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Genetic mapping using
haplotype, association and
linkage methods suggests a
locus for severe bipolar
disorder (BPI) at 18q22-q23

Nelson B. Freimer!*>3, Victor L. Reus?,

Michael A. Escamillal’?, L. Alison McInnes!2,
Mitzi Spesny*, Pedro Leon?, Susan K. Service!,
Lauren B. Smith!, Sandra Silva*, Eugenia Rojas?,
Alvaro Gallegos®, Luis Meza®, Eduardo Fournier?,
Siamak Baharloo!, Kathleen Blankenship!,

David J. Tyler!, Steven Batki®,

Sophia Vinogradov?, Jean Weissenbach’,

Samuel H. Barondes? & Lodewijk A. Sandkuijl®

Manic-depressive illness, or bipolar disorder (BP),
is characterized by episodes of elevated mood
{mania) and depression’. We designed a multi-
stage study in the genetically isolated population
of the Central Valley of Costa Rica?® to identify
genes that promote susceptibility to severe BP
(termed BPJ), and screened the genome of two
Costa Rican BP! pedigrees (Mclnnes et al., sub-
mitted). We considered only individuals who full-
filled very stringent diagnostic criteria for BPI to
be affected. The strongest evidence for a BPI
locus was observed in 18g22-q23. We tested 16
additional markers in this region and seven yield-
ed peak lod scores over 1.0. These suggestive lod
scores were obtained over a far greater chromo-
somal length (about 40 cM) than in any other
genome region. This localization is supported by
marker haplotypes shared by 23 of 26 BPI affect-
ed individuals studied. Additionally, marker allele
frequencies over portions of this region are signifi-
cantly different in the patient sample from those of
the general Costa Rican population. Finally, we
performed an analysis which made use of both
the evidence for linkage and for association in
1823, and we observed significant lod scores for
two markers in this region.

Using two Costa Rican pedigrees, each heavily
loaded for individuals affected with BPI, we screened
the genome with 473 microsatellite markers
(McInnes et al, submitted). We used a stringent
approach in analysing these marker data, considering
only individuals with a narrowly defined phenotype
for BPI to be affected and assuming a high probabili-
ty that affected individuals were phenocopies?. We
employed a nearly dominant transmission modelZ.
Six markers over the entire genome surpassed our lod
score threshold (>1.6 in the combined pedigrees) for
deciding that a region warranted further study. Our
lod score threshold was based on simulation analyses
showing expected distributions of lod scores under
linkage and non-linkage?. Three of the six markers
were contiguous within 18q22-q23 (Mclnnes et al,
submitted).

The clustering in the genome screen of suggestive

lod scores within 18q22-q23, indicated co-segregation
between BPI and markers in this region, but did not
prove linkage. Our study was designed with the
premise that conventional linkage analysis, based on
calculating lod scores in pedigrees, would probably not
yield unequivocal evidence for localization of a BP
gene (in contrast to expectations for mendelian disor-
ders). This form of analysis requires specifying a
genetic model and, as with any model, one makes sim-
plifying assumptions that may be wrong, particularly
for traits as complex as BP. These assumptions are
acceptable, however, in screening the genome for sug-
gestive localizations, because lod score analysis using
extended pedigrees is still a very good method for this
purpose; since relatively few recombination events are
likely to be observed between individuals as closely
related to each other as are the members of even large
pedigrees, this form of analysis can detect evidence
hinting at linkage over extensive regions*. One simpli-
fying assumption usually made in standard lod score
analysis is that markers are in linkage equilibrium with
each other (that is their alleles are not associated).
Even in isolated populations this assumption is rea-
sonable for the purposes of rough genome screening;
linkage disequilibrium (allelic association) is not
expected over genome regions of the size examined in
lod score analysis®>, In such populations, however, LD
is predictably present in the immediate vicinity of a
disease gene, as a high proportion of affected individu-
als are likely to share the chromosomal segment con-
taining the gene identical by descent (IBD) from a
remote common ancestor?; it is therefore necessary to
explicitly account for LD, in follow up investigations of
suggestive localizations using large numbers of closely
spaced markers in a single region. In fact, studies of
several genetically complex disorders have shown that
evaluating allele association or haplotype sharing
(which does not require specification of a genetic
model) among affected individuals in an isolated pop-
ulation is a powerful means of mapping disease genes
in situations where conventional lod score analysis
cannot provide adequate proof of linkage. Because
of the opportunity offered for detecting LD between a
disease phenotype and marker haplotypes surround-
ing a disease gene, genetically isolated populations are
extremely valuable for mapping genes for complex
traits. Qur pedigrees derive from the Costa Rican Cen-
tral Valley, which has remained isolated until relatively
recently; the majority of the population is descended
from a small number of founders in the 16th-18th
Centuries®. We therefore followed up the suggested
localization of BPI to 18q22-q23, using LD based
methods: haplotype evaluation, association tests and a
joint linkage/association analysis.

We constructed 18q22-q23 marker haplotypes for all
genotyped individuals (and for deceased individuals
whose genotypes could be reconstructed). BPI segre-
gates with particular marker haplotypes in both fami-
lies (Figs 1 & 2). In pedigree CR004, 16 of 17 affected
individuals share portions of a marker haplotype from
D18S64 to D18570, a distance of about 40 cM (Fig.
1a), with the majority of these individuals sharing at
least a 30 cM segment in common. Most affected indi-
viduals in CR004 share the distal segment of this hap-
lotype, consisting largely of marker alleles that are rare
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Distance
from
pter 955 104 106 108 110 113 115 115 116 118 119 119 125
(in ¢cM)
Marker 64 55 61 485 870 469 1161 1121 1009 380 554 462 461 70
a
v-17 188 138 175 176 179 236 106 | 173 162 154 218 193 166 124
V-16 188 138 175 176 179 236 106 168 | 150 193 166 124
V3 188 138 175 176 179 236 106 168 150 187 168 124
v-24 188 138 175 176 179 236 106 168 15 187 168 124
IV-30 188 138 175 176 179 236 106 168 150 187 168 124
V-6 # 188 138 175 176 179 236 106 168 1 187 168 124
v-15 188 138 175 176 179 236 106 168 1 187 168 124
V-19 188 138 175 176 179 23 106 168 150 187 168 124
V-9 ¥ 188 146 | 175 176 179 236 106 168 ‘150 187 168 124
v-13 188 146 | 175 176 179 236 106 168 : 187 168 124
V-14 188 146 | 175 176 179 236 106 168 150 187 168 124
IV-17 # 188 142 159 182 179 242 106 168 150 187 168 124
IV-18@ 188 142 159 182 179 242 | 106 168 187 168 124
v-11 188 142 159 182 179 242 | 106 168 150 187 168 124
VI-2 192 138 157 188 179 242 | 106 168 150 187 168 124
VI-1# 200 142 173 182 179 236 94 | 168 150 187 [ 167 122
VI-1# 188 138 177 186 179 236 96 | 168 | 150 150 216 185 164 124
VT # 188 138 177 18 179 236 96 | 168 | 150 150 216 185 164 114
Va2 * L L 150 150
IV-6 11927140 159 178 183 163 110 ,
IV-9@ | 192 140 159 178 163 110 !
V-3 1192 140 159 178 163 110 |
V64 1192 140 159 178 163 110 1
V-7# (192 140 159 178 171 236 __ 94__ 166 183 163 _ 110
V-10 1927 142 159 186 164 122
IV-19 204 144 171 182 164 122
IV-174 202 146 179 182 164 122
b
V-6 188 146 173 178 175 236 96 175 150 148 216 189 164 112
V.9 188 146 173 186 179 236 94 166 146 145 218 183 164 114
V.18 204 144 171 182 179 236 108 166 154 146 216 187 164 111
IV-19 192 142 159 186 179 236 96 164 150 155 218 185 164 118
V-4 190 140 177 186 179 236 90 173 162 154 218 193 166 124
IV-30 190 144 175 178 175 236 9% 175 150 155 218 185 164 112
V3 200 144 169 182 187 242 96 168 154 150 218 183 169 106
V8 192 142 171 182 179 236 102 166 150 154 216 187 164 128
V-10 192 142 179 186 179 236 96 168 156 145 216 183 167 118
V-11 192 138 179 180 175 242 104 166 158 150 216 183 162 118
V-13 192 146 171 182 179 238 90 175 150 150 216 183 167 124
V-14 192 138 173 182 179 236 94 164 152 150 222 185 167 124
V-19 190 150 177 182 179 236 104 168 150 155 218 191 167 124
V-15,16,17 192 138 157 188 179 242 104 168 148 145 222 185 160 114
206 144 173 186 179 236 94 166 146 145 218 183 164 114
200 144 159 186 NT 242 NT 166 148 150 216 193 164 124
192 142 171 182 179 236 9 175 150 150 216 183 164 111
190 140 177 186 179 236 90 173 150 154 218 185 164 118
188 138 179 182 183 240 96 168 150 150 216 187 164 120
188 146 159 186 179 236 9 164 150 154 218 185 164 128
188 142 157 178 175 236 98 181 148 150 218 185 163 112

Fig. 1 a, Affected members of CR001 and CR004 with depiction of the shared marker haplotypes observed.
These haplotypes were defined by sharing over > 3 markers. The unshaded area outlined in solid lines is the more
extensive haplotype conserved in CR004, the unshaded area outlined in dashed lines is the more extensive haplo-
type conserved in CR001. The shaded area indicates a haplotype that extends from D7851009 to D188554 and
is apparently common to both larger haplotypes. The ID numbers in the first column refer to the pedigree dis-
played in Fig. 2. In the remaining columns are the allele sizes at the indicated markers. “*” indicates an uncertain
haplotype, “#" indicates that individual received two copies of the shaded haplotype (both haplotypes are dis-
played); “@” indicates an inferred haplotype. The markers used for haplotyping are shown at the top of the figure
with inter-marker distances in cM. The marker order towards qter, is: D18564, D18S55, D18561, D185485,
D18S870, D185469, D1851161, D18S1121, D18S1009, D18S380, D185554, D185462, D185461, D18S70. b,
The other haplotypes that could be unambiguously reconstructed in the pedigree in Fig. 2 are shown. Those that
are present in affected individuals are indicated by the ID numbers at the left of the diagram. “NT” indicates that
an individual was not typed for a given marker.

shared by seven of the nine BPI
individuals in pedigree CR001 (Fig.
1a). Three of these BPI individuals
in CR001 also share portions of the
high risk haplotype observed in
CRO004; this haplotype is transmit-
ted by individual IV-10, a member
of CR004 who married into CRO01.

In both pedigrees maximal hap-
lotype sharing is observed within
the eight c¢cM interval between
D185469 and D18S554. The haplo-
types in CR001 and CR004 appear
identical in a five to six <M portion
of this segment (including markers
D1851009-D185380-D185554). This
‘core’ haplotype may be shared IBD
by the affected individuals in the
two families; all individuals who
share this portion of 18q23 are
descended from a founding couple
who are ancestral to the main
branches of CR004 as well as to one
branch of CR00L. In total, of the
BPI individuals whose genotypes
can be fully reconstructed, 23 of 26
share some portion of the con-
served haplotypes observed in these
families, and three individuals (TV-
3, V-1, V-12) do not display any
portion of these haplotypes.

To evaluate statistical evidence
for a BPI localization in 18q22-q23,
we used a non-parametric
approach. In isolated populations,
genome regions where marker allele
frequencies differ between affected
individuals and the background
population likely harbor disease
loci; this fact has been exploited in
previous mapping studies’. When
such deviation is based on a sub-
stantially increased frequency of
one or a few alleles in affected indi-
viduals, the region is almost cer-
tainly inherited IBD, with the
disease gene, from common ances-
tors, In our genome screening
experiments, we followed estab-
lished procedures to directly esti-
mate allele frequencies using
genotypes from the family mem-
bers in the study!®. For several
markers tested in 18q23, we noted
that the alleles most commonly
observed in the affected individuals
are rare in reference pedigrees of

in the general population of Costa Rica. This haplo-
type is far longer and shared by a much higher propor-
tion of the BPI affected individuals than any observed
in this pedigree in other genome regions (we con-
structed haplotypes around all markers that exceeded
our lod score thresholds for either family or for the
combined data set in the genome screening study, data
not shown). A distinct, but similarly sized haplotype is

nature genetics volume 12 april 1996

European descent!!. For example, an allele of 124 bp in
length at D18S70 is observed in 67% of the BPI indi-
viduals tested but has a frequency of only 3% in the
reference families. To evaluate whether these allele fre-
quency differences are simply the result of genetic drift
in the isolated population of the Costa Rican Central
Valley, we used several of the 18423 markers to geno-
type a set of randomly collected, unrelated, unaffected
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CROO1 CRO04
74 (18th Century)

~17 generations

Fig. 2 Pedigree showing both CR001 and CRO04. Affected individuals are denoted by black symbols, deceased individuals by a diagonal slash. A schematic
of each individual's haplotype (where available) is shown below the ID number for the region D18S870 - D18S70. Apparent recombinations are denoted by “-
X"; consanguineous marriages by a double bar and the conserved haplotypes as black shading within the haplotype bars, The larger conserved region for
CRO004 is stippled, the larger conserved region for CR001 is indicated by a dashed outiine. “I” underneath the haplotype bars indicates inferred haplotype, a
“2” indicates phase is uncertain. The connection between CR001 and CR004, dating to an 18th Century founding couple, is indicated by the dashed lines
joining persons I1I-6 and I-4. Similarly, a dashed lined indicates the connection of person IV-27 to the rest of CR004. Three individuals who carry diagnoses
of BPI are deceased but their haplotypes coulid be partially (IV-12) or nearly fully reconstructed (IV-9, IV-18). Other deceased individuals who are designated as
affected in this figure received best estimate diagnoses of BPI (based on review of hospital records) but their haplotypes could not be reconstructed. Individ-
uals whose diagnostic status is left blank did not fulfill ‘best estimate’ criteria for BPI or SAD-M (schizoaffective disorder, manic type) but some of them have
well documented mood disorder. For example, individual V-18 was hospitalized three times for depressive and manic episodes, with psychosis, but as one
episode was subsequent to treatment with thyroid hormone, she was assigned a diagnosis of organic mood disorder rather than BPL. We have not yet
assigned final diagnoses to many members of CR001 and CR004 with tentative diagnoses other than BPI or SAD-M. However, of those individuals who
have been assigned final diagnoses, the shared marker haplotype is observed in all six of the individuals with BPII, MDD or organic mood disorder. Six of
eleven individuals with no apparent psychiatric diagnosis share this haplotyps, however four of them (IV-8, IV-11, IV-286, IV-28) transmit the haplotype {and
presumably the risk of BP) to affected offspring. This pedigree drawing is reduced from more complete ones? in that only BPI and SAD-M individuals and
their direct ancestors are depicted.
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individuals from this population. These individuals
were originally sampled for population genetic studies
in which allele frequencies were compared, in diverse
populations, for microsatellites from several genome
regions!>!3. We compared marker allele frequencies in
the samples of affected individual (taking into consider-
ation the connection between the pedigrees and consan-
guinity loops) with those observed in the general Costa
Rican population sample, without making any assump-
tions concerning linkage, For four of the 18q23 markers
(D185469, D18S554, D185461, and D18S70), allele fre-
quencies in the affected individuals differed significantly
from those in the Costa Rican population (Table 1); no
such differences were observed for markers tested from
other genome regions (data not shown).

In the above analyses, the evidence based on popula-
tion association was separated from the evidence based
on linkage within the pedigrees. We subsequently car-
ried out an analysis to evaluate the joint evidence for
linkage and association in 18q23; we compared the
likelihood obtained when parameters relating to both
association and linkage are estimated, to the likelihood
obtained when both of these parameters are set to
their null values (no association and no linkage). Sig-
nificant linkage/association-based lod scores were
obtained for D185554 and DI18570, with lod scores
respectively of 3.70 and 4.06 {Table 1).

The strongest evidence for the suggested localiza-
tion of a BPI gene to 18q23 is provided by the shar-
ing of marker haplotypes by affected individuals in

the study pedigrees. These haplotypes must have
been introduced into these families through several
ancestors, who were themselves distantly related to
each other (for example, see individuals I-4, III-6,
and IV-27 in Fig. 2). Although the pedigrees share
common ancestry, they have been mainly separated
for at least seven generations. Additionally, within
each pedigree, haplotype sharing is displayed
between individuals who are separated by several
generations from any common ancestor (for exam-
ple, V-2 and the descendants of III-5). Several stud-
ies have shown that such distantly related affected
individuals should demonstrate IBD sharing of
marker alleles over segments of several cM sur-
rounding a disease susceptibility gene, and that it is
extremely unlikely that they would share such seg-
ments in random genome regions* 7. Our studies of
background LD within the Costa Rican population
support this contention; intensive study using multi-
ple, densely spaced markers of a different chromoso-
mal region in a population sample, revealed virtually
no evidence of LD between markers more than one
to two c¢cM apart (L. Bull e gl, unpublished data).
Although methods have been proposed to evaluate
the statistical significance of shared haplotypes
among distantly related affected individuals?, it is
not currently possible to measure the significance of
such haplotype sharing in large pedigrees, where
many different degrees of relationship exist between
such individuals.

nature genetics volume 12 april 1936
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Table 1 Results of association and lod score analyses for 18q23 markers

interval between DI85469 and

D185554 among most distantly and

Association analyses Joint linkage and s g

association analyses closely related BPI 1nd1v1dufal§,_ a

putative gene for BPI susceptibility

Marker ¥2 value P value Lod score ] probably lies within this approxi-
D185469 (8 16.56 0.0009 (f"é%‘) 00 mately eight <M segment. Identify-
D183380 (4) 762 ns 1162 05 ing the most hkely locaflon of such
D1851009 (5) 498 ns 0.44 016 2 gene within this region may be
D18S554 (6) 17.72 0.0034 3.70 0.0 facilitated by possible recombina-
g;ggzg? g; 1;3; 3803 ?;ga ggo tion events'in three affected indi-
D18S70 (8) 26.0 0.0005 406 0.0 viduals (V-16, V-17, and VI-1 in

Number of alleles for each marker shown in parentheses. The association analyses
used likelihood ratio tests to examine the nuli hypothesis of no difference between
aliele frequencies of the Costa Rican population sample and the families. The P val-
ues associated with the given Chi-square values are also indicated. The method of
joint linkage and association analysis is detailed in the text and estimates both the
recombination fraction (6) (assessing linkage) and the degree of association between
BP and the markers. ns: not significant. 2The (non-significant) evidence for these
markers is exclusively based on association; the markers are almost completely unin-

formative for linkage within these families.

Standard methods of linkage analysis cannot be
practically applied to evaluate the evidence provided
by the shared muiti-locus haplotypes in these pedi-
grees as their structures are too complicated to enable
accurate evaluation of all possible routes of transmis-
sion of a phenotype and marker alleles®!4!>. While
fast algorithms have recently been developed for mul-
tilocus linkage analysis, these cannot currently run if
consanguinity loops are present!®. Two non-paramet-
ric linkage approaches have been widely used in psy-
chiatric genetic studies!”"!8. We did not use the
affected pedigree method!® (APM) because it is highly
sensitive to the population frequencies of the alleles
shared by affected relatives and is thus inappropriate
in our data set as the BPI individuals in our study
share extremely rare alleles for several markers. We
also did not apply affected sib-pair tests to the pedi-
gree data as there are too few independent sibs for
such tests to attain significant results.

In the absence of appropriate statistical tests, we
visually inspected the evidence from shared haplo-
types. Such examination in our study pedigrees shows
multiple entries of the conserved haplotypes, and indi-
cates that the 18923 region is shared IBD by most of
the affected individuals. It is highly improbable that
the observed haplotype sharing simply reflects ran-
dom LD in the isolated population of Costa Rica; in
addition to our results indicating that background LD
in this population extends for very short distances (L.
Bull et al, unpublished data), the association tests
indicate that allele sharing among the affected individ-
uals, for several 18q23 markers, is non-random with
respect to an unselected sample from the same popula-
tion. Nor does the observed sharing reflect genetic iso-
lation of these families within Costa Rica; the
pedigrees have been dispersed throughout the Costa
Rican Central Valley for several generations. As depict-
ed in Fig.1b, a large number of different alleles and
haplotypes for the 18q22-q23 markers are observed in
the study pedigrees in addition to the ones shared by
the BPI individuals. For example, at D18S1161, 13 dif-
ferent alleles are observed in the two pedigrees, but
almost all of the affected individuals share one or the
other of two alleles. ‘

As maximal haplotype sharing is observed in the

nature genetics volume 12 april 1996

Fig.2). This evidence should be
interpreted cautiously, however,
given the uncertainty regarding the
relationship between genotype and
phenotype for such a complex dis-
order, and the fact that the exact
order of these closely spaced mark-
ers cannot be confirmed until
genetic and physical maps are fully
integrated. Interestingly, the revised placement on a
recent whole genome physical map, of one of the
18923 markers that we used, may further support the
localization of a putative BPI gene in or near the inter-
val from D185469 to D185554. On this map, D18S70,
which displayed the highest lod score in the joint link-
age/association analysis is placed immediately telom-
eric to D185554 (ref. 20) (the other marker
demonstrating a significant lod score). In contrast,
these loci are separated by two markers and by seven
cM on the genetic map?! (Fig.1).

The candidate segment defined by haplotype shar-
ing in these families does not appear to overlap with
recently suggested localizations of susceptibility loci
for (broadly defined) BP on chromosome 18 (near the
centromere!” and in 18q21 (ref. 18)). Overlap with the
putative pericentromeric location can be excluded.
Although the possible 18q21 localization is apparently
at least 10 cM distant from the edge of the candidate
region described here, its boundaries are not clearly
defined, so that overlap cannot be excluded.

Although BPI is transmitted along with conserved
18q22-q23 haplotypes across multiple generations in
the study pedigrees, the observed data are not ade-
quately explained by simple dominant transmission of
a single disease allele. For example, BPI illness in the
three individuals who do not share the conserved hap-
lotypes probably reflects either locus or allelic hetero-
geneity with respect to the rest of the study population
or non-genetic causation of the disorder. Such aetio-
logic heterogeneity is suggested by the clustering of
two of these individuals (IV-3, and V-1) in a CR001
branch that is not descended from the founding cou-
ple who connect this family to CR004. The conserved
haplotypes observed in our pedigrees demonstrate evi-
dent incomplete penetrance (for example, individual
IV-21 is not affected with BPI but apparently transmits
illness to two sons). Such non-penetrance of BPI is
concordant with the predictions of genetic epidemio-
logical studies" 2> 2%, and with usually observed segre-
gation patterns of BPI. However, as indicated by the
results of mutational analyses for other complex
traits'% 2%, delineation of the mode of transmission of
BPI in these families will be impossible until causative
mutations are identified.
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The approach used to obtain the localization sug-
gested here differs from those employed in previous
mapping studies of BP1718.25-27_ Most importantly, all
evaluations focused exclusively on individuals with a
severe, reliably diagnosed and narrowly defined phe-
notype, BPL It is thus relatively unlikely that evidence
for this localization could disappear due to new onsets
of illness in individuals previously considered unaf-
fected, as has occurred in earlier mapping studies of
BP?8 29, Additionally, we completed a genome screen
before following up the initial results for 18q22-q23
markers; this region was studied intensively because it
showed more consistent evidence of linkage than any
other genome segment.

The localization of a BPI gene to 18923 is supported
by three lines of evidence: (i) a haplotype, extending
over several markers, is shared by 23 of the 26 BPI
individuals studied; (ii) BPI is associated with particu-
lar marker alleles at several loci in this region, as
shown by analysis of marker allele frequencies in
affected individuals and in the general Costa Rican
population; and (iii) analyses jointly considering evi-
dence for linkage and association provide further cor-
roboration.

As with any putative gene localization, ours requires
confirmation in an independent sample. Our haplo-
type and association findings suggest that LD, within
18923, should be observed among unrelated BPI
patients from the same population. We have nearly
completed collection of a sample of such patients,
which we will genotype using 18q23 markers to
attempt to confirm our findings. Additionally, as has
been shown for other complex traits, the area of maxi-
mum LD observed in this sample should contain the
putative disease gene®® 31; pinpointing its location may
enable us to clone it>> 33, Our genome screen and
other mapping studies suggest that several different
genes may be involved in susceptibility to BP. A multi-
step approach such as we have initiated in Costa Rica
(defining a narrow phenotype, screening the genome
and evaluating LD in highlighted regions) could be
used in similarly isolated populations to identify addi-
tional BP genes as well as genes associated with other
psychiatric disorders.

Methods

Pedigrees. As described elsewhere?3, we studied two Costa
Rican pedigrees heavily loaded for BPIL. Extensive church and
civic records permitted us to trace genealogies in the study
pedigrees, to the 16th—18th centuries® >. The population of the
Costa Rican Central Valley (from which these families derive)
is mainly descended from a small number of founders in the
16th and 17th centuries. It grew to its current size (>
2,000,000) in the absence of substantial additional immigra-
tion3, indicating that present-day BP affected individuals are
likely to share disease susceptibility mutations identical by
descent (IBD) from one or more common ancestors. Addition-
ally, extensive genealogical records dating to the founding of
Costa Rica facilitated identification of such common ancestors
of BPI affected individuals (as described below). These
genealogical studies indicated that the members of pedigrees
CR001 and CRO04 are descended from the ancestral Central
Valley population but have not been genetically isolated within
this population.

Genotyping. We previously described?® the basis for choosing

for genotyping studies a set of individuals from pedigrees
CRO01 and CR004. The Costa Rican population (control) sam-
ple used for the association analyses consisted of unrelated
individuals descended from the ancestral Costa Rican Central
Valley population who had previously been collected for a
population genetic study. In that study these individuals had
been genotyped using a set of microsatellites from several ran-
dom genome regions'® 13, No significant deviations from
Hardy-Weinberg equilibrium or significant differences in allele
frequencies in comparison with other human populations were
noted (E.R., PL., N.B.F,, unpublished observations). As only
small amounts of DNA had been obtained from these individ-
uals, we were unable to genotype them using 18q23 markers
that we recently obtained (D18S1121 and Di8S1161). The
markers used for genotyping were from the most recent pub-
lished maps of Genethon?!, the Cooperative Human Linkage
Centers (CHLC)? and the public databases of Genethon and
the University of Utah Genome Center. The genotyping proce-
dures used for all experiments were as previously described!?.

Haplotype construction. Haplotypes were constructed by
hand using a minimum-recombination strategy. When parents
were not available for genotyping, haplotypes were inferred
from children, if possible. Often it was not known which of the
four inferred haplotypes belonged to which parent; in these
instances the two sets of inferred haplotypes were offset from
the parental symbols in Fig. 2.

Statistical analyses. For all analyses, only individuals with
diagnoses of BPI were considered affected, as well as one
individual with a diagnosis of schizoaffective disorder, manic
type (SAD-M). The rationale for designating individuals
with this diagnosis as ‘affected’ has been previously dis-
cussed?, All other individuals were designated as having an
unknown phenotype. Marker allele frequencies were esti-
mated on a combined data set which included both the pop-
ulation sample and the BPI affected individuals from the
pedigrees {with correction for dependency due to family
relationships!?). Rare alleles were collapsed until no alleles
remained with a frequency in the combined data set of less
than 4%. The frequency of the remaining alleles was also
estimated separately for the population sample and for the
patients from the families. The likelihood obtained on the
combined data set was compared with the product of the
likelihoods obtained in the separate analyses, to yield a likeli-
hood ratio statistic approximately following a chi-square dis-
tribution with n-1 degrees of freedom, where n is the
number of alleles for a given marker. A similar procedure
was used by Schellenberg et al.®.

From the results of these association analyses, the frequency
of the BPI gene in the family sample was estimated to be
0.115, by averaging the excess frequency of all alleles of 18q23
markers that showed a significantly (P<0.01) increased fre-
quency among the patients from the pedigrees. This BPI gene
frequency was used in the subsequent combined analysis of
linkage and association. For this analysis, we utilized a recent-
ly published likelihood ratio test for association®$, which
includes only a single estimated parameter, A. This test
assumes that some marker allele will be over-represented on
chromosomes that carry the disease mutation, when many of
those chromosomes descend from a single ancestor. The pro-
portion of disease chromosomes with this ancestral allele is
represented by the parameter A. It is not a-priori known
which marker allele will be the over-represented allele, and
therefore the procedure considers each of the marker alleles
separately as potential founder alleles. Consequently, a total
likelihood is obtained for a given value of A by computing the
likelihood on the data for each potential founder allele, and
summing those likelihoods, weighted for the population fre-
quency of the respective founder allele (see equations 1 and 2
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in ref. 36). While the procedure was originally applied to
genotype data in samples of affected and unaffected individu-
als®, it can also be used to calculate likelihoods for pedigree
data, where the population frequencies are required to com-
pute genotype probabilities of founder individuals. We modi-
fied the ILINK option of the LINKAGE package, version 5.04
(ref. 37), to estimate simultaneously for each matrker, the
parameter A and the maximum likelihood of the recombina-
tion frequency (0) within the families. This likelihood ratio
test has two degrees of freedom. In this estimation procedure,
the disease gene frequency was kept constant at 11.5%, as in
our earlier analyses, and the marker allele frequencies
obtained in the Costa Rican reference sample were included
as population frequencies. By comparing the likelihood
obtained for the best fitting values for A and 8 with the likeli-
hood obtained for a value of 0.0 for A (no over-represented
marker allele) and 0.5 for 8 (no linkage) the joint evidence
for linkage and association was evaluated. This method can
be considered a combination of an admixture and a linkage
test (with a certain proportion of disease chromosomes rep-
resenting descendants of a single common founder). It is
conceptually similar to the combined linkage and admixture
test used in the analysis of locus heterogeneity!™ 8. For that
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test it has been proposed that a lod score of 3.28 corresponds
(in terms of statistical significance) to a lod score of 3.0 in the
regular test for linkage. We suggest that the same threshold be
adhered to in the joint association and linkage analysis used
here.
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