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Abstract

To localize genetic variation affecting risk for psychotic dis-
orders in the population of Palau, we genotyped DNA sam-
ples from 203 Palauan individuals diagnosed with psychotic
disorders, broadly defined, and 125 control subjects using a
genome-wide single nucleotide polymorphism array. Palau
has unique features advantageous for this study: due to its
population history, Palauans are substantially interrelated;
affected individuals often, but not always, cluster in families;
and we have essentially complete ascertainment of affected
individuals. To localize risk variants to genomic regions, we
evaluated long-shared haplotypes, > 10 Mb, identifying clus-
ters of affected individuals who share such haplotypes. This
extensive sharing, typically identical by descent, was signifi-
cantly greater in cases than population controls, even after
controlling for relatedness. Several regions of the genome
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exhibited substantial excess of shared haplotypes for affect-
ed individuals, including 3p21, 3p12, 4928, and 5g23-q31.
Two of these regions, 4928 and 5g23-q31, showed signifi-
cant linkage by traditional LOD score analysis and could har-
bor variants of more sizeable risk for psychosis or a multiplic-
ity of risk variants. The pattern of haplotype sharing in 4q28
highlights PCDH10, encoding a cadherin-related neuronal
receptor, as possibly involved in risk. ©2016 S. Karger AG, Basel

Introduction

Variation in DNA is a substantial source of risk for
schizophrenia and related psychotic disorders [1, 2]. Ge-
netic studies, therefore, can contribute to our under-
standing of their neurobiology. Specific discoveries have
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come slowly, apparently because of the complex genetic
architecture of psychotic disorders. At the population
level, risk arises from variation scattered throughout the
genome that impacts either the function or expression of
many genes or functional RNA and has a range of effect
size and allele frequency.

Recent research demonstrates constraints on effect
size as a function of allele frequency: common variants,
for example, collectively play a large role in risk [2-4],
while the effect of any one variant is small [5-7]. Indi-
vidual rare variants surely have a larger range of effect
on risk than common variants. Yet, even if a rare variant
has a substantial impact, its role can been difficult to
prove from genetic data alone due to its rareness [8, 9].
One class of rare variants, recurrent copy number vari-
ants (CNVs), has been implicated by their occurrence in
cases at a significantly higher rate than that found in
massive control databases [10-13]. More relevant to this
study, some variants have been implicated due to their
segregation with affection status in extended pedigrees.
A classic example is a balanced chromosomal transloca-
tion, t(1;11)(q42.1;q14.3), disrupting DISCI, which gen-
erates a fusion product of DISC1 and Boymaw [14, 15].
This rare variant shows significant co-segregation with
schizophrenia, bipolar disorder and depression in a
large family [16]. Recent studies have also shown that
variation is DISC1 is also associated with other psychi-
atric phenotypes such as cognitive dysfunction and drug
abuse [17-20]. Findings of linkage from individual ped-
igrees are few. More commonly, signals arise from non-
parametric linkage analyses of many small pedigrees
[21-23], from which it can be challenging to identify risk
loci.

At a fundamental level, linkage analysis relies on a
mapping between identity by descent (IBD) segments of
the genome and how they assort with affection status in
the pedigree(s). For a single extended pedigree, a large
score for linkage arises when a substantial number of cas-
es are IBD for the same portion of the genome - they
share an extended haplotype — while a far smaller fraction
of unaffected family members share that haplotype, the
expected number depending on the penetrance of the risk
variant. This fundamental logic leads to a variation on
linkage analysis, IBD mapping, which asks if there is a
significant excess of IBD-sharing among cases, relative to
controls, at a population level [24]. Here again, the data
evaluated are shared haplotypes, which are inferred to be
IBD. Like more standard linkage analysis, IBD mapping’s
success in discovering risk loci in human complex disor-
ders has also been limited.
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We hypothesize that a hybrid approach could be ef-
fective, combining more standard linkage with results
from analysis of shared haplotypes, regardless of known
pedigree relationships, especially when applied to a
comprehensive sampling of a population such as we
have obtained from the nation of Palau. Palauans origi-
nated from East Asians some 3,000 years ago [25, 26]
and the current size of the population is roughly 20,000
individuals, of which two thirds are native Palauans.
Within that population we have diagnosed 203 Palauan
cases with schizophrenia and related psychotic disor-
ders, representing almost complete ascertainment of af-
fected individuals in the population [27, 28]. The rate of
psychotic disorders in Palauan adults, about 2% in adults
[27], is twofold higher than most populations [29]. Af-
fected subjects are often related, and pedigrees of relat-
ed, affected subjects can be constructed [27, 28]; yet,
viewed from another perspective, due to Palauan popu-
lation history, it is not unusual for two randomly drawn
subjects to be 5th degree or closer relatives. Indeed, it is
possible to represent the vast majority of affected indi-
viduals by a single extended pedigree [30], although the
pedigree requires a multiplicity of founders. Therefore,
to form smaller pedigrees in Palau requires some arbi-
trary partitions of related subjects, which can make in-
terpretation of results from linkage mapping and such
pedigrees challenging.

In the research reported here, after genotyping Palau-
an case and control subjects for a set of single nucleotide
polymorphisms (SNPs) spanning the genome and phas-
ing those genotypes into haplotypes genome-wide, we
analyze haplotype sharing to identify genomic regions
that could harbor variation affecting risk. To do so, we
first explored patterns of haplotype sharing among nom-
inally related individuals, such as first cousins, who are
expected to share 1/8th of their genomes IBD. Dividing
the genome into independent bins 5, 10, or 20 Mb in
length, the total length of shared haplotypes for all known
relative pairs was matched to their expected IBD. The to-
tal length of shared 10-Mb haplotypes matched best to the
expected IBD pattern. Next, by evaluating sharing of
these 10-Mb haplotypes among all Palauan subjects, we
detected multiple regions of notable haplotype sharing
among cases as compared to that among controls or be-
tween cases and controls. Two of the regions demonstrat-
ed significant linkage using traditional LOD score analy-
sis. Comprehensive sequence analysis to characterize
variation across these regions will be required before we
can identify variation likely to cause risk for psychotic
disorders.

Bodea et al.



Materials and Methods

Samples and Genotyping

As described elsewhere [31], we genotyped DNA from blood
samples of all known affected subjects (n =203) and a set of control
subjects (n = 125) who had no history of psychiatric treatment and
were >3° relatives to any affected individual. Diagnoses were made
from information obtained from direct interview, using the Sched-
ule for Affective Disorders and Schizophrenia-Lifetime Version
[32], and this information was supplemented by a detailed review
of psychiatric medical records. Final best estimate diagnoses — as-
signed by 2 clinicians not involved in ascertainment — were based
on DSM-IV criteria. Research protocols and procedures were ap-
proved by institutional review boards at each of the sites in the US
and the Republic of Palau. All subjects provided written informed
consent to participate after receiving a full explanation of the study
in both English and Palauan.

Of the 203 affected individuals, 113 were diagnosed with
schizophrenia and 6 with probable schizophrenia; 33 were schizo-
affective, depressed (n = 3) or bipolar type (n = 19); 28 were diag-
nosed with psychosis not otherwise specified; 18 were diagnosed
with bipolar disorder, 9 of whom had psychotic symptoms; and 5
had diagnoses aligned with schizophrenia or bipolar disorder.

DNA samples were genotyped using Affymetrix Genomewide
Human SNP Array 5.0, which seeks to characterize genotypes for
500,568 SNPs. Quality control was conducted at the individual and
SNP levels. Samples were retained for the study only if > 98% of their
SNPs produced genotypes. Retained SNPs met the following crite-
ria: genotypes for 299% of samples; minor allele frequency >0.020
(estimated by count and assuming subjects were independent); Har-
dy-Weinberg statistic with p value >0.005. After quality assessment,
549 samples remained and were characterized by 267,754 SNPs.

Haplotype Sharing

To identify shared haplotypes, genotyped SNPs were jointly
phased and imputed using Beagle [33]. The phasing ignored fam-
ily relationships, yet we found phase to be accurate by evaluating
segregation of haplotypes in families. The genome was scanned
using moving bins of 5, 10, and 20 Mb, at 1-Mb intervals, analyz-
ing the distribution of haplotypes formed by SNPs amongst af-
fected and unaffected individuals, simultaneously, to identify re-
gions of unusual sharing of haplotypes. In Results, we focus on
10-Mb haplotypes and loci in which at least 7 subjects shared the
same haplotype exactly (as shown in Results, such sharing was
rare). Once a region of interest was identified, the region of maxi-
mum sharing among the affected subjects is defined; i.e. 210 Mb,
for a 10-Mb window.

Results from such sharing can be dependent, e.g. 11 subjects
share a 10-Mb haplotype and 10 of them share a haplotype in
an adjacent bin offset by 1 Mb. When important, we noted such
clustering in the results, and we merged regions of sharing (on-
line suppl. material; for all online suppl. material, see www.
karger.com/doi/10.1159/000450726) for some analyses. This ap-
proach relies on inferred haplotypes; when phase is erroneous, it
yields false negatives. To characterize segment sharing without de-
claring phase, we analyzed subsets of subjects using shared seg-
ment analysis (SSA) [34, 35]. For a given set, such as a pedigree,
SSA searches the genome for regions of identity by state sharing
among all or a subset of the subjects based on their genotypes, not
haplotypes.

Genetic Variation Affecting Risk for
Psychotic Disorders in Palauans

DASH

To search the genome without boundaries, we employed DASH
[36], which builds on graph theory and phase information for sub-
jects to infer clusters of individuals likely to share a long haplotype
(see suppl. material for implementation). Analyses of these haplo-
type data using DASH did not reveal additional regions of the ge-
nome with unusual haplotype sharing (data not shown). Largely,
the results for sharing using fixed boundaries were indistinguish-
able from those from DASH because once haplotype sharing re-
gion was detected within a 10-Mb bin, it was extended to its limit.
Occasionally, DASH would highlight very long haplotype sharing
among a subset of affected subjects and miss the somewhat small-
er shared region for a larger group of subjects, an example being
the 4q28.3 region.

Estimating Pairwise Relatedness of Subjects

Interpretation of haplotype sharing is enhanced by knowledge
of relationships among subjects. While close relationships were
typically known, more distant relationships often were not. For
this reason, we estimated the kinship between pairs of individuals
using the total length of all inferred IBD segments using IBDy,
[37] (online suppl. material). In brief, pairwise relatedness was
estimated from inferred IBD segments and then refined using a
smoothing algorithm known as treelets [38, 39].

Estimating whether Shared 10-Mb Haplotypes Are IBD

To infer whether 10-Mb shared haplotypes are IBD, we ana-
lyzed data using IBDLD [40]. Using a hidden Markov model,
IBDLD estimates the probability a pair of related individuals is IBD
for a given locus from genotype data and pedigrees or estimated
relationships amongst individuals. IBDLD estimates background
linkage disequilibrium (LD) and adjusts for it in the model.

Estimating Total Number of Meioses Separating Cases

A statistic of some utility for pedigree-based linkage analysis is
the total number of meioses separating all affected subjects in the
pedigree [see 34, 35]. Counting meioses in a pedigree is straight-
forward. The complex interrelationships among Palauans, how-
ever, made simple counting impossible in many cases, and thus
this number was approximated (online suppl. material).

Results

Estimating Familial Relationships from Haplotypes

We first examined the pattern of sharing for haplo-
types of lengths 5, 10, and 20 Mb, assessing the fraction of
the genome shared by a pair of subjects of a given nominal
relationship, as determined by established pedigrees [28].
The fraction of the genome shared by pairs of individuals
as 5-Mb haplotypes typically exceeds their degree of rela-
tionship (fig. 1); that fraction is somewhat closer to the
degree of relationship for total sharing of 10-Mb haplo-
types, and it underestimates degree of relationship for 20-
Mb haplotypes. That the total sharing of 5- or 10-Mb hap-
lotypes typically exceeds the pedigree-based relationship
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0.8

Fig. 1. Pedigree relatedness versus geneti-
cally inferred relatedness. Genetic related-
ness is computed as the proportion of the
genome shared through IBD segments of
lengths greater than 5, 10, and 20 Mb, re-
spectively. We expect genetically inferred
relatedness to be greater than the pedigree
level because the small effective population
size of Palau, probably throughout its his-
tory, has induced substantial cryptic relat-
edness.
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Fig. 2. Count of unique clusters of large haplotypes found in >7
cases versus the length of the chromosome.

of a pair of individuals is consistent with population his-
tory of Palau, which was established by a relatively small
number of founders and experienced several subsequent
bottlenecks. This history increases cryptic relatedness
within the population and makes Palauans more closely
related than their immediate pedigree relationships sug-
gest. These results are also consistent with our earlier
study that finds substantial runs of homozygosity in Pa-
lauan genomes [31]. For this reason, and because the re-
lationships of many subjects was unknown, we estimated
relationships amongst all pairs of individuals based on
their total length of shared haplotypes and used these es-
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timates for further analyses, except for linkage analyses.
When we have evaluated how the total sharing of 5-, 10-
and 20-Mb haplotypes relates to a smoothed estimate of
relatedness, which is not based on haplotype cutoffs, the
haplotype sharing slightly underestimated relationships
and was most disparate for 20-Mb haplotypes, as expect-
ed (data not shown).

Pattern of Haplotype Sharing

We next evaluated the pattern of haplotype sharing
among case and control subjects to identify regions with
an unusual pattern of sharing. For this and all subse-
quent analyses, we focus on 10-Mb haplotypes. Chro-
mosome X showed the greatest abundance of matching,
far more than the autosomes, consistent with its smaller
effective population size. Because of this excess, which
occurs throughout the chromosome, we excluded chro-
mosome X from further analyses. For the autosomes,
chromosomes 3, 6, and 8 showed some evidence for ex-
cess haplotype sharing as a function of their length,
which could reflect reduced recombination and extend-
ed LD, while chromosome 1 showed a dearth (fig. 2).
There are 12 regions where 15 or more subjects shared
a 10-Mb haplotype (i.e. 24.6% of 328 subjects), 10 in-
volving either chromosome 3 or 6. As noted in Materials
and Methods, these regions were not necessarily inde-
pendent, and indeed we concatenated two regions on
chromosome 6 containing the MHC genes, jointly span-
ning ~25-36 Mb, and another two spanning ~71.5-82.5
Mb. Likewise, on chromosome 3, three regions were
combined to span 43-57 Mb and three combined to
span from =78 to 90 Mb.

Bodea et al.
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Fig. 3. Cumulative distribution of subjects sharing large haplotypes in the sample (a, b), and distribution of sub-
jects sharing large haplotypes versus fraction of those subjects who have a psychotic disorder (c). Reference line
is the expected fraction, based on the sample of 203 affected individuals and 125 controls (i.e. 203/328).

We next asked if sharing a haplotype 10 Mb or more
was unusual in Palau either in controls or cases and how
this varied by degree of relationship. After sampling 100
bins, out of the 2,351 10-Mb bins across the autosomes, a
randomly selected bin yielded 350.1 unique haplotypes in
cases, on average, or 1.72 +0.11 (mean + SD) unique hap-
lotypes per case subject. Control samples yielded a some-
what larger number of unique haplotypes per subject,
1.91 + 0.06. These results imply that there are over a mil-
lion 10-Mb haplotypes distributed amongst cases and
controls in the 2,351 bins.

The difference between cases and controls in the count
of unique haplotypes probably arose because a pair of case
samples was, on average, more closely related than a pair
of control samples: for case pairs, average relationship
was 0.020; for control pairs, it was 0.016 (1° = 0.5, 2°
0.25,...,5°=0.03125,6°=0.015625, ...). To evaluate this
conjecture, we randomly sampled 250,000 pairs of sub-
jects, then sampled a 10-Mb bin and determined if the
pair of subjects shared a haplotype: 595 out of 250,000
(0.0024) draws yielded a pair of identical haplotypes. Ex-
pressed as the fraction of total case-case, control-control

Genetic Variation Affecting Risk for
Psychotic Disorders in Palauans

and case-control pairs, the rate of matching was 0.0036
(366/96,053), 0.0015 (54/36,215), and 0.0017 (195/
117,732), respectively. To determine if sharing was a
function of relatedness alone, or if it was also a function
of case status, we then fitted a logit model to these data:
the outcome was yes/no for matching, and it had two pre-
dictors, estimated relatedness of pair and their case status.
The degree of relatedness was the best predictor of match-
ing (z = 41.61; p < 10-16) and it accounted for 19% of the
variability in matching (pseudo-R?). Even after account-
ing for relatedness, however, case-case pairs were 1.64
times more likely to share a haplotype than control-con-
trol pairs (z=3.16; p=0.0016), whereas case-control pairs
were not more likely to share 10-Mb haplotypes than con-
trol-control pairs (z = 1.87; p = 0.062). Still, the case status
accounted for only 0.2% of the variance in matching.

Regions of Unusual Haplotype Sharing amongst

Affected Subjects

As illustrated in figure 3, it was unusual for 7 or more
subjects to share a 10-Mb haplotype (henceforth a ‘hap-
lotype cluster’; fig. 3a, b). Yet, such sharing did not neces-
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sarily indicate a region affecting risk for psychotic disor-
ders; there were haplotype clusters that were not biased
toward case-case sharing: for example, there were 6 hap-
lotype clusters in which 16 or more subjects shared a 10-
Mb haplotype, and each was characterized by a larger
fraction of controls than would be expected based on
case/control representation (fig. 3c). Case-biased haplo-
type clusters were common only when 15 or fewer sub-
jects carried the haplotype (fig. 3c). When 15 subjects
shared a haplotype, at least 3 controls also always carried
it, making these haplotypes also unlikely to bear risk al-
leles. At 14, however, there were two haplotype clusters
shared by 13 cases and 1 control, one occurring on chro-
mosome 3 at 48-58 Mb and the other also on chromo-
some 3 at 76-86 Mb. Note that earlier we identified both
overlap regions as having an excess of such sharing.
Nonetheless, such an event was rare in the data. Enumer-
ating the outcomes in terms of haplotypes shared by two
or more subjects, 14 or more subjects shared a 10-Mb
haplotype in only 0.023% of the outcomes (fig. 3a, b),
regardless of case-control status.

Following the logic (and statistical basis) for genetic
linkage analysis, we assume here that genomic regions
shared by the greatest number of cases, relative to con-
trols, would have the highest likelihood of harboring risk
variation. To highlight regions that could be involved in
risk, we describe in some detail haplotype clusters repre-
sented by 7 or more affected subjects and no more than 2
control subjects (online suppl. table 1), which occurs
0.16% of the time. Of these, again following the logic of
linkage analysis, clusters represented by 9-13 cases and 2
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or fewer controls would be the most likely to harbor risk
variants because such clusters are quite rare (occurring
0.03% of the time) and more strongly biased for case rep-
resentation.

If a haplotype were to bear one or more variants affect-
ing risk, the probability it will be transmitted to and
shared by closely related, affected subjects would be pro-
portional to its penetrance. Therefore, variants having a
substantial impact on risk should be found in pedigrees
multiplex for affected individuals, an expectation born
out repeatedly for autosomal dominant Mendelian disor-
ders. For this reason, we asked if haplotype clusters in
online supplementary table 1, specifically those with 7-13
affected subjects per cluster, were associated with unusu-
ally dense family structure. We first estimated the average
relationship among affected individuals in each haplo-
type cluster and the total number of meioses separating
the affected subjects. When the relationship between
these two variables was fitted by a cubic spline (fig. 4),
the model explained a substantial amount of the variance
(R? = 0.70). For most haplotype clusters, the average re-
lationship amongst affected subjects declined steadily as
the total number of meioses separating them increased
(fig. 4). Thus, most haplotype clusters were homogeneous
in their familial properties. Five observations, however,
fell outside of the 95% confidence envelope for the curve,
and each of these outliers was consistent with closer fa-
milial relationships among affected individuals (fig. 4,
numbered points).
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Fig. 5. Haplotype regions shared by subjects highlighted in figure 3 as assessed by identity by state segment shar-
ing. Analysis over all autosomes is presented in supplementary figure 1.

Properties of Outliers and Linkage Analysis of Shared

Haplotypes

Of the outliers in figure 4, two (No. 1 and 3) were from
essentially the same pedigree and almost overlap in terms
of genomic location. Cluster 1 had 11 affected individuals
who shared a haplotype from chromosome 4 spanning
131-141 Mb (online suppl. table 1). Two control subjects
also shared this haplotype. Cluster 3, spanning 115-125
Mb on chromosome 4, held 9 affected subjects who were
a perfect subset of cluster 1; no controls shared this hap-
lotype. Of note, the 9 affected subjects shared by cluster 1
and 3 fell in a multiplex pedigree (K1584) previously
identified by epidemiological studies in Palau [27]. SSA
[34, 35] was used to determine if 4q28.3 is the only region
of the genome thus shared among these 11 and 9 affected
subjects. For these affected subjects, only the same 4q28
region was identified (fig. 5; online suppl. fig. 1).

Genetic Variation Affecting Risk for
Psychotic Disorders in Palauans

Remarkably, another of the outlier haplotype clusters,
cluster 5 (fig. 4), also fell in 4928 and its localization
strongly overlapped cluster 1. This haplotype covered
125-139 Mb and involved 7 cases and no controls. The
haplotypes for clusters 1 and 5 were quite different, with
the exception of a 0.5-Mb region, chr4:133,731,053-
134,238,544, where they were identical (fig. 6). The shared
0.5-Mb subhaplotype was common in Palau, 11.6% in
controls, yet the odds ratio for carrying (vs. not) this sub-
haplotype in cases versus controls was 1.94 (20% in cases
vs. 11.6% in controls; MQLS statistic = 13.3, p value =
0.00027), and the difference in haplotype frequency was
not lowered substantially after removing the sets of sub-
jects in clusters 1 and 5 (17% in cases, 11.6% in controls).
Indeed when we inspected the 4q28 region for other
groups of subjects who share a 10-Mb haplotype, there
were two others (online suppl. table 1), and both shared

Mol Neuropsychiatry 2016;2:173-184
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Fig. 6. Pattern of haplotype sharing at 4q28.3 for four clusters of
affected subjects. The only gene found in the shared 0.5 Mb region
is PCDH10.

this subhaplotype, but were distinct for 10-Mb haplo-
types (fig. 6). Both haplotype clusters had 9 cases and 0
controls, the first shared haplotype spanning 121-137 Mb
and the other spanning 128-138 Mb.

The two remaining outlier haplotype clusters, clusters
2 and 4, involved the q arm of chromosome 5. The hap-
lotype for cluster 2 covered 119-134 Mb and involved 9
cases and no controls. The haplotype for cluster 4 covered
56-73 Mb and involved 7 cases and no controls. There
was no overlap amongst the affected subjects involving
clusters 2, 4, or 5 and no overlap of subjects from those
three clusters with subjects in clusters 1 and 3. For clusters
2 and 4, SSA analysis showed that the haplotype clusters
were unique for each set of subjects (fig. 5; online suppl.
tig. 1). For cluster 5, however, the same subjects also
shared a 13-Mb region of chromosome 9 IBS, extending
from roughly 2 to 15 Mb (fig. 5; online suppl. fig. 1).

Analysis of IBD

To infer whether 10-Mb shared haplotypes are IBD for
the 5 outlier clusters, we analyzed data using IBDLD [40].
IBDLD inferred IBD for a given locus from genotype data
and estimated relationships amongst pairs of individuals.
The shared 10-Mb haplotypes were inferred to be IBD for
a majority of pairs of subjects (online suppl. fig. 2). Be-
cause IBDLD estimates IBD status for pairs of subjects,
however, as opposed to the entire cluster of subjects, its
analysis apparently was not yet fully efficient; i.e. the IBD
relationship is not always transitive (A and B share a seg-
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ment, and B and C share the same segment, but A and C
do not share the segment); if we forced the equality, it was
apparent all subjects were IBD for a shared haplotype (on-
line suppl. fig. 2). We next randomly selected 5 other clus-
ters for which 7 affected subjects shared a 10-Mb haplo-
type. Results from IBDLD again show that the shared hap-
lotype for these clusters is IBD for most pairs of subjects.

Linkage Analysis

Pedigrees for subjects from each of these five clusters
were derived from a unified extended pedigree of Palau
subjects described elsewhere [30]. This multifounder
pedigree captured the relationships amongst most affect-
ed subjects in Palau and all of the subjects in each of the
clusters; thus, it was straightforward to form a subpedi-
gree for each cluster. Included in each pedigree were all
affected subjects in the cluster, their parents, offspring,
siblings and any intervening relatives required to connect
affected individuals in a complete pedigree. Haplotype
information was included when known, as was affection
status. For the calculation of LOD score for linkage, we
treated the shared (210 Mb) haplotype as an allele and
pooled all other haplotypes as the alternative allele; the
risk haplotype frequency was set to its relative frequency
in control subjects or 1/(260 + 2), whichever was larger;
and we assumed a parametric model in which the risk al-
lele acted dominantly and had a penetrance of 50%, and
the probability of psychosis while not carrying the haplo-
type was 0.02. Using these assumptions, the LOD scores
for linkage for clusters 1-5, respectively, were 3.32 (p =
4.6 x 107),3.59 (p = 2.4 x 107), 2.64 (p = 2.4 x 107,
1.37 (p = 6.0 x 107), and 2.07 (p = 1.0 x 107%). The cal-
culation for cluster 1 ignored an affected individual in
K1584 who carried 9.5 Mb of the shared haplotype, which
no other controls shared, and who was therefore IBD with
her other relatives; accounting for this subject raised the
LOD score at 4928.3 to 3.85 (p = 1.3 x 107). Thus, two
regions exhibited significant linkage, given that 3.3 is a
conventional threshold for significance of linkage in ex-
tended pedigrees [41].

Discussion

Most populations studied genetically for psychotic
disorders are of European descent. The population of Pa-
lau is quite different in this regard. Palau was populated
only 3,000 years ago [25, 26] and the population has ex-
perienced several bottlenecks even in historical times.
The genomes of its peoples reflect that history, being
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characterized by extensive LD, which in some instances
can be unusually large for markers separated by many
megabases [42], and by extensive runs of homozygosity
(ROH) [31]. The symptoms of psychotic disorders in Pa-
lauans, however, are indistinguishable from those found
the world over [32], and indeed we have previously re-
ported evidence that some features of the genetics of risk
are similar too. For example, CNVs shown to be risk fac-
tors in European populations [10-13] are risk factors in
Palau as well [43, 44], including 1q21.1, 15q11.2 (BP1-
BP2), and SLCIA1 [12]. Furthermore, subjects with psy-
chotic disorders tend to have longer and more ROH than
do controls from the same population [31], a feature seen
in various populations [45-50]. Still, recessive inheri-
tance does not seem to explain a substantial portion of
risk [31]. To augment our knowledge of the genetics of
psychotic disorders in Palau, the work reported here eval-
uated sharing of haplotypes to localize variants affecting
risk in a dominant or additive manner.

Quite long segments of chromosomes were sometimes
shared among Palauan subjects who were nominally un-
related. We targeted sharing of very long haplotypes, 210
Mb, which analyses suggest are almost always identical by
descent. The best predictor for a pair of subjects sharing
a haplotype was their degree of relatedness, with close rel-
atives being much more likely to share a long haplotype.
Even after taking relatedness into account, 2 subjects who
were diagnosed with a psychotic disorder were signifi-
cantly more likely to share such a haplotype than were
case-control or control-control pairs, consistent with the
genetic basis for these disorders in Palau and supporting
the efficacy of haplotype sharing for genetic analysis.

We found numerous regions of the genome that ex-
hibited substantial haplotype sharing amongst cases (on-
line suppl. table 1). By the metric of largest number of
cases sharing the same haplotype, relative to controls, two
independent regions on chromosome 3 emerged as no-
table, both having 13 cases and one control sharing the
same 10-Mb haplotype (48-58 and 76-86 Mb). These re-
gions harbored many genes (online suppl. table 1), and it
is impossible without sequence data to identify which
genes — if any - contain variants affecting risk. Compli-
cating interpretation of these results is that they fell on
chromosome 3 in regions that, by our analyses (fig. 2),
showed reduced diversity of haplotypes, presumably due
to recombination suppression or possibly natural selec-
tion.

A result apparent from mathematical analysis [51],
and one observed empirically from a host of pedigrees
segregating Mendelian risk variants, is that a variant with

Genetic Variation Affecting Risk for
Psychotic Disorders in Palauans

large impact on risk should, on average, segregate in a
pedigree multiplex for affected individuals than a variant
of modest effect on risk. Using this fact, we searched for
clusters of affected subjects who shared the same haplo-
type and also demonstrated unusually close relationships
among them (fig. 5). Five such clusters were identified,
four were independent. The most noteworthy was a clus-
ter of 11 affected subjects and 2 controls who share a 10-
Mb haplotype at 4q28.3, with a twelfth affected subject
sharing 9.5 Mb of the haplotype. Parametric linkage anal-
ysis of 10 of these affected individuals, who fell in a single
pedigree, yielded an LOD score of 3.85, a significant re-
sult. Another of these clusters yields significant linkage to
5g23-q31, based on 9 subjects and no controls sharing
a 15-Mb haplotype (LOD = 3.59).

The 4q28.3 linkage region is even more unusual be-
cause three other haplotype clusters fell therein (fig. 6), a
result not seen elsewhere in the genome. The full haplo-
types for these 4 clusters of subjects were independent,
but all shared a 0.5-Mb subhaplotype covering the gene
PCDHI10. This shared subhaplotype is relatively common
in Palau, almost 12% of control subjects carry a copy, but
its presence is associated with an almost twofold greater
risk for psychotic disorders (p value = 0.00027). It is thus
possible a variant on the subhaplotype conveys risk, but
it is impossible to rule out other models of risk as well,
including additional or independent risk factors.

PCDHI0 is a gene of some interest regarding psychi-
atric disorders. Disruption of this gene has been associ-
ated with risk for autism [52], and it incurs a de novo
missense mutation detected by a recent exome sequenc-
ing study of schizophrenia [9]. The protein encoded by
this gene, a calcium-dependent adhesion molecule, has
myriad functions including a role in the neuronal circuit
formation during development. Indeed a recent study has
shown that the interaction of myocyte enhancer factor 2,
fragile X mental retardation protein, and Pcdh10 contrib-
utes to the process of excitatory synapse elimination in
mouse neurons [53].

A substantial number of other plausible candidate
genes reside in these two linkage regions (online suppl.
table 2). There are only 14 named genes falling in 4q28.3,
131-141 Mb, yet it would be no simple task to say which,
if any, affect the risk for psychotic disorders.

Of the 76 genes falling in 5q23-q31, 119-134 Mb, sev-
eral are of particular interest. One such gene, MEGFI0,
falls in the interval and it encodes a protein playing a crit-
ical role in synapse remodeling and therefore neural cir-
cuit refinement [54]. There is some evidence for its in-
volvement in the risk for schizophrenia [55].
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While rare risk variants could drive patterns of haplo-
type sharing, especially when many affected subjects
share the same haplotype, it is also possible that sharing
can be explained by one or more common variants that
confer risk. While the Palau sample and population are
not powered to detect common variants of subtle impact
onrisk, such as those reported in the largest genome-wide
association study [7], we did compare the two regions of
significant linkage from Palau with those GWAS results.
Of the 108 significant loci identified by the Schizophrenia
Working Group of the Psychiatric Genomics Consor-
tium, none mapped to the 131- to 141-Mb interval on
chromosome 4 or to the 119- to 134-Mb interval of chro-
mosome 5. Still, it is possible that a substantial proportion
of the regions highlighted in online supplementary ta-
ble 1 owe their excess sharing of haplotypes among cases
to the impact of common variants on risk.

Given the two significant findings of linkage, we won-
dered why we missed these linkages in earlier linkage
studies using short tandem repeat (STR) loci. A more
complete diagnostic inventory was a major contributing
factor, especially given the fact that some affected indi-
viduals were not yet diagnosed or ascertained in our ear-
lier studies, while the uneven distribution of STRs was a
minor contributor. The 5q31 linkage region was detected,
although with diminished signal, in a previous multipoint
linkage analysis [56].

A weakness of our approach is that errors of phase or
genotyping could disrupt true patterns of haplotype shar-
ing and produce false negatives. An example is a recent
finding from our group about a deletion CNV that disrupts
SLCIA1I in 7 individuals with psychosis [44]. Looking spe-
cifically at this region and set of subjects, the deletion al-
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