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Genome screening by searching
for shared segments: mapping a
gene for benign recurrent
intrahepatic cholestasis

Roderick H. J. Houwen!, Siamak Baharloo?, Kathleen Blankenship? Peter Raeymaekers’,
Jenneke Juyn!, Lodewijk A. Sandkuijl* & Nelson B. Freimer*

It is now feasible to map disease genes by screening the genome for linkage
disequilibrium between the disease and marker alleles. This report presents the first
application of this approach for a previously unmapped locus. A gene for benign
recurrent intrahepatic cholestasis (BRI/C) was mapped to chromosome 18 by searching
for chromosome segments shared by only three distantly related patients. The screening
results were confirmed by identyifying an extended haplotype conserved between the
patients. Probability calculations indicate that such segment sharing is unlikely to arise
by chance. Searching the genome for segments shared by patients is a powerful
empirical method for mapping disease genes. Computer simulations suggest that, in
appropriate populations, the approach may be used to localize genes for common diseases.

The lod score method of linkage analysis has become a
standard toolin human genetics; with highly polymorphic
markers it is possible to roughly map genes for simple
mendelian disorders with only a single moderately sized
family'. Applying this approach to common diseases is
complicated because one must specify parameters
describing the transmission of the trait, which may be
unknown for such diseases?. Although several robust
non-parametric linkage methods have been proposed®,
the sample size required for these methods maybe solarge
that collection of adequate numbers of subjects may be
difficult even for common diseases®. Thus, there is a need
for parameter free gene mapping methods that are
powerful when relatively few informative individuals are
studied. Genetic association studies have been appealing
to investigators because they can fulfill both of these
criteria. However, until the development of complete
genetic maps, it was not practical to screen the genome
using association methods, and they were limited to
evaluation of small numbers of candidate loci.

The availability of a set of mapped markers now permits
genetic association studies to be undertaken across the
entire genome, based on linkage disequilibrium (LD)
between a disease locus and particular marker alleles or
haplotypes. Under conditions of LD, associations are
preserved between alleles at tightly linked loci®. In LD
methods, as in standard linkage analysis, the low rate of
recombination between tightly linked disease and marker
loci is the basis for mapping disease genes. Both loci are
inherited identical by descent (IBD) from a founding
ancestor who brought the disease mutation into the
population; recombination or random segregation will
have reduced the probability of allele sharing except in the

region containing the disease mutation. LD approaches
arebased on the population as the unit of investigation, as
opposed to standard linkage methods which focus on
families; for example, in lod score analysis, information
from all family members is used, while several non-
parametric methods focus on information from affected
pairs of relatives**. Identifying LD between disease and
marker alleleshasbeen instrumental in positional cloning
of disease genes®”, but it has been used only after linkage
studies had reached the limits of their resolution, that is,
no additional recombinants could be detected. In such
casesLD wasevaluated byidentifying conserved haplotypes
in patients, rather than by statistical tests of association, as
in standard population genetic analyses®.

LD approaches are most powerful when there is a clear
delineation between the marker alleles of affected
individuals and those of the general population, that is,
when most patients are descended from only one or a few
ancestors who transmitted the disease mutation.
Therefore, populations that have grown as a result of
recent immigration, such as the United States, are less
suitable than thosein which growth has occurred primarily
via reproduction. For example, the Finnish population is
characterized by a relatively small number of founders
andlittle recentimmigration,and LD mapping, in Finland,
has been used to pinpoint the location of several disease
genes after they had first been mapped by conventional
linkage analysis®°.

In 1986, Lander and Botstein proposed that LD mapping
could be employed to screen the entire human genome
for disease loci, without conventional linkage analyses'!.
This proposed approach has not previously been
implemented, however, as it was not feasible until a set of
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mapped markers covering the genome became available'.
We report here the first use of LD for the initial mapping
of a human disease gene, having used 256 markers to
locate the gene responsible for benign recurrent
intrahepatic cholestasis (BRIC). We also describe an
empirical approach, using reconstruction of conserved
haplotypes, toidentify regions shared identical-by-descent
(IBD) by affected individuals and provide calculations to
evaluate the approximate probability that such sharing
occurs by chance.

Benign recurrent intrahepatic cholestasis

We screened the genome for LD by identifying
chromosomal segments shared between only three
individuals affected with BRIC, arare autosomal recessive
disease. The clinical manifestations of BRIC include
intermittent episodes of cholestasis without extrahepatic
bile duct obstruction, with initial elevation of serum bile
acids, followed by cholestatic jaundice which generally
spontaneously resolves after periods of weeks to months!>1°,
Because the exact relationships between the patients could
not be determined, standard lod score analysis was not
suitable for mapping the BRIC gene. BRIC is a good test
case for LD mapping for three reasons: (i) It is rare, so
there was a reasonable likelihood that most cases in a
given population arose from one or a few ancestral
mutations; (ii) An isolated study population wasavailable,
making a single disease haplotype even more likely; (iii)
Affected individuals in this population were distantly
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Fig. 1 Haplotypes of BRIC patients and their parents using
13 microsatellite markers over the putative candidate
region on chromosome 18. The markers from this region
that were used in the original genome screening are in
bold. The “disease” haplotype is outlined, with two areas
possibly shared by six out of six disease chromosomes
indicated. The marker distances are approximate and were
derived from Genethon'2'¢ and the CHLC database.

separated from each other; we thus hypothesized that
these individuals would share few segments across the
genome, and that the segment containing the BRIC gene
could be differentiated from the other segments by typing
enough additional markers to detect a conserved

haplotype.

The study population and patient relationships
We identified three BRIC patients originating from a
somewhatisolated fishing community, of several thousand
individuals, in The Netherlands. Although this population
is not a geographic isolate, most of its members descend
from individuals who lived in the vicinity by the 17th
century. Until recently, the majority of marriages were
between individuals born in the community. Dramatic
population growth occurred in the 19th and early 20th
centuries, before exogamous marriages became common.
Becauseendogamy occurred in this population for several
generations, it is not surprising that the BRIC patients are
distantly related; all were born from consanguineous
relationships. Nevertheless, no single ancestor could be
identified through genealogic studies as the possible source
of all six disease chromosomes of the BRIC patients. The
known relationships between the patients are probably
fewer than the unknown relationships which preceded
available written records.

To estimate the minimum number of generations
between the three patients and their unknown common
ancestor, we determined the shortest distance for all
known relationships. We were able to establish nine of the
fifteen possible relationships (that is, patient A via father
to patient A via mother, patient A via father to patient B
via father, and so on). For those relationships the
connecting ancestor lived, on average, 5.3 generations
ago. Assuming that the remaining, unknown connections
are at least one generation prior to the earliest known
connection (seven generations ago) we concluded that
the patients’ chromosomes had undergone an average of
at least six meijoses since their shared origin. Given the
dramatic rise in the population of their community
beginning about the year 1800, it is likely that 10-12
generationsrepresentsan upper bound on their separation
from a common ancestor.

Genotyping results

DNA samples were obtained from the affected individuals,
their parents (to enable construction of marker haplotypes)
and from an affected sibling of one of the patients (Fig. 1);
because these siblings should share 50% of their genomes
IBD, only one of them was used in searching for shared
segments. However, we genotyped both individuals
because regions that they do not share IBD would be
extremely unlikely to contain the BRIC gene. On these
samples, 256 microsatellite markers were tested, spaced at
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Table 1 Marker segments shared by at least three of six

BRIC disease chromosomes

Marker segment

D18167-D15248
D18248-D15187
APOA2-D18194
D45403-D45418
D45396-D45428
D58406-D55432
D10S464-D10S109
D108109-D10S185
D178806-D17S790
D18857-D18S69
D18869-D18S55
D18855-D18S61
D195216-D19S225
D218268-D215266

Length (cM) Number shared Resolution of haplotype
19 3/6 none
07 3/6 none
05 3/6 none
19 3/6 none
04 3/6 none
11 3/6 none
20 3/6 none
18 3/6 none
08 3/6 none
14 3/6 none
19 5/6 shared
10 3/6 shared
40 3/6 none
08 3/6 none

Distances are based on the 1993-1994 Généthon map or CHLC database (Ver. 2).
A total of 60 additional microsatellite markers were tested to verify the possible
haplotypes in the regions containing these segments.
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about 10-20 centiMorgan (cM) intervals across the 22
autosomes'?, These markers provided 235 inter-marker
segments which cover approximately 3,260 cM, or an
estimated 90% of the autosomal genome®¢. For each pair
ofadjacent markers the haplotypes transmitted to patients
were constructed; for 205 segments all six transmitted
haplotypes could be scored, while for the remaining
segments one of the flanking markers could only be read
for two of the patients. For the segments with six scored
haplotypes, the average number of unique haplotypes was
5.50, remarkably close to the maximum of 6.0 expected
for completely informative markers. No region was found
for which all six transmitted haplotypes were identical,
but one area bounded by D18569and D18555 (located in
chromosome 18q21-18q22 and covering approximately
19 cM) showed sharing by five out of six haplotypes. No
additional segments showed sharing by more than three
haplotypes. Thirteen segments, dispersed on eight
chromosomes, displayed sharing of three of the six
haplotypes (Table 1).

The observed sharing in these 14 segments could be due
to inheritance of the segment from a common ancestor
(that is IBD) or, if the segment was not inherited from a
single ancestor, to a high frequency of the alleles in the
relatively isolated study population, that is the segments
are “shared” identical-by-state (IBS) rather than IBD. We
anticipated that at least some IBS segment sharing would
be observed, and therefore, we typed additional markers
in each of the shared segments (a total of 60 markers). In
mostofthetested segments, haplotypes that had appeared
identical, using the original markers, were observed to
diverge when the results of the new marker typings were
added. The exceptions were two adjacent regions on
chromosome 18, including the one that was shared by five
out of the six chromosomes (Table 1). A complete
haplotype for the shared chromosome 18 region is shown
in Fig. 1.

Assuming that the genetic map isapproximately correct,
we have screened about 90% of the genome and have not
found otherregions shared IBD by the affected individuals.
This coverage further supports the mapping of BRIC to
chromosome 18. After the second stage of marker typing

(to detect haplotypes), there were no unscreened regions
larger than about 20 cM; thus, if undetected IBD segments
exist in these regions they must be shorter than the IBD
region on chromosome 18.

Of the markers tested so far in the shared segment on
18q, the sixth disease chromosome has the same sized
allele as the other five chromosomes only for D18542and
D18S69. This chromosome may carry a mutation of a
different origin, or, alternatively, may provide crucial
information that could narrow down the BRIC candidate
region.

Probability calculations

The identification of a haplotype, covering about 20 cM,
shared by five out of six chromosomes in distantly related
patients provides strong empirical evidence for the
mapping of the BRIClocus. Further proof is provided by
calculations that estimate the probability of patients’
sharing a given chromosomal segment IBD by chance
rather than because of the presence of a disease gene, that
is, of a “false positive” finding. Calculations (see
Methodology) were performed to estimate the maximal
probability of random sharing in the BRIC analysis, with
three patients separated by six generations. The
approximate probability of at least one of the 235 tested
segments being shared IBD on three or more of the six
patients’ chromosomes is only 0.011. Similarly, the
probability to find five or more of the six chromosomes
sharing a segment IBD by chance is less than 0.0000005
(5% 107). For both cases, corrections were performed for
multiple tests.

Applicability of a search for shared segments

An important question for other mapping studies in
isolated populations is whether the observed haplotype
sharing for BRIC was merely fortuitous or whether one
might readily expect to see such significant results. We
carried out computer simulations to assess the power of a
search for shared segments in a situation comparable to
the BRIC analysis: six chromosomes in patients, six
generationsremoved from a common ancestor, assuming
homogeneity in the origin of the disease chromosomes as
well as of the diseaselocus. In this scenario, the probability
offinding IBD sharing on three or more of six chromosomes
is more than 98% with a 6 cM map, close to 90% with a 10
cM map, and almost 70% with a 14 cM map (Fig. 2).

For many inherited diseases, complete homogeneity is
unlikely, even in an isolated population. Accordingly, we
investigated the power of a search for shared segments
under 50% heterogeneity (Fig. 2). In these simulations,
‘heterogeneity’ merely indicates that not all of the
individuals are affected due to inheritance of a single
genotype from a common ancestor. Thatis, heterogeneity
may be due to two or more different mutationsat the same
disease locus (allelic heterogeneity), existence of another
locus elsewhere in the genome (locus heterogeneity), or
existence of phenocopies (aetiologic heterogeneity), or
any combination of these three. As expected, in this
scenario power todetect IBD sharing isreduced, compared
to the simulations assuming homogeneity. However, the
loss of power under heterogeneity could be compensated
for by investigating more patients or by testing a denser
map of markers; for instance, the probability is more than
939% thata segment shared by four out of 16 chromosomes
can be detected using a 6 cM marker map.
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Discussion

In mapping BRIC, we report the first use of LD to identify
the chromosomal location of a human disease gene
through whole genome screening. Our approach is
primarily empirical; the results were obtained by searching
for chromosomal segments that are shared by patients,
and then demonstrating that sharing is IBD. The initial
screening steps led to finding 14 segments that are shared
IBS, including contiguous segments on chromosome 18.
The proof that any of the segments is shared IBD rests on
construction of haplotypes conserved over several
polymorphic markers in this region. The BRIChaplotype
on chromosome 18 consists of eight markers for which at
least five out of six chromosomes demonstrate sharing;
with a haplotype of eight markers over more than 20 cM,
even if the shared alleles are frequent in the study
population, itis extremely unlikely that they are shared by
chance, rather than by descent. The fact that the non-
transmitted chromosomes in this region do not contain
the haplotype shared by patients is further evidence that
IBD sharing hereisrestricted to the disease chromosomes.
For example, for D185364 the six non-transmitted
chromosomes bear six different alleles.

Our results demonstrate that a search for shared
segments can be used to map a disease gene, with a very
small sample of patients, for a rare trait with a simple
inheritance pattern. Because we genotyped just ten
individuals, over 250 markers were screened with very few
experiments. This sample (with a total of four patients) is
too small to attain a significant finding via regular linkage
analysis (that is, a lod score of three or more).
Consideration of all known relationships in calculating
lod scores can enhance the informativeness of
consanguineous families for linkage analysis, butleads to
impractically long calculation times. The intractability of
thelod score method is particularly evident when multiple
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Fig. 2 The results of computer simulations showing the
probability of detecting shared segments under three
different situations, with varying densities of marker maps.
The first bar in each series shows predictions for a
situation similar to that of BRIC (searching for segments
shared by at least three out of six chromosomes, under
homogeneity). The other bars show the effect of increasing
sample size on the probability to detect segment sharing
under conditions of moderate heterogeneity; sharing is by
at least four chromosomes out of a total of either ten or 16,
with 50% heterogeneity.

I, homogeneity, 3/6; [Z4, heterogeneity, 4/10; B,
heterogeneity, 4/16.

markers are analysed simultaneously. In contrast, the
evaluation of shared segments derives its strength from the
information provided by simultaneous consideration of
several adjacent markers.

The search for shared segments is similar to other LD
methods in that it focuses on a sample of patients rather
than on individual families or pairs of relatives. However,
standard statistical tests for association implicitly assume
that affected individuals are virtually unrelated, and
therefore ignore the probability of chance IBD sharing of
alleles. Complete genome screening for LD has generally
been considered impractical, based on the assumption
that it would require typing thousands of markers at very
narrow intervals’. This assumption does not apply in
isolated populations which have formed within the past
several centuries; as demonstrated for BRIC, in such
populations only a few hundred markers may be needed
to localize a disease gene. Detecting shared segments
among patients provides evidence for localization of a
disease gene, not because they display marker allele
frequencies that are significantly different from those in
the general population, but because the conservation of
haplotypes over large chromosomal regions indicates
IBD, regardless of the population.

In recently isolated populations it is likely that patients
will be distantly related; this is the basis for finding shared
segments. However, the existence of such relationships
could also lead to false positive findings. As shown here,
by estimating the closest possible degree of relationship
between affected individuals, it is feasible to calculate an
approximate probability that observed segment sharing
would occur by chance. For this case, even the conservative
probability that we calculated is sufficientlylowto provide
support for the localization of BRIC. With less strong
empirical evidence it may be useful to develop more
precise probability calculations. Methods for calculating
such exact probabilities have previously been proposed,
although only for evaluating random sharing of two
chromosomes'®. Also, for isolated populations in which
extensive genealogical data are available, it may be useful
to quantify the extent of consanguinity between affected
individuals in calculating exact probabilities.

LD approaches are distinct from other methods that
have recently been proposed for mapping rare mendelian
traits, notably homozygosity mapping (HM) * (see Box).
HM has been used to map loci in selected candidate
regions?®?!, but its efficiency for full genome screening is
stillunknown. By definition, HM is focused on identifying
homozygosity, that is for mapping recessive diseases. In
contrast, the search for shared segments treats each
chromosomeseparately, and thusis feasible with dominant
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Comparison of gene mapping methods based on IBD

Several strategies have been developed to map disease genes via linkage, that is by demonstrating a small recombination frequency and
thus close proximity between disease and marker loci. These methods are all based on identifying, in a set of affected individuals, marker
alleles or haplotypes inherited identical by descent (IBD) from a common ancestor who transmitted the disease gene. If we compare
two such patients at a given marker, their alleles would not merely be the same size in base pairs (identical by state, or IBS), but can be
shown, statistically or empirically, almost certainly to have been inherited without change from the common ancestor. The various
linkage methods mainly differ in the number of meioses separating this ancestor and the members of the study sample (Fig. 3). These
differences determine the composition of the ideal sample for each method, and also the type of analysis used to recognize linkage.

The differences between linkage methods can be graphically depicted (Fig. 3) by considering the change in size, over time, of
chromosome segments inherited IBD. The X axis shows the median length of a segment containing a particular disease gene, shared IBD
by two affected individuals. The Y axis shows the number of meiotic steps separating the individuals (via the common ancestor).

Individuals separated by two meiotic events share very large segments IBD. This corresponds to the situation of affected sib-pair
analysis. Because sibs share so much of the genome IBD, and the common ancestor (a transmitting parent) gives rise to only one set of
affected sibs, a sizable sample is required; only by identifying a significant deviation from expected segregation patterns in allele or
haplotype sharing, can the region containing the disease gene be differentiated from the numerous other regions inherited IBD.

Extended pedigrees are most often analysed using the lod score method, in which marker data are used to evaluate the likelihood of
linkage in comparison to the likelihood of no linkage. Here, closely related affected individuals are tested, usually separated by between
two to six meiotic steps, and a single individual may produce enough descendants to permit rough localization of a disease gene.
However, as the IBD fragments are still quite large after six meiotic steps, it is unlikely that single pedigrees will be useful for fine mapping;
the few recombinations rarely occur exactly where one wishes.

Homozygosity mapping is based on identification of regions of homozygosity in patients born from consanguinous matings. In this
case the common ancestor carried a single copy of the disease chromosome which was transmitted to the patient via both parents. When
the patient is the product of a first or second cousin marriage, which is not uncommon in some populations, only around the disease
gene will there likely be IBD segments of sufficient size to be detected using currently available marker maps.

Linkage disequilibrium (LD) around a disease gene signifies that a given marker allele (or haplotypes of several marker loci) is over-
represented on chromosomes containing the disease mutation. LD usually arises due to founder effects, occurring when one or a few
individuals bring a chromosome containing a disease mutation into a small population; if the population then expands in isolation from
further immigration, a high proportion of

patients will carry this chromosome. Over 100
time, recombination ensures that
progressively smaller fragments of the
founder chromosome remain intact.
Therefore, populations which were founded Fig. 3
and expanded in the distant past (such as association Depiction of
100 generations ago) are useful for study the median
pinpointing the exact location of disease | ¢ lenghts of the
genes, as one expects that fragments | & ggg:gﬁgmal
inherited IBD will be less than 1 ¢tM in | & inherited 1BD
length. In such populations, between 1,000 g around a
and 2,000 markers would probably be | © search for shared segments disease gene
needed to identify the IBD regions through g ) by two
a complete genome screen. With fewer | = m:"iz:g;’:x:::zzg '"d""d‘:;ljs
markers it is extremely unlikely that | © :%F::?
associations would be detected. However, | ¥ hres-genericn COMmon

oqs ¢ families: lod score
utilizing more recently founded ancestor by
populations, such as the one described here, differing
itis expected that IBD segments of between o Bib= numbers of
five and 20 cM would be conserved around ‘;"::y m:notlc ,s“t’ss
adisease gene; therefore, asearch for shared - (ssh a%v;z ':r eae
segments is practical with only a few Median length of shared segment of the figure).
hundred markers.
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as well as recessive disorders; for example, if BRICwere an
autosomal dominant disorder, with three patients we
would expect to detect, at most, sharing of three out of six
chromosomes. Thus, for a simple dominant trait one
needs a sample size which is about double what would be
needed for a recessive trait in an equivalent population.
Exclusion of false positive regions usinglod score analysis
may be difficult because, within a family, when one
identifies linkage with a given marker, there will likely be
someevidence oflinkageatadjacentmarkerloci. Bycontrast,

in LD analyses, affected individuals in most cases will not
share the same alleles at adjacent loci, in the absence of true
linkage, unless the markersareinstrong LD in the population
asawhole. Asdemonstrated for BRIC, segments thatinitially
appear identical can be distinguished from those that are
truly IBD by typing more markers in the region and
evaluating the presence or absence of shared haplotypes. In
addition, in contrast to lod score analyses, the calculation
used to evaluate the probability of false positive findings for
BRICwasfree of assumptionsregarding genetic parameters.
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All methods of gene mapping are potentially impeded
by aetiological heterogeneity. Even in carefully chosen
populations, the homogeneity evident for BRIC may not
apply foraparticular disease. For example, for the relatively
uncommon autosomal recessive form of retinitis
pigmentosa, genetic locus heterogeneity hasrecently been
identified within a single isolate, in the same part of The
Netherlands as the community from which the BRIC
patientsoriginated®. Itisthusreassuring that, asevidenced
by our power calculations, the search for shared segments
provides a high probability of detecting candidate regions
even under amoderate degree of actiologic heterogeneity.
The improvement in power achieved by increasing the
number of individuals tested suggests that this approach
may be feasible for studying common diseases. The
possibility of identifying shared segments in patients with
common diseases is supported by a recent report of a
conserved haplotype for hereditary non-polyposis colon
cancer (HNPCC), one of the most frequent inherited
cancer syndromes; in this case, a 10 ¢cM segment on
chromosome 3 was shared by affected individualsin seven
of 18 families investigated in Finland®, and an identical
germline mutation in the causative gene was subsequently
discovered in each of these patients. Locus heterogeneity
has been proven for HNPCC by the cloning of two
responsible genes, one on chromosome 2 and the other on
chromosome 3(ref. 24).

Despite its demonstrated utility for simple disorders
and potential application for complex ones, an important
caveat must be considered before implementing a search
for shared segments. Because the assumption is made that
the majority of affected chromosomes are descended
from one or a few transmitting founders, highly
cosmopolitan populations, such as those of North
American or most European countries are probably not
wellsuited to thisapproach, as the underlying presumption
may be violated even for rare mendelian disorders.
However, it is likely that, within these countries,
populations drawn from certain rural regions will be
equivalent to our Dutch sample used to map BRIC. For
mapping common diseases, samples drawn fromrelatively
homogenous national populations would be most
amenable to using a search for shared segments; examples
of such populations include those of Finland, Sardinia,
and Costa Rica.

As originally proposed!!, LD mapping would have
required a more detailed genetic map than the one used to
map BRIC, because it was envisaged that the relationships
between the affected individuals would be more distant
than in our study sample; that is, segments inherited IBD
surroundingthe disease gene would be shorter, onaverage,
than the roughly 20 cM observed around the BRIC gene.
Although detecting IBD requires a larger number of
markers inapopulation of more distantly related patients,
there would also be less probability of detecting segments
that are IBD by chance. As genetic marker maps become
increasingly dense, it will be possible to tailor sampling
strategies for specific disorders and populations.

Methodology

Studypopulation. Churchand civil records were reviewed to establish
genealogies of the affected individuals. All relationships are known
back to the grandparents; beyond that point there is some missing
information. A complete description of the study population and the
clinical findings is given in a manuscript submitted elsewhere by Th.
de Koning et al.
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Marker genotyping. Généthon markers'*!¢ were supplemented by
markers from the Cooperative Human Linkage Center (CHLC)
public database?. Genotyping procedures were previously
described?. Marker order on chromosome 18 (Fig. 1) was derived
from the CHLC database (v2), from Généthon, and from the BRIC
data. Marker distances were mostly derived from the Généthon map.
For others, the position relative to flanking Généthon markers was
obtained from the CHLC database.

Constructing haplotypes. For each pair of adjacent markers, phase
onthe patients’ chromosomes was constructed by tracing the parental
origin of the alleles. The number of occurrences in the three patients
was counted for each haplotype. Whenever phase could not be
reconstructed with certainty (that is, the two parents and the child
were all identically heterozygous at one or both markers) the various
possible haplotype configurations contributed 0.5 to the haplotype
count. Thenumber of unique haplotypeswas determined by summing
all haplotype counts, with haplotypes with more than one occurrence
contributing only as one occurrence.

Statistical analyses. The probability of detecting a random region
which is IBD. First, the approximate probability was calculated for a
random chromosomal segment (not containing a disease gene),
bounded by two markers x cM apart, to be identical to a region of a
particular ancestral chromosome g generations ago:

P,(x)=0.5¢+ (1-0.01x)% (Y]

Here, the quantity 1-0.01x represents the probability of observing
no crossovers in an interval with recombination fraction of 0.01x
Morgan (= x ¢M) in a given meiosis. The factor 0.5 relates to the
probability that a given chromosome of a parent is transmitted to a
child. In the case of BRIC, we assumed that g=6. Next, the probability
was calculated that k out of n individuals, connected via a common
ancestor ggenerations ago, inherit a segment that is identical without
interruption to a given chromosome of that ancestor:

p,(k )=() « (p,())** (1=p,(x))"* @

For BRIC, n=6and the calculations were performed fork=3 and k=5.
When evaluating the possibility of a false positive IBD finding, that
is,sharing ofa random area in the genomebyk or more chromosomes,
oneisnotconcerned about the possibility that patients have inherited
an identical segment of a given chromosome of a common ancestor,
but rather that several patients have inherited an identical segment
of any of the two chromosomes of that ancestor. In fact, in studies of
human disease, distant relatives are usually related via an ancestral
couple rather than via a single ancestor. To account for the
corresponding four ancestral chromosomes each providing an
opportunity for sharing by chance, the total probability for a false
positive IBD finding was approximated as follows:

pkx)=t -3 p(ix) 3

The summation in this equation is related to the fact that we are
interested in the probability that k or more than k chromosomes
share a segment by chance.

The probabilities mentioned thus far relate to sharing by chance
of a particular region. When evaluating the overall probability for a
false positive finding anywhere in the genome, we summed the
values p, over all m intervals tested to obtain a final probability:

pem=Ep,,, )

Here, m=235 and the size of the intervals (x_) was determined from
the Généthon and CHLC maps. These calculations are conservative
in that the probability of a false positive finding in one interval is not
independent of the probability of a false positive finding in the
adjacent intervals. We are currently extending the above equations
to correct for this non-independence.

Power to detect disease loci. For approximate power calculations,
computer simulations were carried out with the MEIOSIM computer
program?, which applies a simple Monte Carlo approach. In this
case, a map of 30 markers which were completely informative (with
no IBS sharing allowed) and equidistant (at 2 cM), was followed
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through six meioses. In one series of 10,000 simulations, a disease
gene was included in the middle interval (between markers 15 and
16, at 1 cM from each), and it was required that the same disease
mutation be present at that location before and after the six meioses.
This simulation represents the situation where a carrier ancestor
transmits a disease gene to acarrier/affected descendant. By extracting
from these simulations only information on four of the markers,
expected results from a map of markers at 6 or 10 or 14 or 18 cM were
studied. In each simulation, we counted how frequently the marker
alleles and the segments at two adjacent markers in the descendant
wereidentical to those initially present on the ancestral chromosome.
The following example illustrates this: from a simulated descendant
chromosome, alleles for markers at 3 cM and 9 cM on either side of
the disease gene were checked for identity to the ancestral alleles (—
M11-(6 cM)-M14—(3 cM)—disease gene—(3 cM)-M17-(6 cM)-
M20—, that is, a map of markers at 6 cM intervals). For each of the
three segments (M11-M14, M14-M17, M17-M20), the probability
of sharing was high due to the presence of the disease gene in the
middle interval on both the ancestral and the descendant
chromosome: interval M11-M14 was shared in 5,860 of 10,000
simulations, interval M14-M17 in 6,921, and M17-M20 in 5,841
simulations. The frequency of all eight possible combinations of
sharing/non-sharing for the three intervals was counted. For the
calculation of the power of testing six disease chromosomes and
searching for segments shared by three out of six chromosomes, all
possible combinations of the eight patterns of sharing/non-sharing
of the three intervals on the six chromosomes were listed. For each
of those combinations it was checked whether sharing occurred on
three or more chromosomes for one or more of the segments. If this
was the case, the probability of that combination was computed
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