urban FroH15 351 0.259 0.0097 0.2401t0 0.278
Other urban (%) 314 0.272 | 0.0120 |  0.248 to 0.295
Accessible small town 75 0.349 0.0800 0.192 to 0.506
Remote small town 49 0.253 0.0209 0.212 to 0.294
Accessible rural 129 0.257 0.0146 0.228 to 0.286
Remote rural 66 0.291 0.0254 0.241 to 0.340
Large urban FroHs 351 0.0127 | 0.004114 | 0.0047 to 0.0208
Other urban (%) 314 | 0.0165 | 0.005984 | 0.0047 to 0.0282
Accessible small town 75 0.0864 | 0.060589 0to 0.2051
Remote small town 49 0.0049 | 0.004862 0to 0.0144
Accessible rural 129 0.0105 | 0.004862 0.0009 to 0.0200
Remote rural 66 0.0153 | 0.010846 0 to 0.0366
Large urban Hpn 351 0.6507 0.0001 0.6505, 0.6510
Other urban 314 0.6508 0.0001 0.6506, 0.6511
Accessible small town 75 0.6509 0.0003 0.6503, 0.6516
Remote small town 49 0.6507 0.0003 0.6501, 0.6513
Accessible rural 129 0.6508 0.0002 0.6505, 0.6511
Remote rural 66 0.6510 0.0002 0.6506, 0.6514
Large urban Fpiink 351 | -0.00010 0.00035 | -0.00078, 0.00059
Other urban 314 | 0.00018 0.00034 | -0.00049, 0.00084
Accessible small town 75 0.00053 0.00094 | -0.00131, 0.00236
Remote small town 49 | -0.00014 0.00082 | -0.00174, 0.00146
Accessible rural 129 0.00014 0.00047 | -0.00078, 0.00105
Remote rural 66 0.00072 0.00063 | -0.00052, 0.00195
Large urban Hex 351 -13 35 -82, 56
Other urban 314 15 34 -53, 82
Accessible small town 75 50 95 -135, 236
Remote small town 49 -21 83 -184, 143
Accessible rural 129 12 47 -81, 105
Remote rural 66 70 64 -55, 195
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Table 3.3: Mean (95% confidence interval) F  ron (expressed as a
percentage), H pn, Fpink and Hex of SOCCS sample by urban rural
classification (3 categories)

Category | Measure | N Mean SE 95% confidence
interval
Urban Frotos 742 3.11 0.015 3.08 to 3.14
Rural (%) 226 3.10 0.021 3.06 to 3.14
Island 16 3.19 0.087 3.01 to 3.36
Urban Fromis 742 0.273 | 0.0105 0.252 to 0.294
Rural (%) 226 0.263 | 0.0116 0.240 to 0.286
Island 16 0.304 | 0.0516 0.203 to 0.405
Urban FroHs 742 0.0217 | 0.00711 0.0078 to 0.0356
Rural (%) 226 0.0082 | 0.00337 0.0016 to 0.0148
Island 16 0.0475 | 0.03478 0to 0.1157
Urban Hon 742 | 0.65079 | 0.000083 0.65062, 0.65095
Rural 226 | 0.65085 | 0.000125 0.6506, 0.65109
Island 16 | 0.65087 | 0.000406 0.65008, 0.65167
Urban Fpiink 742 | 0.000075 | 0.000238 | -0.000392, 0.000542
Rural 226 | 0.000259 | 0.000358 | -0.000443, 0.000960
Island 16 | 0.000331 | 0.001163 | -0.001949, 0.002611
Urban Hex 742 4 24 -43, 52
Rural 226 23 36 -48, 94
Island 16 32 118 -200, 263

3.3.3 The effect of stochastic variation on indidual autozygosity

On average, the difference between full siblinggai the total length of ROH was
10.3 Mb. However the distribution is skewed witlf lnd all individuals having less
than 5 Mb difference, yet some 7% differing by mitran 30 Mb. The greatest
difference between sib pairs was 91 Mb, or 3.4%efautosomal genome (paternity

was confirmed from patterns of genomic sharinglicases).

3.3.4 Effects of population isolation and endogamyn length and number of
ROH
The proportions of sub-populations with ROH of aegi length are shown in figure

3.1. Allindividuals in all populations have ROHeasuring less than 1.5 Mb.
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Taking the populations as a whole, on averagerafgigntly greater proportion of
the autosomal genome of the ORCADES sample ar®id Rieasuring 0.5 — 1.5 Mb
(77.7 Mb; 95 % confidence interval 77.1 to 78.2rthis the case for either the
CROAS (73.2 Mb; 95% confidence interval 72.7 to7J3he SOCCS (75.8 Mb; 95%
confidence interval 75.3 to 76.3) or the CEU (7Ml4; 95% confidence interval 72.3
to 75.8) samples. There are no significant diffiees between groups within
populations, however, which suggests that thigetdl population differences in
genetic diversity or LD of ancient origin ratheaththe effects of more recent
endogamy or population isolation (although it skido¢ remembered that estimates

of these shorter ROH are less reliable than estsnait ROH longer than 1.5 MDb).

For ROH above 1.5 Mb, 3 distinct groupings emergelvare clearly related to
endogamy and isolation: a greater proportion ofethdogamous Dalmatian and
Orcadian samples than of the other samples hageR@H (28% have ROH > 10
Mb); only a small proportion of the CEU, SOCCS &adf Orcadian samples have
long ROH (0.5% >10 Mb), with the Croatian and mi@almatian and Orcadian

samples in between (10% > 10 Mb).

Forty-nine individuals had no ROH longer than 1.6.Mrhis included at least one
individual from each sub-population, although tkegre predominantly from the
half Orcadian, SOCCS and CEU samples. The shatestof ROH across all the
samples was found in an individual in the SOCCSmanwho had ROH longer than
0.5 Mb covering only 1.5% of the autosomes (39 Mbhis compares with a mean

of 3.5% across all the populations (93 Mb).
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Figure 3.1: Proportion of sub-populations with oneor more ROH of a given length
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The number of ROH longer than 1.5 Mb per individydbtted against the total
length of those ROH, is shown in figure 3.2 forlkegooup. The half Orcadian group
Is used as a reference, as we know that thesedndig are the offspring of
unrelated parents. Reference lines are shownl gmagdhs for the maximum number
of ROH, the maximum total length of ROH and the lof best fit for the half
Orcadian group. Compared with the half Orcadiaugr all other groups have a
greater variance in the number and sum of ROH antho individuals with more
and longer ROH. Again, the same three groupinggjpparent. Data points for the
half Orcadian, SOCCS and CEU samples are generaltpwly distributed along
both axes, indicating that these individuals hawe, frelatively short ROH. The two
endogamous samples are much more widely spread hfiith axes, reflecting the
presence of many, much longer ROH. The CroatiaxednOrcadian and mixed
Dalmatian groups are intermediate, reflecting tat that these less carefully
specified groups are probably made up of individwath a mixture of ancestries,
from the outbred to the very endogamous. The pémge of each group with more
and longer ROH than the maximum for the half Oraasgiwas calculated. Again,
the SOCCS (5%) and CEU (8%) groups differed leadtthe endogamous
Dalmatians (64%) and Orcadians (54%) differed nfrash the half Orcadians. The
Croatians (33%) and mixed Dalmatians (26%) and @ace (23%) were

intermediate.
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Figure 3.2: Number of ROH compared to total length of ROH
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Dalmatian, G - Endogamous Orcadian, H - Endogamous Dalmatian.
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Population sub-group means and 95% confidencevaltefor the ORCADES and
CROAS samples were calculated faok, Foink, Hpn @nd Hy, in order to investigate
whether there were significant differences betwibernsub-groups of each
population. Data are shown in table 3.4. In tRROBDES sample, mearkby in

the endogamous group is significantly higher th@amk oy in the mixed group,
which is in turn significantly higher than meagok in the half Orcadian group,
regardless of the ROH length cut-off used. Thiflustrated graphically in figures
3.3 and 3.4, which show that the 95% confidencervais of each sub-group do not
overlap. There is, however, no significant diffeze between the mixed and half
Orcadian groups forgmk, Hpn OF Hey, although the endogamous group remains
significantly higher than the other two groups adatg to these three measures. In
the CROAS sample there is no overlap between the @mnfidence interval for the
endogamous group and the other two groups on athedfix measures; however the
mixed and Croatian groups have overlapping contidentervals regardless of the
measure used, indicating that there is no sigmfid#ference between these two
categories. The Croatian sub-group is a grougitiiess for whom grandparental
data were not available, so they are not as pilg@pecified in terms of
endogamous ancestry as the other two CROAS sulpgradne further comparison
between sub-groups using these six measures wasrped: grandparental country
of birth was available for a subset (426) of the SOCCS sample. On average,
those with 4 Scottish-born grandparents (n = 2%4) dlightly greater goy than

those with at least one grandparent born outsidde8, but differences were not
significant, regardless of the ROH length cut-cféd. Differences between the two

groups were, however, significant when analysedguBiink, Hon @and Hy (table 3.5).
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Table 3.4: Mean (95% confidence interval) F ron, Hpn, Fpink and Hey of
ORCADES and CROAS sub-populations

Population | Sub-population Measure N Mean SE 95% Confidence
Interval
CROAS Croatian settler | Hpp 197 | 0.655 | 0.000313 0.654, 0.656
Mixed 221 0.654 | 0.000292 0.654, 0.655
Endogamous 431 0.657 | 0.000255 0.657, 0.658
ORCADES | Endogamous 390 | 0.655 | 0.000251 0.655, 0.656
Half 49 0.652 0.00045 0.651, 0.653
Mixed 286 0.653 | 0.000198 0.652, 0.653
CROAS Croatian settler Fplink 197 | 0.0066 0.00089 0.0048, 0.0083
Mixed 221 | 0.0045 | 0.000829 0.0028, 0.0061
Endogamous 431 | 0.0135 | 0.000728 | 0.0121, 0.0149
ORCADES | Endogamous 390 | 0.0009 | 0.000721 | -0.0005, 0.0024
Half 49 | -0.0077 | 0.001273 | -0.0102, -0.0052
Mixed 286 | -0.0056 | 0.000565 | -0.0067, -0.0045
CROAS Croatian settler | Hey 197 649 88 476, 822
Mixed 221 441 82 279, 602
Endogamous 431 1344 73 1202, 1487
ORCADES | Endogamous 390 93 71 -47, 233
Half 49 -768 126 -1014, -521
Mixed 286 -553 56 -663, -444
CROAS Croatian settler | Froros 197 3.44 0.060 3.32103.55
Mixed 221 3.27 0.050 3.17 to 3.37
Endogamous 431 4.06 0.056 3.951t04.17
ORCADES | Endogamous 390 3.95 0.054 3.85 t0 4.06
Half 49 3.14 0.045 3.06 to 3.23
Mixed 286 3.44 0.034 3.37t0 3.50
CROAS Croatian settler | Frowis 197 0.69 0.054 0.58 to 0.80
Mixed 221 0.56 0.047 0.47 to 0.65
Endogamous 431 1.32 0.054 1.21t0 1.42
ORCADES | Endogamous 390 1.06 0.050 0.96 to 1.15
Half 49 0.22 0.019 0.18t0 0.26
Mixed 286 0.53 0.031 0.47 to 0.59
CROAS Croatian settler | Frons 197 0.25 0.034 0.18100.32
Mixed 221 0.18 0.032 0.11 t0 0.24
Endogamous 431 0.64 0.039 0.56t0 0.72
ORCADES | Endogamous 390 0.46 0.036 0.39 t0 0.53
Half 49 | 0.0097 0.007 0to 0.02
Mixed 286 0.16 0.024 0.12t0 0.21
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Table 3.5: Differences in estimates of F rown, Hpn, Fpiink @and Hex between
those with 4 Scottish-born grandparents and those w ith fewer than 4

Scottish-born grandparents (SOCCS sample)

Measure | Category Mean N SE

FrotHo.s 4 Scottish-born grandparents 0.0312 | 254 | 0.00024 | 0.27
< 4 Scaottish-born grandparents 0.0308 | 172 | 0.00030

FroH1.5 4 Scottish-born grandparents 0.0028 | 254 | 0.00016 | 0.63
< 4 Scottish-born grandparents 0.0027 | 172 | 0.00021

Frows 4 Scottish-born grandparents 0.000264 | 254 | 0.00008 | 0.97
< 4 Scaottish-born grandparents | 0.000258 | 172 | 0.00015

Hpn 4 Scottish-born grandparents 0.65107 | 254 | 0.00013 | 0.01
< 4 Scottish-born grandparents 0.65055 | 172 | 0.00016

F piink 4 Scottish-born grandparents 0.0009 | 254 0.00037 | 0.01
< 4 Scottish-born grandparents -0.00062 | 172 | 0.00045

Hex 4 Scottish-born grandparents 87.14 | 254 37.83 | 001
< 4 Scottish-born grandparents -62.63 | 172 45.63
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Figure 3.3: Mean (95% confidence interval) F  ron, Hpn, Fpink and Hey for
ORCADES sub-populations
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Figure 3.4: Mean (95% confidence interval) F
CROAS sub-populations
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The effect of different degrees of parental relagss on the sum and number of
ROH is shown in figure 3.5 for the 249 individuaighe Orkney sample with good
pedigree information. Although a trend for inciegshumber and total length of
ROH is evident from the half-Orcadian through th&ed to the endogamous and

cousin offspring sub-groups, there is considerabkrlap between groups.
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Figure 3.5: Effect of endogamy on sum and number of ROH
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Offspring of 1% or 2" cousins are shown in blue; Endogamous Orcadians who are not the offspring of 1% or 2" cousins are shown in red; Mixed
Orcadians are shown in green and Half Orcadians are shown in black.
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3.3.5 Comparison of keq and Fron

A subset of 249 individuals from the ORCADES sanwihh complete and reliable
pedigree data were used to compakg &d Ron. The mean (standard errog).dof
the sample is 0.0038 (0.0005), approximately edentdo a parental relationship of
third cousins. Meanpgy values for ORCADES sub-populations are shown inlda
3.6. These vary from 0.02 for the offspring &fdk 2" cousins, to 0.0002
(equivalent to a parental relationship 8‘f(5)usins) in the mixed Orcadian group.
Mean FeqVvalues are compared with meagof values for a range of minimum
length thresholds. The mean value géirs (ie using a minimum length threshold of
5 Mb) is closest to that of,k Whilst Fron o.5(i€ using a minimum length threshold
of 0.5 MDb) is an order of magnitude higher. Tduggests that a shared maternal
and paternal ancestor in the preceding 5 genesatesults predominantly in ROH
longer than 5 Mb. Itis clear from the half Or@dgroup, whose parents do not
share a common ancestor for at least 5 and prolaaldast 10 ancestral generations,
that ROH measuring less than 3 or 4 Mb are notmaneon in the absence of
parental relatednes©n average, these individuals have over 3% (84 dfitheir
autosomal genome in ROH over 0.5 Mb long and 0.2%dst 6 Mb) in ROH

longer than 1.5 Mb.
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Table 3.6: Mean values of F peq and Fron for ORCADES sub-populations (n = 249)

Orkney sub-population N Mean (SE) F ,.q | Equivalent Mean (SE) Mean (SE) Mean (SE) Frons

parental cousin FroHos FroH1s

relationship

(single loop)
Offspring of 1 Tor 2™ cousins 42 | 0.0182 (0.0014) | 2™ cousin 0.0569 (0.0024) | 0.0271 (0.0022) 0.0169 (0.0017)
Endogamous Orcadian 114 | 0.0015 (0.0004) | 3 — 4" cousin 0.0379 (0.0008) | 0.0087 (0.0007) 0.003 (0.0004)
Mixed Orcadian 44 | 0.0002 (0.0001) | 5" cousin 0.033 (0.0006) | 0.0046 (0.0005) 0.0012 (0.0004)
Half Orcadian 49 0 | None 0.0315 (0.0004) | 0.0021 (0.0002) | 0.0001 (0.00007)
Total 249 | 0.0038 (0.0005) | 3" cousin 0.039 (0.0008) | 0.0098 (0.0007) 0.0045 (0.0005)




3.3.6 Correlation between kon, Fped, Fpiink, Hpn @and Hex

The total sample was used to examine correlatiehgden different genetic
estimates of autozygosity and homozygosity. Alfeéquencies for Jmk and Hx
were estimated by naive counting in all individyalsimplemented in PLINK
((Purcell 2007). Results are shown in table Ffinx and Ry are almost perfectly
correlated and fmk and Hy, are highly correlated (r = 0.938). All &4 measures
correlate significantly more strongly withykthan with either i, or Fyjin.
Increasing the minimum ROH length threshold wealameelations betweenkby
and the other 3 measureszoFs is significantly more weakly correlated with all

three alternative measures than are eitheffs0r Frono s
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Table 3.7: Correlations (with 95% confidence interv

als) between 7 different measures of autozygosity o

r

homozygosity
I:ped Fplink Hpn Hex FROHO.S FROHl.S I:ROHS
0.768 0.764 0.768 0.844 0.857 0.820
Fred 1| (0.711,0.814) | (0.706, 0.811) (0.712, 0.815) (0.804, 0.876) (0.820, 0.887) (0.775, 0.857)
0.938 1.000 0.744 0.740 0.699
Foiink 1| (0.933,0.942) (1.000, 1.000) (0.726, 0.760) (0.722, 0.757) (0.679, 0.718)
0.938 0.805 0.796 0.742
Hon 1 (0.933, 0.942) (0.791, 0.818) (0.782, 0.810) (0.724, 0.759)
0.745 0.741 0.699
Hex 1 (0.728, 0.762) (0.723, 0.758) (0.679, 0.718)
0.944 0.896
Frotos 1 (0.940, 0.948) (0.888, 0.903)
0.949
FroHLs 1 (0.945, 0.953)
1
I:ROHS

Fped correlations: N = 249
All other correlations: N = 2618
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A subset of the ORCADES sample (n = 249) was usestimate correlations with
Fpeas Froniswas most highly correlated withdg (r = 0.857; 95% confidence
interval 0.820 — 0.887). Correlations betwegg &nd Rron1.sWere significantly
higher than Feq correlations with Fink, Hon OF Hex. The correlation betweeny
and Fegwas 0.768 (95% confidence interval 0.711 — 0.8tdween k3, and Feq
was 0.764 (0.706 — 0.811); and betweepatd Feqwas 0.768 (0.712 — 0.815).
Fron1.swas slightly but not significantly more stronglyroelated with Feqthan

either Froro.50r Froms.

Correlations betweenykand Rono.s Froni.sand Rows, are shown in figure 3.6.

For each value of zythere is a range of values fagdr, reflecting stochastic
variation in ancestral recombination, the existesfamultiple distant parental
relationships undetectable using pedigrees, ansilpigpedigree misspecifications.
The closer the parental relationship, the greaabsolute variance in the
autozygosity of offspring. This is clear from thale distribution of koy values in
the endogamous group compared to the mixed Orcadaup. Although as shown,
ROH shorter than around 1.5 Mb do not appear teaedlifferences in recent
ancestral endogamy, data from the half Orcadiarpkaittustrate that the prevalence
of these shorter ROH clearly varies between indiaig. Using a minimum ROH
length threshold of 5 Mb might better reflect tifileets of parental relatedness on
autozygosity; however it also obscures a great afealdividual genetic variation of
more ancient origin. This is illustrated by thgnession lines on each panel: the y-
intercept gives the value ok&y where [ieq= 0. This is a measure of the proportion

of the autosomes in ROH not captured by FThus 0.034 of the autosomes are in
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ROH longer than 0.5 Mb but are not captured hy FThe equivalent figures are
0.0053 for ROH longer than 1.5 Mb and 0.0014 fot-RGnger than 5 Mb. This

clearly shows thatJqfails to account for autozygosity of ancient arigi
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Figure 3.6: Correlations between F  peq and Fron in the ORCADES sample
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Correlations, with regression lines, are shown for 3 different minimum ROH length thresholds. Panel (a) shows the correlation between Fped and
Fronos; panel (b) shows the correlation between Fyeq and Fronis and panel (c) shows the correlation between Fyeq and Frons. Offspring of 1% or 2™
cousins are shown in blue; Endogamous Orcadians who are not the offspring of 1% or 2" cousins are shown in red; Mixed Orcadians are shown in

green and Half Orcadians are shown in black.
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3.3.7 Mean Ron by sub-population

Mean Fron and the mean total length of ROH for each sub-fadjaun are shown in
figure 3.7 for a range of minimum lengths of ROFhis figure again shows the
effect on oy in all populations of changing the ROH length offtpoint. The
same 3 distinct groupings emerge for ROH longen th& Mb, although when
shorter ROH are included, the picture is less clé#ging 1.5 Mb as the minimum
length, endogamous Dalmatians have a mean 6f 0.013 (35 Mb), endogamous
Orcadians 0.011 (28 Mb), Croatians 0.007 (18 MbXgeoh Dalmatians 0.006 (15
Mb), mixed Orcadians 0.005 (14 Mb), CEU 0.003 (8) Mixottish 0.003 (7 Mb) and
half Orcadians 0.002 (6 Mb). The same relationbleipveen groups is seen with a 5
Mb threshold, but values for all groups are redu¢ed.7 Mb in endogamous

Dalmatians and 0.3 Mb in half Orcadians).
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Figure 3.7: Mean total length of ROH over arange o0 f minimum ROH lengths
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3.3.8 Comparison of ROH in the offspring of unreléed parents and the

offspring of cousins

The next question for consideration was whether RQd in half Orcadians are
more common than those found in the offspring Gteel parents. “Common” was
defined as overlapping by at least 0.5 Mb with ROthd in a subset of the Scottish
sample. The number of ROH measuritigs Mb was 143 in the half Orcadian
sample, 3159 in the SOCCS control sample and 38%®iwnffspring of cousins
sample. Results are summarised in Table 3.8.av@rage, each half Orcadian ROH
overlapped with more than twice as many controldid&|kROH in the offspring of
cousins group. 12.6% of half Orcadian ROH but ahaothird of ROH in the
offspring of cousins group did not overlap with afythe Scottish controls. The
mean number of overlaps per Mb of ROH in the 2 daswyas examined in order to
correct for the fact that ROH in the offspring olusins group tend to be longer. On
average, there were more than 3 times as manyotaverlaps per Mb of ROH in
the half Orcadian group (10.9) than there werééndffspring of cousins group
(3.0). Taking only those ROH measuring > 5 Mbha bffspring of cousins sample
(i.e. those that are most likely to result fromemgicshared parental ancestry), the

mean number of overlaps/Mb was only 1.4 (SD 2.0).
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Table 3.8: Overlaps between ROH found in Orcadians  and those found
in a Scottish control sample

Half Offspring of
Orcadian Cousins
Number of individuals 46 20
Number of ROH 2 1.5 Mb 143 382
Mean (SE) number of control 20.5 (22.5) 9.6 (16.0)
overlaps/ROH
Maximum number of controls 123 123
overlapping with a ROH
% of ROH overlapping with no controls 12.6 29
Mean (SE) number of control 10.9 (11.8) 3(6.3)
overlaps/Mb of ROH

Data on chromosome 1 for 10 individuals in the kaifadian group (shown in blue)
and 7 individuals in the offspring of cousins grdghown in red) are illustrated by
way of example in Figure 3.8. These are all tlividuals in the sample with ROH
on chromosome 1, except that data for only oneviddal per sibship is shown. The
numbers shown below each coloured segment arauthbers of ROH in the
Scottish control sample overlapping by at least\bwith this ROH. It is clear that
although there is a tendency for ROH from both geoio cluster in certain
chromosomal regions, the longer ROH in the cousmug are more randomly

distributed along the chromosome.
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Figure 3.8: Size and location of ROH on chromosome
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Next all ROH in the half Orcadian group that ovpped by at least 0.5 Mb with
common ROH identified by Lencz were identified (cenLambert et al. 2007). Ina
sample of 322 non-Hispanic European Americans, z&hentified 339 ROH present
in at least 10 subjects. 57% of the 143 half Gara®OH overlapped with Lencz et
al’s list. Only 7% (10 ROH) overlapped with neithencz et al’s list nor the

Scottish control group.

The final investigation was to determine whether®ROH in half Orcadians were
found in areas of lower than average recombinatiime mean recombination rate
for the regions where half Orcadian ROH are locaéd€ll52 of the mean genome-
wide recombination rate. For common ROH (i.e. Ralfadian ROH that overlap

with ROH in the control group), this figure was 8 & the genome-wide mean.
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3.4 Discussion

This study presents data on ROH for 4 populatigref,which are genetically
isolated, with inflated levels of endogamy and edaling, and 2 of which are more
cosmopolitan. The two isolate populations are divided according to degrees of
grandparental endogamy and ROH data are compateddrethese groups with
different demographic histories in order to assleeextent to which ROH statistics
reflect differences in demographic history at tbheydation and sub-population level.
An estimate of individual autozygosityd#y) is compared with pedigree estimates
of inbreeding and with 3 alternative genomic estesaf autozygosity or
homozygosity to explore the utility of these apmiues for estimating F in different
situations. Finally, the prevalence of ROH in nsolate populations and in

individuals with demonstrably unrelated parentguantified.

3.4.1 Copy Number Variation

In order to determine whether the ROH observedrasshomozygous segments and
not hemizygous deletions, CNV were analysed irQRECADES sample. The
methodology used produces a very robust estimafitime prevalence of ROH in the
ORCADES sample, which to some extent over-correctheterozygous deletions
(personal communication, Rehab Abdel-Rahman). Results are consistent with
studies which have shown that observed ROH arenvo®zygous tracts and not
deletions or other chromosomal abnormalities (Broewad Weber 1999; Li, Ho et

al. 2006; Frazer, Ballinger et al. 2007; Simon-$&z¢ Scholz et al. 2007).
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3.4.2 ROH and differences in demographic history

This study demonstrates clearly that data on ROBisoméng more than 1.5 Mb
accurately reflect differences in population isioiat as measured by grandparental
endogamy (figures 3.1, 3.2 and 3.7). Significaffecences in the mean sum of
ROH were found between those with at least 3 grares born on the same small
Orkney isle, those with at least 3 grandparenta boOrkney but not on the same
isle, and those with one Orcadian and one Scoaltish-set of grandparents.
Significant differences were also found betweerséhwith 4 grandparents born in
the same Dalmatian island village and those wiginadhdparents from the same
island but born in different villages. These gretnpave different demographic
histories in the previous 10 or so ancestral geioag although it is difficult to be

precise about these timescales.

Characterising populations in terms of ROH makg®4gsible to situate those with
unknown degrees of isolation along a spectrum. ekample, beyond knowing that
the SOCCS sample is broadly representative of ¢énerml Scottish population, no
information is available on the precise birthplat@articipants’ grandparents. Data
on ROH would suggest that endogamy and consangaretuncommon, although
not unheard of in the recent ancestry of moderrsScbhe 36 (4%) outliers in the
Scottish sample with ROH suggestive of parentalteelness (total ROH 5 Mb)

were no more likely to live in rural or island Idimas than in urban locations. This
Is unsurprising: Scotland is a small, largely urbad country with high population
mobility and considerable immigration. There dr@yever, small, remote island

communities off the west and north coasts of Sadthahich have been shown to
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have greater LD and lower haplotype diversity themnland urban and rural
Scottish populations (Vitart, Carothers et al. 20@6nsistent with lower effective
population sizes, isolation and genetic drift. @k is one such isolated community,
however as is shown here, even within such smallifadions, there is a great
diversity of ancestry, from the tightly endogameémshe completely outbred. These
data show that having at least 3 grandparents Wighin a 2-3 mile radius (as is the
case in the North Isles of Orkney and Dalmatialagés) is associated with
considerably more and longer ROH than merely corfrimg Orkney or a Dalmatian

island.

The distribution of ROH in the CEU sample, whichwvislely used as a northwest
European reference population, does indeed appéeer ¥ery similar in this respect
to that in the Scottish sample. Consistent witteostudies (Gibson, Morton et al.
2006; Frazer, Ballinger et al. 2007), this approgicks out one outlier, who is likely

to be the offspring of consanguineous parents (N&X22or CEPH1459-11).

The Dalmatian sub-sample of offspring of Croatiattlers is similar to the mixed
Dalmatian and mixed Orcadian subgroups by varicdDsif®ased measures,
suggesting that these settlers came from fairlylissemi-isolated communities

where endogamy was not uncommon.

3.4.3 ROH and inbreeding

The hypothesis under investigation here is thapteortion of the autosomal

genome in ROH (ko) provides a reliable estimate of the effects otptal
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relatedness because autozygous genotypes areemby elstributed throughout the
genome but are distributed in runs or tracts (dufl). Thus extended tracts of
homozygosity are a signature of inbreeding anddaisbe quantified by measuring

them and expressing them as a proportion of thedtgutosomal genome.

The hypothesis was tested by comparipgstatistics with f.q statistics derived
from high quality pedigree data complete to 5 atmaegenerations in the
ORCADES sample. The correlation betwegaFand Feqwas then compared with
correlations between,kand 3 other genomic estimates of autozygosity or
homozygosity (see chapter 1 section 2) to asseghw@pproach best estimates the

genomic effects of recent parental relatedness.

This study shows thatbh is strongly correlated with,E derived on the basis of 5
ancestral generations, and significantly more so the other 3 measures
investigated (lsh, Hex, Foiink). Perfect correlation is not expected, largelyebse of
the deficiencies of fzg which cannot account for stochastic variatiortigese
inaccuracies or the effects of multiple inbreedmaps just beyond the limits of the
available ancestral information. This is particiylghe case in the ORCADES
sample, where multiple distant parental relatiopsi@i, 7 and 8 ancestral generations
in the past but undetectable with only 5 ancesgteakerations of pedigree
information, inflate autozygosity, such that théspfing of these distant cousins can
be almost as autozygous as the offspring of foststs (Liu, Elefante et al. 2006).
The individual with the second highesids in the ORCADES sample, for example,

is the offspring of a couple whose closest relatiin is that of % cousins but who
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are multiply related at least 24 different wayshae last 8 generations alone (red
outlier, figure 3.6). Whilst konosfor this individual is almost as high as that tioe
highest individual in the sample, who is the offsgrof first cousins, feqis almost
half the value of feqfor the first cousin offspring. Thusdsfails to capture all of

the autozygosity estimated byds.

The y-intercepts of the regression lines in thaBgbs of figure 3.6 quantify the
under-estimation of autozygosity by.fFcompared with kon. In general, the shorter
the ROH, the more distant the common maternal ateripal ancestor from whom it
originated. This means that the lower the minimength of ROH used indon
estimation, the further back in time it is possitiiéook and the more distant the
parental relationship it is possible to detectisT clearly illustrated by the
regression lines in figure 3.6: using a 5 Mb cut-tifere is very little difference
between the amount of autozygosity estimatedggydh the basis of 5 ancestral
generation pedigrees, and that detectedday.FThis suggests that in this
population, ROH of 5 Mb or longer are sufficientdetect inbreeding resulting from
3" cousin parental relationships or closer. Decrepiie minimum ROH length
threshold to 1.5 or 0.5 Mb increases the gap betwge- and Feq €stimates, which
illustrates that using a lower minimum ROH lengtit-off allows detection of the
effects of more distant inbreeding, beyond the eanfcavailable pedigree data. The
fact that Ron1 s Statistics accurately reflect the effects of npldtidistant inbreeding
in one individual known to have multiple inbreediogps 6, 7, 8 and more
generations in the past suggests that ROH ofeéhigth are sufficient to detect the

effects of inbreeding beyond the range of availpeldigree data (although it is
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difficult to be any more precise about the relatitip between ROH length and

pedigree depth because of inherent stochastictivar)a

3.4.4 ROH in outbred subjects

ROH can, then, be used to estimate the effectsoaint parental inbreeding at the
individual level. roy Ccan be used to assess inbreeding effects on dise&3T.

Using a homozygosity mapping approach, specific R@klalso potentially be used
as a means of narrowing down the search for variafilencing disease or QT. Not
all ROH, however, are indicative of parental redatess. The Phase Il HapMap
study estimates that ROH measuring in excess ohar@00 kb constitute 13-14%
of the genome in Europeans (Frazer, Ballinger.2@7). Lencz et al. (Lencz,
Lambert et al. 2007give a similar estimate. The findings of the prestudy are

not directly comparable, as ROH shorter than 50@rkinot examined here;
however it is shown (figure 3.1) that ROH measubegveen 500 and 1500 kb were
present in all individuals in all the sub-populascstudied, totaling on average 75
Mb per individual (2-3% of the autosomal genomé@e fact that small but
significant differences were fouranong the 4 study populations in the mean sum of
these short ROH, but no significant differencesesfeundwithin populations (e.g.
between endogamous Orcadians and half Orcadiamsls kupport to the view that
population differences in the prevalence of ROHr@idhan around 1.5 Mb reflect
LD patterns of ancient origin, rather than the &feof more recent endogamy.
Short ROH are, then, ubiquitous in the genomesutidred individuals but it is not
unusual to find longer ROH in their genomes al$his study shows that ROH

measuring up to several Mb in length are not uncomm demonstrably outbred

122



individuals (the half Orcadian sample, who are kna@arhave no common maternal
and paternal ancestor in 5 and probably at leageh@rations) and in populations
where inbreeding is rare (SOCCS and CEU). Theskgs are consistent with a
number of recent observational studies using hatsiy genome scan data, which
have suggested that ROH longer than 1 Mb are nwremon than previously
thought in outbred individuals (Broman and Webe3%9Gibson, Morton et al.
2006; Li, Ho et al. 2006; Lencz, Lambert et al. 208imon-Sanchez, Scholz et al.

2007; Curtis, Vine et al. 2008).

The picture of genome-wide homozygosity now emeyggrthat short stretches
measuring tens of kb and indicative of ancient lditgrns are common, covering up
to one third of the autosomal genome (Frazer, gl et al. 2007). At the other
end of the spectrum, very long ROH, measuring témdb, are the signature of
parental relatedness. In between, ROH may resutt fecent parental relatedness
or may be autozygous segments of much older pedigreich have occurred
because of the chance inheritance through botmisaoé extended haplotypes that
are at a high frequency in the general populapossibly because they convey or
conveyed some selective advantage (Lencz, Lambalt2007) or possibly simply
because of genetic drift. Where such haplotypedomated in regions of the genome
where recombination rates are low, they may exters#veral Mb in length. Other
studies have suggested that ROH cluster in suclidoambination genomic regions
(Gibson, Morton et al. 2006; Li, Ho et al. 2006m®8n-Sanchez, Scholz et al. 2007;

Curtis, Vine et al. 2008) and the data from theseng study support this.
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The fact that ROH, even quite long ROH, appeartadmmon in outbred subjects
suggests two strands for further investigationsthy, if the aim is to investigate
recessive effects, accurate quantification atridesidual level of the shorter of these
ROH is important. This presents methodologicallehges, which will be explored
further below and in the following chapter. Sedgnthe growing realization that
ROH are common in outbred individuals has sparkéesgtest in identifying and
investigating these as specific disease risk fact@onsistent with the findings of
other studies (Lencz, Lambert et al. 2007; Cuxtiege et al. 2008), the present study
shows that ROH in outbred subjects are almostially common (i.e. shared or
overlapping between several individuals) but noversal. The ORCADES sample
had ROH overlapping with those occurring in both BOCCS sample (table 3.8 and
figure 3.8) and in an outbred non-Hispanic Europ&arerican population (Lencz,
Lambert et al. 2007). Common ROH are, then, acgoof individual genetic
variation which may play a causal role in commomptex disease, in as far as
(partial) recessive effects are found in theseadies, and which therefore merit

further exploration as risk factors in their owght (Lencz, Lambert et al. 2007).

3.4.5 Using genomic measures to estimate homozyigggsautozygosity and
inbreeding

This chapter aimed to assess the utility gfFas a measure of individual
autozygosity and to compar@dn with 3 other genomic approaches to quantifying
autozygosity or homozygosity. This turns out mobé quite as straightforward as it
might initially have appeared. Page 1 of this #thesntrasts autozygosity, where

identical alleles are inherited from a common ataresvith “chance homozygosity”,
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where the alleles are identical by state but naddgcent. However, the results of
this and other recent observational studies presdirect challenge to this
established way of thinking about homozygosity antbzygosity. If it were
possible to look directly at the genome, as wiltdrae increasingly the norm with

the 1000 Genomes projeetv/w.1000genomes.or@urbin and Altshuler 2008)),

what would be apparent would be a pattern of homoay segments of different
lengths: some very short, originating from veryiantshared ancestry; and some
longer, possibly resulting from more recent sharaekntal ancestry or possibly
ancient haplotypes located in low recombinationogeic areas. Regardless of their
history, however, these homozygous segments haredteped by exactly the same
forces: all ROH are the result of the chance ithege from both parents of identical
chromosomal segments. As such, all ROH are autazsyall are inherited from
common maternal and paternal ancestors, albeitipps®ery distant. By the same
token, the distinction between autozygosity anchchkdhomozygosity is a false one:
on the one hand, all homozygosity can be said ¢arday chance, because meiosis is
a highly random process; on the other, an appgrsptradic homozygous genotype
is no more the result of chance than a homozygenstgpe located in a ROH. Even
the commonly used notion of sporadic homozygositl-conceived: the appearance
of being sporadic is highly dependent on the dgrgiSNP panel being used to
make the observation. With a denser SNP panel;, agpeared to be a lone
homozygous genotype may be seen to be part ofyastert ROH. According to

this way of thinking, there is no inherent distinatbetween homozygous and
autozygous genotypes, just a difference in theeegf parental relatedness

(although this assertion has to be qualified sonawkiery short ROH resulting
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from shared parental ancestry deep in the pashare likely than longer ROH of
more recent origin to harbour rare, unobservedrbeygous genotypes because there

has been more time for mutation).

It follows from this that the ideal way to quantifytal individual homozygosity
would be to identify and sum all ROH, from the ghset to the longest. Defining a
chromosomal segment as a ROH is essentially a m@thosing SNP data to infer
the homozygosity status of the intervening, unokesestretches of the chromosome.
The aim is to maximize the probability that betwéaa first and last observed SNPs
in the ROH, the entire unobserved stretch of thheralesome is homozygous. The
length of ROH that can be detected by this appregdherefore, highly sensitive to
the density of SNP panel being used. For exanf@eshromosomal segment 100
kb long contains only 5 SNPs, this would not belmble basis for predicting the
homozygosity status of the segment as a wholearl@lehe shorter the ROH, the
denser the scan needed to detect it reliably. iShiensidered in more detail in the
next chapter, where it is shown that, whilst a pah800,000 SNPs detects ROH
longer than 1.5 Mb with a high degree of reliajlg@stimates become increasingly

unreliable the shorter the ROH below this level.

Whilst this study has shown thatdg derived from a 300,000 SNP panel is a reliable
measure of recent parental relatedness which eaeftne be used to investigate
inbreeding effects in isolate or consanguineousufaions, this may not be the most

suitable approach to quantifying individual homoasiy in order to quantify
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recessive effects in more cosmopolitan populatidbesnser SNP panels or other

approaches may be more fruitful.

All 3 alternative measures considered herg,(Fhink and k) to varying degrees
estimate not just homozygosity resulting from régebreeding but also
homozygosity resulting from much more ancient stiga@rental ancestry. Thus in
contrast to kon, these 3 measures do not pick up significant idiffees between half
and mixed Orcadians (figures 3.3 and 3.4 and &Hdle— i.e. differences in degrees
of parental relatedness originating within the [@%0 generations. On the other
hand, mean ki, Fyink and Ry estimates of SOCCS subjects with 4 Scottish-born
grandparents were significantly higher than thei\edent estimates of those with at
least one grandparent born outside Scotland; wheheae was no significant
difference between these 2 groups in measiF In other words, these 3 alternative
measures can detect the effects of very distaenparrelatedness more effectively
than is possible with ROH derived from a 300,000PSnel and as such may be
more suitable than ROH-based measures for invéisiipeecessive effects in non-

isolate general populations.

127



Chapter 4. Measuring short ROH

4.1 Introduction

The original objective of this study was to explarieether genomic data on ROH
could be used to investigate recessive effects imlared sample. What has emerged
from the analysis described in chapter 3 is thatiaestrably outbred individuals

differ from one another in the number, length ay@htion of ROH in their genomes
and in their levels of homozygosity as estimatea lrariety of measures, and that
these are aspects of individual genetic variatibrickvmerit investigation as

potential disease risk factors. The purposeisfdhapter is to investigate the utility

of Fron for quantifying homozygosity in outbred samples.

A homozygous genotype originates in one of two waitker (rarely) through
mutation of an allele in what would otherwise haeen a heterozygous genotype, or
(commonly) through the inheritance from both pasegitan identical ancestral

allele. If the common maternal and paternal aocdsom whom the allele
originates is a fairly recent one, it will tendle inherited as part of a long sequence
of homozygous genotypes or ROH. Such long ROHisbotidentical copies of
chromosomal segments inherited through both pavemtsh have not been broken
down into small segments by repeated meioses bethaeg originate from an
ancestor only a few generations in the past. artadysis of the ORCADES sample
presented in chapter 3 demonstrates that Berived using a 300,000 SNP panel
and a minimum ROH length of 1.5 Mb correlates sifpmvith Feqand therefore

provides a reliable estimate of parental relatesloeiginating in the previous 5 — 10
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ancestral generations. As suchefrprovides a useful approach to investigating

inbreeding effects in isolated or consanguineoymsifations.

The more distant the common ancestor, the shdréese¢quence of homozygous
genotypes, or ROH, is likely to be (although tkisiot always the case: ROH longer
than 1 or 2 Mb, and typically found in genomic @t where recombination rates
are low, are not uncommon in demonstrably outbmedsiduals). Shorter ROH (up
to 1 or 2 Mb in length) are extremely abundant tigtmout the genome (Frazer,
Ballinger et al. 2007). These shorter ROH are peced by exactly the same
mechanism as the longer ROH that are generallgatige of inbreeding: identical
haplotypes originating from a common ancestor,dgity many, many generations
in the past, are inherited through both parentses€ haplotypes are often very
common: they may have reached high frequency ipdipellation because in the
past they conferred some selective advantage bapsras a result of a special form

of genetic drift called allelic surfing (Hofer, Ray al. 2009).

The only truly sporadic homozygotes are thoselthae arisen through mutation.
Because the vast majority of homozygous genotypss through the inheritance
from both parents of an identical ancestral allaleeit generally originating many,
many generations ago, it follows that homozygoustgges are typically found in
ROH and that if it were feasible routinely to seqggeethe genomes of study subjects,
guantifying individual autozygosity would be a simpnatter of identifying and
summing each subject’'s ROH, down to the very skbdres. However in reality, at

present, ROH can only be identified using panel30&f,000, 500,000 or 1 million

129



SNPs. This may change in the near future, whed @@ Genomes Project data
become available (Durbin and Altshuler 2008) arfweitomes possible to impute a
much larger number of variants to enhance theyioh existing SNP panels;
however with existing technology there is a limitthe length of ROH it is possible
to detect reliably. The high correlation betwegg &nd Ron described in chapter 3
suggests that the Illumina Hap300 genotyping ptatfoan accurately detect the
longer ROH that are indicative of inbreeding; hoerethe comparison outlined in
chapter 3 between those with 4 and those with feéfaaar 4 Scottish-born
grandparents in the SOCCS sample suggests thatrldther approaches might
provide a more reliable means of detecting theceffef more ancient parental
relatedness. Estimates ofhivere significantly higher in those with 4 Scottisbrn
grandparents than in those with fewer than 4 Sdetiorn grandparents. Those with
4 Scottish-born grandparents share more materdgbaternal ancestry (albeit very
distant) than those with fewer than 4 Scottish-lpandparents. In other words,
there are more (distant) inbreeding loops in thedigrees than are present in the
pedigrees of those with at least one non-Scottsh-grandparent. Referring back
to the underlying biological mechanisms (figure) Lthhe expectation is that those
with 4 Scottish-born grandparents will have mor¢heir autosomal genome in short
ROH than will those in the comparison group and thireflected in estimates of
Hpn. In the absence of denser SNP panels, and asgtinaihlong and short ROH
exert similar influences, §4 might, then, be a better measure of homozygadséy t
Frou for investigating recessive effects in outbred gl@s This chapter explores

this issue by seeking to answer two questions:
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* What is the minimum length of ROH that can be det®csing a 500,000, a
300,000 and a 50,000 SNP panel? The densest tymagailable SNP
dataset is the HapMap release 23a, which contags3million SNPs for
270 individuals in 4 populations. Beyond complketguencing of subjects’
genomes, this panel is as close as it is curr@atbgible to get to direct
observation. Using the Utah European American (Cddta in the 60
founders (CEU parents, corresponding to CEPH graeafyps) for this panel
as a baseline, this study compares the 3 diffefemsities of SNP panel to
assess the minimum length of ROH each panel cabhgdetect.

e What proportion of observed homozygous genotypas ROH of different
length categories? In particular, what propori®m ROH shorter than can
be reliably detected using a 300K or a 500K SNRe|farThis gives an
indication of the proportion of total homozygositgt captured by gon
statistics — in other words, the proportion of haygosity resulting from an

individual’'s very distant ancestry.

4.2 Methods

4.2.1 CEU sample details
HapMap release 23a (termed here the 2400K SNP)dan€EU founders (n = 60)

was downloaded from the HapMap websitsviv.napmap.orgHapMap 2002)).

Although this was the densest available SNP partekeaime of the analysis
(December 2008) it is important to recognise that not sequence-based but is itself
a snapshot of genomic variation which samples ardybset of the predicted total

number of SNPs. SNPs with a minor allele frequesfcy 1%, SNPs with > 10%
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missing genotypes and SNPs failing the Hardy WeapBguilibrium test at p <
0.0001 were removed. All individuals in the sammdel fewer than 5% missing
genotypes, so all were retained. Three furthd? $hinels, with approximately
500,000, 300,000 and 50,000 SNPs, were then defrioedthis to reflect the data
available on cohorts with health information, asisarised in table 4.1. The 500K
panel consists of SNPs present in both the cle@&#d release 23a panel and a
panel consisting of the combined Illumina HumanH¥pand lllumina
HumanHap240S chips. Similarly, the 300K panel uss=@ was derived from the
overlap between the lllumina Infinium HumanHap3@0platform, the combined
lllumina HumanHap300 and HumanHap240S chips andldemed CEU release 23a
panel. The fourth (50K) panel was derived by pmngrthe resulting 300K panel for
linkage disequilibrium (LD) using thaairwise routine in PLINK (Purcell, Neale et
al. 2007). A window of 100 SNPs was moved acrbeggenome, in steps of 25
SNPs. One of each pair of SNPs in strong LD wéttheother ¢> 0.2) was
removed. This panel was included because the PlBsite recommends pruning
the panel for strong LD if the aim is to identifytazygous segments as opposed to
what it terms ROH that are “homozygous by chanBeir¢ell 2007). The first and
last SNP for each chromosome and the SNPs befdrafter each centromere in the
LD-pruned SNP panel (termed here the 50K SNP paves also used as the
boundaries for the other SNP panels to ensurddikéke comparison: the only
difference between the four SNP panels used icahgparison is therefore in the

density of SNP coverage.
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Table 4.1: Description of SNP panels

Infile N snps Outfile N snps Details
CEU founders release 23a 3,849,032 | Cleaned CEU founders release 2,422,661 | Removal of SNPs with:
23a * MAF <0.01 (1,319,280 SNPs failed),
>10% missing (138,266 failed).
No SNPs failed HWE test at p<0.0001 and no
individuals failed missingness test at >5%
missing genotypes.
Cleaned CEU founders release 2,422,661 | Overlap between: 495,426 | Combined lllumina HumanHap300 and lllumina
23a + Cleaned CEU founders HumanHap240S has 534,506 autosomal
release 23a SNPs. 39,080 SNPs are present in combined
« Combined lllumina lllumina panels but not in cleaned CEU founders
HumanHap300 and release 23a.
lllumina HumanHap240S
Overlap between: 495,426 | Overlap between: 302,703 | lllumina Infinium HumanHap300 v2 has 309,200
* Cleaned CEU e Cleaned CEU founders autosomal SNPs. 6,497 SNPs are present in
founders release 23a release 23a lllumina Infinium HumanHap300 v2 but not in
e« Combined lllumina e Combined lllumina cleaned CEU founders release 23a overlap with
HumanHap300 and HumanHap300 and combined lllumina HumanHap300 and Illumina
lllumina lllumina HumanHap240S HumanHap240S .
HumanHap240S e lllumina Infinium
HumanHap300 v2
Overlap between: 302,703 | 50K panel 52,888 | This file was derived by taking the CEU

Cleaned CEU
founders release 23a
Combined Illumina

founders release 23a, combined lllumina
HumanHap300 and Illlumina HumanHap240S
and Illumina Infinium HumanHap300 v2 overlap

HumanHap300 and file and using the pairwise LD pruning option in
lllumina PLINK to remove one of each pair of SNPs in
HumanHap240S strong LD (* > 0.2).

e lllumina Infinium Panel length: 2657.85 Mb
HumanHap300 v2 Density of SNP coverage: 50.25 kb/SNP
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Table 4.1 continued: Description of SNP panels

Infile N snps Outfile N snps Details
Overlap between: 302,703 | 300K panel 301,944 | This file was derived by making the same
* Cleaned CEU chromosomal and centromeric boundaries as
founders release 23a the 50K panel.
e Combined lllumina Panel length: 2657.85 Mb
HumanHap300 and Density of SNP coverage: 8.8 kb/SNP
lllumina
HumanHap240S
e lllumina Infinium
HumanHap300 v2
Overlap between: 495,426 | 500K panel 494,203 | This file was derived by making the same
* Cleaned CEU chromosomal and centromeric boundaries as
founders release 23a the 50K panel.
»  Combined lllumina Panel length: 2657.85 Mb
HumanHap300 and Density of SNP coverage: 5.38 kb/SNP
lllumina
HumanHap240S
Cleaned CEU founders release 2,422,661 | 2400K panel 2,412,807 | This file was derived by making the same
23a chromosomal and centromeric boundaries as
the 50K panel.
Panel length: 2657.85 Mb
Density of SNP coverage: 1.1 kb/SNP
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4.2.2 Definition and analysis of ROH

Data were analysed using the Runs of Homozygosttgram implemented in

PLINK (Purcell, Neale et al. 2007), as describedhapter 3. The minimum number
of consecutive homozygous SNPs constituting a R@bsl set at 25; the minimum
length of ROH was set at 150 kb and the maximumadjapred between consecutive
SNPs in a ROH was set at 100 kb. The minimum tienfia ROH was set at 50
kb/SNP for the 2400K, 500K and 300K panels but easity criterion was specified
for the 50K panel, as SNP-coverage was so spathésipanel that specifying a

density threshold would have rendered the panedalvia.

Data were then transferred into SPSS to estimaig $tatistics as described in the
previous chapter. For ease of interpretatigufStatistics are expressed here as
percentages rather than proportions, with the sigistumber referring to the
minimum length of ROH (Mb) included in the staitstiThus kon15is defined as

the percentage of the typed autosomal genome in R@d¢r than 1.5 Mb.

4.2.3 Sensitivity analysis
Correlations of the results between the 2400K Salfrepand each of the 3 other
panels were calculated for each length categoryttaedhold in order to assess the

reliability of using the 3 panels to measure ROHlifferent lengths.

In chapter 3, ROH data from the CEU sample werepared with data from an

Orcadian sample with very reliable pedigree datilst the majority of the CEU
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sample used here was very similar to an outbreejsolp of the Orcadian sample,
with no known parental relatedness in at leastcbpnbably at least 10 ancestral
generations (mearkby15= 0.24%, as measured with the Hap300 panel), one
individual (NA12874; CEPH 1459-11) was found todilar to the sub-group of
individuals who are the offspring of first or sedarousins (kon1.5= 3.51%,
measured in the same way). CEPH1459-11 is thernatgrandfather of the family
and no pedigree data are available to confirm tlogjever these findings are
consistent with Gibson et al (2006), who also idiert this individual as being the
probable offspring of related parents because RO# were located in genomic
regions with low levels of LD. Because the preseavfdhis outlier may skew results,

data were therefore analysed both with and withimstindividual.

4.2.4 Proportion of observed homozygous genotypesROH

Observed homozygous calls for each individual veetented using the 2400K panel
in PLINK. The number of SNPs in ROH longer thai® X6, 300 kb, 600 kb, 1200
kb and 2400 kb per individual was expressed a®poption of the total number of
observed homozygous genotypes for each individBample means were then
estimated and graphed in order to estimate theoptiop of observed homozygous

genotypes outside ROH of various lengths.

4.3 Results

4.3.1 Koy estimates using SNP panels of different densities
Population distributions of the proportion (%) béttyped autosomal genome in

ROH (i.e. Ron expressed as a percentage) are shown in Figuferdehch panel
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and for a range of minimum ROH length cut-offs. @amed with the 2400K SNP
panel all panels underestimate the percentagesdi/ged autosomal genome in
ROH longer than 0.15, 0.35 and 0.5 Mb (Figure 4c}, and this underestimation is
more marked the less dense the panel and the siialeninimum ROH length cut-
off. These data are also shown in table 4.2. dgJ#e 2400K panel, on average
around 18% of the autosomal genome is in ROH lotiger 150 kb. This compares
with around 9% using the 500K panel, 4% using t@3panel and 0.02% with the

50K panel.

Figure 4.2 is a scatter plot showing the propor{ba) of the typed autosomal
genome in ROH longer than 150 kb using the 2400K500K panels. A line of
best fit is shown, which intercepts the y-axishtll This means that the 2400K
panel estimates that 11.1% more of the typed aotakgenome is in ROH longer

than 150 kb compared with the 500K panel estimate.

In contrast, the higher the minimum ROH threshtid, closer the agreement
between the different panels. There is no sigaifidifference between the 2400K
panel and the 500K panel in estimates of meapHfigure 4.1 d —f), and this is the
case regardless of whether or not the outlierakided. The estimate of meagdg:
for the 2400K panel (outlier included) is 1.09% ¥®8onfidence interval 0.99-1.18).
The estimate of mearkby, for the 500K panel is 1.07% (95% confidence iraérv
0.95 - 1.18). Meangon: excluding the outlier is 1.05% (0.98 to 1.11) thoe 2400K
panel and 1.01% (0.96 — 1.07) for the 500K paR@éjure 4.3 showsdon1.suUsing

the 2400K and 500K panels. A line of best fithewn, which intercepts the y-axis
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at 0.1. This means that the 2400K panel estintatgsonly 0.1% more of the typed
autosomal genome is in ROH longer than 1500 kb ewetpwith the 500K panel

estimate.

Comparing the 300K panel with the 2400K panel,g¢hemo significant difference
between the two panels fogdn: when the outlier is included (0.94%, 95%
confidence interval 0.82 — 1.05 for the 300K panathough when the outlier is
excluded, the 300K panel estimate @bk is significantly lower than the 2400K
panel estimate (0.88%, 95% confidence interval 8.834). Excluding the outlier,
there is no significant difference between the 24@0d 300K panel estimates for
Fron1.5(0.35%, 95% confidence interval 0.27 to 0.42 usiheg2400K panel; 0.31%,

95% confidence interval 0.19 to 0.42% using thek3p@anel).

Very few ROH were detected using the 50K panelerionger than 1.5 Mb, and this

was the only panel which failed to identify the laart

Differentiation is poor in all four panels for RQéhger than 2 Mb because ROH of
this length are uncommon in this outbred sampled{amenumber of ROH > 2 Mb
per person = 2 for 2400K panel, 1 for 500K and 3@aiKels and 0 for 50K panel,
mean number of ROH > 2 Mb per person = 1.6 for 4p@nel, 1.5 for 500K panel,

1.3 for 300K panel and O for 50K panel).
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Figure 4.1: Population distributions for the propor
autosomal genome in ROH for a range of minimum ROH

using each of the 4 SNP panels
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Table 4.2: Mean proportion (%) of the typed autosom
by SNP panel and minimum ROH length cut-off, includ

al genome in ROH
ing and exluding

the outlier
Minimum Outlier Mean (SE) % autosomal genome in ROH
E’g?_t'h(lfg) 2400K 500K 300K 50K
150 | incl 18.37 (0.072) | 8.78 (0.078) 4.26 (0.074) 0.016 (0.01)
excl 18.31 (0.048) | 8.72(0.049) 4.2 (0.044) 0.006 (0.003)
350 | incl 8.06 (0.075) | 6.38 (0.078) 3.96 (0.075) 0.016 (0.01)
excl 7.99 (0.044) | 6.31(0.047) 3.9 (0.044) 0.006 (0.003)
500 | incl 4.7 (0.069) | 4.29(0.073) 3.2 (0.072) 0.014 (0.009)
excl 4.65(0.041) | 4.22(0.038) 3.14 (0.041) 0.005 (0.003)
1000 | incl 1.09 (0.05) 1.07 (0.06) 0.94 (0.06) 0.005 (0.003)
excl 1.05(0.031) | 1.01 (0.027) 0.88 (0.03) 0.002 (0.002)
1500 | incl 0.35(0.038) | 0.36 (0.055) 0.31 (0.058)
excl 0.31(0.018) | 0.31(0.018) 0.25 (0.018)
2000 | incl 0.16 (0.033) | 0.18 (0.056) 0.16 (0.057)
excl 0.13(0.014) | 0.13(0.015) 0.1 (0.014)
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Figure 4.2: Estimated proportion (%) of the typed a  utosomal genome in
ROH longer than 150kb _using 2400K and 500K panels
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Figure 4.3: Estimated proportion (%) of the typed a  utosomal genome in
ROH longer than 1500kb _using 2400K and 500K panels
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4.3.2 Correlation between SNP panels

Correlation coefficients between the 2400K SNP pand each of the other panels
are shown graphically in Figures 4.4 and 4.5 artdltes 4.3 and 4.4. Firstlyréy
correlations were estimated, using a range of miminROH length thresholds
(figure 4.4). All panels correlate more stronglyhwthe 2400K SNP panel with the
inclusion of the outlier than with the outlier exded, suggesting that that there is
closer agreement with this dense panel for longgmer than shorter ROH (r = 0.9
for the 500K panel including the outlier, compavath 0.7 — 0.8 excluding the
outlier; r ~ 0.85 for the 300K panel with the oetlcompared with ~ 0.7 without; r ~
0.7 for the 50K panel with the outlier but the ebation coefficient is not
significantly different from zero without the owt). The same information, but
compressed into ROH longer and shorter than 1 Mbummarised in figure 4.5.
The 500K and 300K panels correlate moderatelyQ@~ 0.6) with the 2400K SNP
panel for ROH shorter than 1 Mb and strongly (r.8--00.9) for ROH longer than 1
Mb. The only significant correlation found betwdée densest panel and the 50K
panel was for ROH longer than 1 Mb with the inatunsof the outlier (r ~ 0.8).
Otherwise, the correlation coefficient was not gigantly different from zero. This
illustrates that the 50K panel, which was derivgdtoipping out SNPs in strong LD,
will by definition be unable to detect ROH arisifigm short haplotypes inherited as
blocks. This panel is also not dense enough tecti&inger ROH which are not
simply reflective of LD: as illustrated in figurel4 the 50K panel did not detect the

outlier.
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When data are analysed by length category ratlheraiminimum length threshold,
correlations are generally weaker (table 4.3)ergifhg the fact that there is poor
agreement as to the exact boundaries of ROH: thepanel may designate one long
ROH, whilst another might split it into several gieo ones. This point is also
illustrated by the fact that numbers of ROH are engeakly correlated than total

length of ROH (table 4.4).

Table 4.3: Correlations in the proportion of thety  ped autosomal
genome in ROH, between the 2400K SNP panel and the 3 other panels,
by ROH length category

ROH length Outlier Panel
(Mb) 500K 300K 50K
0.15-0.349 incl 0.32 0.23 0.15
excl 0.31 0.20 0.14
0.35-0.49 incl 0.40 0.23 0.26
excl 0.40 0.22 0.19
0.5-0.99 incl 0.63 0.45 0.45
excl 0.58 0.39 -0.03
1-1.49 incl 0.70 0.48 0.25
excl 0.72 0.53 0.09
1.49-1.99 incl 0.60 0.41 NA
excl 0.66 0.44 NA
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Table 4.4: Correlations in the number of ROH, betwe
panel and the other 3 panels, for a range of minimu

thresholds
Minimum | Outlier Panel
ROH 500K 300K 50K
length
(Mb)
0.15 | incl 0.39 0.32 0.12
0.15 | excl 0.37 0.29 -0.13
0.35 | incl 0.61 0.55 0.57
0.35 | excl 0.57 0.44 0.03
0.5 | incl 0.71 0.63 0.60
0.5 | excl 0.63 0.54 -0.03
1 |incl 0.81 0.69 0.52
1 | excl 0.80 0.68 0.09
1.5 | incl 0.83 0.82 NA
1.5 | excl 0.73 0.63 NA
2 | incl 0.90 0.87 NA
2 | excl 0.72 0.57 NA

en the 2400K SNP

m ROH length
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Figure 4.4:

Correlations in the proportion of thet  yped autosomal

genome in ROH, between the 2400K SNP panel and the 3 other panels

for a range

of minimum ROH length thresholds
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Figure 4.5: Correlations in the proportion of thet  yped autosomal
genome in ROH, between the 2400K SNP panel and the 3 other panels
for ROH shorter and longer than 1Mb
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4.3.3 Proportion of observed homozygous SNPs in ROH

The proportion of observed homozygous SNPs in ROdifferent length categories
in the CEU data is shown in Figure 4.6. 24% ofeobasd homozygous SNPs are in
ROH longer than 150 kb. This proportion falls t&% in ROH longer than 2400 kb.
Only 0.4% are found in ROH longer than 1.5 Mb. O¥eof observed homozygous
genotypes are found outside ROH longer than 150Tkis implies that the vast
majority of observed homozygous variants are iry g&ort ROH: ROH which are
too short to be reliably detected even with muahmséde SNP panels than those

currently available.
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Figure 4.6: Mean proportion of observed homozygous SNPs in ROH above a range of minimum length thresho  Ids
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4.4 Discussion

The purpose of this analysis was to establish vemethnot ROH can be usefully
employed to investigate recessivity in non-inbregydations. Three SNP panels of
differing densities of SNP coverage were compari avpanel of 2,400,000 SNPs
in order to determine the reliability of each pamedletecting ROH of different
lengths. It should, of course, be noted that altfimothe 2400K panel is the densest
currently available, this has on average only oaeker per 1.1 kb and as such is
itself an under-estimate of the true picture. A0 million SNPs are expected

from the forthcoming 1000 Genomes Project.

With this caveat in mind, compared with the 240G, the 500K panel was found
to under-estimate the proportion of the typed aaurttd genome in ROH longer than
150 kb by over 50%. As the minimum ROH length afitis increased, however,
panel estimates steadily converge, so that for RiDger than 1 Mb, there is no
significant difference between estimates derivedgithe 2400K and the 500K
panels. For ROH longer than 1.5 Mb, there is gaiBcant difference between the
2400K and the 300K panels. The 50K panel, which #exived by stripping out
SNPs in strong LD, is by definition unable to défROH arising from short
haplotypes inherited as blocks. It is also notséeenough to detect longer ROH and
so is not useful for present purposes. SNP parielss size may still be useful in
other organisms with different genetic diversitieatterns of LD or inbreeding, such

as domestic animals and their wild or feral rekegiv
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The analysis in chapter 3 showed thggderived using a 300K SNP panel
correlated significantly more strongly withekthan did alternative genomic
measures of homozygosity or autozygosity, thus aestnating that this provides a
useful approach for quantifying the effects of gdxting. This is because the long
ROH that are characteristic of recent parentatedlzess (longer than 1 — 2 Mb) can

be reliably identified using a 300K SNP panel.

The results of the present analysis are consistigntthis view and improved
correlations between panels when the inbred ousligrcluded in the sample lend
further weight to the view that ROH provide a usafoproach for the investigation
of inbreeding effects in consanguineous or isgajgulation samples. Shorter
homozygous segments, which are abundant in aNiohals, are, however, also a
source of individual genetic variation which mayitmportant in disease risk: can
existing SNP panels reliably detect these homozygegments in order to

investigate the role of recessivity in disease imskore cosmopolitan populations?

One approach to answering this question is to tiyete how strongly estimates of
the percentage of the typed autosomal genome in &®ldorrelated when estimated
using different panel densities. Whilst both @& and 300K panels correlate
strongly with the 2400K panel, even when the mimmROH length threshold is set
as low as 150 kb, most of the contribution is cagyrfiom the longer ROH. This is
illustrated in figure 4.5: correlations between #4®0K and both the 500K and

300K panels for ROH shorter than 1 Mb are only nnatde Neither panel has the

density to detect more than a fraction of the sR@H identified by the 2400K
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panel. The pictogram in figure 4.7 gives a graplhustration of the differences in
resolution of the 4 panels. This shows chromosaénfor the outlier (NA12874).
There was no particular reason for choosing chromes20, except that a short
chromosome was preferred because it is easieetthealetail. The longest ROH
detected by the 2400K panel for this individualobnomosome 20 measures 610 kb
(the apparently longer ROH located at around 33aMbg the chromosome is
actually 2 ROH separated by a narrow gap, whiglotseasy to see on this diagram).
Using the 2400K panel, this individual has 18 ROg&kasuring 150 — 249 kb on
chromosome 20 and 12 ROH measuring over 250 kle. 500K panel identifies 9
ROH longer than 250 kb but only 5 shorter than @50 The 300K panel identifies
only 2 ROH longer than 250 kb (the 2 longest ingample) but none shorter than
250kb. The 50K panel does not detect any ROHhigrihdividual on chromosome
20. Although it is difficult to see at this restban, the exact boundaries and
numbers of ROH often differ between panels, asetlaes highly sensitive to panel
density. This is demonstrated in tables 4.3 aBdwlhereas there is strong
correlation between panels in the percentage dfyfhed autosomal genome in ROH
longer than a specified minimum ROH length thredhobrrelations based on the
number of ROH and those based on narrow lengtstibtds are considerably
weaker. This illustration is based on the mostadhndividual in the sample: as
such, conditions are optimal for the 500K and 3@@ikels to reveal the ROH. Both
panels would fare worse for a chromosome from ainbred individual with few

long ROH.
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Figure 4.7: Diagram of Chromosome 20 for NA12874, s  howing the
length, number and location of ROH according to eac  h panel
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This analysis confirms the conclusions of chaptevtdlst ROH appear to be a
sound basis for estimating the effects of (recpatgntal inbreeding, currently
available SNP panels are not dense enough to ba@bhumerate the very short
ROH characteristic of outbred subjects. Figurestiggests that an extremely dense
panel would be needed to identify the majorityredde ROH. Fewer than 25% of
homozygous SNPs in the 2400K panel were found iklRfdger than 150 kb: the
vast majority of homozygous SNPs are in very shaors of only a few kilobases to a

few tens of kilobases.

Extrapolating from these figures, an estimated 40%ped homozygous SNPs are
predicted to be located in ROH longer than 75 kib @m estimated 60% are predicted
to be located in ROH longer than 37.5 kb in popares with similar genomic
homozygosity to CEPH. An extremely dense panellavba required to detect the
estimated 40% of ROH measuring less than 40 kbn Bwe 2400K panel may not be
dense enough to enumerate these. Given currdmidlegy, quantifying
homozygosity in terms of ROH is not, then, likatyite the best approach for
investigating recessive effects in outbred sampl#ispugh when the 1000 Genomes
Project data become available, there may be trenpal to update existing SNP
panels, at least for use in outbred populatiorw. tike present, however, alternative
methods such asgklare likely to be more fruitful. This can be used¢dombination
with Fron: Whilst Hyy is likely to be preferable for investigating gesleecessive
effects, Ron can be used to stratify the sample into inbredaaridred cohorts and to
investigate inbreeding effects. The half Orcadiample described in chapter 3 can

be used to define the maximum percentage of thedtgpitosomal genome in ROH
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for an outbred subject. Combining both approaahdisis way allows for separate
estimation of the effect on disease or diseasts tohiboth recent inbreeding and
homozygosity of more ancient origin. Both apptaecwill therefore be applied in
the following chapters. Chapter 5 is an analysigcessive effects on a range of
biomedically important QT in five genetically istéd populations. Chapter 6 is an
analysis of recessive effects in two colorectakeamase control samples in more

cosmopolitan populations.

An immediate future priority beyond the scope a$ thesis is to extend the current
analysis to include the other three Hapmap fousdsrples and to repeat it using
off-the-shelf Affymetrix SNP chips. A more expltoay aim for the future is to
build on work done by Gibson et al (2006) to inigete whether LD maps, which
measure the genetic rather than the physical disthatween SNPs (Collins, Lau et
al. 2004), might bring a useful perspective to R@ath, particularly as the Hap300
and Hap500 panels use SNPs chosen to tag LD blbaksghout the genome. In a
recombination cold spot, the physical distance betwtwo SNPs will exceed the
genetic distance, whereas in a recombination hotepaeverse is true. Analysing
ROH in terms of genetic, rather than physical,atfise is a potentially more
sophisticated approach to quantifying the reladige of origin and population

prevalence of ROH.
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Chapter 5: An investigation of recessive effects ia range of
biomedically important quantitative traits in Europ ean

isolate populations

5.1 Introduction

The purpose of this study is to look for evidentesgessive genetic effects in a
range of QTs which play a role in cardiovasculat aretabolic disease.
Specifically, the percentage of the typed autosareabme in ROH per individual
(Fron expressed as a percentage for ease of interprétaiused to assess the
effects of recent inbreeding, with an associatietween trait variation and this
measure constituting evidence of recessive effestdting from recent parental
relatedness on the trait in question. Total horgosgity as estimated by,klis used
to assess general recessive effects resultingdibimbreeding loops in an
individual's pedigree, however ancient in origitudy samples are from the five
European isolate populations collaborating in theopean Special Populations
Research Network (EUROSPAN), as described in chapte. The EUROSPAN
populations are ideal for a study of this naturedose of increased levels of
inbreeding, and therefore homozygosity, compardd witbred populations. Itis
expected that traits exhibiting dominance variastveuld be influenced by

differences in levels of individual homozygosity.

Heritability analyses in founder populations hakewsn that systolic blood pressure

(SBP), total cholesterol and low-density lipoprotédiDL) cholesterol have high
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dominance variance (Abney, McPeek et al. 2001; Okleney et al. 2001). Weiss et
al found results that were in the main consistattt this, except that there was also
evidence of dominance variance in high-densitydiptein (HDL) in males but not

in females (Weiss, Pan et al. 2006). Consistettt this, studies in isolated
populations with high rates of kin marriage andrgé variance in F have found
significant associations between trait values B8P %nd F measured both by
pedigree (Krieger 1969; Martin, Kurczynski et @78; Rudan, Smolej-Narancic et
al. 2003; Badaruddoza 2004) and using genomic ma&a (Campbell, Carothers et
al. 2007). The latter study also found significassociations with DBP, LDL, total

cholesterol and Forced Expiratory Flow (FEF) 25.

This study analyses 11 QT underlying cardiovasalisgase and metabolic
syndrome in the five EUROSPAN populations. In &ddi data were available on
one of the QT (height) for the colorectal cancertoas enrolled in the SOCCS

study described in chapter one.

5.2 Methods

5.2.1 Traits

The following traits were analysed. Units of measoent are shown in brackets.
Lipids

Ln Triglycerides (Ln mmol/L)

Total cholesterol (mmol/L)

HDL cholesterol (mmol/L)

LDL cholesterol (mmol/L)

156



Hypertension-related

Systolic blood pressure (SBP) (mm HQ)
Diastolic blood pressure (DBP) (mm HQ)
Anthropometry

Height (m)

Weight (kg)

Body Mass Index (BMI) (kg/f)
Diabetes-related

Ln Glucose (Ln mmol/L)

Lung function

FVC (L)

Study populations and trait measurement procedureedescribed elsewhere
(Aulchenko, Heutink et al. 2004; Pardo, MacKayle2805; Rudan, Biloglav et al.
2006; Campbell, Carothers et al. 2007; Pattaroydmaet al. 2007; Tenesa,
Farrington et al. 2008; Johansson, Marroni et@92. The average (SD) age of
each population was 56 (15) for CROAS (range 18)%-%38 (15) for ERF (range 18
—92); 45 (16) for MICROS (range 18 — 87); 47 (Rf)NSPHS (range 14 — 91); 54
(16) for ORCADES (range 17 — 97) and 52 (6) for &3Jrange 21 — 61). Because
18.3% of the total sample was taking treatmenhfgrertension and 8.3% for high
cholesterol, systolic and diastolic blood pressiaiees were adjusted for those on
anti-hypertensive medication and total cholesté@lL, LDL and triglyceride

values were adjusted for those being treated witti-lowering drugs. The literature

on the effects of anti-hypertensive medication lmod pressure and on the effects of
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lipid lowering therapies on cholesterol was exarimeorder to make appropriate

trait adjustments. This is summarised in tablésabd 5.2.

Table 5.1: Literature on the effects of anti-hypert  ensive medication on
blood pressure

Study Sample details Findings

(Tobin, Simulations and 659 men Found reduction of 10 mm Hg in SBP for 1

Sheehan et | aged 60-74 (120 of whom treatment. Suggests using 10-15 mm Hg

al. 2005) taking antihypertensives) reduction to take account of the additive effects
of taking >1 treatment

(Law, Wald | Meta-analysis — 40,000 All categories of antihypertensives produced

etal. 2003) | treated, 16,000 placebo similar reductions in BP. Mean = 9.1 mm Hg

(SBP) and 5.5 mm Hg (DBP). Combining
different categories of drug had an additive
effect on BP reduction.

(Turnbull, Meta-analysis >190,000 SBP reduction of up to 7.2 mm Hg for under
Neal et al. people 65s and up to 9.3 mm Hg for over 65s. DBP
2008) reduction of 2-4 mm Hg.

NB not directly comparable because this study
compared each medication either with placebo
or with a less intensive BP medication.

(Cui, 2912 people in 767 families | Reduction of 10 mm Hg in SBP and 5 mm Hg
Hopper et (244 on treatment). Most in DBP
al. 2003) only on 1 treatment

The Tobin, Law and Cui papers are consistent vattheother estimating a 10 mm
Hg reduction in SBP with one antihypertensive treait. The estimated reduction
in DBP values is around half the reduction in SBBw suggests an additive effect
for each additional category of antihypertensi¥ée Turnbull study is the biggest
and most recent. Estimates appear to be lowerftintahe other three studies;
however this study is not directly comparable ® dthers and is difficult to interpret
because each drug was compared either with a mawrebith a less intensive blood

pressure treatment.

Because 51% of those taking anti-hypertensive naéidit in the present study were

taking more than one category of anti-hypertendiug, 15 mm Hg were added to

158



raw SBP values and 7.5 mm Hg to raw DBP valuedl ¢ii@se on medication,
regardless of how many different medications béakgn. Another approach would
be to add 10 mm Hg to those on 1 medication, 28dse on 2 and so on, but
because precise drugs, dosages and compliancakarewn, there is a danger that
this would be adding arbitrary precision, particiylavhen inter-individual response

to these drugs varies so much.

Table 5.2: Literature on the effects of lipid-lower  ing therapy on
cholesterol

Author Sample details Findings
(LaRosa, He et Meta-analysis 20% reduction in total cholesterol
al. 1999) >30,000 people 28% reduction in LDL cholesterol

5% increase in HDL
13% reduction in triglycerides
Mean duration of treatment = 5.4 years

(Baigent, Keech Meta-analysis > 28% reduction in LDL at 1 year, 21% at 5 years
et al. 2005) 90,000 people (reduction probably because of non-compliance)

Two large meta-analyses reporting on the effectigpaois of lipid lowering therapies
were examined (table 5.2). As a result, total esi@rol values were increased by
20%, LDL by 28%, triglycerides by 13% and HDL vatugere decreased by 5% for

those on medication.

Subjects taking diabetes medication were remowad the glucose analysis, as
there were only 7% on treatment and so removing ttesulted in very little loss in
power. Distributions of trait values were examinedee if they conformed to
approximate normality. Glucose and triglyceridesavseverely skewed and so were

log transformed.
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5.2.2 Genotyping

All fve EUROSPAN samples were genotyped usingliiienina Infinium
HumanHap300 platform (lllumina, San Diego), as dbesd for the ORCADES
sample in chapter 3. Full descriptions of genatggdor the other EUROSPAN
samples and for SOCCS are given elsewhere (Johangaeruch-Nilsson et al.
2005; Liu, Arias-Vasquez et al. 2007; Pattaro, Maret al. 2007; Tenesa,
Farrington et al. 2008; Vitart, Rudan et al. 2008aking each population
individually, SNPs with more than 10% missing wegmoved, as were SNPs failing
HWE at p < 0.0001 and SNPs with MAF < 0.01. Full @rocedures to remove
individuals with low genotyping and discrepant ggde and genomic data had
already been applied, as described in the aboeearefes. A consensus SNP panel
of 288,598 autosomal SNPs was then created, comgsdt SNPs satisfying the
above QC criteria in all six populations. Finaingde numbers were 722 SOCCS
(height only), 718 ORCADES, 789 CROAS, 1097 MICR®&2 NSPHS and 881

ERF.

5.2.3 Measures of homozygosity

Three different measures of homozygosity were eygalotwo roy measures to
assess the effects of recent inbreeding, pjiddiassess general homozygosity
effects attributable to more distant parental eglaess. All were estimated using
PLINK (Purcell, Neale et al. 2007), using the pagtars described in chapter 3,
except that instead of expressing)kas goroportion of the typed autosomal
genome in ROH, these measures are expressepeaseatage of the typed

autosomal genome in ROH. This is to simplify iptetation of the results, as
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numbers are very small and thus more difficultiasg when expressed as a
proportion. Two different koy measures are usedidr: 5is the percentage of the
typed autosomal genome in ROH greater than or équab Mb and kous is the
equivalent measure for ROH greater or equal to 5 Mis described in chapters 3
and 4, there are two reasons for using a cut-off®Mb. Firstly, as shown in
chapter 3, all individuals in all populations swed have ROH shorter than 1.5 Mb;
differences between individuals with known parentbleeding in their pedigrees
start to become apparent for ROH longer than 1.5 Bécondly, as shown in
chapter 4, a 300,000 SNP panel is highly reliabtdle identification of ROH
longer than 1.5 Mb but increasingly unreliabledantifying ROH shorter than this.
The 5 Mb threshold is used in addition to the 15 thireshold because 100% of
individuals in the NSPHS and over 98% of individualerall in the other population
samples had ROH longer than 1.5 Mb: thus a hidireshold may differentiate

better between individuals in such inbred samples.

5.2.4 Statistical analysis

Because all five EUROSPAN studies are family-baseth high levels of
relatedness between individuals, subjects arengependent and therefore
conventional regression techniques are not vt this reason, EUROSPAN data
were analysed in GenABEL (availablehdtp://mga.bionet.nsc.ru/nlru/GenABEL/
(Aulchenko, Ripke et al. 2007)) using a linear ndix®lygenic model based on the
trait, specified covariates and a genomic kinshgtrix. This kinship matrix
estimates pairwise relatedness, derived on the b&#8S sharing, weighted by

allele frequency, so that a pair of individualsrgiaa rare allele is estimated to be
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more closely related than a pair sharing a comnilelea The consensus SNP panel
described above was used to generate the kinshipxmage and sex were fitted as
fixed effects. The model also estimates narrovesdwritability (). The SOCCS
sample consists of unrelated individuals, so dagewanalysed in SPSS using simple
linear regression, with the trait as the dependanable and age, sex and each

homozygosity measure in turn fitted as independarnables.

For each trait, each population was analysed m t&esults were then combined in
a meta-analysis using the inverse variance methadrhbine effect size estimates
from each sample (Aulchenko 2008). This weighthesample estimate by the
inverse of the squared standard error of the regnegoefficient, so that the smaller
the standard error of the study, the greater théribaition it makes to the pooled

regression coefficient.

Let A be the regression coefficient, and be the squared standard error of the
regression coefficient, o studies, where:
i012,...,N
Let wi be the weight of an individual sample, defined as:
wi=1/s?

The pooled regression coefficient is defined as:

,8 - z:\ilvw'a

N
Wi
i=1
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5.2.5 Socio-economic status

Socio-economic status is a potential confoundeh@fassociation between
homozygosity and height, and indeed many otherdiite both reduced height and
inbreeding are known to be associated with lowsecionomic status (Mackenbach
1992). Data on socio-economic status were onljlabla for the SOCCS and
ORCADES data sets. These samples were split byvdéipn category using the
Carstairs scores for Scottish post-code sectorgeteby Carstairs and Morris
(Carstairs and Morris 1990; McLoone 2001). Thisaabased measure takes z-
scores of four variables (male unemployment, hooisishwith no car, overcrowding
and head of household’s social class) and contlegta into 1 -7 categories, with
category 1 the least deprived. Meawkand H, values by deprivation category

were compared to assess the risk of confoundirgpbip-economic status.

5.3 Results

5.3.1 Rron and Hyn in EUROSPAN samples

Table 5.3 shows sample means and variancesii g Frons and H,. In all cases,
variances are an order of magnitude higher ingbkie population samples than in
the outbred SOCCS sample. Variances for the NS&a$ple are much higher than
the other isolate samples. Table 5.4 shows meanaEs, split by sex, for each
population. Figure 5.1 shows the proportion ofresample with ROH longer than
0.5, 1.5 and 5 Mb. All individuals in all samplesve ROH longer than 0.5 Mb. All
individuals in the NSPHS sample have ROH longen th& Mb and almost % have

ROH longer than 5 Mb. Over 98% of individuals le tother four samples have
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ROH longer than 1.5 Mb and approaching ¥2 have R@igdr than 5 Mb (52 % of

ERF sample, 47% of MICROS and CROAS samples and@fIO@RCA sample).

Table 5.3: Mean (variance) of F ron and Hp, by sample

Sample N F roH15 Frons Hpn

CROAS 789 | 0.90(0.93) | 0.39 (0.44) | 0.654 (2.11 x 10)
ERF 881 | 1.04(1.15) | 0.48 (0.60) | 0.653 (2.35x107)
MICROS 1097 | 0.86(0.91) | 0.38 (0.44) | 0.652 (2.05 x 10'5)
NSPHS 642 | 2.76 (5.60) | 1.32(2.78) | 0.661 (10.9 x 10'5)
ORCADES | 718 | 0.76 (0.68) | 0.29 (0.32) | 0.652 (1.79 x 10™)
SOCCS 722 | 0.27(0.05) | 0.02 (0.02) | 0.651 (0.42 x 10°)
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Table 5.4: Mean Trait values by sex and sample

Trait Sample Females Males
N Mean SE N Mean SE
Total CROAS 453 5.19 0.05| 323 4.99 0.06
cholesterol ERF 510 5.75 0.05| 318 5.63 0.06
MICROS 615 5.99 0.05| 471 5.90 0.06
NSPHS 340 5.97 0.07 | 299 5.96 0.08
ORCADES 385 6.05 0.06 | 332 5.77 0.06
HDL CROAS 452 1.12 0.01| 322 1.09 0.01
ERF 510 1.34 0.02| 318 1.11 0.02
MICROS 615 1.81 0.01| 471 1.53 0.01
NSPHS 340 1.72 0.02| 299 1.46 0.02
ORCADES 385 1.81 0.02| 1332 1.50 0.02
LDL CROAS 452 3.36 0.05| 322 3.08 0.05
ERF 509 3.84 0.05| 314 3.82 0.05
MICROS 615 3.53 0.05| 471 3.68 0.05
NSPHS 340 3.55 0.06 | 299 3.67 0.06
ORCADES 385 3.64 0.06 | 332 3.72 0.06
Ln CROAS 454 0.36 0.02| 323 0.49 0.03
triglycerides | ERF 509 0.15 0.02 | 318 0.33 0.03
MICROS 615 0.14 0.02| 471 0.34 0.03
NSPHS 340 0.51 0.03| 299 0.76 0.04
ORCADES 385 0.17 0.02| 332 0.24 0.03
SBP CROAS 456 141 14| 322 142 1.4
ERF 515 142 1.1 | 319 150 1.2
MICROS 621 132 09| 474 137 0.9
NSPHS 338 124 1.3 | 293 128 1.2
ORCADES 373 130 1.2 | 324 137 1.1
DBP CROAS 456 81 06| 322 84 0.7
ERF 515 81 05| 319 85 0.6
MICROS 621 80 05| 474 81 0.5
NSPHS 338 75 05| 293 77 0.5
ORCADES 372 77 06| 323 79 0.6
Height CROAS 456 1.62 0.003 | 322 1.76 0.004
ERF 490 1.60 0.003 | 299 1.73 0.004
MICROS 612 1.61 0.003 | 467 1.73 0.003
NSPHS 339 1.58 0.004 | 299 1.71 0.004
ORCADES 373 1.61 0.003 | 324 1.75 0.004
SOCCS 352 1.62 0.004 | 370 1.76 0.004
Weight CROAS 442 71.0 06| 322 85.7 0.7
ERF 490 68.1 06| 299 82.5 0.8
MICROS 612 65.2 05| 468 78.4 0.6
NSPHS 337 65.0 07| 298 78.2 0.8
ORCADES 373 71.0 07| 324 85.7 0.7
BMI CROAS 442 27.2 02| 322 27.6 0.2
ERF 490 26.5 02| 299 27.7 0.3
MICROS 612 25.3 02| 467 26.1 0.2
NSPHS 335 26.0 03| 298 26.7 0.3
ORCADES 373 27.4 03| 324 28.1 0.2
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Table 5.4 continued: Mean Trait values by sexand s ample

Trait Sample Females Males
N Mean SE N Mean SE
FVC CROAS 445 3.7 0.05 321 5.3 0.07
ORCADES 371 3.1 0.03 323 4.2 0.05
Ln CROAS 404 1.68 | 0.0078 300 1.71| 0.0088
glucose ERF 478 149 | 0.0072 295 156 | 0.0095
MICROS 600 151 | 0.0050 452 155 | 0.0059
ORCADES 378 1.64 | 0.0051 320 1.70 | 0.0070

Figure 5.1: Proportion of sample with ROH longer th  an specified length,
by population
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Mean Froni.5iS shown in figure 5.2 and meapdrs is shown in figure 5.3 for each
sample, with 95% confidence intervals. For batgFmeasures, NSPHS means are
significantly higher than mean values for any & tther samples, which suggests
that the prevalence of recent parental relatedsdsgher in the NSPHS sample than
in other samples. The meapdgs value for ORCADES is significantly lower than

all other samples and the meawk s value for ORCADES is significantly lower
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than all except MICROS, which suggests that theglemce of recent parental

relatedness is lower in the ORCA sample than irother samples.

Sample means with 95% confidence intervals fgrdfe shown in figure 5.4. Again,
the NSPHS sample mean is significantly higher tih@means of the other samples.
CROAS is significantly higher than MICROS, ERF @DRCA. ERF and ORCA
have overlapping confidence intervals and MICROSlgsificantly lower than all

other samples.

Figure 5.2: Mean percentage of typed autosomal geno  me in ROH longer
than 1.5 Mb (F ron1.5), With 95% confidence intervals, by population
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Figure 5.3: Mean percentage of typed autosomal geno

than 5 Mb (F rowus), with 95% confidence intervals, by population
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Figure 5.4: Mean H ,,, with 95% confidence intervals, by population
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5.3.2 Analysis of QT

Narrow sense heritabilitiesJhadjusted by age and sex and estimated using
GenABEL are shown in table 5.5. Results of theeasgjon analyses are shown in
tables 5.6 to 5.10. Heritability estimates areraggse in all samples, but particularly
in CROAS and ORCADES. This reflects the numbeetdtive pairs available for
analysis. Estimates are most precise for the MISR@mple. Significant
differences between populations were found for Lldbd total cholesterol. The
MICROS estimate, which is the most precise, isifigantly higher than all the other
estimates except for ORCADES (and 95% confidenivals for MICROS and
ORCADES only just overlap). The ORCADES estimdta*dor LDL is

significantly higher than the NSPHS estimate anth @9nfidence intervals only just
overlap between ORCADES and ERF. Results areairfat total cholesterol.
There are no significant differences between sasnplethe other QT examined,
although 95% confidence intervals for height onistjoverlap between NSPHS

(which has the most precise and the lowest helittgbistimate for height) and ERF.
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Table 5.5: Heritability estimates with 95% confiden  ce interval by trait and population, controlled for age and sex
Trait CROAS ERF ORCADES NSPHS MICROS
In glucose 0.27 (0.11 to 0.43) 0.48 (0.30 to 0.66) 0.18 (0.02 to 0.34) N/a 0.32 (0.23 t0 0.41)

In triglycerides

0.38 (0.18 t0 0.58)

0.29 (0.15 to 0.43)

0.36 (0.19 t0 0.53)

0.37 (0.25 to 0.49)

0.38 (0.28 t0 0.48)

total cholesterol

0.29 (0.09 to 0.49)

0.30 (0.17 to 0.43)

0.49 (0.33 to 0.65)

0.23 (0.13 to 0.33)

0.71 (0.60 to 0.82)

HDL 0.32 (0.11 to 0.53) 0.50 (0.35 to 0.65) 0.48 (0.32 to 0.64) 0.59 (0.44 to 0.74) 0.43 (0.32 to 0.54)
LDL 0.22 (0.01 to 0.43) 0.24 (0.12 to 0.36) 0.53 (0.36 t0 0.70) 0.23 (0.13 to 0.33) 0.77 (0.67 t0 0.87)
SBP 0.40 (0.14 to 0.66) 0.30 (0.17 to 0.43) 0.29 (0.14 to 0.44) 0.16 (0.01 to 0.31) 0.21 (0.13 to 0.29)
DBP 0.25 (0.04 to 0.46) 0.33 (0.19 to 0.47) 0.39 (0.24 to 0.54) 0.31 (0.17 to 0.45) 0.29 (0.22 to 0.36)
FVC 0.35 (0.12 to 0.58) N/a 0.37 (0.20 to 0.54) N/a N/a
height 0.90 (0.66 to 1.00) 0.89 (0.76 to 1.00) 0.91 (0.60 to 1.00) 0.68 (0.60 to 0.76) 0.83 (0.71 to 0.95)
weight 0.50 (0.26 t0 0.74) 0.48 (0.34 to 0.62) 0.47 (0.28 to 0.66) 0.53 (0.41 to 0.65) 0.65 (0.53 t0 0.77)
BMI 0.39 (0.10 to 0.68) 0.47 (0.33 to 0.61) 0.50 (0.31 to 0.69) 0.45 (0.31 to 0.59) 0.55 (0.42 to 0.68)
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Table 5.6: Results of regression analysis (lipid tr  aits)
Trait Sample Measure B SE p-value 95% CI
Total CROAS  [Frohis -0.018  0.046 ns -0.11to 0.07
cholesterol Frors -0.039 0.15 ns| -0.33100.25
Hpn 1.8 4.7 ns| -7to 11
ERF FroH1s 0.095 0.053 ns -0.01to00.20
Frons 0.11 0.096 ns| -0.08to 0.30
Hpn 20 13 ns -6 to 46
MICROS  |FroH1s -0.015 0.047 ns| -0.11t00.08
Frots -0.037 0.052 ns| -0.14to 0.07
Hpn -4.6 11 ns -26 to 17
NSPHS  |Fronis 0.0082 0.013 ns| -0.018 to 0.034
Frots -0.0088| 0.017 ns| -0.043to 0.025
Hpn 3.2 4.1 ns| -5to 11
ORCADES |Frot1.5 0.027 0.038 ns -0.05to00.10
Frons 0.049 0.065 ns, -0.08t00.18
Hpn 1.9 11 ns -20 to 24
HDL CROAS  |Fronis 0.0044 0.066 ns -0.13t00.13
Frons 0.0083 0.012 ns| -0.016 to 0.033
Hpn 0.2 0.76 nsi -1.3to1l.7
ERF FroH1s 0.015 0.011 ns| -0.007 to 0.037
Fromns 0.02 0.017 ns| -0.012 to 0.052
Hpn 2.4 3.2 ns -3.9t0 8.7
MICROS  |Fron1s 0.011]  0.0099 ns| -0.008 to 0.030
Frots 0.0061] 0.011 ns| -0.015 to 0.028
Hpn 1.34 3.2 ns -49t07.5
NSPHS FroH1.5 0.0031 0.006 ns -0.009 to 0.015
FroHs -0.00068 0.003 ns|-0.0066 to 0.0053
Hpn 1.2 2.8 ns -4.2t0 6.6
ORCADES |Fronts 0.017 0.018 ns -0.019 to 0.053
Frons 0.026 0.026 ns| -0.025to 0.077
Hpn 3.8 3.8 ns -4t0 11
LDL CROAS  |Fronis -0.0064 0.026 ns -0.058 to 0.045
Frots -0.031 0.086 ns| -0.20to00.14
Hpn -1.1 7.8 ns| -16 to 14
ERF Fron1s 0.071 0.058 ns| -0.04t00.19
Frots 0.082 0.11 ns| -0.13to00.30
Hpn 16 13 ns -9to 41
MICROS  |Frowis -0.07 0.054 ns -0.18t00.36
Froms -0.095 0.32 ns| -0.72t00.53
Hpn -15 13 ns -40 to 10
NSPHS FroH1.5 -0.012 0.049 ns -0.11to 0.08
Frons -0.026 0.033 ns -091 to 0.039
Hpn -1.4 4.9 ns| -11to 8
ORCADES |Fron1s 1.3 2.9 ns -4.3106.9
Frots 0.026 0.049 ns| -0.07to00.12
Hpn -2.9 22 ns -45 to 39
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Table 5.6 continued: Results of regression analysis (lipid traits)

Trait Sample Measure |B SE p-value 95% CI
In CROAS FroH1.5 -0.015 0.11 ns, -0.22t00.19
triglycerides Frors -0.016]  0.071 ns| -0.161t00.12
Hpn 3.8 2.8 ns -1.8t09.3
ERF FroH1.5 0.017 0.017 ns| -0.017 to 0.051
Frots 0.016 0.029 ns| -0.041to 0.073
Hpn 3.4 4 ns -4t0 11
MICROS  |Fron1s 0.007 0.029 ns| -0.049 to 0.063
Frots 0.0053 0.012 ns| -0.019 to 0.030
Hpn 2.4 35 ns -67to 71
NSPHS  |Fronis 0.023 0.016 ns| -0.009 to 0.055
Frons 0.029 0.024 ns| -0.017 to 0.075
Hpn 4.6 4.3 ns -4t0 13
ORCADES |Fronts 0.0075 0.022 ns| -0.035 to 0.050
Frons 0.012 0.031 ns| -0.049to 0.073
Hon -0.27 1.6 ns| -3.5t0 2.9

No significant association was found in any popatabetween homozygosity and

any of the lipid traits, regardless of the measised.
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Table 5.7: Results of regression analysis (hyperten  sion related traits)

Trait Sample  Measure B SE p-value 5% ClI
SBP CROAS  |Frotis 1.9 1 ns| -0.2to03.9
FroHs 2.8 1.5 ns| -0.2to5.9
Hpn 193 239 ns| -276 to 662
ERF FroH1s -1.1 0.98 ns. -3.0t00.8
Frots -1.6 1.4 ns| -4.4tol.2
Hpn -280 246 ns| -763to 203
MICROS  |Fronis -1.01 2.2 ns -5.2t03.2
Frots -1.6 1.4 ns -42tol.1
Hpn -175 324 ns| -812to 462
NSPHS  [Fromis 1.60E-03 0.016 ns|-0.030 to 0.034
Frows 0.093 0.21 ns| -0.31t0 0.50
Hpn -15 34 ns| -81to 51
ORCADES|FroH1.5 -1.7 0.9 ns| -3.49 to 0.05
FroHs -2.6 1.3 0.04 -5.1t0-0.1
Hpn -219 199 ns| -609to 171
DBP CROAS  |Frohis 0.072 0.19 ns| -0.31to 0.45
Frots -0.015 0.15 ns| -0.31to00.28
Hpn -34 88 ns| -206 to 138
ERF FroH15 0.035 0.12 ns| -0.21to 0.28
Frows 0.018 0.13 ns| -0.23t0 0.27
Hon -26 48 ns| -121to 69
MICROS  |Fronis -0.73 0.48 ns -1.7t00.2
Frots -0.97 1.1 ns -3.2to1l.2
Hpn -147 118 ns| -378to 84
NSPHS FroH15 0.051 0.14 ns| -0.23t00.33
FroHs 0.12 0.43 ns| -0.73to0 0.97
Hpn 19 24 ns| -28 to 66
ORCADES|FroH1.5 -0.39 0.35 ns| -1.1to00.3
Frots -0.85 0.56 ns| -1.9to00.2
Hpn 35 88 ns| -137to 207

One significant association was found with a blpoeksure trait. A reduction of 2.6
mm Hg was associated with a 1% increasexighkin the ORCADES sample (p =

0.04).
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Table 5.8: Results of regression analysis (anthropo

metric traits)

Trait Sample  Measure B SE p-value 5% ClI
Height  |CROAS  |Fronis -0.0019]  0.0019 ns -0.0057 to 0.0019
Fromns -0.006 0.008 ns -0.022 t0 0.010
Hpn -0.86 0.8 ns| -2.41t0 0.7
ERF FroH1.5 -0.0083 0.014 ns| -0.037to 0.020
Frots -0.0098 0.0098 ns| -0.029 to 0.009
Hon -1.7 1.1 ns -3.8t00.4
MICROS  |Fronis -0.0046|  0.0021 0.026 -0.0087 to -0.0006
Frows -0.0055  0.0026 0.038 -0.0107 to -0.0003
Hpn -0.62 0.3 0.041] -1.21t0-0.03
NSPHS  [Fromis -0.0022|  0.0012 ns -0.0045 to 0.0001
Frous -0.0041 0.001| <0.0001 -0.0062to -0.0021
Hpn -1.4 0.27| <0.0001 -1.9t0-0.9
ORCADES|Fron1.5 -0.0022 0.002 ns| -0.0061 to 0.0017
FroHs -0.0039] 0.0037 ns| -0.011to 0.003
Hpn -0.63 0.38 ns| -1.4t0 0.1
Weight |CROAS  |Fronis 0.57 0.4 ns -02t0 1.4
Frots 0.61 0.61 ns -0.6t0 1.8
Hon 54 59 ns -61 to 169
ERF FroH15 -0.17 0.23 nsi -0.63t00.29
Frots 0.098 0.2 ns -0.30 to 0.50
Hon -62 76 ns -212 to 88
MICROS  |Fronis -1.1 1.3 ns -3.7t0 1.5
Frots -1.5 1.3 ns| -4.0to0 1.0
Hpon -200, 173 ns -539t0 139
NSPHS  |FroHis -0.76 0.47 ns -1.7t00.2
FroHs -0.75 0.47 ns| -1.7t0 0.2
Hpn -190 234 ns| -648 to 268
ORCADES|Fron1.5 -0.0094 0.094 ns -0.19t0 0.17
Frons 0.031 0.22 ns -0.39t0 0.46
Hon 20 58 ns -93to0 133
BMI CROAS  |Frotis 0.34 0.16 0.033 0.03 to 0.65
Frons 0.41 0.25 ns,  -0.07to 0.89
Hon 45 31 ns -15 to 105
ERF FroH15 0.22 0.14 ns.  -0.05t0 0.49
Frows 0.36 0.2 ns -0.02to0 0.74
Hpn 35 27 ns| -19 to 89
MICROS  |FroH1s -0.27 0.29 ns -0.84t0 0.30
Froms -0.4 0.24 ns -0.881t0 0.08
Hpn -58 61 ns| -179to 63
NSPHS  |FroHis -0.095 0.094 ns -0.28 t0 0.09
Froms -0.14 0.13 ns -0.391t0 0.11
Hon -22 22 ns -66 to 22
ORCADES|FroH1.5 0.046 0.14 ns| -0.22t00.32
Frots 0.12 0.56 ns -10to 1.2
Hon 25 91 ns -152 to 202
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Table 5.9: Results of regression analysis in SOCCS  data set (height
only)

Measure | B SE p-value | 95% ClI

FroHis -0.002 | 0.011 ns | -0.024 to 0.020
Frows 0.014 | 0.02 ns | -0.025 to 0.053
Hon -1.66 | 1.23 ns -4.11t00.8

A reduction in height was significantly associatéth increased homozygosity
using all three measures in the MICROS sample (pegaanging from 0.03 to 0.04)
and for lrons and H, in the NSPHS sample (p < 0.0001). A reductior 6f5 cm

in height was associated with an increase of 1%4n. The direction of the effect
in the ORCADES, CROAS and ERF samples were comsigti¢h this; however
results were non-significant. The direction okeetfin the SOCCS sample was also
consistent with this for 4 and for lRon1.s but not for kons. The latter is unreliable
in the SOCCS sample as, being predominantly outlonrglgt a handful of subjects
have ROH longer than 5 Mb. One further significasgociation was found for
anthropometric traits: an increase of 0.34 kg/m2 associated with a 1% increase

in Fron1.5iN the CROAS sample (p = 0.03).
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Table 5.10: Results of regression analysis (othert  raits)

Trait Sample Measure B SE p-value 95% CI
FVC CROAS Frot1.5 -0.029]  0.035 ns  -0.097 to 0.039
FroHs -0.042 0.051 ns| -0.14 t0 0.06
Hpn -1.2 12 ns -251t0 22
ORCADES |Frot1.5 -0.063 0.031] 0.045 -0.125to0 -0.001
Frots -0.092  0.047 ns| -0.1848 to 0.0007
Hpn -11 6.6 ns| -24 10 2
Ln glucose |[CROAS  |Fronis 0.01] 0.024 ns -0.036 to 0.056
Frows 0.0068| 0.0087 ns  -0.010to 0.024
Hpn 2.8 2.4 ns -2.0t0 7.6
ERF Fronis 0.0023| 0.0073 ns  -0.012to 0.017
Frows 0.002 0.02 ns  -0.037 to 0.041
Hpn 0.83 1.3 ns -1.6t0 3.3
MICROS  |Frowis 0.0055 0.0044 ns| -0.003 to 0.014
Frots 0.0059  0.006 ns  -0.006 to 0.018
Hpn 1.4 0.91 ns -04t03.1
ORCADES |Fronis -0.0055  0.006 ns  -0.018 to 0.006
Frots -0.0054] 0.0092 ns  -0.023t0 0.013
Hpn -0.58 1.1 ns -2.7t01.5

One significant result was found for FVC: in the O&RDES sample, a reduction of

0.06 L was associated with a 1% increaserishEs (p = 0.045).

5.3.3Meta-analysis

Data were then meta-analysed as described in see204 above. Two alternative
Bonferroni adjustments to correct for multiple tegtwere considered. If data are
adjusted on the basis of 11 different traits, tthested p-value is 0.0045 (for a
nominal threshold of 0.05). If a stricter adjustinis made on the basis of 52

different tests, the adjusted p-value is 0.00096.

The only trait to remain significantly associateihihomozygosity after meta-

analysis and correction for multiple testing isgiei With the less strict Bonferroni

correction, height remains significantly associatgith all three homozygosity
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measures. With the stricter correction for mudifesting, i, and Rons remain

highly significantly associated with height.

Table 5.11: Meta-analysis

Trait Measure | Bpooled SE ooled Ppooled 95% ClI
BMI Frots 0.050 0.061 ns -0.07t0 0.17
Frons 0.0086 0.090 ns -0.17 t0 0.18
Hon 8.0 14 ns -20to 36
DBP Frots 0.0032 0.080 ns -0.15 t0 0.16
Frots -0.021 0.093 ns -0.20 t0 0.16
Hon 4.6 20 ns -35 to 44
FVC Frots -0.048 0.023 0.041 -0.094 to -0.002
Frots -0.069 0.035 0.047 |  .0.1368 to -0.0009
Hon -8.7 5.8 ns -20t0 3
HDL Frots 0.0075 | 0.0045 ns -0.001 to 0.016
Frons 0.0011 | 0.0028 Ns | -0.0044 to 0.0066
Hon 0.53 0.68 ns -0.8t0 1.9
Height FroH1s -0.0025 | 0.00082 0.0019 | .0.0042 to -0.0009
Frons -0.0043 | 0.00093 0.000004 | -0.0061 to -0.0025
Hon -0.99 0.17 | 0.000000005 -1.310-0.7
LDL Frots -0.0068 0.020 ns -0.046 to 0.032
Frows -0.0075 0.025 ns -0.057 t0 0.042
Hon -1.0 3.7 ns -8.310 6.3
Ln glucose From1s 0.0019 | 0.0031 ns | .0.0042 to 0.0081
Frons 0.0035 | 0.0042 ns -0.005 to 0.012
Hon 0.73 0.59 ns -0.4t01.9
Ln _ Frotws 0.016 | 0.0098 ns -0.003 to 0.035
triglycerides Frows 0011 | 0.0097 ns -0.008 to 0.030
Hon 1.4 1.3 ns -1.1t0 3.9
SBP Frots 0.0012 0.016 ns -0.031 to 0.033
Frons 0.0038 0.20 ns -0.39 t0 0.40
Hon -23 32 ns -86 to 41
Total Frots 0.011 0.011 ns -0.011 to 0.033
cholesterol Froks -0.0052 0.016 ns |  .0.036t00.025
Hon 2.9 2.8 ns -2.610 8.3
Weight FroH15 -0.033 0.084 ns -0.20 t0 0.13
Frons 0.0069 | 0.137895 ns -0.26 t0 0.28
Hon 0.91 35 ns -68 to 70
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Most of the signal for the association between hoygosity and height comes from
the NSPHS sample (although the MICROS sample &lsws a significant
association and the direction of effect is consiséeross all studies). Thé h
estimate for height was, however, lower in NSPHstim the other samples. For
these reasons, the meta-analyses for height weee lolith with and without the
NSPHS sample. Without the NSPHS sample, resutigiresignificant, but not

when adjusted for multiple testing (table 5.12).

Table 5:12 Meta-analysis for height, excluding NSPH S

Measure Bpooled SEpooled ppooled 95% ClI

FroH1s -0.00286 0.0011 0.012 | -0.0051 to -0.0006
Frohs 0.00503 0.002 0.013 | -0.0090 to -0.0010
Hpon -0.72 0.22 0.001 -1.151t0 -0.29

5.3.4 Homozygosity effects adjusted for recent inleeding

Both Froy measures used here estimate the effects of rpaegntal inbreeding
(Frons estimating more recent inbreeding thawig. Hpn estimates the total
effects of inbreeding in an individual's entire astral demographic history, from
the very ancient shared parental ancestry commah ¢d us, to the very recent. In
order to assess the effect on height of homozygos$iancient origin (or in other
words, Hn controlled for inbreeding), the analysis was répeavith age, sex and
each Roy measure in turn fitted as fixed effects. The adynple where there was
evidence that homozygosity controlled for inbregdias significantly associated
with a reduction in height was the NSPHS samplal¢t&.13). When the results

were meta-analysed, the p-value obtained was hipaerfor the NSPHS sample
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alone, despite the increased sample size, and thikaneta-analysis was repeated

excluding the NSPHS sample, the significant associaisappeared (table 5.14).

Table 5.13: Hp, and height, controlled for age, sex and recent
inbreeding, by sample

Fixed Effect Sample B SE p-value |95% ClI

Fronis NSPHS -2.3 | 0.48 | <0.0001 -3.2t0-1.4
ORCADES -0.78 | 0.61 ns -2.0t0 0.4
ERF -0.54 | 0.50 ns -1.5t0 0.4
CROAS -0.4| 044 ns -1.3t0 0.5
MICROS 0.83 | 0.70 ns -0.5t02.2
SOCCS -1.9 1.4 ns -4.6t00.8

Frons NSPHS -3.5| 0.63 | <0.0001 -4.71t0-2.3
ORCADES -0.57 | 0.46 ns -1.51t0 0.3
ERF -1.3 1.0 ns -3.3t0 0.7
CROAS -0.5| 0.55 ns -1.6t0 0.6
MICROS 0.11| 0.23 ns -0.3t0 0.6
SOCCS 0.014 | 0.02 ns | -0.03to 0.05

Table 5:14: H ,, and height, controlled for age, sex and recent
inbreeding — meta-analysis

Sample Fixed effect Bpooled SEpooled | Ppooled 95% ClI

Total FroHis -0.83 0.23 0.0003 -1.3t0-0.4
sample FroHs 0.0089 0.20 ns -0.41t00.4
Excluding | Fronis -0.39 0.26 ns -0.90t0 0.12
NSPHS Froms 0.012 0.02 ns -0.027 to 0.051

5.3.5 Socio-economic status

Data on socio-economic status were available @ QRCADES and SOCCS
samples only. On the basis of Carstairs deprinatomres, there is negligible
variation in deprivation in the ORCADES sample:898.of the sample is classified
as deprivation category 3. There is more variaitiothe SOCCS sample, so mean
values for H, and roni.sWere calculated for each deprivation category. No
significant difference by deprivation category viasnd using either homozygosity

measure (figures 5.5 and 5.6).
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Figure 5.5: Mean (95% confidence interval) F  ron1.5 by Carstairs

deprivation category (SOCCS sample)
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Figure 5.6: Mean (95% confidence interval) H p, by Carstairs deprivation
category (SOCCS sample)
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5.4 Discussion

5.4.1 Population characteristics

This study was based on 5 isolate populations clteniaed by higher mean levels of
parental relatedness than are generally found infggan populations. One more
cosmopolitan European sample was included in taéysis of height. Four of the
five isolate samples are very similar to each othéhneir distribution of ROH
(figures 5.1 to 5.4 and table 5.3); however thia ffNSPHS from Northern Sweden)
is very different. On average, NSPHS subjects ls@west 3 times the proportion of
their genome in ROH compared with subjects fromatier samples (figures 5.2
and 5.3) and significantly higherkivalues (figure 5.4). There are a number of
reasons for this. Most obviously, levels of corgganeous marriage may be higher
in NSPHS than in the other study populations. 8dlygo NSPHS has lowerdNas a
result of very long term isolation: the other igelpopulations are by comparison
relatively recently isolated. Finally, in termsaifele frequencies, this population,
which consists of individuals with Saami and norms8aheritage, is genetically
more distant than the others are from the westarogean populations used in the
discovery of the majority of SNPs making up the Blaparray. Ascertainment bias
may therefore be an issue because allele frequendien general be more different
and as such may influence the probability of hongosjty. The NSPHS sample is
also interesting because it consists of two disBnb-groups, one with Saami and
one with non-Saami heritage. Analysis by sub-pafah would reveal the extent to

which this signal is coming from one or both graups
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In the other isolate samples, differences betwegn &nd H, statistics are
interesting. CROAS is not significantly differantERF or MICROS for mean
Frous (i.€. levels of recent parental relatedness areigiwer in CROAS than in ERF
or MICROS); however meangHlis significantly higher for CROAS than for all the
other samples except NSPHS, suggesting a smalkéstigé population size in this
island population deep in the past. Results foCBRES are similar: ko statistics
suggest that levels of recent parental relatedaessignificantly lower than in all the
other samples; however meap, kb significantly higher than for MICROS,

suggesting smaller long term, bhan for the MICROS sample.

5.4.2 Heritability estimates

The only traits where significant differences wirend between populations were
LDL and total cholesterol, where the MICROS estenats significantly higher than
all except the ORCADES estimate. This may in paftect true population
differences in heritability: environmental influeggcon trait values differ widely
across the study populations, ranging from a Mediteean diet and climate in the
CROAS sample to a sub-Arctic climate and a lifesgtaracterised by very high
physical activity and a diet high in game and fislNSPHS. Differences in
heritability estimates may also be to some extarargefact of the methodology
used. Estimates are very imprecise, particularthe CROAS and ORCADES
samples, reflecting lower numbers of relative pairailable to estimate heritability.
Results may also be skewed if traits are sexuathprphic. One approach to this
problem would be to analyse males and females atgbgrhowever using

GenABEL, this would mean that heritabilities woblel estimated by comparing
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males only with males and females only with femal€kis can lead to very variable
results, as the number of pairs used in the arsalysiut quite dramatically,

especially in small sample sizes such as theses @&tiew pairs could be very
influential, leading to unreliable resulige{sonal communication, Veronique Vitart).
For this reason, it was decided on balance to obfur sex rather than analyse males

and females separately.

5.4.3 Lipid and Blood Pressure traits

A high dominance variance has been reported itwky®lood pressure and LDL
cholesterol in the Hutterites (Abney, McPeek e28D1). For this reason, there is a
theoretical expectation that these QT will be iefined by inbreeding. Consistent
with this, various studies have found evidenceigiificant positive association
between blood pressure angdThirteen studies investigating the association
between blood pressure and inbreeding or consaitgware found. Three were
discarded because they were ecological studiedwahiitcnot use an individual
measure of inbreeding. Of the remaining 10 sty@erseasured inbreeding using
Fpea Of which 5 used categorical measures (e.g. inbneok inbred) (Soyannwo,
Kurashi et al. 1998; Saleh, Mahfouz et al. 200Gjd&addoza 2004; Bener, Hussain
et al. 2006; Rudan, Biloglav et al. 2006) and 4dusggyas a continuous measure
(Krieger 1969; Martin, Kurczynski et al. 1973; EiddAxelsson et al. 2001; Rudan,
Smolej-Narancic et al. 2003). Only 1 study (Cantipl@arothers et al. 2007) used a
genomic measure of inbreeding. These studiesuanenarised in table 5.15. Four
found no evidence for an association between bppedsure and inbreeding (Martin,

Kurczynski et al. 1973; Soyannwo, Kurashi et aR&;%EIdon, Axelsson et al. 2001,

183



Bener, Hussain et al. 2006), although 2 of these nadatively small and so may
have been under powered (Martin, Kurczynski e19F.3; Eldon, Axelsson et al.
2001). Five found evidence of an association betwebreeding and blood pressure
(Krieger 1969; Martin, Kurczynski et al. 1973; Sal&ahfouz et al. 2000; Rudan,
Smolej-Narancic et al. 2003; Badaruddoza 2004; RuBdoglav et al. 2006;

Campbell, Carothers et al. 2007).

Six studies examining the association between atng and cholesterol were
found. One was an ecological study, which didus® an individual measure of
inbreeding, and so was excluded. The remaining S@ammarised in table 5.16.
Four used pedigree measures of inbreeding (Magtingzynski et al. 1973; Eldon,
Axelsson et al. 2001; Rudan, Biloglav et al. 208&acs, Sayed-Tabatabaei et al.
2007) and 1 used a genomic measure, as describgd @bampbell, Carothers et al.
2007). One study found no significant associabietween inbreeding and
cholesterol (Rudan, Biloglav et al. 2006). Onealgtiound a significant negative
correlation between HDL and inbreeding (Eldon, Aseh et al. 2001). One study
found a significant negative association betweaegterol (presumably total
cholesterol, although the paper does not makecté#s) and inbreeding in males
under 20 but a significant positive associatiomeles over 40 (Martin, Kurczynski
et al. 1973). Two papers found significant positassociations between both total
cholesterol and LDL cholesterol and inbreeding (ghetl, Carothers et al. 2007;

Isaacs, Sayed-Tabatabaei et al. 2007).
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Table 5.15 Summary of literature on blood pressure

and inbreeding

Reference Measure of Sample Findings Effect size
inbreeding/homozygosity
Soyannwo Categorical (offspring of 1¥ cousins, 2™ | 5671 residents of No evidence of association between NA
et al, 1998 cousins, more distant cousins, Buraidah, Gassim consanguinity category and blood pressure
unrelated parents) Region, Saudi
Arabia (includes
both urban and rural
areas)
Rudan, Ordered categorical: Location: Dalmatian | Significant association between ordered Mean (interquartile
Biloglav et * inbred = evidence of islands, Croatia. 76 | categories and SBP (p=0.006). This range) SBP for inbred
al, 2006 inbreeding from pedigree or subjects in each remained when inbred and autochthonous | category = 150 (40),
isonymy; category (total 304) | categories were combined into an inbred and for outbred
e autochthonous = all 4 Study conducted in category and admixed and outbred category = 140 (35)
grandparents from subject’s 2002. categories were combined into an outbred
village of residence; category (p=0.005)
» admixed = mother’s parents
born in one village and father’s
parents born in another;
* outbred = at least 3
grandparents born in different
larger Croatian mainland
settlements
Saleh, 2000 | Categorical (consanguineous vs. non- 1312 primary school | Prevalence of hypertension much higher in | OR (95% CI) of
consanguineous, but not clear how children aged 6-10, | children of consanguineous parents hypertension = 1.61
consanguinity defined) Kuwait. (1.11 — 3.56)
Bener, 2006 | Categorical (any degree of 876 Qatari females No significant difference in OR of NA

consanguinity found from pedigrees
(mostly parents related as 2" cousins
or closer) vs. non-consanguineous).

age 15+. Study
conducted 2004-
2005

hypertension between offspring of
consanguineous vs. Non-consanguineous
subjects
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Table 5.15 continued: Summary of literature on bloo

d pressure and inbreeding

Reference Measure of inbreeding/homozygosity Sample Findings Effect size
Badaruddoza, Categorical (consanguineous vs. non- 3253 Muslim North | DBP and SBP Mean SBP was 4mm Hg higher in
2004 consanguineous, based on 3 ancestral Indian children significantly higher in consanguineous than in non-
generations) aged 6-14 (one both males and consanguineous group. Mean DBP
child per family), females in was 5 mm Hg higher in males in
Aligarh District, consanguineous consanguineous group compared with
Uttar Pradesh category (p<0.001) non-consanguineous group and 7mm
Hg higher in females in
consanguineous group compared with
non-consanguineous
Eldon, 2001 Continuous (Fpeq based on unspecified | 119 Icelandic No significant NA
number of generations) people living in association between
Iceland and Fped and blood
Canada. pressure
Rudan, Smolej- | Continuous (Fyeq based on 4-5 ancestral | 2760 adults Significant association | SBP was 20 mmHg higher in offspring
Narancic et al generations) resident in between Fyeq and both | of 1* cousins compared with offspring

2003

Croatian island
isolate settlements,
Dalmatia. Data
collected 1979-81.

SBP and DBP

of unrelated parents.

Martin, 1973

Continuous (Fyeq based on complete
pedigrees back to 1800 and incomplete
back to 1700)

489 subjects from
S-Leut Hutterites,
a large religious
isolate in USA and
Canada.

No association with
DBP, some association
with SBP in some sub-
groups

NA

Krieger, 1969

Continuous (Fyeq based on unspecified
number of generations)

3465 children from
Sao Paolo, Brazil

Significant inbreeding
effect (p<0.01) on DBP

10% increase in Fyq associated with
increase in DBP of 35mm Hg

Campbell, 2007

Genomic measure of inbreeding
(relative heterozygosity =
excess/expected heterozygosity derived
from panel of 1240 microsatellite
markers and cross checked with

385 adults resident
in Croatian island
isolates

pedigree data)

SBP and DBP both
significantly associated
with relative
heterozygosity
(p<0.05)

SBP was 6.8 mmHg higher and DBP
was 3.3 mmHg higher in offspring of 1%
cousins compared with offspring of
unrelated parents.
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Table 5.16: Summary of literature on cholesterol an

d inbreeding

Reference Measure of inbreeding/homozygosity ample Findings
Rudan, Ordered categorical: Location: Dalmatian islands, No evidence of significant
Biloglav et al, * inbred = evidence of inbreeding from pedigree or Croatia. 76 subjects in each | association, although borderline
2006 isonymy; category (total 304) Study significant associations for total
« autochthonous = all 4 grandparents from subject's | conducted in 2002. cholesterol and HDL.
village of residence;
* admixed = mother’s parents born in one village
and father’s parents born in another;
e outbred = at least 3 grandparents born in different
larger Croatian mainland settlements
Eldon, 2001 Continuous (Fyeq based on unspecified number of 119 Icelandic people living in | HDL and Fpeq4 significantly negatively
generations) Iceland and Canada. correlated (p<0.05)
Martin, 1973 Continuous (Fyeq based on complete pedigrees back to 489 subjects from S-Leut Inbreeding significantly associated
1800 and incomplete back to 1700) Hutterites, a large religious with reduction in cholesterol in males
isolate in USA and Canada. aged <20 and an increase in
cholesterol in males aged 40+
Isaacs, 2007 | Categorical (Fyeq based on >15 generation pedigree data 868 subjects from Dutch Inbreeding significantly associated
divided into quartiles) isolate with total cholesterol (pyeng = 0.02)
and LDL cholesterol (pgeng = 0.05)
Campbell, Genomic measure of inbreeding (relative heterozygosity = | 385 adults resident in Total cholesterol was 6.8% and LDL
2007 excess/expected heterozygosity derived from panel of Croatian island isolates was 9.6% higher in offspring of 1%

1240 microsatellite markers and cross checked with
pedigree data)

cousins compared with offspring of
unrelated parents.
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The present study found no evidence for an inbregéifect on either blood
pressure or lipid traits. Part of the explanafiamthis, particularly for blood
pressure, might be the high level of treatmentigrertension in the study samples.
In order to account for the effects of treatmefdpld pressure values of those being
treated for hypertension were adjusted as descabede. An examination of meta-
analyses investigating the effects on SBP and DiBRwous hypertensive regimes
found that each hypertensive medication reduced I8B#ound 10 mm Hg and
DBP by around 5 mm Hg, with the effect of multipiedications being additive
(Law, Wald et al. 2003). Following this logic, ataking into account the numbers
of participants taking 1, 2, 3 and 4 different noadlions, SBP was adjusted upwards
by 15 mm Hg and DBP upwards by 7.5 mm Hg for tHzeseg treated for
hypertension. This approach is, however, far fideal: the meta-analyses were all
based on clinical trial data but there is a vesagdifference between clinical trial
conditions and real life; there is a great deahdividual variation in treatment
response which cannot be predicted; finally, lhefreta-analyses seemed to
suggest a more modest response to treatment, glitresults were difficult to

interpret.

Adjusting lipid trait values for those being tregtgith statins is similarly
problematic. Variation in individual response, a@gs, compliance and duration of
treatment and the differences between clinical toaditions and real life make any
adjustment far from ideal. An obvious responsthie problem would be to remove
all those being treated for hypertension or raealesterol from the analysis.

Unfortunately, given the large numbers of subjbetsig treated for hypertension,
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this would dramatically reduce the sample sizevduld also have the effect of
reducing trait variance. The prevalence of anpdriensive treatment was almost
certainly lower in the studies carried out longgo ar in the developing world, and

was effectively zero in the Dalmatian study of Rueaal (2003).

It is important to note that there are many po&grtiaccuracies in the measurement
of phenotypic data. In addition to measuremerdresithin individual populations,
differences in measurement protocols among theygsiadulations may have
introduced bias. Data on self-reported medicatiay be affected by recall bias and
coding of drugs may be prone to error. All of théyges of error may impact on the

results of the analysis.

Only one other study used a genomic measure tmaiinbreeding (Campbell,
Carothers et al. 2007). The other studies cited Ak used f.q based on pedigree
data of varying quality and completeness. It fidilt to say how this might have
affected results, except to say that the expectagithat if an inbreeding effect is
detectable with a very imperfect pedigree-basedsoreathe expectation is that it

should be easier to detect with an enhanced genoeasure.

An important difference between this study and#iker studies examined is that this
was the only one to correct for relatedness withensample. GenABEL uses a
genomic kinship matrix to correct for closer tr@semblance between relative pairs
than between pairs of unrelated individuals. Failarcorrect in this way may have

resulted in false positive results in other studi€s demonstrate this, LDL was
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analysed using simple linear regression, adjustngge and sex but not kinship.
Whilst estimated effect sizes were the same asgiveable 5.6, p-values were
lower. Using this approach kwas significantly associated with LDL in ERF (p =

0.02) and significantly negatively associated vdbbi in MICROS (p = 0.035).

Another explanation for the failure of this studyfind an association with lipid or
blood pressure traits might be that many of thedc#tudies were conducted in
highly consanguineous populations, where levelalmieeding were likely to be
much higher than in the EUROSPAN samples. For @kanthe study by Saleh et al
reports the rate of consanguineous marriage in Kufram which the study sample
is drawn, to be 54.3% and the mean populatieaté be 0.02 (Saleh, Mahfouz et al.
2000). Even some of the Dalmatian studies werewcted in villages with reported
mean population Jsq4 of this order (up to 0.05 for one village) (Rud&molej-
Narancic et al. 2003). Publication bias, favogrstudies reporting evidence for

association, may also be a factor.

An examination of confidence intervals, both byiudial sample (tables 5.6 and
5.7) and in the meta-analysed total sample (taldl&)5suggests that insufficient
power in the present study is unlikely to be theesosm why associations were not
found here between homozygosity and blood pressuipid traits. If the direction
of effect was consistent across samples and ifidenc¢e intervals were very wide or
were heavily skewed in either a positive or negatirection, this would suggest
that increased sample sizes might produce stallistisignificant results. This,

however, is not the case: confidence intervalbéneta-analysed sample are

190



narrow and because there is inconsistency amongjgtagns (for example, beta
values for SBP are negative in ERF and ORCADE$bsitive in CROAS; beta
values for LDL are positive in ERF but negativeMiCROS) confidence intervals
are not skewed away from zero in the meta-analgaatple. Given that we are only
able to detect a small proportion of the homozyyqgsiesent, it remains an open

question whether ROH influence these traits ingdweeral population.

5.4.4 Height

The present study found evidence for significabt@eding depression associated
with height. Most of this result was driven byery high association between
reduced height and both,kand Rkon in the NSPHS sample, although results were
also significant in the MICROS sample and the estad effect size and direction of
effect was consistent across all samples. Thepvgilue in the NSPHS sample
may be attributable to increased power to deteeffact because of higher levels of
parental relatedness compared with the other sanflee higher p-value in the
MICROS sample compared with CROAS, ERF and ORCADES reflect
increased power to detect an effect because datber sample size. Nevertheless,
the fact that results in the NSPHS sample werewthrhigher than those found in
the other EUROSPAN samples means that it may baeptuo consider these results
both including and excluding NSPHS. Excluding N&Rkesults remained
significant at the 0.05 level, however not wheruatkd for multiple testing. The
literature on height and inbreeding was searcheudlder to put these findings in
context. Eight observational studies investigatiiyeeding and height were found.

Two found no evidence of inbreeding depressionaight (Neel, Schull et al. 1970;
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Campbell, Carothers et al. 2007) whilst six fourlence of a reduction in height
associated with inbreeding (Morton 1958; Martinré&aynski et al. 1973; 1983;
Krishan 1986; Badaruddoza 2004; Zottarelli, Sundle2007). These studies are
summarised in table 5.16. All of the studies thanhd clear evidence of inbreeding
depression involved children or babies (Morton 135@ire-Maia 1983; Krishan
1986; Badaruddoza 2004; Zottarelli, Sunil et aD20it is possible that these results
reflect differences in growth rate rather than hgigince adult height is the result
not only of childhood growth, but also of loss efdht during ageing (Weedon,
Lango et al. 2008). The two studies involving @slgMartin, Kurczynski et al.
1973; Campbell, Carothers et al. 2007) found eittteor ambiguous evidence of
inbreeding depression. Another point that shoeldaken into account when
evaluating these is socio-economic status, a krawafiounder of height, which may
have biased the results of two of the studies exadth{Morton 1958; Badaruddoza

2004).
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Table 5.17: Summary of literature on inbreeding and height
Reference Measure of inbreeding/homozygosity ample Findings Effect size
Campbell, Genomic measure of inbreeding (relative 385 adults No evidence of inbreeding effect. NA
2007 heterozygosity = excess/expected resident in Results controlled for socio-
heterozygosity derived from panel of 1240 | Croatian island economic status (SES).
microsatellite markers and cross checked isolates.
with pedigree data)
Martin, 1973 Continuous (Fyeq based on complete 489 subjects from | Significant evidence of inbreeding | Insufficient data provided

pedigrees back to 1800 and incomplete
back to 1700)

S-Leut Hutterites,
a large religious
isolate in USA
and Canada.

depression in some age-sex
groups but significant increase in
height associated with inbreeding
in others. SES not measured but
this is a communal population.

by authors

Krishan, 1986

Fped Categorical (consanguineous v non-
consanguineous derived from 3-5

502 Sheikh Sunni
Muslim boys age

Significant reduction in height at all
ages in offspring of

0.3 — 2.5% difference in
height between

generation pedigrees) 11-16, Delhi. consanguineous parents. No consanguineous and non-
difference between groups in consanguineous groups
father’s income, occupation and (data presented by year of
education. age)
Badaruddoza, | Fpeq categorical (Fpeq =0 and Fpeq >0) 1443 North Significant reduction in height in Mean height reduction of
2004 Indian children, Fpea >0 group (p<0.001). SES not | 3.75 cm (males) and 5.27
age 6-14. SES measured, so may bias results. cm (females)
not evaluated.
Neel et al, Categorised by type of parental cousin 1343 middle No evidence of inbreeding NA
1969 relationship school children, depression. Results controlled for

Japan. Data
collected 1965.

SES.
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Table 5.17 continued: Summary of literature on inbr

eeding and height

Reference | Measure of Sample Findings Effect size
inbreeding/homozygosity

Zottarelli Categorised into no 10,194 children “Stunting” (based on z score indicators of height Offspring of 1% cousins

etal, 2007 | relation, 1% cousin, 2™ under 5 years old, for age) significantly higher in offspring of significantly (p<0.01) higher
cousin, other relation Egypt. Data consanguineous parents. Parents’ education and odds of being below -2SD for

collected 2000. other social factors evaluated to avoid height for age.
confounding.

Morton et | Fyeq categorical (more ~75,000 babies age | Very small but significant reduction in height Mean height in unrelated

al, 1958 remote than 2™ cousin 8-9 months, Japan. | associated with inbreeding. SES not measured, group was 2.3mm taller than
parental relationship Data collected SO may bias results. mean height in the offspring
counted as unrelated) 1948-54. of 1% cousins group

Freire- Foed 534 south Brazilian | Reduction in height significantly associated with 2cm decrease in height

Maia, school children. inbreeding. Father’s occupation evaluated to associated with 10%

1983 Data collected avoid confounding. increase in Fpeq.

1964-65.
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There is, then, some empirical evidence of an iedhirey effect on growth and/or
adult height. How consistent is this with whakmwn about the genetics of height?
Evidence of inbreeding depression on a trait issaent with high dominance
variance; however there is little published evideatdominance variance for
height. A recent study by Weedon et al (2008) tbna strong evidence of deviation
from an additive genetic model for height. Visscéeal (2007) did not find
significant evidence of dominance variance, althotige authors state that
dominance variance was difficult to assess in thibipair design because
genomewide additive and dominance coefficients wegbkly correlated. Three
heritability studies have found little evidence étmminance variance (Ober, Abney
et al. 2001; Weiss, Pan et al. 2006; Visscher, Vagay et al. 2007), although a
fourth estimated dominance variance as 9% for men7& for women (Eaves,
Martin et al. 1999). Absence of evidence for dasmnice variance need not, however,
be inconsistent with evidence of inbreeding depoasst can be shown that with a
large number of loci it is theoretically possibbehtave inbreeding depression in the

absence of evidence for dominance variapeesfnal communication, P Visscher).

The results of the present study are, then, camisoth with published inbreeding
studies and with genetic theory, given a very largmber of loci influencing height.
It is likely, then, that the observed associatietween both k, and ror and height
is a real, albeit small, one. This study is notyaver, without its drawbacks. Weiss
et al (2006) recommend that heritability be esteddbr males and females

separately because of the possibility of sexuabdumnism. It was decided not to do
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this in the present case for the reasons explamsection 5.4.2 above, although it is

recognised that this will not fully account for aeffects of sexual dimorphism.

Age is another issue warranting further investmati It is known that old people
shrink, due to osteoporosis, etc, thus differemtege profile between samples may
affect results, if for example one sample has aérigroportion of old people than
another. Again, adjusting for age might not deigh this effect fully. One
approach would be to restrict the analysis to am&ge band, although the
disadvantage of this approach would be a reduatidample sizes. An alternative
approach would be to use demispan (the length &t@mal notch to fingertip). This
is very highly correlated with adult height and so®t change during the aging

process, however it was not measured in the cohueiable.

Finally, the highly divergent results in the NSPst8nple remain puzzling.
Ascertainment bias, resulting from the fact thatkees chosen for polymorphism in
other populations, are being used here, may betarfaThis may account for the
relatively low i estimate for height in NSPHS (although this estéinveas not

statistically different from hiestimates for the other populations).

5.4.5 Other traits

There was no significant evidence of inbreedingedegion for any of the other traits
examined, although respiratory traits may warrarther investigation in bigger
samples (data were only available for CROAS and BBES), particularly as

Campbell et al found evidence of inbreeding depoess a related lung function
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test (FEF25) (Campbell, Carothers et al. 2007)\&ietss and colleagues were able
to estimate dominance variance for FEV1 in Hutsr2006). Only CROAS and
ORCADES provided data on FVC: confidence interytble 5.11) suggest that a

larger sample size might yield significant results.

5.5 Conclusions

This study investigated recessive effects on 11 Qe effects of recent inbreeding
were investigated using:bri.sand Rops and the effects of total inbreeding,
including that of very ancient origin, were investied using kh. The study found

no evidence of inbreeding depression on lipid qrdntension-related traits, although
failure to see an effect may be in part to do i difficulties inherent in
investigating such QT in populations with high Ilsvef treatment for hypertension
and raised cholesterol. The only QT to exhibitdewnice of inbreeding depression
was height, where a 1% increase iyiwas associated with a reduction in height of
between 0.25 and 0.5 cm. After adjustment for iplelttesting, results were
significant for both B, and lons. However, results for one population (NSPHS)
were so much higher than the other samples as¢ocgiuse for concern.
Consequently, data were reanalysed without thisiladipn, and whilst results
remained nominally significant at the 0.05 levkEyt were no longer significant after
adjustment for multiple testing. There is consihde evidence from published
inbreeding studies to support the hypothesis ahlreeding effect on height and
this is theoretically possible despite the laclewflence of dominance variance for
height. For this reason, further investigatioho$ question using much larger

sample sizes would be of interest. P-values fagttavere stronger for jd than for
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either liRoy Mmeasure, which focus on the effects of recenteiedling. Results for the
effect of H,, controlled for inbreeding (i.e. isolating the eff® of ancient inbreeding)
were non-significant. This suggests that it iscbmulative effect of all
homozygosity, not just the homozygosity resultirapf recent inbreeding, that is

important.
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Chapter 6: Homozygosity and colorectal cancer

6.1 Introduction

The previous chapter explored the question of wdratbcessive effects could be
detected in a range of QT, primarily in populatiovigh high levels of parental
relatedness compared with urban European popuatiBy (expressed as a
percentage) was used to estimate the effects ehtend deeper inbreeding, whilst
Hpn Was used to estimate the total effects of inbregediven from ancient ancestry.
This final chapter extends the analysis to two damfsom much more cosmopolitan
UK populations, in order to investigate recessiffeats in colorectal cancer risk.
Again, both H, (an estimate of total homozygosity, or both antcéemd recent
parental relatedness) and twgok measures are used: the percentage of the typed
autosomal genome in ROH < 1 Mhx@r<)) is a measure of parental relatedness of
very ancient origin, or equivalently homozygosigulting from small population
size; the percentage of the typed autosomal gemoROH> 1 Mb (Fron-1) is @

measure of recent parental relatedness.

Although twin studies estimate that genetic susb#jy accounts for around 35% of
CRC aetiology in populations of European origincfitenstein, Holm et al. 2000),
most of this risk remains unexplained. Some of thissing heritability” may be
attributable to CNV, which current arrays do noteowell and which consequently
have not been studied properly. Only a small pridgpo of CRC heritability can be
explained by currently identified susceptibiliticldHoulston, Webb et al. 2008).
GWAS have high power to detect common variants {aeiants with a population

frequency of at least 10 — 20%) with a large inficee on risk (i.e. explaining at least
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1% of inherited risk), so it is unlikely that theaee many more common risk alleles
with large effect sizes to be identified in popidas of European origin (Houlston,
Webb et al. 2008; Tomlinson, Webb et al. 2008)e ploportion of heritability
explained by the variants identified to date isiwbweer, very low, accounting for less
than 5% of inherited risk (Houlston, Webb et al0o20 This implies that much of
the remaining variation in CRC risk is explainedabgolygenic model involving
many common variants of individually very smallegt size, and rarer variants of
both small and large effect size, all of which GWA&e low power to detect
(Houlston, Webb et al. 2008). Evidence of an assion of Fron and/or H,, on

CRC risk would be consistent with this polygenicdeband would support the
hypothesis that CRC risk is influenced by the comabieffect of many recessive
variants spread throughout the genome. Herehtlpsthesis is investigated using

data from two British CRC case-control data sets.

6.2 Methods

6.2.1 Sample details

The London sample consists of 618 cases with ccareeoplasia and at least one
1% degree relative affected by CRC. The 963 contisésindividuals unaffected by
cancer and with no family history (up t8°2legree relatives) of colorectal neoplasia.
All are of European ancestry and from the UK (Htards Webb et al. 2008). The
Scottish sample is from a prospective populatiosedastudy conducted in Scotland
from 1999 (SOCCS), comprising 980 cases with ainoet diagnosis of
adenocarcinoma of the large bowel. The samplaristeed for early onset cases

(diagnosed at age 55 or younger). The 1002 canér@ unrelated individuals not
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affected by cancer and matched to cases by agairfviaityears), sex and area of

residence in Scotland (Tenesa, Farrington et &i8R0

The London sample was genotyped with the IllluminendnHap550 BeadChip
array, comprising 555,352 SNPs. After performing grocedures (Houlston, Webb
et al. 2008) 547,487 SNPs remained. The SOCCSleamgs genotyped with the
[llumina HumanHap300 and HumanHap240S arrays, cismgr555,510 SNPs.
After performing QC procedures (Houlston, Webble@08) 548,586 SNPs

remained.

Further QC procedures were then performed on katipkes. Individuals with more
than 5% missing genotypes were excluded. SNPseladed if more than 10%
were missing or if they failed HWE at p < 0.00(inal sample numbers are shown
in table 6.1. Five individuals were removed frdm SOCCS sample for low
genotyping and 487 SNPs were removed for failingEHHViNo individuals were
removed from the London sample for low genotypifg0 SNPs were removed for

failing HWE.

A consensus panel was then made, including 54583s that satisfied these QC
criteria in both samples. 525,727 of these wetesmumal SNPs. Excluding the
centromeres, the length of the autosomal genomered\by this panel is 2673.83

Mb. This gives a mean density of SNP coverage 23 &b/SNP.
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Table 6.1: Sample details

Sample Male | Female | Total
SOCCS cases 495 481 976
SOCCS controls 513 488 | 1001
SOCCS total 1008 969 | 1977
London cases 279 339 618
London controls 439 524 963
London total 718 863 | 1581
Total cases for meta analysis 774 820 | 1594
Total controls for meta analysis 952 1012 | 1964
Total for meta analysis 1726 1832 | 3558

6.2.2 Definition of Fron
Frowu statistics were derived using the Runs of Homogiig@rogramme
implemented in PLINK, as described in detail intea 3. The following
parameters were used:
* The minimum number of consecutive homozygous geresonstituting a
ROH was set at 25
e The minimum length of ROH was set at 150 kb.
* The maximum density (kb/SNP) of a ROH was set at 20
* The maximum gap (kb) between 2 consecutive homars/§NPs in a ROH
was set at 100.
* All other parameters used PLINK defaults (Purcé?).
The lengths of all ROH < 1 Mb and all ROHL Mb were summed for each

individual and expressed as a percentage of tredtgntosomal genome. Case and
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control group means were calculated for each saarplehe differences between
groups were tested for significance. This was doitially for males and females

separately within each sample to check for effeatlification by sex.

6.2.3 Definition of Hn

Hpn Was derived from the heterozygosity programmeLlilNK, by subtracting the
number of homozygous genotypes per individual ftbentotal number of typed
SNPs per individual. Case and control group meaare calculated for each sample
and the difference between groups was testeddaifgiance. This was done
initially for males and females separately withatle sample to check for effect

modification by sex.

6.2.4 Association of CRC with recent inbreeding andistant shared ancestry

In order to understand the extent to which CRCisskssociated with recent
inbreeding and the extent to which it is associatghl distant shared parental
ancestry, the samples were sub-divided into inbretloutbred groups. The outbred
group was derived using parameters from the hatb@an group described in
chapter 3. This group consists of individuals vatie set of Orcadian and one set of
mainland Scottish-born grandparents, with no pegigavidence of inbreeding in the
previous 4 — 5 ancestral generations and a highatibty (because of what is
known about migration patterns between Orkney Aedést of Scotland) of no
inbreeding in about 10 ancestral generations. magmum value of kon1.5in this
group (estimated using the Hap300 panel) was 0.52%1 5 Statistics were

estimated for the SOCCS and London samples, alag tlee Hap300 panel, and
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subjects with kon1.slower than 0.52% were classified as outbred. Tribseeding
threshold is very low, which is appropriate foridafg an outbred group: if this were
an epidemiological test for inbreeding, it wouldreéavery high specificity (i.e. it
correctly identifies a high proportion of non-intdrsubjects). A much more sensitive
definition of inbreeding is, however, required tnimise the risk of false positives

in the inbred group. Using data on the offsprih§iret and second cousins in the
ORCADES study described in chapter 3, inbred subj@ere defined as those with
at least 0.75% of their typed autosomal genome@iR 1.5 Mb, as measured using

the Hap300 panel.

Two analyses were performed. Firstly, in ordeintestigate whether recessive
effects due to distant shared ancestry can betddtdbe outbred group was
analysed separately. Mean differences betweers eakecontrols were analysed
using two measures:pk which estimates total homozygosity, angiz1, which
estimates the effects of non-recent inbreeding suggiested in chapter 4, this latter
measure should be treated with a degree of cadtierto the limitations of the

Hap500 SNP panel in detecting short ROH.

Secondly, in order to assess the association bat@BE risk and recent inbreeding,
CRC odds ratios (OR) were estimated for the inlodpared with the outbred
groups. ORs were first estimated in groups steatiby sample and sex. A pooled
OR was then estimated using Mantel-Haenszel metfikidavood and Sterne

2003).
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6.2.5 Meta-analysis
The results from both samples were combined in @+aealysis (Whitehead 2002).
Firstly, the absolute differences between casecanttol means in each sample were

calculated as follows:

Table 6.2: Meta-analysis notation

Data Cases | Controls | Total
Number of independent studies r
Number of subjects n Ne n
Mean Vool Ve

Standard deviation S Se

Sum of observations A A A
Sum of squares of observations B, B. B

The difference between the sample means is:

This has variance:

var(@) = az(i + i]
e N

o’ is estimated using the sample standard deviafi@ach total sample (i.e. the

standard deviation of the cases and controls ih stady):

2:BT_Ar2/nT+Bc_A§/nC
n-2

S

205



Next, results of the two studies were combinede pholed variance (i.e. pooled

between both studies)s;, ., is derived from the variance of the separate studie

above:

> _ zir:l(ni -2)s?
pooled —Z‘:ﬂ(ni ~2)

wheren is the total number of subjects from study

S

The variance is derived frorsf ., Using the same equation as above, except that

o’ is replaced bys; e :

var(é) = Spogied (i + i]

Ny N
The null hypothesis is that the difference in bstildies = 0. This is tested by

comparing thel statistic with they*distribution with 1 df.

Let w be the estimated inverse varianceépf

6.2.6 Adjustment for multiple testing
A Bonferroni correction was applied to take accafmnultiple testing. With an

alpha level of 0.05 and 5 tests, the adjusted pevid 0.01.
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6.3 Results

6.3.1 Differences between the SOCCS and London samples

Population distributions fordon<1, Fror=1 and Hy, are shown in figures 6.1 and 6.3,
separately for cases and controls in each. SO@E& tad significantly greater
Fron<1 (@ measure of distant parental relatedness, di Big)ahan did London cases
(p = 0.002). This effect was even stronger whe® 66 and London controls were
compared (p = 0.00001). There was no signific#ferénce between SOCCS and
London for either cases or controls feik-1 (@ measure of more recent inbreeding)
or for Hyn (2 measure of total homozygosity, or the effe€tsllanbreeding and

shared ancestry, both recent and ancient). Datahenwn in table 6.3.

Table 6.3: Comparison of homozygosity statistics be tween SOCCS and
London samples, split by case status (F  ron Statistics are expressed as
a percentage of the typed autosomal genome)

Group Statistic F ror<t | Fromz1 | Hpn

Cases Mean difference (SOCCS - London) 0.073 0.032 0.0001
SE 0.024 0.028 | 0.00016
p 0.002 ns ns

Controls Mean difference (SOCCS - London) 0.092 0.023 0.0002
SE 0.021 0.017 | 0.00012
p 0.00001 ns ns

6.3.2 Differences between cases and controls

In all sub-groups, regardless of sample, sex, ordaygosity measure used, cases
were more homozygous than controls. Because @ttmsistency of the direction
of effect across sex groups, further analyses Wenefore performed on total

samples, not split by sex. In both samples cagdoh average highegrbn<i,
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Fror=1 and H, than did controls. This difference was nominaiignificant in the

meta-analysis forgon<1 (p = 0.02) and remained significant after adjusttier

multiple testing for kg, (p = 0.0085). Results are shown in table 6.4onFElata are

shown graphically in figures 6.4 — 6.6.

Table 6.4: Mean difference (cases — controls) in
(Fron Statistics are expressed as a percentage of the ty

genome)

Sample Statistic F rom<1 | FroHz1 | Hpn

SOCCSs Mean difference | 0.027 | 0.020 | 0.0002
SE 0.017 | 0.018 0.0001
p Ns Ns 0.051

London Mean difference 0.046 | 0.011 0.0003
SE 0.027 | 0.028 | 0.00017
p Ns Ns Ns

Meta-analysis | Mean difference 0.035 | 0.016 | 0.00024
SE 0.015 | 0.015| 9.2 E-05
p 0.02 Ns 0.0085

Frow<1, Fron=1 and Hpn
ped autosomal
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Figure 6.1: Population distributions for H
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Figure 6.2: Population distributions for F
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Figure 6.3: Population distributions for F ron»1 (EXpressed as a
percentage)
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Figure 6.4: Mean and 95% confidence interval for th e difference (cases
— controls) in percentage of typed autosomal genome in ROH for ROH
longer and shorter than 1 Mb (SOCCYS)
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Figure 6.5: Mean and 95% confidence interval for th e difference (cases
— controls) in percentage of typed autosomal genome in ROH for ROH
longer and shorter than 1 Mb (London)
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Figure 6.6: Mean and 95% confidence interval for th e difference (cases
— controls) in % of typed autosomal genome in ROHf  or ROH longer and
shorter than 1 Mb (meta-analysis)
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6.3.3 The effects of inbreeding and distant shared ancest

Finally, two analyses were done to investigatstlfirthe extent to which the excess
homozygosity observed in cases is due to recemeanlng and secondly, whether
inbred individuals have higher odds of CRC tharboed individuals. Using the
approach described in the Methods section aboeesadmples were partitioned into

inbred and non-inbred subjects (table 6.5).

Table 6.5: Inbred and Non-inbred subjects inthe SO CCS and London
samples

Sample Sex Category | Cases Controls | Total
SOCCS Male Inbred 15 11 26
Outbred 462 483 945
Total 477 494 971
Female | Inbred 13 7 20
Outbred 446 456 902
Total 459 463 922
London Male Inbred 4 10 14
Outbred 262 417 679
Total 266 427 693
Female | Inbred 7 7 14
Outbred 324 501 825
Total 331 508 839
SOCCS Both Inbred 28 18 46 (2.3%")
Outbred 908 939 1847
Total 936 957 1893
London Both Inbred 11 17 28 (1.8%")
Outbred 586 918 1504
Total 597 935 1532
Combined | Both Inbred 39 35 74 (2.1%")
Outbred 1494 1857 3351
Total 1533 1892 3425°

! Inbred subjects as a percentage of total sample
2133 subjects were excluded from this analysis because they did not meet criteria for either
outbred or inbred categories — see Methods section.

The outbred sample was analysed separately in trdevestigate whether there
was any significant difference in homozygosity betw cases and controls after

controlling for the effects of inbreeding (tabl®). Two measures were useg,H
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and lron<1. Cases were more homozygous than controls acgptdiboth measures
and in both samples. Differences were nominatipificant for H,, in the SOCCS
sample (p = 0.03), and (just) significant fog,ldfter correction for multiple testing in
the meta analysis (p = 0.01).

Table 6.6: Mean difference between cases and contro Is in SOCCS and
London “outbred” sub-sets (F  ron expressed as percentage)

Sample Statistic H on FroH<1
SOCCS (n =1847) Mean difference 0.0002 | 0.022
SE 9.4x 10" | 0.017
p 0.03 ns
London (n = 1504) Mean difference 0.0002 | 0.034
SE 0.00012 | 0.027
p ns ns
Meta-analysis (n = 3351) | Mean difference 0.0002 | 0.027
SE 7.8x10° | 0.015
p 0.01 ns

Secondly, odds ratios were calculated in ordenvestigate whether there is any
evidence that inbreeding increases the odds of OR@he of the sub-group OR
were significant; however in all groups except Lonadnales the odds of CRC were
higher in outbred than in inbred subjects. ThesoaldCRC in inbred compared with
outbred subjects were statistically significanthia pooled sample. Results are

shown in table 6.7.
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Table 6.7: CRC OR for inbred compared with outbred  subjects

Sample OR | 95% confidence interval

SOCCS males 1.43 0.65-3.14
SOCCS females | 1.90 0.75-4.80
London males 0.64 0.20 - 2.05
London females | 1.55 0.54 —4.45
Combined 1.36 1.08-1.71

6.4 Discussion

Using data from two predominantly outbred UK popiolas, this study shows that,
regardless of how it is measured, homozygositpmsistently higher in CRC cases
than controls. This difference was nominally sfigaint in the meta-analysis for
Frou<1 (@ measure of the effects of ancient inbreedingnmall N.) and significant
after adjusting for multiple testing in the metabsis for K, (a measure of total
homozygosity). As discussed in chapter 4, the ld@pianel under-estimates the
prevalence of short ROH: for this reason, the &ffiect of short ROH is likely to be

under-estimated.

Although the samples used for this analysis have lesv levels of inbreeding (an
estimated 1 — 2% of subjects met the genomic @iter inbreeding) some evidence
of increased risk of CRC amongst inbred subjectsfimand. The odds of CRC were
(slightly) significantly higher for inbred than nenbred subjects. These findings are
consistent with the results of a recent study bgdBad and colleagues, who found

that CRC cases were twice as likely to have ex@h8B segments than were
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controls (Bacolod, Schemmann et al. 2008). F@ih (a measure of recent
inbreeding) on average cases had higher valuesctivarols, although differences
were not significant. In order to investigate iexee effects resulting from remote
common ancestry as opposed to recent inbreediagnah-inbred category was
analysed separately. On average cases still lghehH,, and o<1 than did
controls and these differences were nominally §icamt for Hy, in the SOCCS
sample (p = 0.03) and (just) significant after athuent for multiple testing in the
meta-analysis of both samples (p = 0.01). Evesutbred samples, levels of
homozygosity vary as a consequence of individuaksinal demographic history.
This study suggests that such variation, whickeigpobd the reach of traditional
pedigree analysis and can only be detected usimgnge measures, may contribute

to CRC risk.

These findings are consistent with a polygenic moti€RC aetiology and suggest
that the combined effects of many recessive allel@sdividually small impact,
scattered throughout the genome, exert an influend@RC risk. The statistical
models used by GWAS to date have generally beesdb@s additive effects, with
little attempt made to identify recessive effectfie next step in this research is to
see whether these results can be replicated im GIRE samples. There are also
plans to use this approach to assess the rolelyfgroc recessivity as a novel risk

factor in a range of other complex diseases.

Finally, differences between the SOCCS and Londompdes are interesting.

SOCCS cases and to an even greater extent, cottaolsignificantly more of their
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genome in short ROH compared with London casesanttols. This presumably
reflects differences in demographic history andBtween the two populations from
which the samples are drawn, with the SOCCS saataeacterised by smaller,N
and higher levels of distant parental relatednesgpared with the London sample.
Given the suggested association between homozygusit CRC risk, these
population-level differences may be of interestxplaining some of the variability

in CRC risk among populations.

218



Chapter 7: Conclusions

There is a widespread public perception, datinghftbe nineteenth century, that
marriage between kin is detrimental to health. &@rcently, the connection
between genetic disease and consanguinity hasreedorced in popular
consciousness by the success of homozygosity mgppidentifying the alleles
responsible for rare, recessive monogenic diseasernisanguineous families (Bittles
2008). Unfortunately, this emphasis on (often poonderstood) adverse health
outcomes is rarely balanced against the undoulotgdlsadvantages of
consanguineous unions to many, particularly in poparts of the world. Such a
negative focus can be distressing and stigmatfsingonsanguineous families and

communities (Bittles 2008).

From a genetic perspective, inbreeding is simptyeghanism for increasing
homozygosity: it is increased homozygosity for thrieus recessive alleles that is of
interest to those seeking to understand the geastitgtecture of complex disease.
Until quite recently, the only way to quantify ineiual homozygosity was by
reference to inbreeding: i.e. by estimatingsF The development of dense genome
scanning means that today there is the potentiavistigate homozygosity and
recessive effects directly, without reference taré@eding or consanguinity. This will
enhance the ability of researchers to investigatessive effects in outbred, as well

as in more unusual, populations. It has the atdéeeéfit of shifting the focus of
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research onto homozygosity and away from inbreeduitty all its stigmatising

connotations.

This study set out to develop a genomic measuh®mwiozygosity, kou, that would
encapsulate the genomic effects of an individuatisre ancestral demographic
history. This measure is rooted in meiosis, threlimental biological process
determining chromosomal configuration (figure 1.1t)is based on the fact that
homozygous genotypes are not evenly distributezbifitout the genome but are
distributed in extended tracts, the only truly e homozygous genotype being
one that has arisen by mutation. It thereforeofed that, excepting the case of
homozygous genotypes that have arisen as a résulitation, the distinction
between autozygosity and homozygosity is one ofakeqiot of substance (although
with the caveat that recent parental relatednesmre likely to result in
homozygosity for rare alleles, which are more offeteterious). If it were routinely
possible to observe the genome directly, quantfyiie genomic effects of an
individual's shared maternal and paternal ancestyld be a simple matter of
summing the length of all his ROH, from the longesthe shortest. Furthermore,
the distribution of these ROH by different leng#tegories would provide
information about Mand inbreeding loops at different points in hisestors’
demographic history: in general, the shorter théHRtBe more distant the common
ancestor from whom it originates, although thereoissiderable variation because of

the random nature of recombination during meiosis.
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In practice, of course, technology imposes consisan the length of ROH it is
possible to detect, and therefore the distance ivaitke it is possible to look.
Chapter 4 addresses this issue in some detailestigg limits of reliability for SNP
panels commonly used in human studies. Becaud¢ &30 300K panels do not
reliably detect ROH shorter than 1 Mb and 1.5 Mipeztively, at present this is not
the best approach to quantifying short ROH resgitiom very distant shared
parental ancestry. Whilst this study foung#to be significantly more strongly
correlated with feq and thus better at estimating the genomic effefctscent
parental relatedness, than any of the other memswrestigated (chapter 3),Hthe
proportion of typed SNPs that are homozygous) iseneffective at estimating the
genomic effects of very remote parental relatednés$uture, however, much
denser SNP panels will become routinely availadgpening up the possibility of a
much more observational approach to quantifyingamalysing homozygosity.
This future is not that far away: 1 million SNP p&nare increasingly widely used,
the 1000 Genomes project is expected to publish ld&r this year and it will only
be a matter of time before whole genome sequermirgylarge scale becomes

economically feasible.

But returning to the present, by applying theseagghes to QT data in genetically
isolated population samples, this study providedence suggestive of recessive
genetic effects on height (chapter 5). This wasxpected, as little evidence has
been published for dominance variance in heighttpagh it is consistent with
several published studies reporting a reductidmeight associated with inbreeding.

Both recent inbreeding and homozygosity of muchexhstant origin contribute to
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the recessive effects observed. Some researcinegssheculated that beneficial
temporal trends in height, and also in other QThagage at menarche, 1Q and
lifespan, might be partially attributable to faflitevels of consanguinity and
endogamy resulting from increasing population mtbdver the last century. There
is evidence that individuals are becoming less lygous with each successive
generation: Nalls and colleagues found a signititeamd of decreased autozygosity
with younger chronological age in an outbred Ndttherican cohort (2009). Data
from the EUROSPAN populations are consistent with: tage was significantly
associated with i in all samples (CROAS, p = 2.6 x $ERF, p = 0.013;
MICROS, p = 2.3 x 18; NSPHS, p = 1.5 x 1) ORCADES, p = 1.6 x 10
suggesting an ongoing process of isolate breakdowhrese populations. On the
other hand, there was no association between apelam the SOCCS sample,

which more closely resembles that in the Nalls wtud

Contrary to several published studies, no evidevaeefound for recessive effects on
blood pressure or cholesterol, although studyimgeltraits in populations with high
levels of treatment for hypertension and hyperdtel®laemia is not without its

methodological problems, which may have been afduwre.

Applying Fron and Hy, to CRC case-control data in two non-isolate pajmria
samples, this study found evidence of recessiextsfon CRC risk (chapter 6).
Again, effects were attributable both to recentesloing and to more distant
parental relatedness. Both analyses demonsteddycthat homozygosity

originating from distant shared parental ancestoynetimes described as
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background homozygosity, contributes to recesdifeets. Background
homozygosity differs among populations, reflectilifferences in population history
and N,, and as such, might contribute to differencesseake risk from one
population to another. It has nothing to do withreeding, as it is commonly
understood, or to consanguinity, and is beyondeheh of pedigree-based measures

of autozygosity.

Immediate priorities for taking this work forwardllfinto two broad categories.
Firstly, Fron could be improved by theoretical modelling. Usiiiy patterns to infer
recombination rates between all adjacent SNP panics including this information
in a model of homozygosity-by-descent would prowvidaer information on the
probable age and population prevalence of indiviR@H and would provide
greater confidence that observed consecutive hogoasySNPs truly represent ROH
(i.e. that the unobserved SNPs between consedutive@zygous SNPs are also
homozygous). This would particularly enhance thiétg to identify short ROH
(Leutenegger, Labalme et al. 2006; Auton, Bryd.e2@09). Modelling of allele
frequency would also be valuable in this respext aun of common alleles has a
higher probability of occurring by chance (i.e. ngpresenting a true ROH) than

does a run of rare alleles.

Secondly, the discovery of an association betwee@ @nd homozygosity suggests
that this approach should be applied to a variéttirer diseases. With the recent
emergence of large GWAS consortia, typically invadyin the region of up to

50,000 genotyped subjects, the current scientificrenment is ideal for this type of
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endeavour. Following on from the CRC analysistiarjpy would be to replicate this
in a larger CRC sample, as well as repeating théysis in other cohorts of common
cancers, such as lung, breast and prostate. Agradras already been secured to
analyse data from the Wellcome Trust Case ContooisGrtium (WTCCC)
comprising 19,000 subjects and 7 disease cohbedyleta-Analysis of Glucose and
Insulin Consortium (MAGIC; glucose and insulin);dative European Network for
Genetic and Genomic Epidemiology (ENGAGE; uratpplications have also been
made to Cohorts for Heart and Aging Research ineGeipidemiology (CHARGE;
blood pressure); Diabetes Genetics Initiative (DM, type 2 diabetes);
ENGAGE (lipids) and Genomewide Investigation of Wmapometric Measures
(GIANT; height and BMI). In addition, discussioase underway to replicate the

height analysis in a much larger sample than wasiple in the present study.

Although the current project focuses primarily amplex disease and QT,
agreement has been secured with the Malaria Gergpmiemiology Network
(MALARIAGEN) to repeat this analysis in their colhowhich includes data on
disease severity, survival and age of onset. Anestudy by Lyons and colleagues
(2009) found evidence suggestive of increased ptibdéy to infectious disease
associated with inbreeding (the diseases investigaere tuberculosis and hepatitis

B).

Finally, the effects of homozygosity on the healtlsubjects from culturally

consanguineous populations is also of interese Odndon Life Sciences

Population (LOLIPOP) is a study of premature corgreeart disease involving
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24,000 UK Indian Asians and Northern Europeansgchviniould be very amenable
to this approach. Given the global prevalenceonisanguinity in countries where
this is the cultural norm and also in large immigreommunities in western Europe
and north America, this is a subject of epidemiaagimportance in its own right
(Bittles 2008), in addition to being of interestthmse investigating recessive effects

in complex disease aetiology.

Technological and methodological advances ovemtegears have revolutionised
genetic epidemiology. Many common causal diseasants have been identified

by GWAS, leading to greater understanding of disgedhways, the first step on the
road to more effective treatments. Although lesshmdological progress has been
made in understanding recessive effects in comnsmase aetiology, the technology

now exists to develop this field. It is an exdititime to be involved.
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ARTICLE

Runs of Homozygosity in European Populations

Ruth McQuillan,! Anne-Louise Leutenegger,2 Rehab Abdel-Rahman,!7 Christopher S. Franklin,!
Marijana Pericic,3 Lovorka Barac-Lauc,3 Nina Smolej-Narancic,3 Branka Janicijevic,3 Ozren Polasek,1.4
Albert Tenesa,> Andrew K. MacLeod,® Susan M. Farrington,> Pavao Rudan,3 Caroline Hayward,”
Veronique Vitart,” Igor Rudan,®.8.2 Sarah H. Wild,! Malcolm G. Dunlop,> Alan F. Wright,”

Harry Campbell,! and James F. Wilsonl*

Estimating individual genome-wide autozygosity is important both in the identification of recessive disease variants via homozygosity
mapping and in the investigation of the effects of genome-wide homozygosity on traits of biomedical importance. Approaches have
tended to involve either single-point estimates or rather complex multipoint methods of inferring individual autozygosity, all on the
basis of limited marker data. Now, with the availability of high-density genome scans, a multipoint, observational method of estimating
individual autozygosity is possible. Using data from a 300,000 SNP panel in 2618 individuals from two isolated and two more-cosmo-
politan populations of European origin, we explore the potential of estimating individual autozygosity from data on runs of homozy-
gosity (ROHs). Termed F,op, this is defined as the proportion of the autosomal genome in runs of homozygosity above a specified length.
Mean F,., distinguishes clearly between subpopulations classified in terms of grandparental endogamy and population size. With the
use of good pedigree data for one of the populations (Orkney), F,or, was found to correlate strongly with the inbreeding coefficient es-
timated from pedigrees (r = 0.86). Using pedigrees to identify individuals with no shared maternal and paternal ancestors in five, and
probably at least ten, generations, we show that ROHs measuring up to 4 Mb are common in demonstrably outbred individuals. Given
the stochastic variation in ROH number, length, and location and the fact that ROHs are important whether ancient or recent in origin,

approaches such as this will provide a more useful description of genomic autozygosity than has hitherto been possible.

Introduction

In plant and animal genetics, the detrimental effects of pa-
rental relatedness on fitness have long been recognized.'
The mechanism of these effects is thought to be increased
levels of homozygosity for deleterious recessive alleles,
although overdominance might also play a role.

In human populations in which consanguinity is cus-
tomary or population size and isolation result in elevated
levels of background parental relatedness, evidence has
been reported of several effects, including an increased
risk of monogenic disorders,>an increased risk of
complex diseases involving recessive variants with inter-
mediate or large effect sizes,>° and genome-wide effects
on disease traits such as blood pressure’®'’and LDL cho-
lesterol.'® These are consistent with a causal role for
many recessive variants with individually small effects
scattered throughout the genome.

Central to any investigation of the effects of parental re-
latedness on the health of offspring is the need for a reliable
and accurate method of quantifying this phenomenon at
an individual level. The first method proposed was the in-
breeding coefficient, F, defined as the probability of inher-
iting two identical-by-descent (IBD) alleles at an autosomal
locus or, equivalently, the average proportion of the auto-

somal genome that is inherited IBD.'® This is estimated
with Wright’s path method,'® which calculates an individ-
ual’s probability of inheriting two IBD alleles, given a spec-
ified pedigree and given that an allele present in a parent is
transmitted to a specified offspring with a probability of
0.5. Before the availability of marker data from high-den-
sity genome scans, researchers had no option but to use
this approach, despite the fact that, even where pedigrees
are known and accurate, it has two major disadvantages.?’
First, meiosis is a highly random process. Whereas on av-
erage, half of the DNA making up a gamete is maternally
derived and half is paternally derived, there is a high de-
gree of stochastic variance about this average.?'*? As a con-
sequence, grandchildren vary in the proportion of DNA
they inherit from each of their four grandparents, and
although the mean F coefficient of the offspring of first
cousins is 0.0625, the standard deviation is 0.0243.%°
This variance increases with each meiosis (i.e., each degree
of cousinship), so it is perfectly possible for the offspring of
third cousins to be more autozygous (homozygous by de-
scent) than the offspring of second cousins. Because the
F coefficient (denoted here as F,.q to distinguish it from ge-
nomic estimates of autozygosity) is derived on the basis of
this expectation, it is, therefore, only a very approximate
estimate of individual genome-wide autozygosity.
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Second, Fpeq estimates the proportion of an individual’s
genome that is IBD, relative to that of a poorly character-
ized founder generation. This generation is usually fairly
recent, and, moreover, the founders are presumed to be un-
related, when in fact, members of historical populations
were often related several times over through multiple
lines of descent. As a result, this approach fails to capture
the effects of distant parental relationships and, therefore,
underestimates autozygosity, particularly in small, isolated
populations or in populations with a long tradition of
consanguineous marriage.?>>*

With the increasing availability of high-density genome-
scan data, interest has grown in exploring whether a more
reliable and accurate estimate of autozygosity might be de-
rived on the basis of genomic marker data. Much of the im-
petus for this comes from those searching for specific dis-
ease genes via homozygosity mapping, rather than from
a general interest in the health effects of parental related-
ness. Since the 1980s, many autosomal-recessive genes un-
derlying monogenic human diseases have been identified
with homozygosity mapping, which exploits the fact
that regions flanking the disease gene will be identical by
descent (IBD) in people with the disease whose parents
are related to each other.”® Botstein and Risch identified
nearly 200 studies, published between 1995 and 2003,
that used homozygosity mapping in consanguineous fam-
ilies to identify rare recessive disease genes.>® Homozygos-
ity mapping requires an estimate of the proportion of the
genome that is autozygous for each affected individual,
on the basis of which a LOD score for linkage to a specified
locus is computed. Accurate estimation of autozygosity is
crucial: underestimation results in an inflated LOD score
and, thus, false evidence for linkage,”'28 and overestima-
tion results in false negatives.

Quantification of individual autozygosity is also of inter-
est to those investigating recessive effects in complex-dis-
ease genetics. Several studies in consanguineous or small,
isolated populations with above average levels of parental
relatedness have found evidence for a genome-wide effect
of homozygosity on coronary heart disease,* 3! can-
cer,??3273* blood pressure,'®'” and LDL cholesterol.'®
These findings are consistent with studies suggesting that
the variants associated with increased risk of common
complex disease are more likely to be rare than to be com-
mon in the population;***® are more likely to be distrib-
uted abundantly rather than sparsely across the genome,’
and are more likely to be recessive than to be dominant.*®
Further empirical development of this idea has, however,
been hampered by the inadequacy of available measures
of autozygosity.

Here, we describe a multipoint, observational approach
to estimating autozygosity from genomic data that ex-
ploits the fact that autozygous genotypes are not evenly
distributed throughout the genome but are distributed in
runs or tracts (Figure 1). This idea was first suggested by
Broman and Weber, who proposed identifying autozygous
segments from runs of consecutive homozygous

markers.>* Can runs of homozygosity (ROHs), observable
from high-density genome-scan data, be used for a reliable
and accurate estimate of autozygosity at both the individ-
ual level and the population level? How do individuals
with different ancestry, characterized in terms of popula-
tion size, endogamy, and parental relatedness, differ in
terms of ROHs? At a population level, do ROHs reflect
differences in population isolation?

This paper has three objectives. First, it uses various mea-
sures derived from ROHs to compare four European popula-
tions: two isolated island populations and two more-cos-
mopolitan populations. The key study population is the
Scottish isolate of Orkney, a remote archipelago off the
north coast of Scotland. Three additional populations are
used for comparison: a representative Scottish comparison
population,*® an isolate population from a Dalmatian is-
land in Croatia,'® and the HapMap CEU (northwest-Euro-
pean-derived population from Utah, USA) founders from
the Centre d’ftude du Polymorphisme Humain (CEPH).*!
Second, with the use of high-quality pedigree information
available for the Orkney population, correlations are re-
ported between Fj,.q and a genome-wide autozygosity mea-
sure derived from ROHs (F;on). Finally, this study assesses
the utility of F,.,, as a measure of autozygosity.

Subjects and Methods

Study Populations

The Orkney Complex Disease Study (ORCADES) is an ongoing,
family-based, cross-sectional study that seeks to identify genetic
factors influencing cardiovascular and other disease risk in the
population isolate of the Orkney Isles in northern Scotland. The
North Isles of Orkney, the focus of this study, consist of a subgroup
of ten inhabited islands with census populations varying from ~30
to ~600 people on each island. Although transport links have
steadily improved between the North Isles and the rest of Orkney,
the geographical position of these islands, coupled with weather
and sea conditions, means that even today they are isolated and
that they would have been considerably more so in the past.

Although consanguinity is not the cultural norm in Orkney—
indeed, there is evidence of consanguinity avoidance during the
twentieth century*>—two key factors make the North Isles popu-
lation ideal for this type of study. First, the North Isles have expe-
rienced a period of severe population decline over the last 150
years, fueled by high emigration and low fertility. The population
fell from an estimated peak of 7700 in the 1860s to 2217 by 2001.
Second, endogamous marriage was widespread during the nine-
teenth century and into the twentieth centuries.*> Therefore,
despite consanguinity avoidance, the combined effects of steep
population decline and endogamy have led to inflated levels of
parental relatedness in the current population.

ORCADES received ethical approval from the appropriate re-
search ethics committees in 2004. Data collection was carried
out in Orkney between 2005 and 2007. Informed consent and
blood samples were provided by 1019 Orcadian volunteers who
had at least one grandparent from the North Isles of Orkney.

A Scottish comparison population was derived from the controls
of the Scottish Colon Cancer Study (SOCCS).*° This consists of
984 subjects, not known to have colon cancer, matched by
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., Figure 1.

Pedigree of the Offspring
of First Cousins

An example chromosome is illustrated. The
female common ancestor is red. The chromo-
some inherited from one of her parents is
colored red, and the chromosome inherited
from her other parent is colored pink. The
male common ancestor is blue. The chromo-
some inherited from one of his parents is
colored dark blue, and the chromosome in-
herited from his other parent is colored light
blue. The second generation are sisters. They
share around 50% of their chromosomes
IBD. The segments colored red and pink are
segments inherited from their mother, and
the segments colored dark and light blue
are segments inherited from their father.
The third generation are first cousins. In
each case, the second (white) chromosome
derives from their fathers (not shown), the

residential postal area and age to a series of incident cases of colo-
rectal cancer. Subjects were resident throughout Scotland, with
dates of birth ranging from 1921 to 1983.

The Dalmatian sample consists of 849 Croatian individuals,
aged 18-93, sampled from the population of one island.'®> Both
the SOCCS and the Croatian projects were approved by the rele-
vant ethics committees.

The CEU sample consists of 60 unrelated individuals from Utah,
USA, of northwest-European ancestry, collected by the CEPH in
1980.*!

Genotyping
Genotyping procedures for the Scottish,** Dalmatian,** and
CEU*S samples are described elsewhere. All were genotyped on
the Illumina Infinium HumanHap300v2 platform (Illumina, San
Diego, CA, USA). After extraction of genomic DNA from whole
blood with the use of Nucleon kits (Tepnel, Manchester, UK),
758 Orcadian samples were genotyped, according to the manufac-
turer’s instructions, on the Illumina Infinium HumanHap300v2
platform. Analysis of the raw data was done via BeadStudio soft-
ware, with the recommended parameters for the Infinium assay,
with the use of the genotype-cluster files provided by Illumina.
Individuals with less than 95% call rate were removed, as were
SNPs with more than 10% missing genotypes. SNPs failing
Hardy-Weinberg equilibrium at a threshold of 0.0001 were re-
moved. IBD sharing between all first- and second-degree relative
pairs was assessed with the Genome program in PLINK,*¢ and indi-
viduals falling outside expected ranges were removed from the
study. Sex checking was performed with PLINK, and individuals
with discordant pedigree and genomic data were removed. On

i

red and pink segments are inherited from
their maternal grandmother, and the dark
and light blue segments are inherited from
their maternal grandfather. The offspring
of these first cousins has segments inherited
from both founders on both copies of the
chromosome. Where the same segments
have been passed down both sides of the
pedigree, the offspring of first cousins has
extended identical-by-descent tracts or
runs of homozygosity.

completion of data-cleaning and quality-control procedures, 725
individuals and 316,364 autosomal SNPs remained. The male-to-
female ratio of study participants is 0.86. The mean year of birth
is 1952, varying from 1909 to 1988.

A consensus SNP panel was then created, with use of only those
markers that satisfied these quality control criteria in all four pop-
ulations, leaving a final sample of 289,738 autosomal SNPs and
2618 individuals (60 from CEU, 725 from Orkney, 849 from the
Dalmatian island, and 984 from Scotland).

Fpea Estimates

The pedigrees of all individuals in the ORCADES sample were
traced back for as many generations as possible in all ancestral lin-
eages, with the use of official birth, marriage, death, and census re-
cords held by the General Register Office for Scotland in Edin-
burgh. F,eq was calculated for each individual via Wright’s path
method."®

Limited pedigree information is available for the Dalmatian-iso-
late data set, and this is too incomplete for an estimate of Fpeq. It
was, however, possible to analyze these data with the use of grand-
parental-endogamy levels.

No pedigree information is available for the Scotland data set;
however, we analyzed data according to the rurality of subjects’
residential address*” in order to determine whether there is any
evidence for an association between remote rurality and auto-
zygosity in Scotland.

Runs of Homozygosity
ROHs were identified via the Runs of Homozygosity program im-
plemented in PLINK version 1.0.*¢ This slides a moving window of
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5000 kb (minimum 50 SNPs) across the genome to detect long
contiguous runs of homozygous genotypes. An occasional geno-
typing error or missing genotype occurring in an otherwise-unbro-
ken homozygous segment could result in the underestimation of
ROHs. To address this, the program allows one heterozygous and
five missing calls per window.

A threshold was set for the minimum length (kb) needed for
a tract to qualify as homozygous. Because strong linkage disequi-
librium (LD), typically extending up to about 100 kb, is common
throughout the genome,*®>! short tracts of homozygosity are
very prevalent. For exclusion of these short and very common
ROHs that occur in all individuals in all populations, the mini-
mum length for an ROH was set at 500 kb. All empirical studies
have identified a few very long stretches of LD, measuring up to
several hundred kb in length,*® which could result in the occur-
rence of longer ROHs in outbred individuals. Such ROHs will
not be excluded by this methodology; however, the purpose
here is not to identify only those ROHs that result from parental
relatedness but to identify all ROHs and then relate these to pedi-
gree and population data for an assessment of the extent to which
these result from parental relatedness and population isolation.

We set a threshold for the minimum number of SNPs constitut-
ing a ROH in order to ensure that these are true ROHs—i.e., that
between the first SNP and the last SNP the entire unobserved
stretch of the chromosome is homozygous. With, for example,
only three consecutive homozygous genotypes, there would be
a very high probability that these three could be homozygous by
chance alone and that the intervening, unobserved chromosomal
stretches could be heterozygous. We have deliberately not taken
LD into account here. By using a minimum-length cutoff of 500
kb, most shorter ROHs resulting from LD will be eliminated; how-
ever, some longer stretches will remain. This is intentional: we are
interested in identifying and quantifying these common ROHs,
whatever their origin. We used allele frequencies for a random
sample of chromosomal segments across the entire autosomes to
estimate the mean probability of finding 10, 25, and 50 consecu-
tive homozygous SNPs by chance alone in each population. On
this basis, the minimum number of contiguous homozygous
SNPs constituting a ROH was set at 25 (p < 0.0001 in each of
the four populations). Two additional parameters were added for
ensuring that estimates of F were not artificially inflated by appar-
ently homozygous tracts in sparsely covered genomic regions:
tracts with a mean tract density > 50 kb/SNP were excluded, and
the maximum gap between two consecutive homozygous SNPs
was set at 100 kb.

For exclusion of the possibility that apparent ROHs are in fact re-
gions of hemizygous deletion, an analysis of deletions was carried
out in the Orkney data set. An Objective Bayes’ Hidden Markov
model, as employed in QuantiSNP v. 1.0, was used for identification
of heterozygous deletions with a sliding window of 2 Mb over the
genome and 25 iterations. All of the samples were corrected for ge-
nomic GC content prior to copy-number inference as a means of
ensuring that the variation of the observed log, R ratio is not attrib-
uted to the region-specific GC content.>® We included in the down-
stream analysis all heterozygous deletions with an estimated Bayes’
factor > 10 to ensure alow false-negative rate, as reported in Colella
etal., 2007.%% A custom Perl script was developed for comparison of
the identified heterozygous deletions and ROHs.

All deletions overlapping with ROHs were identified. When de-
letions covered the entire length of the ROH or when less than 0.5
Mb of the tract remained after the deletion was taken account of,
the ROH was removed from the analysis. Because the Dalmatian,

CEU, and Scotland data sets were uncorrected for deletions, uncor-
rected Orkney data are shown when there are population compar-
isons. Analyses using only the Orkney data set use data corrected
for deletions.

F;on Estimates

A genomic measure of individual autozygosity (F,on) was derived,
defined as the proportion of the autosomal genome in runs of
homozygosity above a specified length threshold:

Froh = Z Lroh/Lauto

in which > Loy, is the total length of all of an individual’s ROHs
above a specified minimum length and Ly, is the length of the
autosomal genome covered by SNPs, excluding the centromeres.
The centromeres are excluded because they are long genomic
stretches devoid of SNPs and their inclusion might inflate esti-
mates of autozygosity if both flanking SNPs are homozygous.
The length of the autosomal genome covered by our consensus
panel of SNPs is 2,673,768 kb. We show individual and population
mean values of F;,p, for a range of different ROH-length thresholds.

Statistical Analysis

For statistical analyses, the Orkney population was split into en-
dogamous Orcadians, defined as those with at least three grand-
parents born in Orkney, on the same island, typically ~10 km?
in size and with a population of 50-500 (n = 390); mixed Orca-
dians, defined as those with at least three grandparents born in
Orkney but on different islands in the archipelago—i.e., from an
area over 500 km? with a population of ~20,000 (n = 286); and
half Orcadians, defined as those with one pair of Orcadian-born
and one pair of Scottish-mainland-born grandparents (n = 49). Al-
though pedigree information is not available for an assessment of
whether the parents of half-Orcadian subjects are related beyond
five generations in the past, it is reasonable to assume that they
are likely to be unrelated for at least 10-12 generations. It is known
that there was major Scottish immigration to Orkney in the 15"
and 16" centuries, before10-12 generations ago. Although Scot-
tish immigration has certainly occurred sporadically since then,
rates have been low. An analysis of the area of origin of the Scottish
parents of our half-Orcadian subjects shows that they came from
all over Scotland: we found no evidence for strong Orcadian con-
nections with any specific Scottish settlement, which might in-
crease the chances of parental relatedness in this group. Further-
more, the surnames of the ancestors of the Orcadian parents of
this group were markedly different from those of the ancestors
of the non-Orcadian Scottish parents.

The Dalmatian population was split into endogamous Dalma-
tians, defined as those with all four grandparents born in the
same village—i.e., from a 1 km? area, with a population of <
2000 (n = 431); mixed Dalmatian, defined as those with all four
grandparents born on the same island but not in the same vil-
lage—i.e., from a 90 km? area with a population of 3600 (n =
221); and Croatian, defined as residents of the island with grand-
parents born elsewhere in Croatia (n = 197). The CEU and Scottish
populations were not subdivided.

All calculations were performed with SPSS and Excel software.
The proportions of each subpopulation with ROHs measuring
less than 1, 1.5, and 2 Mb were calculated. All subjects in all sub-
populations had ROHs shorter than 1.5 Mb. Subpopulations start
to become differentiated from each other for ROHs > 1.5 Mb, with
the effects of endogamy on ROHs starting to emerge above this
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threshold. Unless otherwise specified, all analyses exploring the
effects of endogamy and parental relatedness on ROHs therefore
define a ROH as measuring > 1.5 Mb.

Subpopulation means were calculated for the total length of
ROHs per individual. The number of ROHs was plotted against
the total length of ROHs, per individual, for each subpopulation.

The correlation between Fpeq and F,on was calculated with the
use of a subset of 249 individuals, from the Orkney sample, who
satisfied the condition of having at least two grandparents on
the same side of the family born in Orkney and no grandparents
born outside of Scotland and who were either the offspring of con-
sanguineous parents (parents related as 2™ cousins or closer) or
those for whom it was possible to establish pedigrees for at least
six generations in all Orcadian ancestral lineages or five genera-
tions in non-Orcadian ancestral lineages.

Correlations were also calculated between Fiop, Fpeq, and two
other measures: multilocus heterozgyosity (MLH), which is de-
fined as the proportion of markers that are heterozygous,>* and
the measure of autozygosity implemented in PLINK, termed here
Fplink, Which estimates autozygosity from genotype frequencies,
giving more weight to rare alleles.**

Prevalence and Genomic Location of ROHs

in Different Subpopulations

Next, we explored the hypothesis that ROHs in outbred individ-
uals tend to cluster in the same genomic locations, whereas those
present in the offspring of related parents tend to be more ran-
domly distributed across the autosomes. We compared the loca-
tion of ROHs in three groups: the half-Orcadian group, consisting
of all half Orcadians with at least one ROH measuring > 1.5 Mb
(n = 46); an offspring-of-cousins group, which was constructed
by consideration of all individuals from the Orkney sample with
parents related as 3™ cousins or closer and the selection of those
20 with the greatest total length of ROHs; and a control popula-
tion derived from our cross-sectional sample from Scotland. Be-
cause some individuals in the Scottish sample have long ROHs
that could be indicative of parental relatedness, we restricted the
control sample to those with no more than eight ROHs, totaling
no more than 17 Mb: the maximum values in the half-Orcadian
group, the members of which are known to be the offspring of un-
related parents. There were 943 individuals in the control group.
ROHs measuring at least 1.5 Mb in all three groups were compared.
Control-group ROHs overlapping by at least 0.5 Mb with ROHs in
either Orcadian group were counted. The number of control over-
laps per ROH (and per Mb of ROH) in the half-Orcadian group was
compared with that in the offspring-of-cousins group.

We then investigated whether ROHs in half Orcadians occurred
in regions of lower-than-average recombination. Based on sex-
averaged mean recombination rates per Mb, derived from the de-
CODE genetic map, we used the UCSC Genome Browser (March
2006)°° to calculate the mean recombination rate of all complete
Mb of ROH in our half-Orcadian sample.

Results

Copy-Number Variation

We detected 224 deletions that overlapped with ROHs (me-
dian length of deletion 995 kb). Overlapping deletions were
detected in 57 individuals (7.6% of sample). After removal
of these overlaps from the sample and removal of the entire

affected ROH if less than 0.5 Mb remained, ROH statistics
were recalculated. There was no significant difference be-
tween results before and after correction for deletion for
the mean total length of ROHs (correcting for deletions re-
duced this by less than 0.3% in the sample as a whole) or the
mean number of ROHs (reduced by 0.02%). Furthermore,
no significant differences were found when data were ana-
lyzed by subpopulation and when different length parame-
ters were used for defining ROHs. This provides strong
evidence that the ROHs identified are true homozygous
tracts and not hemizgyous deletions.

Urban versus Rural Analysis of Scottish Sample

No difference was found in the mean total length of ROHs
between those living in rural areas and those in urban areas
of Scotland, regardless of whether the analysis used a di-
chotomous classification or a more-detailed, eight-cate-
gory classification, from large urban to remote rural
(data not shown). Data were also analyzed for a subset
(n = 426) of the sample with information on grandparen-
tal country of birth. On average, those with four Scottish-
born grandparents (n = 254) had a slightly greater sum
of ROHs than did those with at least one grandparent
born outside of Scotland, but differences were not signifi-
cant (data not shown). The Scottish sample was, therefore,
not split into subpopulations for further analyses.

Effect of Stochastic Variation on Individual
Autozygosity

On average, the difference in the total length of ROHs be-
tween full sibling pairs was 10.3 Mb. However, the distri-
bution is skewed, with half of all individuals having less
than 5 Mb difference yet some 7% differing by more
than 30 Mb. The greatest difference between sibling pairs
was 91 Mb, or 3.4% of the autosomes (paternity was con-
firmed from patterns of genomic sharing in all cases).

Effects of Population Isolation and Endogamy

on Length and Number of ROHs

The proportions of subpopulations with ROHs of a given
length are shown in Figure 2. All individuals in all popula-
tions have ROHs measuring less than 1.5 Mb. If we consider
the populations as a whole, on average, a significantly
greater proportion of the autosomes of Orcadians are in
ROHs measuring 0.5-1.5 Mb (77.7 Mb) than is the case for
either the Dalmatian (73.2 Mb), the Scottish (75.8 Mb), or
the CEU (74.1 Mb) populations. There are no significant dif-
ferences between groups within populations, however,
which suggests that this reflects population differences in
genetic diversity or LD of ancient origin rather than effects
of more recent endogamy or population isolation.

For ROHs above 1.5 Mb, three distinct groupings, which
are clearly related to endogamy and isolation, emerge:
a greater proportion of the endogamous Dalmatian and
Orcadian samples than of the other samples have long
ROHs (28% have ROHs > 10 Mb); only a small proportion
of the CEU, Scottish, and half-Orcadian samples have long
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ROHs (0.5% > 10 Mb), and the proportion of Croatian and
mixed Dalmatian and Orcadian samples with long ROHs
falls in between (10% > 10 Mb).

Forty-nine individuals had no ROHs longer than 1.5
Mb. This number included at least one individual from
each subpopulation, although they were predominantly
half-Orcadian, Scottish, and CEU samples. The shortest
sum of ROHs across all of the samples was found in a Scot-
tish individual, who had ROHs longer than 0.5 Mb cover-
ing only 1.5% of the autosomes (39 Mb). This compares
with a mean of 3.5% across all of the populations
(93 Mb).

The number of ROHs longer than 1.5 Mb per individual,
plotted against the total length of those ROHs, is shown for
each group in Figure 3. The half-Orcadian group is used as
areference, because we know that these individuals are the
offspring of unrelated parents. Reference lines are shown
on all graphs for the maximum number of ROHs, the max-
imum total length of ROHs, and the line of best fit for the
half-Orcadian group. Compared with the half-Orcadian
group, all other groups have a greater variance in the num-
ber and sum of ROHs and contain individuals with more
and longer ROHs. Again, the same three groupings are ap-
parent. Data points for the half-Orcadian, Scottish, and
CEU samples are generally narrowly distributed along
both axes, indicating that these individuals have few, rela-
tively short ROHs. The two endogamous samples are much
more widely spread along both axes, reflecting the pres-
ence of many, much longer ROHs. The Croatian, mixed
Orcadian, and mixed Dalmatian groups are intermediate,
reflecting the fact that these less carefully specified groups
are probably made up of individuals with a mixture of an-
cestries, from the outbred to the very endogamous. The
percentage of each group with more and longer ROHs
than the maximum for the half Orcadians was calculated.
Again, the Scottish (5%) and CEU (8%) groups differed
least and the endogamous Dalmatians (64%) and Orca-
dians (54%) differed most from the half Orcadians. The

2.5-4.99 5-9.99

ECroatian

Figure 2. Proportion of Subpopulations
with One or More ROHs of a Given Length
The proportion of individuals with one or
more ROHs of up to 0.5-1.49, 1.5-2.49, 2.5-
4.99, and 5-9.99 Mb in length, or over 10 Mb
in length, is plotted for each of the eight
population groups defined in the Statistical
Analysis section of Subjects and Methods.

Croatians (33%), mixed Dalmatians
(26%), and mixed Orcadians (23%)
were intermediate.

The effect of different degrees of
parental relatedness on the sum and
number of ROHs is shown in Figure 4
for the 249 individuals in the Orkney
sample with good pedigree informa-
tion. Although a trend for increasing
number and total length of ROHs is evident from the
half-Orcadian through the mixed to the endogamous
and offspring-or-cousins subgroups, there is considerable
overlap between groups.

Comparison of Fyeq and Frop

A subset of 249 Orcadian individuals with complete and re-
liable pedigree data were used to compare F,eq and Fyop.
The mean (standard error) F,eq of the sample is 0.0038
(0.0005), approximately equivalent to a parental relation-
ship of third cousins. Mean F.q values for Orcadian sub-
populations are shown in Table 1. These vary from 0.02,
for the offspring of 1% or 2™ cousins, to 0.0002 (equivalent
to a parental relationship of 5™ cousins) in the mixed Or-
cadian group. Mean F,.q values are compared with mean
Fion values for a range of minimum-length thresholds.
The mean value of F,, 5 (i.e., with a minimum-length
threshold of 5 Mb) is closest to that of Fp,cq, whereas Frop, 0.5
(i.e., with a minimum-length threshold of 0.5 Mb) is an
order of magnitude higher. This suggests that a shared ma-
ternal and paternal ancestor in the preceding six genera-
tions results predominantly in ROHs longer than 5 Mb.
It is clear from the half-Orcadian group, whose parents
do not share a common ancestor for at least six genera-
tions and probably at least 10-12 generations, that ROHs
measuring less than 3 or 4 Mb are not uncommon in the
absence of parental relatedness. On average, these individ-
uals have over 3% (84 Mb) of their autosomes in ROHs
over 0.5 Mb long and 0.2% (almost 6 Mb) in ROHs longer
than 1.5 Mb.

Correlation between Frop, Fpea, Fplink, and MLH

We used the total sample to examine correlations between
different genetic estimates of autozygosity or homozygos-
ity. Because MLH is in fact a measure of heterozygosity,
we have used 1 — MLH in our calculations. Allele frequen-
cies for Fpjink were estimated by naive counting in all indi-
viduals, as implemented in PLINK. Fpjnx and 1 — MLH are
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Figure 3. Number of ROHs Compared
to Total Length of ROHs

(A) Half Orcadian, (B) CEU, (C) Scottish,
(D) Croatian, (E) Mixed Orcadian, (F) Mixed
Dalmatian, (G) Endogamous Orcadian, and
(H) Endogamous Dalmatian.
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lationships undetectable with the
use of pedigrees, and possible pedi-
gree misspecifications. The closer
the parental relationship, the greater
the variance in the autozygosity of
offspring. This is clear from the wide
distribution of F,.;, values in the en-
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mixed Orcadian group. Although as
we have shown, ROHs shorter than
around 1.5 Mb do not appear to re-
flect differences in recent ancestral
endogamy, data from the half-Orca-
dian sample illustrate that the preva-
lence of these shorter ROHs clearly
varies between individuals. Use of
a minimum-ROH-length threshold
of 5 Mb might better reflect the ef-
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fects of parental relatedness on auto-
zygosity; however, it also obscures
a great deal of individual genetic var-
iation of more ancient origin. This is
illustrated by the regression lines on
° each panel: the y intercept gives the
value of F,, when F,eq = 0. This is
a measure of the proportion of the
autosomes in ROHs not captured by
Fpea. Thus, 0.034 of the autosomes
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highly correlated (r 0.94). Fion 1.5 is more highly
correlated with 1 — MLH (r 0.80) than with Fpjnk
(r=0.74).

We used a subset of the Orcadian sample (n = 249) to es-
timate correlations with Fyeq. Fron 1.5 Was most highly cor-
related with Fyeq (r = 0.86; 95% confidence interval 0.83-
0.89). Correlations between Fpeq and Fyo, 1.5 were signifi-
cantly higher than both the correlation between Fpjnk
and Fpeq (r = 0.77; 0.72-0.82) and that between 1 — MLH
and Fpeq (t = 0.76; 0.71-0.82). Fon 1.5 was slightly, but
not significantly, more strongly correlated with Fpeq than
was either F.on 0.5 or Fron s.

Correlations between Fpeq and Fion 0.5, Froni.s, and Frop s
are shown in Figure 5. For each value of F,.q there is
a range of values for F,oy,, reflecting stochastic variation

Sum of ROHs (Mb)

are in ROHs longer than 0.5 Mb but
are not captured by Fpeq. The equiva-
lent figures are 0.0053 for ROHs
longer than 1.5 Mb and 0.0014 for
ROHs longer than 5 Mb. This clearly shows that Fyeq fails
to account for autozygosity of ancient origin.

150 200

Mean F,,;, by Subpopulation

Mean F,p, and the mean total length of ROHs for each sub-
population are shown for a range of minimum ROH
lengths in Figure 6. This figure again shows the effect on
Fron, in all populations, of changing the ROH-length cutoff
point. The same three distinct groupings emerge for ROHs
longer than 1.5 Mb, although when shorter ROHs are in-
cluded, the picture is less clear. With 1.5 Mb used as the
minimum length, endogamous Dalmatians have a mean
Fion of 0.013 (35 Mb), endogamous Orcadians 0.011
(28 Mb), Croatians 0.007 (18 Mb), mixed Dalmatians
0.006 (15 Mb), mixed Orcadians 0.005 (14 Mb), CEU 0.003
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Figure 4. Effect of Endogamy on Sum
* and Number of ROHs

Offspring of 15t or 2™ cousins are shown in
blue, endogamous Orcadians who are not
the offspring of 1% or 2™ cousins are
shown in red, mixed Orcadians are shown
in green, and half Orcadians are shown in
black.
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(8 Mb), Scottish 0.003 (7 Mb), and half Orcadians 0.002
(6 Mb). With a 5 Mb threshold, the same relationship be-
tween groups is seen, but values for all groups are reduced
(to 17 Mb in endogamous Dalmatians and 0.3 Mb in half
Orcadians).

Comparison of ROHs in the Offspring of Unrelated
Parents and the Offspring of Cousins

We next investigated whether ROHs found in half Orca-
dians are more common than those found in the offspring
of related parents. We defined “common” as overlapping by
at least 0.5 Mb with ROHs found in a subset of the Scottish
sample. The number of ROHs measuring > 1.5 Mb was 143
in the half-Orcadian sample, 3159 in the Scottish control
sample, and 382 in the offspring-of-cousins sample. Results
are summarized in Table 2. On average, each half-Orcadian
ROH overlapped with more than twice as many controls as
did ROHs in the offspring-of-cousins group. Only 12.6% of
half-Orcadian ROHs, but almost a third of ROHs in the off-
spring-of-cousins group, did not overlap with any controls.
We also looked at the mean number of overlaps per Mb of
ROH in the two samples in order to correct for the fact
that ROHs in the offspring-of-cousins group tend to be lon-
ger. There were more than three times as many control over-
laps per Mb of ROH in the half-Orcadian group than there
were in the offspring-of-cousins group. If we consider
only those ROHs measuring > 5 Mb in the offspring-of-
cousins sample (i.e., those that are most likely to result
from recent shared parental ancestry), the mean number
of overlaps per Mb was only1.4 (SD 2.0).

Data on chromosome 1 for ten individuals in the half-
Orcadian group (shown in blue) and seven individuals in
the offspring-of-cousins group (shown in red) are illus-
trated by way of example in Figure 7. These are all of the
individuals in the sample with ROHs on chromosome 1,
except that data for only one individual per sibship is
shown. This removed six individuals from the offspring-
of-cousins group but none from the half-Orcadian group.
The numbers shown below each colored segment are the
numbers of ROHs in the control sample overlapping
with the illustrated ROH. It is clear that although there is
a tendency for ROHs from both groups to cluster in certain

ROHs in the offspring-of-cousins
group are more randomly distributed
along the chromosome.

Next, we identified all ROHs in the half-Orcadian group
that overlapped by at least 0.5 Mb with common ROHs
identified by Lencz.*® In a sample of 322 non-Hispanic Fu-
ropean Americans, Lencz identified 339 ROHs present in at
least ten subjects. Of the 143 half-Orcadian ROHs, 57%
overlapped with Lencz et al.’s list. Only 7% (ten ROHs)
overlapped with neither Lencz et al.’s list nor our control
group.

Finally, we investigated whether the ROHs in half Orca-
dians were found in areas of lower-than-average recombi-
nation. The mean recombination rate for the regions
where half-Orcadian ROHs are located is 0.52 of the
mean genome-wide recombination rate. For common
ROHs (i.e., half-Orcadian ROHs that overlap with ROHs
in the control group), this figure was 0.38 of the genome-
wide mean.

250

Discussion

Our findings are consistent with a number of recent obser-
vational studies using high-density genome-scan data,
which have suggested that ROHs longer than 1 Mb are
more common in outbred individuals than previously
thought,3%36-60

We have quantified this phenomenon by describing the
number and length of ROHs in individuals who are known
to have no common maternal and paternal ancestor in at
least five generations (and probably 10-12 generations).
Our analysis of copy-number variation in the Orkney sam-
ple is consistent with studies that have shown that ob-
served ROHs are true homozygous tracts and not deletions
or other chromosomal abnormalities.***3°7°° Heterozy-
gous deletions are not easily differentiated from ROHs, be-
cause the employed algorithm uses the B allele frequency
as one of its input parameters to infer CNV status. There-
fore, homozygosity at consecutive SNPs increases the pos-
terior probability of being called a heterozygous deletion.
In other words, this is a very robust estimation of the prev-
alence of ROHs in the Orkney sample, which to some ex-
tent overcorrects for heterozygous deletions. Other studies
have suggested that ROHs cluster in regions of the genome
where recombination rates are low,%’°° and our data
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Table 1. Mean Values of F,.4 and F,,, for Orkney Subpopulations

Equivalent Parental
Cousin Relationship

Orkney Subpopulation N Mean (SE) Foed (Single Loop) Mean (SE) Fion 0.5 Mean (SE) Fon 1.5 Mean (SE) Fion 5
Offspring of 1°¢ or 2™ 42 0.0182 (0.0014) 2™ cousin 0.0569 (0.0024)  0.0271(0.0022)  0.0169 (0.0017)
cousins

Endogamous Orcadian 114 0.0015 (0.0004) 3™ - 4™ cousin 0.0379 (0.0008) 0.0087 (0.0007) 0.003 (0.0004)
Mixed Orcadian 44 0.0002 (0.0001) 5™ cousin 0.033 (0.0006)  0.0046 (0.0005)  0.0012 (0.0004)
Half Orcadian 49 0 None 0.0315 (0.0004) 0.0021 (0.0002) 0.0001 (0.00007)
Total 249 0.0038 (0.0005) 3™ cousin 0.039 (0.0008)  0.0098 (0.0007)  0.0045 (0.0005)

support this. The picture of genome-wide homozygosity
now emerging is that short stretches, measuring tens of
kb and indicative of ancient LD patterns, are common,
covering up to one third of the genome.** At the other
end of the spectrum, very long ROHs, measuring tens of
Mb, are the signature of parental relatedness. In between,
ROHs might result from recent parental relatedness or
might be autozygous segments of much older pedigree
that have occurred because of the chance inheritance
through both parents of extended haplotypes that are at
a high frequency in the general population, possibly be-
cause they convey or conveyed some selective advan-
tage.’® The Phase II HapMap study estimates that ROHs
measuring in excess of around 100 kb constitute 13%-—
14% of the genome in Europeans.*® Lencz et al.>® give
a similar estimate. The findings of our study are not di-
rectly comparable, given that we have not examined
ROHs shorter than 500 kb; however, we have shown (Fig-
ure 2) that ROHs measuring between 500 and 1500 kb
were present in all individuals in all the subpopulations
that we studied, totaling on average 75 Mb per individual
(2%-3% of the autosomes). The fact that we found small
but significant differences among our four populations in
the mean sum of these short ROHs but no significant dif-
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ferences within populations (e.g., between endogamous
Orcadians and half Orcadians) lends support to the view
that population differences in the prevalence of ROHs
shorter than around 1.5 Mb reflect LD patterns of ancient
origin rather than the effects of more recent endogamy.
We have demonstrated clearly that data on ROHs mea-
suring more than 1.5 Mb accurately reflect differences in
population isolation, as measured by grandparental endog-
amy (Figures 2, 3, and 6). Furthermore, characterizing pop-
ulations in terms of ROHs allows us to situate those with
unknown degrees of isolation along a spectrum. For exam-
ple, beyond knowing that the Scottish sample is broadly
representative of the general Scottish population, we
have no information on the precise birthplace of partici-
pants’ grandparents. Data on ROHs would suggest that en-
dogamy and consanguinity are uncommon, although not
unheard of, in the recent ancestry of modern Scots. The 36
(4%) outliers in Scottish sample with ROHs suggestive of
parental relatedness (total ROHs > 5 Mb) were no more
likely to live in rural or island locations than in urban loca-
tions. This is unsurprising: Scotland is a small, largely ur-
banized country with high population mobility. There
are, however, small, remote island communities off the
west and north coasts of Scotland that have been shown

C
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Figure 5. Correlation between F,.4 and F,,, in Orkney Sample
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Correlations, with regression lines, are shown for three different minimum-ROH-length thresholds. (A) shows the correlation between F,eq
and Fron 0.5, (B) shows the correlation between Fyeq and Fron 1.5, and (C) shows the correlation between F,.q and Fop, 5. For colors and

details of subgroups, see Figure 4 legend. N = 249.
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Figure 6. Mean Total Length of ROHs over a Range of Minimum Tract Lengths
The average total length of ROHs per individual, calculated from ROHs above 0.5, 1.5 and 5 Mb, is plotted for each of the eight population
groups defined in the Statistical Analysis section of Subjects and Methods. For colors, see Figure 2 legend.

to have greater LD and lower haplotype diversity than
mainland urban and rural Scottish populations,® consis-
tent with lower effective population sizes, isolation, and
genetic drift. Orkney is one such isolated community;
however, as we show, even within such small populations,
there is a great diversity of ancestry, from the tightly en-
dogamous to the completely outbred. Our data show that
having at least three grandparents from within a 2-3
mile radius (as is the case in the North Isles of Orkney
and the Dalmatian villages) is associated with considerably
more and longer ROHs than is merely coming from Ork-
ney or a Dalmatian island. The distribution of ROHs in
the CEU sample, which is widely used as a northwest-Euro-
pean reference population, does indeed appear to be very
similar in this respect to that in the Scottish sample. Con-
sistent with other studies,*> we identify one outlier
(NA12874), who is likely to be the offspring of consanguin-
eous parents. The Dalmatian subsample of the offspring of
Croatian settlers is more autozygous by various ROH-based
measures than the mixed-Dalmatian and mixed-Orcadian
subgroups, suggesting that these settlers came from fairly
small, semi-isolated communities where endogamy was
not uncommon.

Table 2. Overlaps between ROHs Found in Orcadians
and Those Found in a Scottish Control Sample
Half Offspring
Orcadian  of Cousins
Number of individuals 46 20
Number of ROHs > 1.5 Mb 143 382
Mean (SE) number of control overlaps per 20.5 (22.5) 9.6 (16.0)
ROH
Maximum number of controls overlapping 123 123
with a ROH
Percentage of ROHs overlapping with no 12.6 29
controls
Mean (SE) number of control overlaps per 10.9 (11.8) 3 (6.3)
Mb of ROH

We found that F,y, is strongly correlated with Fpeq, sig-
nificantly more so than the other two measures investi-
gated. Perfect correlation is not expected, largely because
of the deficiencies of Fyeq. This is particularly the case in
isolated populations, where multiple distant parental rela-
tionships, undetectable with only a few generations of
pedigree information, inflate autozygosity, such that the
offspring of distant cousins can be almost as autozygous
as the offspring of first cousins.?* The individual with the
second highest F;,}, in the Orkney sample, for example, is
the offspring of a couple whose closest relationship is
that of 3™ cousins but who are multiply related at least
24 different ways in the last eight generations alone. We il-
lustrate the deficiencies of Fpeq in Figure 5, in which the y
intercept of the regression line is an indication of the auto-
zygosity captured by F,,j, but not by Fy,.q. Although it is un-
likely that any approach could accurately identify the pre-
cise nature of distant parental cousin relationships for
individuals with such complex pedigrees as those found
in our Orkney sample, F,,;, can accurately rule out the pos-
sibility that an individual is the offspring of first cousins:
during preliminary data analysis, before all pedigree rela-
tionships had been verified by checking of inferred IBD
sharing among first-degree relatives, a sibling pair, puta-
tively the offspring of first cousins, was identified as having
Fion values significantly lower than predicted from pedi-
gree. Upon checking of inferred IBD sharing among pairs
of their genotyped relatives, an ancestral false paternity
was identified that explained this anomaly.

A key objective of this research was to explore whether
ROHs could be used for derivation of a measure of individ-
ual autozygosity. Before the advent of dense genome scans,
the approach to estimating autozygosity from genetic-
marker data was invariably inferential. We propose a very
different, observational approach. Termed F,,}, this is de-
fined as the proportion of the autosomal genome in
ROHs above a specified length threshold. Our purpose
here is not to develop a fully fledged statistical methodol-
ogy tested against the alternatives—further work is needed
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Figure 7. Size and Location of ROHs on

250 -
I 1
200 - _—
1 F
9 12 ||
T = o f—x —— 2
56 56 56 56 56 5
& 150 - .
=)
5
= =l
7] 4
o 100 - —
o
||
18 18 I
1
0 -

Chromosome 1, Comparing Half Orca-
dians and Offspring of Cousins

ROHs measuring > 1.5 Mb in ten half Orca-
dians are shown in blue, and those of seven
offspring of 15:-3" cousins are shown in
red. The numbers shown below each col-
ored segment are the numbers of overlap-
59 ping ROHs in the Scottish control sample.

Fion differs from all these ap-
proaches in that it is based on the as-
2 sumption that ROHs are a signature
of autozygosity (Figure 1), which
might be the result of recent parental
relatedness but equally might be of
much more ancient origin. This is
clearly illustrated by our half-Orca-
dian population, whose parents are
known to be unrelated and who,

1 2 3 4 5 6 7 8 9 10 11 12
Subjects

to refine the methodology, particularly in relation to the
most appropriate length threshold for defining ROHs—
but, rather, to outline a broad approach and highlight is-
sues for future consideration. Equally, a detailed evaluation
of alternative methods is beyond the scope of this paper;
however, we have made some preliminary comparisons
with two of the measures, Fy;,x and multilocal heterozy-
gosity (MLH). Both correlate strongly with F,.;,. Whereas
1 — MLH is a measure of genome-wide homozygosity>*
with no attempt to distinguish loci that are homozygous
because of IBD and loci that are homozygous by chance,
Fplink% uses expected genome heterozygosity to control
for homozygosity by chance. Carothers et al.>° have pro-
posed another measure of autozygosity, which uses locus-
specific heterozygosity to give more weight to polymor-
phic loci that are homozygous. Unlike our approach, all
three methods are single-point approaches and do not ex-
ploit the nature of autozygosity that comes in runs or
tracts. Another drawback of Fyjnx and the method pro-
posed by Carothers et al. is that they require estimation
of population allele frequencies, a nontrivial problem in
many populations.®? Leutenegger et al.>?> have also pro-
posed a multipoint approach to autozygosity inference.
Their method uses a hidden Markov model that requires
that markers are in linkage equilibrium. Hence, it is com-
putationally more complex to deal with extremely dense
SNP maps, because LD needs to be taken into account or
a subset of SNPs in low LD needs to be selected. Both of
these are subject to ongoing research. The method is, on
the other hand, very well suited for dense microsatellite
maps or mixed microsatellite-SNP maps.*®

13 14 15 16 17

therefore, have inherited no IBD al-
leles for at least five and probably
10-12 generations. We show, how-
ever, that on average, half Orcadians
have a total of 6 Mb worth of ROHs
measuring longer than 1.5 Mb (0.2% of the autosomes).
In the two nonisolate populations studied, the comparable
statistics are 7.25 Mb (0.3% of autosomes), in the Scottish
population, and 8.3 Mb (0.3%), in the CEU population
(Figure 6).

Consistent with the findings of other studies, we
have shown that these shorter ROHs are almost invariably
common but not universal in the population, occurring in
both a Scottish control group (Figure 7) and an outbred
non-Hispanic European American population.>® Common
ROHs are a source of individual genetic variation that
might play a causal role in common complex disease and
that, therefore, merit further exploration as risk factors in
their own right.>® We feel that it is also entirely appropriate
to count them in our F,q, statistic for the purposes of inves-
tigating the effect of genome-wide homozygosity on quan-
titative disease or disease-related traits. For this purpose, we
suggest a minimum-length threshold of 0.5 Mb, because
this is the limit of resolution possible with a 300,000-SNP
genome-wide scan and is also considerably longer than
most stretches of LD.**! There is, though, clearly poten-
tial for exploration of the prevalence and distribution of
even-shorter ROHs with the use of data sets with more
densely spaced markers.

When the research aim is to use homozygosity mapping
to identify the variants causing rare recessive diseases, F;on
can be modified in order to reflect only the effects of recent
parental relatedness. Our analysis of the genomic location
of ROHs shows that many of the most common ROHs are
equally present in the offspring of both related and unre-
lated parents (see Table 2 and Figure 7). We propose that

56,59
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Fion could be modified by identification of such common
ROHs and removal of them from both the numerator
and the denominator, thus reducing the risk of false nega-
tives. An alternative approach would be to set a higher
minimume-length threshold, for example, 5 Mb (see Table
1 and Figure 5), but this would have the effect of underes-
timating the effects of recent parental relatedness by fail-
ure to count any shorter ROHs of recent origin, while still
not totally eliminating longer, common ROHs.

We have shown here that ROHs measuring 1.5 Mb and
longer can be used to distinguish between populations
with different histories of isolation. ROHs also distinguish
effectively between individuals with different degrees of pa-
rental relatedness in their ancestry. This approach is simple,
observational, and based on sound theoretical justification.
Although our study is based on Illumina data, this method
is generally applicable, and we see no reason why it could
not be used with data generated on other platforms. With
some refinement, F;,, has potential as a measure of individ-
ual genome-wide autozygosity for comparison to pheno-
type. The essential challenge in any attempt to estimate in-
dividual autozygosity from genomic data is to set a limit
distinguishing autozygous from merely homozygous geno-
types. Single-point methodologies based on estimation of
population allele frequencies implicitly use time as a limit
but face the serious drawback of requiring allele-frequency
data for a founder or reference population. Our multipoint
approach, which exploits the potential of ROHs as a mea-
sure of autozygosity, uses ROH length as a limit. Here, we
have described how F,,}, is affected by the length threshold
used and by the inclusion of common ROHs. The next chal-
lenge is to establish the optimum-length threshold and de-
termine to what extent F,,;, should be modified with refer-
ence to the prevalence of common ROHs. These issues are
the subject of ongoing research, involving the simulation
of high-density genotype data by gene dropping fully
phased Hap300 data down representative pedigrees. Work
is also in progress to apply this approach to data sets from
highly consanguineous populations and, in particular, to
investigate whether the F,p, length cutoff used here is uni-
versally applicable. Common, shorter ROHs also merit fur-
ther investigation as a risk factor in common complex dis-
ease and will have utility in narrowing down genomic
regions in the search for functional genetic variants.*®
The availability of denser genome-wide scans with 1 mil-
lion or more SNPs will facilitate more reliable identification
and enumeration of shorter ROHs, and the use of these
large data sets in different populations will improve under-
standing of the frequency of common ROHs and how these
differ among populations.
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