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A Genomewide Search Using an Original Pairwise Sampling Approach
for Large Genealogies Identifies a New Locus for Total and Low-Density
Lipoprotein Cholesterol in Two Genetically Differentiated Isolates
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A powerful approach to mapping the genes for complex traits is to study isolated founder populations, in which
genetic heterogeneity and environmental noise are likely to be reduced and in which extended genealogical data
are often available. Using graph theory, we applied an approach that involved sampling from the large number of
pairwise relationships present in an extended genealogy to reconstruct sets of subpedigrees that maximize the useful
information for linkage mapping while minimizing calculation burden. We investigated, through simulation, the
properties of the different sets in terms of bias in identity-by-descent (IBD) estimation and power decrease under
various genetic models. We applied this approach to a small isolated population from Sardinia, the village of Talana,
consisting of a unique large and complex pedigree, and performed a genomewide search through variance-com-
ponents linkage analysis for serum lipid levels. We identified a region of significant linkage on chromosome 2 for
total serum cholesterol and low-density lipoprotein (LDL) cholesterol. Through higher-density mapping, we obtained
an increased linkage for both traits on 2q21.2-q24.1, with a LOD score of 4.3 for total serum cholesterol and of
3.9 for LDL cholesterol. A replication study was performed in an independent and larger set from a genetically
differentiated isolated population of the same region of Sardinia, the village of Perdasdefogu. We obtained consistent
linkage to the region for total serum cholesterol (LOD score 1.4) and LDL cholesterol (LOD score 2.2), with a
level of concordance uncommon for complex traits, and refined the location of the quantitative-trait locus. Inter-
estingly, the 2q21.1-22 region has also been linked to premature coronary heart disease in Finns, and, in the adjacent
2q14 region, significant linkage with triglycerides has been reported in Hutterites.

Introduction Breslow 1988; Manninen et al. 1988; Criqui et al. 1993;

Gardner et al. 1996; Hokanson and Austin 1996; Stamp-

An important route for complex disease mapping is
through the study of normal physiological variation of
quantitative risk factors. Intermediate measured phe-
notypes, which are assumed to be functionally related
to or to potentially underlie a broader phenotype (or
disease), may have stronger genetic determinants than
the downstream phenotype they mediate.

Elevated levels of total cholesterol (TC), low-density
lipoprotein (LDL) cholesterol (LDL-C), and triglyceride
(TG), as well as decreased levels of high-density lipopro-
tein (HDL) cholesterol (HDL-C), are major risk factors
for cardiovascular diseases (CVD) (Miller and Miller
1975; Rhoads et al. 1976; Gordon et al. 1977, 1989;
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fer et al. 1996; Murray and Lopez 1997; Lamarche et
al. 1998), the leading cause of morbidity and mortali-
ty in industrialized countries. Variation in serum lipid
concentrations among individuals results from multiple
genetic factors and their complex interactions with en-
vironmental factors, diet, and lifestyle. Different poly-
morphisms of genes encoding proteins involved in lipid
metabolism have been associated with variations in lipid
levels. The magnitude of the effect of each of these poly-
morphisms is generally small but, when combined, may
lead to major changes. Occasionally, a single mutation
capable of causing abnormalities of lipid metabolism is
genetically transmitted as a familial dyslipidemia. Major
mutations have been described in genes for the LDL re-
ceptor (LDLR [MIM 606945]) (Umans-Eckenhausen et
al. 2001), apolipoprotein B (APOB [MIM 107730])
(Schonfeld 2003), and LDLR-adaptor protein (ARH
[MIM (605747]) (Garcia et al. 20015). Important but
uncommon polymorphisms associated with variations in
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lipid levels have also been reported (Patsch et al. 1994;
Hegele et al. 1995; Dallinga-Thie et al. 1996; Harris et
al. 1998; Miettinen et al. 1998; Acton et al. 1999;
Brooks-Wilson et al. 1999; Hagberg et al. 2000; Tkeda
et al. 2001; Zambon et al. 2001; Shachter 2001; Evans
and Kastelein 2002; Ledmyr et al. 2002; Boekholdt and
Thompson 2003). Lipid concentrations in the general
population, even in the absence of major mutations, are
also highly heritable (Hunt et al. 1989; Perusse et al.
1997; Higgins 2000). The identification of new QTLs
contributing to interindividual variation has proved dif-
ficult (Garcia et al. 2001a). Linkage analysis has the po-
tential to identify regions of the genome not previously
recognized to be involved in lipid metabolism, although
these studies can be hampered by the small effects on
phenotypes, as well as by the genetic heterogeneity of the
underlying variants and their interactions with other ge-
netic and environmental factors.

A promising strategy to aid in the search for genes is
to focus on genetic isolates with small numbers of foun-
ders, in which the expected number of trait-influencing
variants should be reduced compared with outbred pop-
ulations (Lander and Schork 1994; Wright et al. 1999;
Shifman and Darvasi 2001). Furthermore, the environ-
ment of the individuals in these populations is usually
quite uniform.

We focus our studies on Ogliastra, a mountain area of
central-eastern Sardinia. Ogliastra is an anciently pop-
ulated region consisting of 23 small, isolated villages,
whose founders originated from the same Neolithic pop-
ulation but that had little historical admixture, because
of geographic and culture barriers. Isolation, small pop-
ulation size, high endogamy, and inbreeding have led to
marked genetic differentiation among subpopulations
within Ogliastra, as a consequence of founder effects and
genetic drift (Fraumene et al. 2003). These villages offer
great advantages for the study of complex traits—first,
because of their expected increased genetic and environ-
mental homogeneity, and, second, because of the oppor-
tunity for replication in one village of an initial finding
obtained in another village, since they are very well ge-
netically differentiated. The present study was performed
on two villages of Ogliastra: Talana (1,200 inhabitants)
and Perdasdefogu (2,400 inhabitants). These populations
rank among the most genetically homogenous compared
with other European populations (Fraumene et al. 2003).

An additional feature of these isolated populations is
the availability of accurate genealogical records that al-
low us to trace the ancestry of each extant individual
and to reconstruct a large and complex genealogy. We
collected genealogical data for many of the Ogliastra
villages and stored them in a database, which allowed
us to place individuals from each village within large
and complex genealogies. Although simulations and
theoretical power calculations demonstrate that large
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pedigrees provide more power for quantitative-trait
analyses than do smaller families or sib pairs (Wijsman
and Amos 1997; Williams et al. 1997; Williams and
Blangero 1999), complex pedigrees pose computational
challenges for linkage methods based on identity-by-
descent (IBD) sharing estimation. In particular, exact
multipoint calculations are feasible only for pedigrees
of moderate size (Lander and Green 1987; Kruglyak
and Lander 1998; Gudbjartsson et al. 2000; Markianos
et al. 2001, Abecasis et al. 2002), whereas, for large
pedigrees, approximate IBD estimation, such as Mar-
kov-chain Monte Carlo (Sobel and Lange 1996; Heath
1997) and correlation-based (Almasy and Blangero
1998) methods, must be used. However, these methods
are very time consuming for large genealogies, especially
in the context of a genomewide search (GWS), and some
are unable to deal with extremely complex pedigrees
with many inbreeding loops—for example, the corre-
lation-based method, which relies on predefined rela-
tionship classes and doesn’t support some of the unusual
bilineal relationships that exist in isolated populations.

Abney et al. (2002) have proposed new methods for
linkage and association mapping of QTLs in complex,
inbred pedigrees; these methods make extensive use of
the pedigree information while keeping the computa-
tions simple and efficient. Their methods are based on
the existence of regions that are homozygous by descent
in inbred individuals and, thus, are suitable for detection
of QTLs that act recessively.

Although taking into account the exact relationships
between all family members, particularly in inbred pop-
ulations, increases information about linkage (Lander
and Botstein 1987), a common approach to keep com-
putation simple is to use only a subset of the genealogy,
splitting the entire pedigree into more manageable sub-
units. The issue of pedigree breaking has already been
investigated. Chapman and Wijsman (2001) showed that
results are dependent on how the subpedigrees are chosen
and often require arbitrary decisions concerning the lines
of descent that are preserved (Chapman et al. 2001). Dy-
er et al. (2001) observed that pedigree simplification,
through cutting the pedigree at different generations, re-
quiring breaking original loops, and reducing the number
of informative pairs, inevitably reduces the power to de-
tect linkage. Pankratz and Iturria (2001) proposed a
semiautomatic method that relies partly on human de-
cisions and that therefore is not easily reproducible. A
method that systematically does the dividing while iden-
tifying subpedigrees that are likely to provide the most
utility to a linkage study has been absent. We propose
an approach that samples from the large number of pair-
wise relationships that exist in an extended genealogy,
such as the ones under study, that maximizes useful in-
formation for linkage while minimizing IBD calculation
burden. Indeed, the availability of a sample with a com-
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plete genealogy provides a remarkable wealth of relative
pairs when compared with a sample of the same size
distributed in smaller families (e.g., a sample of # indi-
viduals in a complete pedigree provides as many as
n(n — 1)/2 relative pairs). We investigated, through sim-
ulation, the power and the accuracy of IBD estimation
of different sampling schemes. Applying this approach,
we performed a GWS for serum lipid levels, through
variance-components linkage analysis on a sample col-
lected from Talana, and replicated our findings in a larger
sample derived from Perdasdefogu.

Material and Methods

Populations and Genealogical Data

Ogliastra is a sparsely populated area in central-east-
ern Sardinia, with a total of 60,000 inhabitants (34 in-
habitants/km?) clustered into 23 villages. Mitochondrial
analysis traced the original population back to the Neo-
lithic era. Several Ogliastra villages slowly grew in iso-
lation and had little or no admixture with the others,
giving rise to high endogamy and inbreeding. Fraumene
et al. (2003) observed a great deal of genetic differen-
tiation among subpopulation isolates within Ogliastra,
as a consequence of founder effects and genetic drift.
Genetic diversity measures showed that these villages
rank among the most genetically homogenous European
populations.

The GWS study was performed in a small isolated
village of 1,200 inhabitants within Ogliastra, named Tal-
ana. Analyses of the Y chromosome and characterization
of mtDNA haplogroups revealed that ~80% of the Tal-
ana population derives from 8 paternal and 11 maternal
ancestral lineages (Angius et al. 2001). The replication
study was performed on a larger sample derived from
another Ogliastra village, Perdasdefogu, located in the
south of Ogliastra. Perdasdefogu has ~2,400 residents,
but during the past 50 years it has undergone a great
immigration wave because of the opening of a military
base nearby. mtDNA characterization has shown that
only a small number of founders contributed to the ac-
tual female gene pool in Perdasdefogu native inhabitants
(Fraumene et al. 2003).

Extensive historical and archival data allow an ac-
curate reconstruction of the genealogy of each extant
individual for as many as 16 generations in Talana and
in Perdasdefogu. These data are structured in a relational
database that includes phenotypic and genotypic infor-
mation, and several algorithms allow database inquiry
and data extraction for the analysis.

The Talana pedigree connecting a study sample of 875
extant individuals resulted in a complex 5,219-person
pedigree spanning 16 generations, with multiple inbreed-
ing loops, in which individuals are related to each other
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through multiple lines of descent. The median (25%-—
75% quartiles) kinship coefficient among the study sam-
ple of extant individuals is 0.014 (0.009-0.021); this
value is between second cousins (0.0156) and second
cousins once removed (0.0078). The median (25%-75%
quartiles) inbreeding coefficient is 0.010 (0.007-0.011).
The median number (25%-75% quartiles) of meiotic
steps between each pair of extant individuals is 9 (7-
10).

Given the large amount of immigration during the
past 50 years in Perdasdefogu, we selected a subsample
of extant individuals whose lineages could be traced to
as many five generations before 1950. We extracted a
2,506-person, 15-generation inbred pedigree joining 821
extant individuals, with expected reduced genetic het-
erogeneity compared with the whole sample of residents.
The median (25%-75% quartiles) kinship coefficient
among them is 0.007 (0.004-0.011). The median (25 %-
75% quartiles) inbreeding coefficient is 0.005 (0.001-
0.010). The median number (25%-75% quartiles) of
meiotic steps between each pair of individuals is 10 (8-

11).

Variance-Components Analysis

Statistical analyses were conducted using a variance-
components approach. A linear mixed model is fit to the
data so that the phenotypic variance about the trait mean
is partitioned into a monogenic component (64y), rep-
resenting the contribution of a QTL, a polygenic com-
ponent (og), attributable to residual additive genetic var-
iance, and a residual component (¢¢), attributable to
environmental effects unique to the individual. The phe-
notypic variance-covariance matrix () of the individuals
in a pedigree may be written as @ = Il + 2%o; +
IoZ, where II is a matrix of the proportion of alleles
shared IBD estimated from the genotypic data at a point
in the genome, 2® is a matrix of the expected proportion
of alleles shared IBD over the genome, and I is an identity
matrix. LOD scores are calculated as the difference be-
tween the maximum of the log,, likelihood of the full
model, including estimates of o3y, 0g, and o, and the
maximum of the log,, likelihood of the reduced model
in which oy, is constrained to equal 0.

Simulation Study— Genealogy Partitioning

To explore the properties of our method for dividing
large inbred genealogies, we simulated populations in
which selection, immigration, bottlenecks, and other com-
plicating factors were assumed to be absent. We gener-
ated, by simulation, 100 inbred genealogies, so that
founding population size, expansion rate, and actual pop-
ulation size were comparable to those of the Ogliastra
villages under study, which are well documented for the
last 16 generations. Starting with an initial population
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size of 80 individuals, we randomly selected mating pairs
in each of the 16 generations, allowing only one mate per
individual. The mating partners were chosen among in-
dividuals more distant than first cousins, since marriages
between first cousins have been discouraged and are rare
in Ogliastra populations. If no partner was available, no
mating occurred. The number of children per couple fol-
lowed a Poisson distribution with mean 2.8. The resulting
median (25%-75% quartiles) population size of the last
three generations was 1,760 (1,269-2,146), whose me-
dian (25%-75% quartiles) kinship coefficient was 0.013
(0.009-0.020) and median (25%-75% quartiles) in-
breeding level was 0.012 (0.007-0.018). The median
(25%—75% quartiles) size of the genealogies was 3,629
(2,894-4,713) individuals.

Marker genotypes were simulated by gene dropping
in each genealogy for four equally spaced markers span-
ning a region of 10 cM, to evaluate subsequent IBD-
sharing estimation in a multipoint context. Each marker
was simulated with eight equally frequent alleles, and
founder haplotypes were assumed to be in linkage equi-
librium. During simulations, the matrix of the true pro-
portion of alleles shared IBD (®) between all individuals
belonging to the last three generations was stored. Quan-
titative-trait phenotypes were simulated under different
genetic models. The overall additive heritability (b*) was
constrained to 0.5, attributable to a QTL and an additive
polygenic effect. The QTL was assumed to be diallelic,
with a fixed additive effect of moderate size on the in-
dividual phenotype and no dominance effect but with
varying QTL-variant frequencies in the founder popu-
lation. We simulated a QTL-variant with 0.05, 0.1, 0.3,
and 0.5 frequency, yielding QTL-specific heritabilities
(h) of 0.09, 0.15, 0.29, and 0.33, respectively. The re-
maining phenotypic variance was assigned to individual-
specific effects. The QTL was positioned in the middle
of the simulated chromosomal region.

Phenotypes and genotypes were assumed to be com-
pletely known only for individuals belonging to the last
three generations. Power was calculated as the propor-
tion of simulations that provided a multipoint LOD
score =3 in the region. The power of variance-compo-
nents linkage analysis depends only on /., once the total
heritability is fixed (Williams and Blangero 1999), and
h; depends only on the QTL frequency, when the ad-
ditive and dominance effects are kept fixed. We inves-
tigated the probability of identifying, in the study sam-
ple, variants introduced in the ancestral genetic pool
with different frequencies, thus also taking into account,
in the evaluation of the power of our approach, genetic
drift and founder effects, which greatly influence allele
frequencies in an isolated inbred population and, con-
sequently, /; in the extant population. Therefore, instead
of comparing the power on the basis of resulting QTL
frequencies or A in the study sample, we focus on power
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evaluation for various QTL frequencies in the ancestral
founder sample. Power calculations were adjusted to
take into account those cases in which one of the QTL
alleles was, in fact, lost.

From each simulated genealogy, different sets of sub-
pedigrees were extracted using the maximum-cliques
sampling approach described in the appendix. The ap-
proach is aimed at identifying the maximum number of
individuals sharing a given characteristic—that is, a
clique. We used the number of meiotic steps as a measure
of relatedness to cluster individuals of the last three gen-
erations whose median number (25%-75% quartiles) of
meiotic steps between pairs was 8 (7-10). After each
replication, we extracted three sets of subpedigrees,
named “S2,” “S3,” and “S4,” comprising individuals
separated from each other by a maximum number of
two, three, and four meiotic steps, respectively, and in-
dividuals belonging to the above generations who al-
lowed us to preserve recent inbreeding loops. As larger
numbers of individuals were included in the pedigrees
from set S2 to S4, more generations were also included.
The resulting mean numbers of individuals (mean num-
bers of generations) in the pedigrees of the three sets
were 18 (5.5), 25 (6), and 62 (7), respectively. Larger
numbers of meiotic steps generated extremely large,
computationally heavy pedigrees and were not investi-
gated. The mean number of the pairwise relationships
among individuals of the study sample in the S2, S3,
and S4 resulting sets were 1,677, 2,298, and 3,982,
respectively.

We assessed the relative efficiency of the different sub-
pedigree sets as the ratio between the power of the sets
and the power of the complete pedigree, generated to
include all the individuals of the sets and all their com-
mon ancestors. Since IBD-sharing estimation is not fea-
sible in the general pedigree, the power of the complete
pedigree was calculated using the exact IBD-sharing ma-
trix. We also evaluated separately the reduction in power
of the sets of subpedigrees derived from the misspecifi-
cation of the null IBD-sharing probabilities, which in-
fluences the estimation of the polygenic component ef-
fect, as well as from the bias in IBD-estimation in the
region, which influences the estimation of the QTL ef-
fect. The impact of misspecification of the null IBD-shar-
ing probabilities was evaluated, comparing the power of
the sets when assigning the true versus the estimated null
IBD-sharing probabilities and using, in both cases, the
true IT matrices. The effect on power reduction due to
the bias in IBD estimation in the region was evaluated,
comparing the power of the sets assigning the true II
versus the estimated IT matrices, using the estimated null
IBD-sharing probabilities in both cases. The estimated
multipoint II matrices were calculated from simulated
genotypes by Simwalk2 (Sobel and Lange 1996) for the
individuals in the last three generations and were im-
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ported into a framework for variance-components anal-
ysis. All calculations were performed for the individuals
belonging to the last three generations of each simulated
genealogy, for whom genotypes and phenotypes were
assumed to be known. We did not consider the effects
of missing data among these individuals, since it would
have been beyond the scope of this article.

We also evaluated the type I error rates, estimating
the number of times a given LOD-score threshold was
exceeded by chance in each set of subpedigrees. For this
study, we assumed the same QTL models described
above and simulated conditions in which the QTL var-
iant was completely unlinked to the chromosomal re-
gion. LOD scores were computed using the estimated
IT matrices.

Subjects and Phenotypic Data

All individuals participating in the study signed in-
formed consent forms, and all samples were collected in
accordance with the Declaration of Helsinki (World
Medical Association Web site). All participants were
given a physical exam, and total blood was drawn for
phenotype and genotype determination.

TC levels, HDL-C levels, TG levels, and BMI were
measured in 572 subjects from Talana and in 1,443 sub-
jects from Perdasdefogu, all of ages =18 and <90 years.
We determined TC, HDL-C, and TG levels with an au-
tomated Vitros 250 Chemistry System (Orthoclinical Di-
agnostics, Johnson & Johnson Gateway SM). Quanti-
tative measures of TC and HDL-C concentration were
evaluated by use of the Vitros Chemistry Products Mag-
netic HDL Cholesterol Reagent and Vitros Chol Slides,
following the manufacturer’s instructions (Allain et al.
1974; Warnick et al. 1983). LDL-C levels were de-
termined by the Friedewald formula: LDL-C = TC —
(HDL-C+TG/S). This formula was used only for sub-
jects presenting with TG <400 mg/dl (i.e., 4.4 mmol/
liter), as recommended. The BMI was calculated as
weight divided by the square of height (kg/m?). Extreme
outliers (i.e., trait value below the mean minus 3 SD or
above the mean plus 3 SD) were excluded from the
analysis.

Genotyping and Genetic Maps

Genomic DNA was extracted from 7 ml of EDTA-
treated blood, as described by Ciulla et al. (1988). Ge-
notyping of 875 individuals from Talana was performed
in collaboration the National Heart, Lung, and Blood
Institute Mammalian Genotyping Service of the Marsh-
field laboratory, under the direction of J. L. Weber. A
total of 654 highly informative markers, distributed over
the autosomal chromosomes, were genotyped. The data
were checked for typing inconsistent with the pedigree
structure through use of PedCheck (O’Connell and
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Weeks 1998), employing semiautomatic procedures to
investigate and remove errors. Instances that could not
be resolved were treated as missing data.

The Talana-specific genetic maps were constructed us-
ing CRI-MAP (Lander and Green 1987), which was run
on an extended pedigree in which the number of infor-
mative meioses were maximized (as many as 900 infor-
mative meioses). Allele frequencies were estimated from
the whole sample of genotyped subjects, and average
marker heterozygosity was 0.71 (SD 0.09).

In the identified region on chromosome 2, we typed
eight additional markers (D28347, D25112, D2S5150,
D28132, D2S151, D252277, D252241, and D25142)
in 352 individuals of the Talana family set used in the
GWS, thus allowing us to obtain an average marker
density of 2.8 ¢cM. PCR was performed according to
standard protocols. Microsatellite products were loaded
on an ABI PRISM 3730 DNA Analyzer (Applied Bio-
systems), and data were processed by GENEMAPPER
v3.0 software. These eight markers, plus the seven mark-
ers belonging to the GWS set (D2S1328, D25442,
D281399, D251388, D251353, GATA126A06, and
D2S81776), were subsequently genotyped in a larger sam-
ple of 821 individuals from Perdasdefogu, to replicate
the original result. The mean heterozygosity in Perdas-
defogu for these 15 markers was 0.74 (SD 0.06).

For the markers typed in the candidate region of chro-
mosome 2, population-specific allele frequencies in the
Talana and Perdasdefogu samples were estimated, con-
sidering typed individuals as independent and also tak-
ing into account their relatedness. For the latter, we
used the procedure recently proposed by McPeek et al.
(2004), which allowed us to derive the best linear un-
biased estimator (BLUE) of the allele frequencies in the
two large pedigrees—one for each of these population
samples—that connect all genotyped individuals of the
respective samples. Using these pedigrees, we also used
CRI-MAP to estimate the combined Talana and Per-
dasdefogu—specific map of the chromosome 2 region.
This genetic map was used for calculations, although in
the figures we report the deCODE genetic map (Kong
et al. 2002), for consistency. For two markers (D2S1388
and GATA126A06), the deCODE genetic locations were
not available and were interpolated from the genetic and
physical positions of flanking markers. The genetic map
estimated in the combined sample was ~10 cM longer
than the deCODE map, even after rechecking genotypes
that caused apparent tight double-recombination events.

Statistical Analysis

Narrow trait heritabilities were estimated in the com-
plete genealogies by use of SOLAR (Almasy and Blangero
1998), after accounting for the effects of relevant covar-
iates. Variance-components analysis was performed, on a
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Pentium IV 3.2 GHz/4 Gb computer, using Merlin (Abe-
casis et al. 2002), which performs fast and exact multi-
point IBD calculation, incorporating a simultaneous cor-
rection for sex, age, age-squared, and BML. Inclusion of
these covariates improves the ability to detect linkage, by
both reducing the unexplained residual variance in lipid
levels and increasing the relative genetic signal. We did
not derive empirical P values adjusted to account for the
scanning of the whole genome, since it would have re-
quired prohibitively time-consuming simulations.

Results

Simulation Study— Genealogy Partitioning

We have investigated the effects of genealogy parti-
tioning on expected power in variance-components link-
age analysis by simulation. For a QTL introduced in the
founders’ generation with different allele frequencies
(0.5, 0.30, 0.10, 0.05), a range of QTL allele frequencies
is observed in the study sample, with a mean value equal
to the original value and a nonzero probability of being
lost for the two rarer variants (namely, 0.10 and 0.05)
(table 1). To assess the relative efficiency of the different
subpedigree sets compared with the whole pedigree, we
first estimated the power in the general pedigree, com-
puted using the exact IBD-sharing matrix and excluding
the replicates in which the QTL allele was lost. The
power of the whole pedigree was extremely high: 100%
for QTL frequencies of 0.50 and 0.30, 86% for a QTL
frequency of 0.10, and 70% for the rarest QTL fre-
quency, 0.05, with a fixed additive effect of moderate
size. We then evaluated separately (1) the decrease in
power compared with the whole pedigree for the sets
due only to lack of information in the ancestral gener-
ations and sample reduction, (2) the effect of misspe-
cification of the null IBD-sharing probabilities, and (3)
the effect due to the bias in IBD-estimation in the region
(fig. 1). We observed a marked decreased relative power
for all the sets as the gene frequency of the QTL de-
creased while constraining additive heritability, which
indicates that increasingly larger samples and numbers
of informative generations should be needed to identify
rarer variants. On the contrary, the relative reduction in
power of each set of subpedigrees due to the bias in IBD
estimation in the region was relatively modest, indicating
that bias in IBD estimations only weakly influenced the
power of variance-components linkage studies of the
sets. The misspecification of the null IBD-sharing prob-
abilities had a negligible effect on LOD scores and did
not influence power for all the sets. As expected, the
power increased as the number of pairwise relationships
in the sets also increased, although these differences were
not particularly strong. We observed that the LOD
scores were highly concordant among the sets (mean
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Table 1

Fluctuations of the QTL Allele Frequencies in the Individuals from
the Last Three Generations (Study Population) Due to Random
Genetic Drift and Founder Effects, Obtained through Simulations of
the 100 Inbred Genealogies Described in the Text

Founder Population Study Population Mean

QTL Allele QTL Allele Frequency

Frequency (25%-75% Quartiles) % Lost
5 49 (.40-.59) 0
3 .29 (.20-.38) 0
A1 09 (.04-.15) 8
.05 05 (.01-.04) 16

correlation coefficient [R] 0.84; P < .0001). Within each
set, we evaluated the relative contribution of different
types of relative pairs to the overall power of the set, by
computing the relative increase in power when more
distantly related pairs were added in the sets. We ob-
served that, as expected, as the QTL variant became less
common, the relative contribution of distant relation-
ships to the overall power increased.

We examined in more detail the effects of pedigree
simplification on accuracy in IBD estimation in the chro-
mosomal region. We compared the true proportion of
alleles shared IBD, =, stored during simulation for all
pairs j of individuals, with the estimated proportion,
7, within each set. The true and estimated proportions
were calculated as the average proportion of alleles
shared IBD at the four genotyped marker loci. Each set
showed a similar slight underestimation of 7, and the
mean deviation over the sets was 0.04 (SD 0.11). The
mean deviations of the estimated IBD probabilities were
of the same magnitude as the mean deviations of the
null IBD-sharing probabilities estimated only from ped-
igree data. Figure 2 shows that the accurateness of the
posterior IBD-sharing probabilities for the same type of
relative pairs was increased when the number of ances-
tral generations in the pedigrees increased from S2 to
S4. Since more distantly related individuals were in-
cluded in the sets from S2 to S4, the mean accuracy
resulted of the same magnitude in the three sets. We
investigated whether the means and the variances of the
IBD deviations depend on the genotypic status of the
relative pairs and found the most significant correlation
(P <.0001) with the homozygous genotype rate, eval-
uated across all four markers, which yielded an adjusted
coefficient of determination (adjusted R*) between 0.25
and 0.41. This indicates a moderate but significant cor-
relation between the homozygous genotype rate in the
sample and the accuracy and fluctuation of IBD-sharing
estimations.

In the evaluation of the type I error rates, we did not
observe, in any set, any LOD score >3 in 100 replicates
simulated for each of the considered models, which
yielded an upper-bound 95% CI of 0.0295. We observed
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Figure 1

Relative power for the S2, S3, and S4 sets compared with the power of the whole pedigree. Segments above the bars indicate

the relative power of the sets once bias in IBD estimation in the region was removed by use of the true-IBD matrix. The different colors show
the relative contribution to power of the different types of relative pairs in the sets (blackened bars, four meiotic steps between the pair; striped
bars, three meiotic steps; unblackened bars, two meiotic steps). Power was evaluated through simulation of 100 inbred genealogies, with a
fixed-effect QTL variant entering the population at different frequencies indicated on the X-axis, excluding replicates in which the QTL variant

was lost.

only once a LOD score >2 in the S4 set for a 0.5 QTL-
variant frequency, yielding an upper-bound 95% CI of
0.0545.

In the light of these results, we applied the clique par-
titioning approach to the extended Talana and Perdas-
defogu pedigrees, using a range of one to four meiotic
steps between individuals (analogous to set S4 in the

0.05
0.04
R 003
|
~ 0.02
S
0.01
0. 2
1.2 3 4
Number of meiotic steps between relative pairs, j
Figure 2 Mean deviations of the true proportion of alleles shared

IBD, 7, and the estimated proportion, ;, grouped for the same type
of relative pairs j present in each of the S2 (unblackened bar), S3
(striped bars), and S4 (blackened bars) sets. In S2, all relative pairs
are separated by as many as two meiotic steps; in S3, 62% of the pairs
are separated by as many as two meiotic steps; in S4, 36 % of the pairs
are separated by as many as two meiotic steps, and 32% are separated
by three meiotic steps. IBD estimations in the chromosomal region
were calculated as the mean proportion of alleles shared IBD over the
four genotyped marker loci.

simulation study) to generate the sets. Any larger number
of meiotic steps as partitioning criteria generated pedi-
grees that were too extended. The characteristics of the
sets used in the analyses are shown in table 2. A total
of 991 and 2,167 relative pairs were included in the
Talana and Perdasdefogu family sets, respectively. The
varying degrees of genetic relationship in the sets are
shown in table 3.

Phenotypic Analyses

The phenotypic characteristics of the 572 individuals
from Talana and of the 1,443 from Perdasdefogu used
in the analysis are summarized in table 4. In Talana, the
average age of men was 53 years (range 26-92 years),
and the average age of women was 52 years (range 23—
90 years). In Perdasdefogu, the average age of men was
49 years (range 18-90 years), and the average age of
women was 48 years (range 18-89 years). The average
BMI in Talana was 27.0 kg/m* for men and 24.8 kg/m?
for women; in Perdasdefogu, it was 26.6 kg/m?* for men
and 25.7 kg/m* for women. BMI was rather elevated,
since individuals in these populations are short with a
stocky build (mean height is 160 cm in men and 150
cm in women). Although these populations have a fat-
rich diet, given the lack of suitable land for cultivating
vegetables and their taste for meat, lipid levels were, on
average, not elevated compared with standard guidelines
(National Cholesterol Education Program 2001), and
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Table 2
Characteristics of the Family Sets Used in the Analyses
MEDIAN
MEAN KINSHIP
FAMILY MEAN No. oF COEFFICIENT NO. OF INDIVIDUALS”
No. oF SIZE GENERATIONS (25%-75% :

POPULATION  FAMILIES (RANGE) (RANGE) QUARTILES)? Founder Nonfounder Male Female
Talana 44 17.6 (9-32) 4.0 (3-6) .0625 (0-.1563) 278 497 344 431
Perdasdefogu 96 15.4 (5-31) 3.9 (2-7) .0645 (0-.2500) 541 938 714 765

NOTE.—We utilized the maximum-cliques approach described in the appendix, using a maximum number of four meiotic
steps between individuals, to generate these sets of subpedigrees.

* The kinship coefficients are estimated for the phenotyped and genotyped individuals of the sets.

" The total numbers of individuals were 775 for Talana and 1,479 for Perdasdefogu.

only TC showed borderline values in the middle age
classes (table 4). A normal distribution for all variables
was checked using the Kolmogorov-Smirnov goodness-
of-fit test: although TC, HDL-C, and LDL-C followed
a normal distribution, TG concentration values were
markedly skewed and were logarithmically transformed
to improve normality. Lipid levels were significantly cor-
related with each other (table 5), except for HDL-C and
LDL-C.

Quantitative genetic analysis was performed by use of
SOLAR on an extended 12-generation pedigree of 1,198
individuals connecting all 572 phenotyped subjects from
Talana. The estimated heritabilities in Talana, allowing
for sex, age, age-squared as covariates, were 0.40 (SE
0.10) for TC, 0.49 (SE 0.09) for HDL-C, 0.38 (SE 0.10)
for LDL-C, and 0.43 (SE 0.13) for log-transformed TG
values (InTG), all highly significant when compared

Table 3

Pairwise Relationships with Number of Occurrences in the Talana
and Perdasdefogu Family Sets

No. OF PAIRS

PAIRWISE RELATIONSHIP(S) Talana Perdasdefogu

Avuncular 210 466
Sib 205 521
1st cousin 189 327
Parent-offspring 147 439
1st cousin plus 2nd or 3rd cousin 52 45
Other 1st cousin 29 42
Grand avuncular and other grand avuncular 24 24
Other avuncular 23 61
Half 1st cousin 17 30
Other parent-offspring 15 42
Double 1st cousin or double 2nd cousin 14 6
2nd cousin or other 2nd cousin 14 60
Half avuncular 12 21
Other sib 9 16
Grandparent-grandchild 6 41
3rd cousin or other 3rd cousin 4 11
Other 21 15

Total 991 2,167

with the sporadic model. Adding BMI slightly increased
the estimated heritabilities, to 0.42 (SE 0.10) for TC,
0.50 (SE 0.09) for HDL-C, 0.41 (SE 0.10) for LDL-C,
and 0.45 (SE 0.13) for InTG. These estimates closely
reflect the genetic component in the traits, since con-
founding effects of household environment are mini-
mized in this large pedigree, because relationships be-
tween all individuals are considered.

GWS in Talana

Multipoint linkage analyses for TC, HDL-C, LDL-C,
and In TG concentrations in subjects from Talana were
performed across autosomes by use of 654 highly in-
formative markers. Results of the GWS are shown in
figure 3. We found strong evidence of linkage, for a QTL
influencing TC level, to chromosome 2, in a 36-cM re-
gion flanked by markers D251328 and D2S1776 (peak
LOD score 3.40 at D251388, 164 cM from the p-ter).
The region seems to harbor a major locus for variation
in LDL-C level, for which a peak LOD score of 2.65
was also obtained at marker D2S1388, whereas LOD
scores <1 were observed for HDL-C and In TG. Tentative
evidence of a QTL influencing variation in HDL-C was
found on the g-ter of chromosome 5, at marker ATT079
(LOD score 2.05), but we did not further investigate this
locus.

To confirm our major finding on chromosome 2, we
added eight polymorphic markers to the seven previ-
ously used in the genome scan set in the region that
contains our peak linkage signal for TC and LDL-C.
Typing the additional markers in 352 individuals from
the Talana family set, we obtained an increased peak
LOD score of 3.73 for TC and of 3.67 for LDL-C at
marker D252241, located ~1 ¢M proximal to D251388.
Removing BMI as a covariate had the effect of increasing
the peak signal to 4.25 for TC and 3.87 for LDL-C (fig.
4A).

For these markers, we also estimated allele frequencies
by use of the procedure recently proposed by McPeek



Falchi et al.: QTL for Total and LDL Cholesterol on 2q

1023

Table 4
Lipid Levels and BMI by Age for the 572 Subjects from Talana and for the 1,443 Subjects from Perdasdefogu
EEII;U;ZT;ON MEDIAN LipID LEVEL (251%—75 % QUARTILES) I\ZIZE?:/’:EEOI\/O/H
CLASS (IN No. OF (mg/dl) QUARTILES)
YEARS) SUBJECTS TC HDL-C LDL-C TG (kg/m?)
Talana:
<41 166 186 (166-212) 61 (52-70) 106.7 (89.7-124.9) 89 (67-123) 23.8 (21.4-26.6)
41-65 242 199.0 (178-222) 59 (51-68) 118.0 (100.1-137.4) 98 (76-130)  27.2 (23.9-30.5)
>65 164 200 (175-228) 60 (53-70) 117.5 (97.9-135.6) 94 (73-123)  27.0 (24.0-30.9)
All 572 196 (175-219) 60 (51-70)  114.0 (96.9-134.6) 94 (73-128)  25.9 (23.1-29.4)
Perdasdefogu:
<41 575 3 (164-209) 62 (53-71)  102.8 (84.7-124.6) 76 (58-108)  23.1 (20.9-26.1)
41-65 571 208 (182-236) 61 (52-70) 123.8 (101.9-148.6) 93 (72-129)  26.9 (24.3-30.0)
>65 297 208 (184-231) 64 (56-75) 122.0 (100.4-141.6) 100 (79-132)  27.9 (24.7-31.2)
All 1,443 198 (173-226) 62 (53-71 115.0 (93.6-138.4) 89 (67-122) 25.6 (22.5-28.9)

NoTE.—According to National Cholesterol Education Program (2001) guidelines, the normal ranges for each phenotype
are as follows: TC, 120-199 mg/dl; HDL-C, 40-80 mg/dl; LDL-C, 60-129 mg/dl; TG, 30-149 mg/dl; and BMI, <25 kg/

m?®. Median values that exceed normal ranges are underlined.

et al. (2004), which allowed us to take into account the
relationships among individuals. We obtained similar
multipoint LOD scores over the region, with a peak
LOD score of 3.76 for TC and of 3.71 for LDL-C at
D282241, and peak LOD scores of 4.29 and of 3.91,
respectively, when BMI was removed as covariate.

Replication Study in Perdasdefogu

As a replication study, we conducted multipoint link-
age analyses of TC and LDL-C levels with the 15 mark-
ers on chromosome 2 by use of a large sample of 821
individuals clustered in 96 extended families from Per-
dasdefogu, another isolated village of Ogliastra. We
found evidence of a locus influencing variation in TC
level on chromosome 2, between markers D251328 and
D28132 (peak LOD scores 1.44 for TC and 2.21 for
LDL-C at D25442; fig. 4B). Removing BMI as a co-
variate had different, small effects on the linkage signals
for the two traits (LOD score increased to 1.61 for TC
and decreased to 1.93 for LDL-C). Estimating allele fre-
quencies by use of the method of McPeek et al. (2004),
we obtained similar multipoint LOD scores over the re-
gion, with peaks of 1.42 for TC and of 2.20 for LDL-
C. Linkage analysis performed in the larger replication
set of families provides evidence for the presence of a
QTL underlying TC and LDL-C variations in a smaller
interval flanked by markers D2S81328 and D25132,
which are ~18 ¢cM apart. The highest linkage peaks in
the replication set were associated with nominal P values
of .005 for TC and .0007 for LDL-C, which are below
the suggested threshold of significance required for a
replication study (Lander and Kruglyak 1995).

The distance between the linkage peaks obtained for
TC and LDL-C in the two populations is ~15 cM, al-
though the identified regions overlap, since a LOD score

of 2.71 is observed for TC in the Talana sample at marker
D28150, which is only 2.3 ¢cM distal to the highest peak
obtained in the Perdasdefogu sample, at D25442 (fig. 4B).

Discussion

The reduction in power that is associated with gene dis-
covery efforts for complex traits may be ameliorated by
careful attention to population selection—for example,
by use of population isolates, which reduce the possible
confounding effects of genetic and environmental het-
erogeneity. We focused our study in Ogliastra, an ancient
isolated region of Sardinia, whose population, clustered
into 23 villages or small towns, originated from the same
Neolithic population. The availability of extensive ge-
nealogical information, the willingness of the popula-
tions of these villages to participate in genetic studies,
and the geographic isolation and enhanced genetic ho-
mogeneity within each village (Angius et al. 2001; Frau-
mene et al. 2003) make these populations suitable for
gene-mapping studies for complex traits. Furthermore,
the availability of accurate genealogical records for these
isolated populations allows us to place extant individ-
uals from each village within large and complex gene-
alogies. To make the most of the genealogical infor-
mation while minimizing the computational burden of
linkage analysis, we developed a new sampling approach
from the large number of pairwise relationships existing
among individuals. Through a maximum-cliques parti-
tioning approach based on measures of relatedness be-
tween the subjects, we extracted various sets of subped-
igrees of different complexity and size, whose members
share a higher degree of relatedness within the family
than they do among families.

We explored by simulation the feasibility of this ap-
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Correlations among Lipid Levels Estimated Independently in 572 Subjects from Talana
(above the Diagonal) and in 1,443 Subjects from Perdasdefogu (below the Diagonal)

TC HDL-C LDL-C In TG
TC 257 (P <.007) 913 (P <.001) .380 (P <.001)
HDL-C .253 (P<.001) —.020 (P = .643) —.279 (P <.001)
LDL-C 912 (P<.001) —.018 (P = .494) 206 (P <.001)
InTG* 423 (P<.001) —.257 (P<.00]) 254 (P <.001)

* log-transformed TG concentration values.

proach, investigating the power of the sets—extracted
from genealogies with characteristics similar to the ones
under study—for identifying a QTL variant with a fixed
additive effect but varying founder frequencies. We as-
sumed a QTL with a fixed effect of moderate size, to
mimic a complex-trait genetic model. We constrained
the overall narrow heritability, attributable to the QTL
additive effects and to unlocalized additive polygenic
effects, to 0.5 and explored the power for identifying
the variant in the last generations, in which its frequency
is associated with high random variation, determined
by the probability that that specific gene has been trans-
mitted through generations. Indeed, gene frequencies in
small isolated populations are affected by both founder
effect and random genetic drift. Rare alleles are more
likely to be lost, whereas common alleles are more likely
to be fixed, with a probability proportional to their
initial frequencies. Therefore, fluctuations in the QTL
frequency lead to varying QTL heritability in the extant
population.

We assessed the relative power of the different sub-
pedigree sets compared with the power that would be
obtained analyzing the complete genealogy. Although
the analysis of the whole pedigree would also allow us
to identify rare variants (frequency <0.05), the different
sets of pedigrees provide strong power for common var-
iants (frequency >0.10), whereas power was extremely
low (<10%) in all sets in the case of a rare variant
(frequency 0.05). Rare variants are most likely to be
recent in origin and, hence, to be specific to a single
founder population, whereas common alleles are more
likely to be found globally and to be of importance in
other populations as well.

We also investigated the extent of the bias due to
pedigree breaking in the estimation of the IBD-sharing
probabilities for each set of subpedigrees and the effect
of these misspecifications on power of the analysis. The
mean IBD-sharing accuracy was found to be of the same
magnitude in the three sets, with an increased accu-
rateness for closely related individuals mediated by the
introduction of more distant pairs in the larger sets. We
observed that IBD-estimation accuracy is particularly
diminished by the presence of an increased number of

homozygous individuals, who are more likely to be less
informative for linkage, especially in simple pedigrees
with less inbreeding. In particular, the bias in the IBD
estimation tends toward that expected on the basis of
genealogical relationships. Identification and removal of
uninformative pairs, as recently suggested Schork and
Greenwood (2004) to remove bias from the analysis
and to increase power for sib-pair data, is not achievable
in extended pedigrees, since each individual might pre-
sent several relationships with different members of the
same pedigree, some of which could be informative. To
evaluate how IBD estimation affects the result of vari-
ance-components analysis in large inbred pedigrees, in-
stead of identifying and removing potentially uninform-
ative pairs, we assigned the true IBD-sharing values to
all individuals of the study sample in our simulations
and evaluated the power decrease obtained with the
estimated ones. As was recently shown for sib-pair data
(Cordell 2004), we observed that bias in IBD-sharing
estimation influences only slightly the power of vari-
ance-components linkage studies, even in complex in-
bred pedigrees. We also inspected the consequences on
power of the misspecification of the null IBD-sharing
probabilities when breaking might lead to an underes-
timation of inbreeding. We observed that, through our
approach, which is apt to preserve all the most infor-
mative genealogical connections, the extent of inbreed-
ing underestimation had negligible effects on LOD
scores and, therefore, on power.

We applied the partitioning scheme that provided the
largest number of informative pairs while not overbur-
dening computations to the genealogy of one of these
small founder subpopulations within Ogliastra—namely,
the village of Talana—and performed a GWS for QTLs
influencing serum lipid concentrations in the resulting set
of families. In the GWS performed with 654 markers
distributed over the genome, the region on chromosome
2 stands out significantly against the genomic back-
ground for TC level (LOD score 3.4) and for LDL-C
variations (LOD score 2.7). Through genotyping of eight
additional markers in the identified region, we obtained
an increased LOD score of 4.3 for TC and 3.9 for LDL-
C in 2q21.2-g24.1. The addition of BMI as a covariate
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Figure 3 Results of the GWS for TC (red line), HDL-C (green line), LDL-C (orange line), and log-transformed TG (blue line) obtained

in Talana sample by use of variance-components analysis, incorporating sex, age, age-squared, and BMI as covariates. X-axis values are in
centimorgans (Talana-specific genetic maps).
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centimorgans (deCODE map).
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has the effect of reducing the linkage signal to 3.7 for
TC and LDL-C, which suggests that the underlying var-
iant may have a broader effect on metabolism.

Replication of initial linkages to putative loci in in-
dependent samples is an essential step in the genetic
dissection of complex human traits and provides vital
confirmation of the original findings. We extended our
study to another subisolate within Ogliastra to confirm
the initial results and to fine map the genomic associated
region with the traits under study. The replication study
was performed on a larger sample derived from the
village of Perdasdefogu, located in the south of Oglias-
tra. We genotyped an approximately threefold larger
sample of individuals, since the sample size required to
replicate a linkage finding should always be larger than
the one required for initial detection. We genotyped 821
individuals for 15 markers spanning the chromosome
2 region and clustered them into 96 extended families
extracted from the whole genealogy, by use of the same
partitioning approach used in Talana. We obtained ev-
idence of a locus influencing variation in TC level on
2q21.2-q24.1 (LOD scores 1.4 for TC and 2.2 for LDL-
C). When BMI was excluded as a covariate, the LOD
score increased to 1.6 for TC and decreased to 1.9 for
LDL-C. The associated nominal P values for the TC
and LDL-C LOD scores were .005 and .0007, respec-
tively. In accordance with published guidelines regard-
ing the level of significance necessary to declare signif-
icant replication (Lander and Kruglyak 1995), since
replication requires a lower threshold for significance,
our findings constitute a replication of the linkage signal
on chromosome 2 and add further evidence that the
2q21.2-q24.1 locus contains a TC and LDL-C gene of
widespread importance. The replication peak was ob-
tained at a distance of 15 ¢cM from the highest linkage
peak observed in the original population, although the
identified regions overlapped, since a LOD score of 2.7
is observed for TC in the Talana sample at marker
D28§150, which is only 2.3 ¢cM from the replication
peak. The variation in the localization of this locus is
modest compared with the width of the linkage signal
in subjects from Talana and with the chance variation
in location estimates, which are expected to be high for
independent replication of an initial linkage (Hauser
and Boehnke 1997; Roberts et al. 1999). Furthermore,
the larger replication set allowed us to narrow the as-
sociated interval to ~18 cM, since no evidence for link-
age was observed in the flanking distal region. In any
case, the presence of an independent QTL in the Talana
set cannot be excluded.

Despite these differences, it is significant that linkage
to 2q21.2-q24.1 is seen for these traits in both popula-
tions. The fact that the same locus was identified in two
founder populations of old, common ancestry indicates
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that the variant underlying the traits, common in both
populations, is probably evolutionarily old and, there-
fore, more likely to be found in other populations as well.
Interestingly, a GWS for premature coronary heart dis-
ease in Finns (Pajukanta et al. 2000) revealed significant
evidence for linkage to the 2q21.1-22 region, yielding a
multipoint LOD score of 3.0. Since a disadvantageous
plasma lipoprotein profile is an important risk factor for
atherogenesis, it is tempting to hypothesize that allelic
variants of the same gene may influence both traits. Fur-
thermore, our results agree with a reported genome scan,
conducted in another isolated population (Hutterites) en-
riched for cardiovascular disease, in which a locus with
a multipoint LOD score of 3.40 was identified for TG
in the adjacent 2q14 region (Newman et al. 2003). Al-
though the critical interval identified by Newman and
colleagues slightly overlaps the critical region identified
in the present study, we might have independently rep-
licated their finding, since TC and TG levels are highly
correlated traits, and this putative locus may have influ-
ence on both phenotypes. For instance, VLDL is the pri-
mary carrier for the delivery of endogenous TC and TG
to extrahepatic tissues; thus, factors involved in VLDL
secretion and receptor-mediated clearance of VLDL rem-
nants may have effects on both phenotypes.

The present study provides evidence for the existence
of a QTL on 2q21.2-q24.1 that influences lipid phe-
notypes fundamental to common diseases, such as car-
diovascular diseases, and, to our knowledge, represents
the first replication for a QTL in isolated populations.
The population sample; the selection of families through
informative members; the consistent linkage to another
larger sample, with a level of concordance uncommon
for complex phenotypes; and the magnitude of the LOD
scores emphasize the significance of this locus. Differ-
ences in environmental and genetic exposure and sample
sizes, as well as differences in gene frequencies, may
explain observed variations in the location of the QTL.
Nevertheless, the same variant might have different phe-
notypic effects in different populations, because of back-
ground factors (genetic and otherwise) differentiating
populations that can modify the expression of a variant
and lead to different levels of association.

Our study provides new information about genomic
regions in humans that influence interindividual variation
in TC and LDL-C lipid levels. Fine-mapping studies are
currently under way to identify the QTL involved in lipid
metabolism, since the region is still too large to undertake
candidate-gene studies. Identification of genes that influ-
ence lipid metabolism will lead to a better understanding
of the etiology of CVD and provide suggestions for the
development of new therapies for the treatment and pre-
vention of disease.
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Appendix

By use of graph theory, a pedigree can be represented
by an undirected graph whose vertices (V) correspond
to individuals, and the edges (E) connecting two vertices
are weighted on the basis of the pairwise measure of
relatedness between the two individuals, such as their
kinship coefficient or the number of meiotic steps sep-
arating them. A graph G = (V;E) is complete if each
vertex is connected with each of the others (all vertices
are pairwise adjacent). A clique, C, is a subset of V, such
that the induced graph is complete. Given a graph
G = (VE) and a positive integer K < |V|, the clique
partitioning problem is to partition the vertices of G into
k < K disjoint sets V,,V,, ...V, such that, for 1 <i <k,
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the subgraph induced by V, is a complete graph. When
we are directly solving the clique partitioning problem,
a solution can be determined by iteratively searching for
the maximum clique of the graph and deleting it from
the graph, until there are no more vertices left. Thus,
the problem is reduced to that of finding the maximum
clique. A maximum clique corresponds to a maximum
independent set of the complement of a graph (the max-
imum subset of vertices that are pairwise nonadjacent).
Several approximations and search algorithms have been
developed to solve the clique partitioning problem. Bron
and Kerbosch (1973) identified all cliques in an undi-
rected graph by use of two backtracking algorithms
based on a branch-and-bound technique. The branch-
and-bound technique is the basis for most recent clique
algorithms (Babel 1991; Balas and Niehaus 1996). We
can therefore partition the whole pedigree by use of
cliques in which individuals share a desired amount of
relatedness with each other.

We customized the original version of the Bron-Ker-
bosch algorithm to partition the large Talana and Per-
dasdefogu genealogies. Specifically, we restricted the
search of cliques on user-defined ranges of edge weights,
to include in the cliques all individuals whose mutual
relationship was “up to” a specific value. Furthermore,
to avoid excessive imbalance in family size, we con-
strained on the consented range of clique size, or cardi-
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Figure A1

0 O O O

20 14 27

Simplified example of the way a pedigree can be divided through the maximum-cliques approach using the meiotic steps

matrix of the family members. The dotted lines surround the S2 subpedigrees, and the continuous lines surround the S4 subpedigrees. See the

appendix for details.
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nality. Once the clusters of individuals that maximize the
number of pairwise relationships were identified for spe-
cific user-defined characteristics, the families were recon-
structed around the individuals in each clique through use
of the information from the genealogical database. An
algorithm based on joining binary trees has been created
to reconstruct pedigrees from an arbitrary set of individ-
uals, according to various rules such as the maximum
allowed number of nongenotyped individuals between
family members or the maximum number of generations.

Figure A1 shows an example of the way a pedigree can
be divided through the maximum-cliques approach by use
of the meiotic-steps matrix of the family members. This
example is based on an extremely simple pedigree for
illustration, which does not represent the real complexity
of an extended genealogy. The 37 pedigree members pro-
vide 451 pairwise relationships, under the assumption
that they all have complete data on phenotypes and ge-
notypes. The mutual distance among family members
ranges from one to seven meiotic steps. The dotted-line
boxes represent the subpedigrees generated by a maxi-
mum-cliques selection of as many as two meiotic steps
between individuals of the clique (S2), whereas the con-
tinuous-line boxes represent the subpedigrees generated
by a maximum-cliques selection of as many as four mei-
otic steps (54). The resulting sets contain 47 (S2) and 112
(S4) relative pairs. Given the pedigree structure, the gen-
erated sets maximize the number of individuals belonging
to the same family (maximum cardinality of the cliques)
and the overall number of individuals present in the spe-
cific set. The degree of overlap of pairwise relationships
between the two sets are only 30% in S2 and 14% in S4.
This is because the maximum cliques develop in the region
of the graph in which the mutually adjacent vertices are
more dense, and these regions are different when sampled
using different degrees of relationship.

The graph-partitioning algorithm also allows us to
constrain for the minimum and maximum size of the
cliques (the cardinality of the cliques), instead of max-
imizing the number of individuals belonging to the same
clique. If, for example, in S2 we accept a minimum car-
dinality of the cliques of 3, a clique including individuals
12, 25, and 28 will be extracted, and individual 12 will
not be included in the clique of individuals 3, 4, 26, 5,
and 11.

Also, the reconstruction of pedigrees from the cliques
of individuals can be accomplished using different rules,
such as the number of generations in the family. In gen-
eral, we want to include recent inbreeding loops. For
instance, the S4 pedigree on the right side of figure 5
would include later generations (individuals 3, 4, 6, and
7) to increase information about linkage.
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Electronic-Database Information

The URLs for data presented herein are as follows:

Declaration of Helsinki, World Medical Association, http://
www.wma.net/e/policy/b3.htm

Mammalian Genotyping Service, Center for Medical Genetics,
http://research.marshfieldclinic.org/genetics/

Online Mendelian Inheritance in Man (OMIM), http://www
.ncbi.nlm.nih.gov/Omim/ (for LDLR, APOB, and ARH)
Shardna, http://www.shardna.it/falchi/ (for the power-evalua-

tion and partitioning tools described in this article)
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