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Objective: The study of ethnically homo-
geneous populations may help to identify
schizophrenia risk loci. The authors con-
ducted a genomewide linkage scan for
schizophrenia in an Indian population.

Method: Participants were 441 individu-
als (262 affected probands and siblings)
who were recruited primarily from one
ethnically homogeneous group, the Tamil
Brahmin caste, although individuals from
other geographically proximal castes also
participated. Genotyping of 124 affected
sibling pair pedigrees was performed with
402 short tandem repeat polymorphisms.
Linkage analyses were conducted using
nonparametric exponential LOD (loga-
rithm of the odds ratio for linkage) scores
and parametric heterogeneity LOD scores.

Parametric heterogeneity scores were cal-
culated using simple dominant and reces-
sive models, correcting for multiple statis-
tics. The data were examined for evidence
of consanguinity. Genomewide signi-
ficance levels were determined using
10,000 gene dropping simulations.

Results: These findings revealed genome-
wide significant linkage to chromosome
1p31.1, through the use of both exponen-
tial and heterogeneity LOD scores, incor-
porating correction for multiple statistics
and mild consanguinity. The estimated sib-
ling recurrence risk associated with this
putative locus was 1.95. Analysis for
heterogeneity LOD scores also detected
suggestive l inkage to chromosomes
13q22.1 and 16q12.2. Using 117 tag single
nucleotide polymorphisms (SNPs), family-
based association analyses of phosphodi-
esterase 4B (PDE4B), the closest schizo-
phrenia candidate gene, detected no con-
vincing evidence of association, suggesting
that the chromosome 1 peak represents a
novel risk locus.

Conclusions: This is the first study—to
the authors’ knowledge—to report signifi-
cant linkage of schizophrenia to chromo-
some 1p31.1. Further investigation of this
chromosome region in diverse popula-
tions is warranted to identify underlying
sequence variants.

(Am J Psychiatry 2009; 166:206–215)

Schizophrenia is a severe, debilitating disorder that is
characterized by delusional beliefs, hallucinations, disor-
dered speech, and deficits in emotional and social behav-
ior. Although the etiology of the disorder is unknown, fam-
ily, twin, and adoption studies have suggested that there is
a strong genetic component, with heritability estimates of
approximately 0.80 (1). Risk loci identification has been
hindered by small gene effect sizes, genetic and pheno-
typic heterogeneity, and the involvement of indeterminate
environmental factors. Despite these challenges, there are
growing findings of replicated linkage and association.
However, to date, no marker, allele, or haplotype has been
unequivocally associated with schizophrenia.

The detection and replication of schizophrenia risk loci
could be facilitated by the study of homogeneous popula-

tions (2). We conducted a genomewide linkage analysis of
ethnically homogeneous schizophrenia pedigrees from an
Indian population. For thousands of years, India has been
populated by diverse caste and tribal groups, with a hierar-
chical caste system dominating marital and cultural interac-
tions. Strict endogamy has resulted in social stratification
and barriers to gene flow between caste groups, which likely
has been augmented by geographical dispersal and subdivi-
sion of the country into different linguistic regions (3). Ac-
cordingly, studies comparing geographically distinct caste
populations have consistently reported clines (gradual
changes across adjacent populations) in gene frequencies
across the country, especially in a north-south direction (4).

To minimize clinal variation, we recruited participants
from the southern state of Tamil Nadu. To maximize sam-
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ple homogeneity, we exhaustively recruited pedigrees
from a single endogamous caste: the Tamil Brahmin. We
then recruited additional pedigrees from other Tamil
castes. Thus, our study sample could be considered ethni-
cally homogeneous, since population genetic analyses
have shown that 1) genetic distances between different
Tamil castes are small and 2) Tamil castes are distinguish-
able from other Indian castes as well as other continental
world populations (data available upon request from Wat-
kins et al.).

Method

Sample Description

Families with affected sibling pairs were recruited by the
Schizophrenia Research Foundation, Chennai, India. Each af-
fected sibling pair included a proband who met criteria for DSM-
IV schizophrenia and at least one other sibling who met criteria
for either schizophrenia or schizoaffective disorder. A diagnosis of
schizoaffective disorder required the presence of mood syn-
dromes that were >30% of the total illness duration, which is con-
sistent with other major studies (5). Participants were excluded if
they were unable to provide informed consent or if their psycho-
sis was secondary to substance use or a neurological disorder.
The caste membership of affected sibling pairs was detailed in the
Schizophrenia Research Foundation medical records. All partici-
pants gave written informed consent, and the study was ap-
proved by relevant institutional ethics committees.

Available parents and grandparents of affected sibling pairs
were interviewed via the Family Interview for Genetic Studies (6)
in order to verify pedigree caste membership and the unaffected
status of other family members. Affected individuals were inter-
viewed using the Diagnostic Interview for Genetic Studies (7). The
Diagnostic Interview for Genetic Studies and Family Interview for
Genetic Studies were formally translated into the local Tamil lan-
guage and back-translated into English by clinicians who were
fluent in both languages. Interviews were conducted in the Tamil
language, with all interview data translated into English and sub-
sequent narrative reports written in English. Medical records
were recorded in English. Consensus best-estimate final diag-
noses (8) were assigned (in Chennai, India and Brisbane, Austra-
lia) by three research psychiatrists based on independent assess-
ment of Diagnostic Interview for Genetic Studies results, Family
Interview for Genetic Studies results, narrative reports, and avail-
able medical records. Additional data pertaining to sample ascer-
tainment are provided in the data supplement accompanying the
online version of this article

Genotyping

Genotyping was performed by the NHLBI Mammalian Geno-
typing Service using 402 short tandem repeat markers (Marsh-
field Screening Set 15, Marshfield, Wisc.). The mean intermarker
interval was 9.33 cM, and the mean marker heterozygosity was
0.75 (SD=0.07), excluding X and Y chromosome markers. Seven
blood samples did not amplify for >15% of the markers and were
thus removed from the analysis. Consequently, the missing data
rate was 1.3%. Calculated genotyping error rates were 0.46%
(NHLBI Mammalian Genotyping Service) and 0.41% (eight
blinded duplicate blood samples). Marker map and order were
determined by an integrated genetic map, which incorporated
the Rutgers genetic map (9) and NCBI Build 35.1 physical map
positions (10).

Error Checking

Familial relationships were verified using RELPAIR (11) and
graphical representation of relationship errors (12). Two affected
monozygotic twin pairs and one misidentified father were de-
tected and excluded from the study. Genotypes that were incon-
sistent with Mendelian inheritance were detected and zeroed us-
ing PEDMANAGER (http://www.broad.mit.edu/ftp/distribution/
software/pedmanager/). Genotypes associated with apparent
multiple recombination events were identified by ALLEGRO-gen-
erated haplotypes (13) and zeroed using a shell script (http://
www2.qimr.edu.au/davidD/readinh).

Inbreeding Assessment

Inbreeding can inflate linkage statistics and increase type I er-
ror rates (14). Since Tamil Brahmin marriages can include first
cousin and uncle-niece unions, we calculated genomewide in-
breeding coefficients (f ) using FEstim (15). We also computed
mean genomewide multipoint exponential LOD scores (16) and
heterogeneity LOD scores based on observed linkage statistics
computed at 1-cM intervals. The expected mean value of each
statistic was calculated using 10,000 data replicates simulated
with no linkage. The significance of observed means was defined
as the proportion of data replicates yielding an equivalent or
higher value. Since linkage files did not specify parental related-
ness, increased allele sharing and elevated linkage scores for data
replicates were entirely a result of chance.

Linkage Analyses

Linkage analyses were performed using MERLIN (17). Multi-
point and single-point exponential LOD scores (16) were calcu-
lated using the Spairs scoring statistic (18). We also computed het-
erogeneity LOD scores using dominant and recessive models
(19). Affected sibling pair-only analyses were performed by set-
ting an artificially low penetrance (0.1%) for the disease locus,
which may increase power to detect disease alleles of low pene-
trance (20). Dominant and recessive models specified disease
gene frequencies of 0.01 and 0.1, respectively (21), with pene-
trance vectors for genotypes containing zero, one, and two dis-
ease alleles of 0.000, 0.001, 0.001 (dominant) and 0.000, 0.000,
0.001 (recessive).

Empirical Significance Levels

Genomewide significance levels of observed statistics were de-
fined as the frequency of equivalent or higher scores for 10,000
data replicates simulated using the hypothesis of no linkage. Sim-
ulated data sets were generated and analyzed using MERLIN.
Peaks separated by >40 cM were considered independent (22).
Significance levels were corrected for the observed statistics by
multiplying empirical type I error rates by the effective number of
independent tests. This value relates to the variance of eigenval-
ues derived from a correlation matrix of the three sets of genome-
wide linkage scores (23).

Empirical genomewide significance and suggestive thresholds
were defined as scores occurring with a 0.05 and 1.0 probability,
respectively, for each genome scan (24). Empirical point-wise
thresholds with p values of 0.01 and 0.05 were defined as scores
occurring with a 0.01 and 0.05 probability, respectively, at any
given map position. Correction for testing the observed statistics
was incorporated by dividing the number of required peaks
(genomewide) or scores (point-wise) for each threshold by the
number of independent tests performed.

Analyses of Population Structure

The most probable number of population clusters (k) was esti-
mated using STRUCTURE (25), based on the parents or grandpar-
ents of 116 independent pedigrees and 375 autosomal short tan-
dem repeat loci. Allele frequencies were assumed to be correlated
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among clusters, and admixture was permitted. In addition, anal-
ysis of molecular variance (26) was conducted using 45 unlinked
autosomal tetranucleotide markers for unaffected individuals
from each of four Tamil Nadu castes (approximately 48 individu-
als per caste), representing the most common groups in the link-
age sample.

Phosphodiesterase (PDE4B) Gene Association Analyses

Association analyses of the PDE4B gene were conducted for the
40 affected sibling pair pedigrees with two genotyped parents
(maximally informative for association) plus 167 parent-offspring
trios. For the longest PDE4B gene transcript, Haploview, version
3.32 (http://www.broad.mit.edu/personal/jcbarret/haploview/)
(27) was used to select tag single nucleotide polymorphisms
(SNPs) representing SNPs with a minor allele frequency >0.01,
with r2>0.8 from HapMap Phase II SNP-genotype data (release
#20). The HapMap CEU reference population was used because of
high genetic similarity of Tamil caste groups with European popu-
lations (data available upon request from Watkins et al.). The Illu-
mina GoldenGate assay was used to genotype 126 selected SNPs.
Of these, 117 were polymorphic, had genotype call rates >90%, and
demonstrated Hardy-Weinberg equilibrium (p>0.001) in founders
(using PLINK [28]). Association analyses were conducted using
UNPHASED (http://www.mrc-bsu.cam.ac.uk/personal/frank/
software/unphased) (29).

Results

Pedigree Sample

The genotyped sample included 441 individuals (262 af-
fected probands and siblings) organized into 124 pedi-
grees. The distribution of pedigrees by the number of af-
fected siblings, available parents, and unaffected siblings
is detailed in Table 1. Ninety-seven pedigrees (approxi-
mately 78%) were of Tamil Brahmin descent. The remain-

ing 27 pedigrees were from other Tamil Nadu castes. The
study sample showed remarkable clinical homogeneity,
with all but one affected individual having schizophrenia
(Table 2). In addition, there were very low rates of comor-
bid drug and alcohol use.

Population Structure

Population structure analyses using STRUCTURE sup-
ported the presence of a single population cluster (k=1).
Moreover, analysis of molecular variance using four castes
showed that 99.3% of genetic variation occurred within
castes and only 0.7% occurred between castes (data avail-
able upon request from Watkins et al.). These modest ge-
netic differences justified the combination of Tamil Brah-
min and non-Tamil Brahmin castes for linkage analysis.

Inbreeding Assessment

Inbreeding coefficients (f) were calculated using FEstim.
The majority of affected siblings (approximately 68%)
showed no evidence of inbreeding (f=0), and 86% had in-
breeding coefficient estimates <0.05. However, 13 pedigrees
had a mean inbreeding coefficient estimate >0.05 among
affected sibling pairs, which may have increased type I error
rates among affected sibling pair tests (30). The highest ob-
served inbreeding coefficient estimate was 0.159.

To investigate the potential inflation of linkage statistics
by inbreeding, we computed mean genomewide expo-
nential LOD scores and dominant and recessive heteroge-
neity LOD scores and then compared these mean scores
with empirically derived expected values. The observed
and expected mean exponential LOD scores were 0.194
and 0.004 (p=0.01), respectively, suggesting potential in-
flation via inbreeding by approximately 0.19 LOD units.
Observed and expected mean heterogeneity LOD scores
were 0.244 and 0.110 (dominant: p=0.02), respectively, and
0.201 and 0.106 (recessive: p=0.03), respectively, suggest-
ing potential inflation of linkage statistics via inbreeding
by approximately 0.134 (dominant) and 0.095 (recessive)
heterogeneity LOD units. Increased identity-by-descent
sharing and linkage evidence may result from either in-
breeding or linkage. However, because modest inbreeding
was suggested by both clinical data and inbreeding coeffi-
cient estimates, we corrected observed linkage statistics
by subtracting their degree of apparent inflation at all map

TABLE 1. Frequency Distribution of Pedigrees by Number of Affected Siblings, Parents, and Unaffected Siblings

Affected Siblings

Family Members Genotypeda

Total 
Pedigrees 
(N=124)

Affected 
Sibling 
Pairs 

(N=153)b

Indepen-
dent 

Sibling 
Pairs 

(N=138)c

Neither Parent (N=48) One Parent (N=38) Both Parents (N=38)

No US 
(N=29)

One US 
(N=16)

Two US 
(N=3)

No US 
(N=23)

One US 
(N=11)

Two US 
(N=4)

No US 
(N=31)

One US 
(N=6)

Two US 
(N=1)

2 27 14 3 22 10 2 27 5 1 111 111 111
3 2 2 0 0 1 2 4 1 0 12 36 24
4 0 0 0 1 0 0 0 0 0 1 6 3
a US=unaffected sibling(s).
b Calculated as n(n–1)/2 per pedigree, when n is the number of affected siblings per sibship.
c Calculated as n–1 per sibship.

TABLE 2. Demographic and Clinical Characteristics of
Affected Probands and Siblings (N=262)

Characteristic Mean SD
Age at interview (years) 39.8 11.8
Age at onset (years) 23.6 7.1

N %
Male 143 54.6
Diagnosis

Schizophrenia 261 99.6
Schizoaffective disordera 1 0.4

Substance use/abuse
Nicotine 28 10.7
Alcohol 1 0.4
Cannabis or other 0 0

a One subject had schizoaffective disorder, depressive type.
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locations. All reported multipoint statistics were corrected
using this method (unless otherwise stated).

Significance Thresholds

Based on genomewide correlations between exponen-
tial LOD scores (negative scores zeroed) and heterogeneity
LOD (dominant and recessive models) scores and the use
of the method described by Cheverud (23), the effective
number of independent test statistics was 2.1. Incorporat-
ing 2.1 effectively independent tests, empirical genome-
wide “significant” and “suggestive” thresholds for expo-
nential LOD scores were 3.23 and 1.92, respectively, and
thresholds for nominal p values of 0.01 and 0.05 were 1.46
and 0.85, respectively. For heterogeneity LOD dominant
and recessive scores, genomewide “significant” and “sug-
gestive” thresholds were 3.26 and 1.92, respectively, and
thresholds for nominal p values of 0.01 and 0.05 were 1.45
and 0.85, respectively.

Linkage Analyses

Genomewide multipoint results for all linkage statistics
are detailed in the data supplement accompanying the
online version of this article.

Allele-Sharing LOD Score Analysis

All single-point exponential LOD scores are shown in
Figure 1. The highest observed scores were for two adja-
cent markers on chromosome 1p31.1: marker GATA109
(exponential LOD score=2.26) and marker GATA6A05 (ex-
ponential LOD score=3.53). Markers achieving single-
point exponential LOD scores >1 are detailed in Table 3.

Genomewide multipoint exponential LOD scores are
shown in Figure 2. Multipoint exponential LOD scores
were largely consistent with findings for single-point
scores. The highest multipoint exponential LOD score was
obtained on chromosome 1p31.1, located 117 cM from the
p-telomere (corrected exponential LOD score=3.91). This
result easily surpassed the threshold for genomewide sig-
nificant linkage, with only 56 peaks >3.91 occurring in
10,000 simulations (corrected genomewide significance:
p=0.01). Approximately 53% of pedigrees (66/124) yielded
positive exponential LOD scores at the 1p31 peak. The 1-
LOD drop (approximating a 95% confidence interval [CI]
for the location of the peak) delimited a 9.6-cM region that
ranged from 114.1–123.7 cM (79.8–89.6 Mb, NCBI Build
36.2). The sibling relative risk associated with the 1p31
peak was calculated using the following equation: λs=
0.25/Z0=1.95 (Z0 indicates the mean proportion of affected
sibling pairs sharing zero alleles, identity-by-descent, at
the peak [31]). This locus-specific effect size may have
been inflated because of its calculation from genome scan
data (32). Both Tamil Brahmin (78% of the study sample;
uncorrected peak exponential LOD score=3.6, 117 cM
from the p-telomere) and non-Tamil Brahmin pedigrees
(22% of the study sample; uncorrected peak exponential
LOD score=0.93, 116 cM from the p-telomere) contributed
proportionate linkage evidence at the 1p31 peak.

Using exponential LOD scores, the 1p31 peak was the
only result to achieve either genomewide suggestive or
significant linkage. In addition, three regions achieved
nominal p values ≤0.01, and 10 achieved nominal p values
≤0.05 (Table 4). These values did not exceed those that

FIGURE 1. Single-Point Nonparametric Linkage Analysis for 124 Genotyped Affected Sibling Pair Pedigreesa

a Single-point exponential LOD scores (16) were calculated using the Spairs scoring statistic (18). Thresholds estimated using asymptotic theory
for nominal p values of 0.01 (dashed line just under LOD score of 1), 0.001 (dash-dot-dot line), 0.0001 (dash-dot-dash line), and 0.00002
(dashed line just under LOD score of 3) are shown. Thresholds incorporated reduction by 20%, as suggested by Lander and Kruglyak (24), for
a single-point scan with a 10-cM mean resolution.
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were expected by chance at a nominal p value <0.05. Of
10,000 simulated genomewide scans, 838 had three or
more peaks that achieved nominal p values ≤0.01 (experi-
ment-wide significance: p=0.08), and 1,587 had 10 or more
peaks that achieved nominal p values ≤0.05 (experiment-
wide significance: p=0.2).

Heterogeneity LOD Score Analyses

Heterogeneity LOD score analyses supported and ex-
tended the allele-sharing analysis. The peak heterogeneity
LOD score was also observed on chromosome 1p31.1, 117
cM from the p-telomere. Maximal evidence was obtained
using the dominant model (corrected heterogeneity LOD
dominant score=4.47; corrected genomewide signifi-
cance: p=0.004). The difference between heterogeneity
LOD dominant and recessive scores at this position was
2.439 (heterogeneity LOD recessive score=2.034), suggest-
ing a dominant mode of inheritance. In 10,000 simulated
data sets, an absolute difference between heterogeneity
LOD dominant and recessive scores >2.439 was observed
for only 67 data sets (point-wise empirical significance: p=
0.007), suggesting that this difference did not occur by
chance. Strong support for chromosome 1p31 was also
provided by single-point analyses of the two markers be-
neath the multipoint peak (marker GATA109, heterogene-
ity LOD dominant score=2.61; marker GATA6A05, hetero-
geneity LOD dominant score=4.49).

Using heterogeneity LOD statistics, suggestive linkage
was also observed for chromosome 13q22.1, 69 cM from
the p-telomere (heterogeneity LOD recessive score=2.62,
corrected genomewide type I error rate=0.205), and chro-

mosome 16q12.2, 65 cM from the p-telomere (heterogene-
ity LOD dominant score=1.92, corrected genomewide type
I error rate=1).

Heterogeneity LOD analyses also detected linkage evi-
dence for more regions than expected by chance across
the entire heterogeneity LOD score range. The number of
peaks achieving nominal p values ≤0.05, nominal p values
≤0.01, genomewide suggestive linkage, and genomewide
significant linkage were 15, 6, 3, and 1, respectively. In
10,000 simulations of heterogeneity LOD dominant
scores, 173 had 15 or more peaks with nominal p values
≤0.05 (experiment-wide significance: p=0.02); 152 had six
or more peaks with nominal p values ≤0.01 (experiment-
wide significance: p=0.02); 217 had three or more peaks
achieving suggestive linkage (experiment-wide signifi-
cance: p=0.02); and 222 had one or more peaks achieving
significant linkage (experiment-wide significance: p=
0.02). The results were almost identical using the empiri-
cal distribution of heterogeneity LOD recessive scores.
These findings suggest the presence of multiple, small-ef-
fect loci in addition to the significant and suggestive re-
gions. All multipoint heterogeneity LOD peaks achieving
nominal p values ≤0.05 are detailed in Table 5.

PDE4B Gene Association Analyses

To our knowledge, there are no established schizophre-
nia candidate genes under the chromosome 1 peak. The
nearest candidate gene is PDE4B (33, 34) on chromosome
1p31.3, located approximately 15 Mb from our reported
peak. To determine whether our reported peak reflected
the association of schizophrenia with PDE4B gene vari-

FIGURE 2. Multipoint Nonparametric Linkage Analysis for 124 Genotyped Affected Sibling Pair Pedigreesa

a Multipoint exponential LOD scores (16) were calculated using the Spairs scoring statistic (18) and corrected for inbreeding by subtracting 0.19
LOD units from observed scores. Empirical thresholds for genomewide significant linkage (dashed line just over LOD score of 3), genomewide
suggestive linkage (dash-dot-dash line), and nominal p values of 0.01 (dash-dot-dot line) and 0.05 (dashed line just under LOD score of 1) are
shown. All thresholds incorporate correction for 2.1 effectively independent tests.
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ants, we conducted genetic association analyses of the
PDE4B gene. This analysis included 117 SNPs spanning
approximately 620 kb, which were genotyped for 207 fully
informative Tamil pedigrees (40 affected sibling pairs, 167
trios). Association analysis using UNPHASED identified
14 SNPs (Table 6) and several multimarker haplotypes
with nominal p values ≤0.05. However, no SNP or haplo-
type association survived multiple testing correction. Al-
though a previous association study demonstrated associ-
ation of a PDE4B gene haplotype in women (34), we
detected no increased association evidence in families
with female-only offspring.

Discussion

To our knowledge, the present study is the first to de-
scribe a genomewide linkage scan for schizophrenia in an
Indian population. The primary finding was a LOD score
of 3.91 on chromosome 1p31.1. This finding achieved
genomewide significance using both allele-sharing LOD
scores and heterogeneity LOD scores, incorporating cor-
rection for multiple testing and mild consanguinity.

Genetic distance estimates have demonstrated that In-
dian castes occupy a genetic position intermediate be-
tween European and East Asian populations (3, 35). Con-
sistent with these findings, Caucasian and Chinese
schizophrenia subjects have also demonstrated linkage to
chromosome 1p31.1. In 238 Finnish schizophrenia pedi-
grees, Paunio et al. (36) detected a single-point LOD score
of 2.68 at marker D1S1728, located approximately 1.1 cM
from our reported multipoint peak. Notably, this result

may be interpreted as a replication (24) of the significant
linkage reported in the present study. In 557 Han Chinese
schizophrenia pedigrees, Faraone et al. (37) detected a z
score of 2.08 at marker D1S551, located approximately 0.3
cM from our multipoint peak. Shaw et al. (38) also detected
linkage to marker D1S551 (nonparametric linkage=1.65) in
70 Caucasian pedigrees with a psychosis-spectrum pheno-
type. Further, the 1p31.1 region overlaps with a chromo-
some bin achieving the sixth best p value in a recent meta-
analysis of 32 schizophrenia linkage scans (D.L. Levinson,
personal communication, August 2008). These results im-
plicate the 1p region in schizophrenia pathogenesis among
multiple population groups.

A Japanese study reported significant linkage of schizo-
phrenia to chromosome 1p21.1 (LOD score=3.39), located
approximately 18 cM from our multipoint peak (39). How-
ever, the 95% CI regions for the peak reported in the Japa-
nese study and the peak reported in the present study are
separated by >12 Mb, suggesting that they represent dis-
tinct loci. However, large variations in peak location esti-
mates have been reported for complex diseases (40), and it
is possible that both studies detected the same locus. Clar-
ification will require identification of the causal variants
underlying each peak.

In contrast, many published studies, including three
meta-analyses (41–43), have not reported linkage of
schizophrenia to the 1p region. It is possible that the puta-
tive risk variants underlying the peak reported in the
present study have similar frequencies in different popula-
tion groups but that genetic and phenotypic heterogeneity
have precluded detection of these risk variants in many
studies. Alternatively, these risk variants may have had a
higher frequency in our study population. Further research
is required to confirm the presence of one or more schizo-
phrenia risk variants in this chromosome region and deter-
mine their significance in different populations.

Our second highest linkage peak was detected between
the 13q21.31 and 13q22.1 regions. Several studies have re-
ported linkage of schizophrenia to a 13q32-33 region, lo-
cated approximately 20 cM telomeric from our 13q hetero-

TABLE 3. Peak Single-Point Exponential LOD Scores for 124
Genotyped Affected Sibling Pair Pedigreesa

Chromosome and 
Marker Map Position (cM)

Exponential LOD 
Scores

1
GGAA3A07 22.383 1.53
GATA109 115.902 2.26
GATA6A05 116.757 3.53

4
4PTEL04 0 1.25
GATA42H02 181.735 1.15

6
ATA22G07 188.754 1.13

7
AFMb035xb9 0 1.63
GGAA3F06 44.676 1.21
GTTT002 181.933 1.08

9
GATA27 108.855 1.09

11
GATA90D07 84.598 1.07

12
ATA27A06 50.723 1.03

13
GATA11C08 55.538 1.24

16
ATA55A11 64.406 1.34

17
GATA25A04 70.553 1.14

a All markers with exponential LOD scores >1 in the single-point scan
are shown.

TABLE 4. Peak Multipoint Exponential LOD Scores for 124
Genotyped Affected Sibling Pair Pedigreesa

Chromosome

Map 
Position 

(cM)
Exponential 
LOD scores

Nearest 
Marker

Marker 
Position 

(cM)
1 23–24 0.97 GGAA3A07 22.383
1 117 3.91 GATA6A05 116.757
4 2 1.16 4PTEL04 0
7 25–26 0.97 GATA137H02 31.272
9 58–60 1.01 GATA5E06 56.182
9 107–108 1.02 GATA27 108.855
13 59–60 1.88 GATA11C08 55.538
16 0–1 1.11 TTTA028 1.669
16 65 1.74 ATA55A11 64.406
17 60–62 0.95 GGAA9D03 55.483
a All regions achieving a nominal p value <0.05 (exponential LOD

score >0.85) are shown, and scores were corrected for the presence
of inbreeding.
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geneity LOD peak (44–47), and to regions located
approximately 6 cM (38) and <1 cM (48) from our reported
peak. The heterogeneity LOD peak reported in the present
study also overlaps with a region that showed significant
linkage evidence in a meta-analysis of 18 genomewide
schizophrenia scans (42). Given the expected variability in
peak location estimates from linkage scans of complex dis-
ease (49), these results may support previous evidence for
a schizophrenia susceptibility locus on chromosome 13q.
Our third highest and suggestive heterogeneity LOD peak
was detected on chromosome 16q12.2. We are aware of
two studies that have provided evidence for chromosome
16q (38, 50), although our findings are the first to report
suggestive linkage to this region. Evidence for linkage to
this region may be sufficient to justify further study.

In addition to our significant and suggestive findings,
our heterogeneity LOD analyses detected more regions at
nominal p values ≤0.01 and ≤0.05 than expected by chance.
These findings are consistent with an oligogenic transmis-
sion model for schizophrenia, which produces moderately
increased allele sharing at a number of loci (22).

A unique feature of the present study sample was phe-
notypic homogeneity. Molecular genetic studies of schizo-
phrenia typically combine schizophrenia and schizoaffec-
tive disorder into a core phenotype, with schizoaffective
disorder subjects usually comprising approximately 10%–
15% of affected subjects (5, 51). Although the same diag-
nostic criterion was applied to the present study, all af-
fected subjects except one had schizophrenia, which is a
finding consistent with several epidemiological studies
also conducted in Chennai, India (52–54). The phenotypic
homogeneity of our study sample may have increased
power to resolve schizophrenia-specific risk variants. An-
other favorable characteristic was the extremely low rate
of comorbid alcohol and illicit drug use, which simplified
diagnostic ascertainment and may have reduced an im-

portant source of gene-environment interactions influ-

encing disease risk. The Indian families who participated

in the present study may also have more uniform dietary

and social customs relative to many multicultural Western

societies, increasing the environmental homogeneity of

the study sample.

One potential limitation to the study is the presence of

consanguinity in some pedigrees, which can falsely in-

crease linkage evidence (14). We corrected for consan-

guinity by 1) computing expected and observed genome-

wide mean values for each statistic and 2) subtracting

observed scores by the difference between the two. This

approach was probably conservative, since mean scores

will be inflated by consanguinity or linkage. Notably, link-

age evidence for chromosome 1p31.1 remained signifi-

cant (genomewide significance: p<0.05) following removal

of the 13 pedigrees for whom the inbreeding coefficient

among affected sibling pairs exceeded 0.05 (30). This sug-

TABLE 5. Peak Multipoint Heterogeneity LOD (dominant and recessive) Scores for 124 Genotyped Affected Sibling Pair Ped-
igreesa

Chromosome Map Position (cM)

Heterogeneity LOD Score

αb Nearest Marker
Marker Position 

(cM)Dominant Recessive
1 26 0.388 1.763c 0.25 GGAA3A07 22.383
1 117 4.474c 2.035 0.59 GATA6A05 116.757
4 1 1.196c 0.989 0.36 4PTEL04 0
7 0 1.069 1.285c 0.19 AFMb035xb9 0
7 44 0.156 1.165c 0.18 GGAA3F06 44.676
7 155 0.532 0.853c 0.15 GATA104 155.105
9 61 0.323 0.861c 0.18 GATA5E06 56.182
9 108 0.881c 0.435 0.31 GATA27 108.855
10 152 1.612c 0.506 0.39 ATA22D02 157.517
11 84 1.215c 0.544 0.33 GATA90D07 84.598
13 69 0.862 2.623c 0.28 GATA64F08 67.106
16 3 0.735 1.124c 0.21 TTTA028 1.669
16 65 1.917c 1.768 0.37 ATA55A11 64.406
17 58 0.35 1.58c 0.24 GGAA9D03 55.483
18 100 0.905c 0.309 0.26 ATA82B02 100.763
a Heterogeneity LOD scores were calculated using simple dominant and recessive models, and all heterogeneity LOD peaks achieving a nomi-

nal p value <0.05 (heterogeneity LOD score >0.85) are shown. Scores were corrected for the presence of inbreeding.
b The maximum likelihood estimate of α for the model yielding the highest heterogeneity LOD score at position.
c Highest heterogeneity LOD score at position.

TABLE 6. PDE4B Gene Association for Single Nucleotide
Polymorphismsa

Single Nucleotide 
Polymorphism Coordinateb p
rs4313369 66006727 0.01
rs11208756 66041899 0.003
rs10218482 66080536 0.01
rs12129539 66089569 0.03
rs4353064 66130263 0.04
rs17424885 66484710 0.04
rs6664618 66487172 0.03
rs6700403 66508189 0.008
rs1572680 66508613 0.045
rs499320 66517648 0.04
rs12142375 66519372 0.02098
rs611838 66544009 0.04
rs6696880 66574083 0.048
rs1321177 66587659 0.046
a Single nucleotide polymorphisms with a nominal p value <0.05.
b Chromosome 1 genomic coordinate in dbSNP Build 128.
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gests that our corrections were adequate and consanguin-
ity did not substantially influence our results.

To our knowledge, there are no established schizophre-
nia candidate genes beneath the 1p31 peak. However, the
boundary of the 1-LOD drop is located approximately 13
Mb from the PDE4B gene, which has been previously im-
plicated in schizophrenia susceptibility (33, 34). Our fail-
ure to detect association of PDE4B gene variants with
schizophrenia suggests that PDE4B gene variants are not
responsible for the 1p31 linkage peak. A possible limita-
tion to the study is the modest power of the association
sample, although power should have been enhanced by
the inclusion of pedigrees linked to the region (55). Even
allowing for variation in peak location (40), the PDE4B
gene is located well outside the region implicated by the
1p31 peak. Given that the identified 1-LOD drop contains
approximately 60 unique brain-expressed genes, it ap-
pears more likely that this linkage finding reflects associa-
tion to a novel candidate gene.

In summary, we detected genomewide significant link-
age to chromosome 1p31.1 and suggestive linkage to chro-
mosomes 13q22.1 and 16q12.2 in an Indian population.
Power of this analysis may have been enhanced by ge-
netic, environmental, and phenotypic homogeneity,
which should also benefit subsequent fine-mapping anal-
yses. We are currently planning a comprehensive linkage
disequilibrium mapping analysis of a larger sample to
identify novel schizophrenia-associated risk variants.
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