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Linkage Analysis of Extremely Discordant and Concordant Sibling Pairs
Identifies Quantitative-Trait Loci That Influence Variation in the Human
Personality Trait Neuroticism
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Several theoretical studies have suggested that large samples of randomly ascertained siblings can be used to ascertain
phenotypically extreme individuals and thereby increase power to detect genetic linkage in complex traits. Here,
we report a genetic linkage scan using extremely discordant and concordant sibling pairs, selected from 34,580
sibling pairs in the southwest of England who completed a personality questionnaire. We performed a genomewide
scan for quantitative-trait loci (QTLs) that influence variation in the personality trait of neuroticism, or emotional
stability, and we established genomewide empirical significance thresholds by simulation. The maximum pointwise
P values, expressed as the negative logarithm (base 10), were found on 1q (3.95), 4q (3.84), 7p (3.90), 12q (4.74),
and 13q (3.81). These five loci met or exceeded the 5% genomewide significance threshold of 3.8 (negative logarithm
of the P value). QTLs on chromosomes 1, 12, and 13 are likely to be female specific. One locus, on chromosome
1, is syntenic with that reported from QTL mapping of rodent emotionality, an animal model of neuroticism,

suggesting that some animal and human QTLs influencing emotional stability may be homologous.

Introduction

It is commonly believed that human personalities vary
enormously, but it also clear that the characterization of
personality differences is challenging. Psychologists now
agree that most of the variation can be explained by a
small number of personality factors, including neuroti-
cism (a measure of emotional stability), which manifests
at one extreme as anxiety, depression, moodiness, low
self-esteem, and diffidence (Loehlin and Nichols 1976;
Zuckerman et al. 1988; Digman 1990; Deary and Mat-
thews 1993; Cloninger 1994). It is perhaps not surpris-
ing that a number of studies have described a relation-
ship between high scores on measures of neuroticism
and major depressive disorder (Zeiss and Lewinsohn
1988; Hirschfeld et al. 1989; Duggan et al. 1990, 19935;
Roy 1990); knowing more about the etiology of neu-
roticism may advance our understanding not only of
the biology of personality but also of one of the most
common mental disorders.
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In common with other personality factors, genetic
effects are known to account for a substantial propor-
tion of the variation in neuroticism: the additive genetic
variance is estimated to be 27%-31%, and nonadditive
effects are estimated to be 14%-17% (Loehlin and
Nichols 1976; Floderus-Myrhed et al. 1980; Rose et al.
1988; Eaves et al. 1989, 1998, 1999; Loehlin 1992;
Lake et al. 2000). Heritability in liability to neuroticism
is comparable to other complex traits that have been
the subject of genome scans to identify susceptibility
loci, and the genetic architecture of neuroticism is un-
likely to be unusual: it is reasonable to suppose that a
large number of genes each make a small contribution
to the genetic variation, rendering their detection ex-
tremely difficult.

Quantitative genetic analysis of personality has also
revealed a complex relationship between sex and neu-
roticism. There is a consistent finding of higher mean
neuroticism scores in females, but, with one exception
(Viken et al. 1994), studies report no difference in her-
itability between males and females. Three studies find
evidence of sex-specific genetic factors for neuroticism
(Eaves et al. 1989; Martin et al. 2000; Fanous et al.
2002), although one did not (Lake et al. 2000).

Attempts to uncover the genetic basis of complex hu-
man traits, such as neuroticism, have frequently foun-
dered because of the small phenotypic effect attributable
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to each locus and the consequent need for very large
sample sizes in genetic linkage studies—on the order of
tens of thousands of randomly selected sibships. How-
ever, assessment of neuroticism by postal questionnaire
has made it possible to obtain samples of sufficient size
(Boomsma et al. 2000; Kirk et al. 2000; Martin et al.
2000; Sham et al. 2000); furthermore, the amount of
genotyping required to detect a locus in such a large
sample can be considerably reduced, while maintaining
statistical power, by selecting those sibling pairs most
likely to show deviation from an expected proportion
of allele sharing (Carey and Williamson 1991; Cardon
and Fulker 1994; Eaves and Meyer 1994; Risch and
Zhang 1995, 1996; Heo et al. 2002). Genetically in-
formative pairs for linkage are concordant for either
extremely high or extremely low scores, or they are
discordant, with one member of the pair having an ex-
tremely low score and the other having an extremely
high score. Each of the three groups—concordant high,
concordant low, or discordant—has different power to
detect loci, depending on the genetic model. When the
genetic model underlying neuroticism is unknown, se-
lecting all three groups maximizes the chance of detect-
ing a genetic effect (Heo et al. 2002). Here, we describe
the successful identification of genetic loci influencing
variation in neuroticism, detected by linkage analysis of
extremely concordant and discordant sibling pairs se-
lected from a sample of 34,580 sibling pairs in 20,427
independent sibships (Martin et al. 2000).

Subjects and Methods

Sample Ascertainment

We contacted all men and women between 30 and 50
years of age who were listed in general practitioner reg-
isters in the southwest of England. Of those contacted,
88,141 individuals agreed to return the full 90-item re-
vised Eysenck Personality Questionnaire (EPQ) (Eysenck
and Eysenck 1975). Most of the sibships (15,259/20,427
[75%]) consisted only of the proband and one additional
sibling, but larger sibships—4,146, 838, 151, and 23
sibships of sizes 3, 4, 5, and 6, respectively—were also
identified. The total sample thus consists of 34,580 sib-
ling pairs in 20,427 independent sibships. A full descrip-
tion of the study design and EPQ results has been pub-
lished elsewhere (Martin et al. 2000). Research protocols
and all procedures used in the study were approved by
ethical review panels in the United Kingdom.

We selected the most genetically informative pairs as
follows. After transforming the scores (as described be-
low, in the “Phenotypes” subsection), we regressed the
scores on age and sex and standardized the residuals.
Then, the residuals were ranked and centered for each
sibling, around a mean of 0. We took the product of the
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mean-centered ranks for each sibling pair and selected
the highest and lowest 2.5% of the rank products.

Phenotypes

The neuroticism scale of the revised EPQ consists of
23 questions scored on a two-point scale (Eysenck and
Eysenck 1975). We used an arcsine transformation of
the raw neuroticism scores to remove association be-
tween the mean and variance of the measure (Eaves et
al. 1989). Twin studies have found a highly significant
quadratic regression of absolute intrapair differences on
the pair means of MZ twins, suggesting a gene-by-en-
vironment interaction (Eaves et al. 1989). The error var-
iance is highest for intermediate values and lowest for
extremes, indicating that the interaction may be due
mainly to a correlation between the true score and the
measurement error. The angular transformation removes
this correlation and is preferred over other transfor-
mations in genetic studies (Martin and Jardine 1986).
The angular transformation is formulated as arcsin Vx/n,
where x is the number of items scored positively by a
subject on a particular scale and # is the maximum pos-
sible score on that scale (# = 23). After transformation,
we regressed the transformed neuroticism scores on age
and sex, and we computed standardized residual scores,
which were used in subsequent linkage mapping.

DNA Extraction and Preparation

Cytosoft cytology brushes were used to collect mouth
swabs (Medical Packaging). DNA was extracted using
BioRad Instagene Matrix, following the manufacturer’s
instructions. The final DNA volume of 500 ul was di-
luted 40-fold for subsequent PCRs. DNA from com-
pleted families was aliquoted into 96-well plates ready
for PCR amplification.

Microsatellite Genotyping

We genotyped 388 highly polymorphic markers that
span all 22 autosomes. All markers came from the ABI
Prism LMS2-MD10 panels (Applied Biosystems). PCR
primers were labeled with 6-FAM, HEX, or TET phos-
phoramidite (Applied Biosystems). PCRs were performed
in 96-well Costar plates in a 10-ul volume, with 40 ng
of template genomic DNA, on PTC-225 thermocyclers
(MJ Research). Pooled products were run on a 3700 se-
quencer (Applied Biosystems), and the results were ana-
lyzed by means of Genescan (version 2.0) and Genotyper
(version 2.1) software, to derive allele sizes (Reed et al.
1994).

Error Checking

A number of quality control tests were performed. At
the level of genotyping, each 96-well genotyping plate



Fullerton et al.: Mapping Neuroticism QTLs

contained a reference individual (CEPH standard 1347-
02; Coriell Institute) for quality control, plate identity,
and orientation. After a genotyping run on the auto-
mated sequencing machine, manually scored genotypes
and associated ABI trace files were loaded into a rela-
tional database that contained all phenotypes and family
relationships. This allowed us to run error-checking pro-
cedures on the genetic data, assess raw data files, and
edit genotypes when necessary, all with the same soft-
ware package.

Pedigrees containing two or more typed individuals
were examined for genotyping errors by use of Sibmed
(Douglas et al. 2000), the error-checking option in Mer-
lin (Abecasis et al. 2002), and Pedcheck (O’Connell and
Weeks 1998). For Sibmed analysis, a prescribed false-
positive rate of <0.001 was set, given a prior genotyping
error rate of 0.01. Marker haplotypes were generated
using Genehunter 2.0 to identify any chromosomes show-
ing an excessive number of recombination events (Krugly-
ak et al. 1996). Family relationships were examined by
identity-by-descent (IBD)-based methods implemented in
Relative (Goring and Ott 1997) and Relpair (Epstein et
al. 2000).

Individuals with suspected errors that could not be ex-
plained as errors in family relationships were regenotyped.
As a further method for the detection of error, we iden-
tified pairs of individuals whose mean IBD (proportion
of alleles shared IBD), across the genome, was >0.55 or
<0.45. These individuals were regenotyped at all loci. Ge-
notype trace files of inconsistent duplicate genotypes were
manually reevaluated and were compared with other fam-
ily members, to determine the source of the error. If no
explanation could be found for the error, then genotypes
for that marker for the whole family were discarded.

Statistical Analysis

Maximum-likelihood estimates of IBD posterior prob-
abilities were estimated for each sibling pair by using the
Merlin computer program (Abecasis et al. 2002). We de-
fine D* and §? as the squared sibling-pair trait difference
and squared sibling-pair trait sum, respectively. Several
authors have pointed out that D* and S are independent
(when the phenotype is normally distributed) and that a
combination of both is more efficient than the use of either
(Fulker and Cherny 1996; Amos et al. 1997; Wright 1997;
Drigalenko 1998; Forrest 2001), and there have been a
number of suggestions about how best to combine the
phenotypes (Xu et al. 2000; Forrest 2001; Sham and Pur-
cell 2001; Visscher and Hopper 2001; Sham et al. 2002).
We used the approach suggested by Visscher and Hopper
(2001), who propose regressing both D* and S* on T, the
estimated proportion of genes IBD at the marker locus,
where 7 = (1/2) P, + P, and P, is the posterior probability
that the pair shares j alleles IBD. The coefficients from
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the two regressions are weighted by the inverse of their
variance (Visscher and Hopper 2001) and are combined
to give a single measure.

For the test of deviation from the expected amount
of allele sharing, we first grouped all pairs as either con-
cordant or discordant and calculated the mean propor-
tion of alleles shared IBD at each position along the
genome. We calculated the difference from the expected
value (0.5) as either 0.5 subtracted from the mean IBD,
for the concordant pairs, or the mean IBD subtracted
from 0.5, for the discordant pairs. In this way, we ob-
tained a consistent sign for both types of pair. We then
conducted a # test by dividing this difference by the sam-
ple estimate of the SEM.

Regression and allele-sharing tests were performed us-
ing Perl code written for this purpose. The code is freely
available at Jonathan Flint’s Web site.

Results

Sample Characteristics

We have previously conducted a population-based
study of personality, in the southwest of England, in
which 34,580 sibling pairs completed the EPQ (Martin
et al. 2000). Descriptive statistics for the transformed
neuroticism scale in this sample are given in table 1.
The data were evaluated by factorial analysis of vari-
ance, to assess mean differences as a function of sex
and age. Of the total sample, 52,249 (59.3%) were fe-
male, and 35,892 (40.7%) were male. All scales showed
mean differences for sex, as well as significant main ef-
fects for age. The sibling correlation in the sample is
0.171 for neuroticism.

Following a procedure described in the “Subjects and
Methods” section, we selected 408 discordant pairs, 414
concordant-low—scoring pairs and 410 concordant-high—
scoring pairs, giving a total of 1,232 independent pairs.
We wrote to both family members and, when possible,
parents, asking them to send us a cheek swab. In total,
we wrote to 3,160 people.

We obtained responses from 2,491 individuals, com-

Table 1

Descriptive Statistics for the Neuroticism Scale of the EPQ in 12,836
Female Probands, 7,579 Male Probands, 12,581 Female Siblings,
and 7,834 Male Siblings

MEAN (SD)
RESPONDENT SEX ¢t
GROUP Total Males Females  STATISTIC P
Probands® 79 (=.3) 71(=.3) .83(=.3) 2991 <001
Siblings 77 (=.3) .69 (—=.3) .83(-.3) 31.688 <.001

NOTE.—The neuroticism scale is an angular transformation of the
raw neuroticism score.

* Respondents in the initial cohort whose sibling(s) also responded
to the questionnaire.
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prising 807 families. Although the overall response rate
was high (78 %), we obtained only 629 independent pairs
(51% of those requested), because only one sibling in a
family replied. We received swabs from both parents for
302 families and from one parent for 335 families, but
we could use parental samples for only 207 of the families
that had returned two extreme-scoring siblings. These
parental samples were included in the genome scan. We
obtained 204 discordant pairs, 224 concordant-low
pairs, and 201 concordant-high pairs who were suit-
able for genotyping.

Examination of genotype data with Merlin, Relative,
and Relpair resulted in exclusion of 68 pedigrees, on the
grounds of demonstrable nonpaternity, half-paternity, or
inadequate genotype data for the assessment of family
relationships. Twenty-seven pedigrees were discarded
from the extremely discordant group, whereas 19 in the
concordant-low group and 22 in the concordant-high
group were discarded. The final pedigree data set con-
sisted of 182 discordant pairs (44% of those requested),
205 concordant-low pairs (49% of those requested), and
174 concordant-high pairs (42% of those requested).
Figure 1 shows the distribution of the extreme-scoring
sibling pairs compared to the distribution of the total
sample.

Genotype Characteristics

We obtained usable data from 382 markers (98% of
markers), with a mean marker spacing of 10.2 ¢cM and
a mean marker heterozygosity of 77.1%. Inheritance
checking was limited by the relatively small number of
parents in our sample, but the inclusion of rigorous qual-
ity controls—in particular, the regenotyping of dubious
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genotypes—meant that the success rate for completed
genotypes in the sample was 82%. Overall, 27% of ge-
notypes were duplicated. Inconsistencies could not be
resolved in 2.1% of suspected errors, or ~0.5% of the
total genotypes generated in the sample.

Regression Analysis

To find evidence for linkage, we used a regression-based
approach. Regressing a score that combines the squared
difference and squared sum of each sibling pair’s phe-
notype has power to detect genetic effects that is ap-
proximately equivalent to a variance-components analysis
under normality (Sham and Purcell 2001; Visscher and
Hopper 2001; Sham et al. 2002); such regression has the
advantage that it is more robust to departures from nor-
mality that are due to scaling artifacts (Allison et al. 1999,
2000), and its speed of computation makes it easier to
implement nonparametric tests of significance.

Figure 2 shows the regression results evaluated at every
5 cM across the genome. The statistic shown is the neg-
ative logarithm (base 10) of the P value (hereafter referred
to as the “—logP” value) obtained from the regression.
We calculated a ¢ statistic by using the method of Visscher
and Hopper (2001); equivalent results were obtained us-
ing the method of Sham and Purcell (2001) and Sham et
al. (2002), which weights the squared sums and differ-
ences by the sibling correlation (0.171 in our sample)
(results not shown).

Empirical Significance Thresholds

Although, under the null hypothesis, the regression
method is quite robust to departures from normality,
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Scatterplots of the distribution of neuroticism scores for each sibling pair. The scale is a standardized residual of the transformed

sex- and age-regressed neuroticism scores. A, Distribution of entire sample. B, Distribution of selected sample.
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given the extreme departures from normality that were
due to selection on a scale with limited range, we derived
the empirical genomewide significance threshold by sim-
ulation, to protect against false positives and potentially
enhance the power of the analysis.

To assess the significance of the regression analysis, we
used simulations to estimate the expected number per
genome scan of —logP scores equal to or greater than
the observed —logP score. Simulations were performed
with both Simulate (Terwilliger et al. 1993) and Merlin
(Abecasis et al. 2002), using the number of alleles and
frequencies in the real data set while maintaining pat-
terns of missing genotypes and genetic distances between
markers. The simulations assume no genotype-pheno-
type linkage and maintain the family structures and phe-
notypic scores. We obtained 10,000 replicates from each
program, and we analyzed data from each replicate by
regression, as described above (see the “Regression Anal-
ysis” subsection). Because we applied a one-tailed test
of significance in our genome scan, from each simula-
tion, we kept the maximum —logP values associated
with a regression coefficient whose sign was in the ex-
pected direction (positive for the Visscher-Hopper re-
gression [Visscher and Hopper 2001]). The distribution
of the maximum —logP result from each simulated scan
is used to estimate the probability that the observed
value could have occurred by chance; evidence for link-
age is considered significant when the observed —logP
score is expected to occur less than once in 20 genome
scans. Therefore, —logP values were ranked, and the
value that demarcated the highest 5% was taken as the
5% significance threshold.

Both simulation programs gave the same results: the
genomewide 5% significance threshold is 0.00014
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Table 2

Pointwise Significance Values for Seven Loci That Influence
Neuroticism

—logP VALUE FOR

CHROMOSOME DISTANCE Complete  Truncated
(MARKER) (cM) P Sample Sample®
1 (D1S2868) 126 .00011 3.95 3.73
4 (D4S1539) 176 .00014 3.84 3.84
7 (D7S516) 42 .00013 3.90 4.14
8 (D8S277) 8 .00117 2.93 2.55
11 (D11S898) 99 .00020 3.70 3.59
12 (D125346) 105 .00002 4.74 4.81
13 (D13S153) 64 .00015 3.81 3.81

* For when extreme phenotypes have been truncated.

(—logP 3.8), and the corresponding 1% value is
0.00002 (—logP 4.7). The genomewide 5% threshold
was exceeded on five chromosome arms: 1q (3.95),
4q (3.84), 7p (3.90), 12q (4.74), and 13q (3.81). The
—logP statistics for markers are given in table 2.

Test of Mean IBD Deviation

We also applied a test of deviation from the expected
amount of allele sharing. At susceptibility loci, the mean
proportion of alleles that are IBD is expected to be <0.5
in discordant sibling pairs but >0.5 in concordant pairs.
Table 3 shows the mean IBD deviation and associated
¢ statistics for both discordant and concordant sibling
pairs at the loci mentioned above (see the “Empirical
Significance Thresholds” subsection); results were con-
sistent with expectations. To test the significance of the
mean IBD deviation from the expected value of 0.5, we
conducted a # test, using information combined from
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Figure 2

Multipoint linkage analysis of the genome for individual variation in neuroticism. The —logP values (vertical axis) for the

Visscher-Hopper regression are shown (Visscher and Hopper 2001). The cumulative distance is given at the bottom, and chromosome numbers
are given at the top. The two dotted, horizontal lines represent the empirically derived genomewide significance thresholds (5% and 1%).
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Table 3

Mean IBD Deviation and Associated t Statistics for Sibling Pairs,
Discordant and Concordant for Extreme Neuroticism Scores

DISCORDANT PAIRS CONCORDANT PAIRS

CHROMOSOME

(MARKER) Mean IBD t Mean IBD t
1 (D1S2868) 45 2.11 .53 2.35
4 (D4S1539) 46 2.20 51 .80
7 (D7S516) 45 2.78 .54 2.52
8 (D8S277) 46 2.05 51 .72
11 (D11S898) 46 1.98 .52 1.62
12 (D12S346) 45 2.49 .54 2.38
13 (D13S153) 46 1.81 .52 1.30

both groups (see the “Subjects and Methods” section).
Figure 3 shows the —logP values of the ¢ statistic, across
the genome. Because the information content of the phe-
notypic data is reduced, this method is much less pow-
erful than the regression method; however, —logP values
>2 were achieved at three loci: 1q (2.4), 7q (3.2), and
12q (2.7).

Sensitivity Analyses

Failure to replicate apparently robust results in linkage
studies of complex traits has engendered justifiable skep-
ticism (Risch and Botstein 1996). Consequently, we eval-
uated the robustness of our results in two ways:

First, to counter the potential bias of the presence of
outliers (Wang et al. 1998), we truncated the most ex-
treme phenotypes, a process that has been shown to
improve the power of QTL detection (Fernandez et al.
2002). We identified the 5% most extreme individuals
(2.5% in each direction) and truncated their scores to
the value of the least extreme (~2.4 SDs outside the
mean). Table 2 shows the —logP results from these anal-
yses. After truncation, four loci exceeded a —logP value
of 3.8, and two of these loci showed an increase in the
—logP value (to 4.1, on chromosome 7, and 4.8, on
chromosome 12). These findings suggest that our posi-
tive results are not merely artifacts of the undue influence
of a few outliers.

Second, we considered whether our results could be
false positives by examining the distribution of the #
statistics that we obtained. Because we conducted one-
tailed testing, significant results in the opposite tail have
no biological interpretation and can be assumed to rep-
resent random deviations in the test statistic. If there
were some unknown artifact inflating the variance of the
test statistic, then, under the null hypothesis, the distri-
bution of the test statistic would still be symmetrical.
Therefore, if we obtained highly significant results in the
predicted direction but obtained an approximately equal
number of similarly significant results in the opposite
direction, then the apparently significant results we ob-
tained would be in doubt. Alternatively, if we obtained
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highly significant results in the predicted direction and
far fewer or none of similar significance in the opposite
direction, then our confidence in the apparently signif-
icant results that we obtained would be strengthened.
Table 4 compares the maximum —logP values on each
chromosome for the two directions. No pointwise —logP
values in the wrong direction were greater than 3, com-
pared with six in the expected direction.

Sex Effects

Because of the reported association between sex and
neuroticism (Eaves et al. 1989; Martin et al. 2000), we
sought to determine whether there were sex-specific ef-
fects. Overall, there was an excess of women in the sam-
ple: 36.6% of the sample were male, and 63.4% were
female. As has been observed in other studies, the sibling
correlation of neuroticism between same-sex pairs (0.181
for male pairs and 0.186 for female pairs) is greater than
that between opposite-sex pairs (0.157), suggesting that
loci contributing to variation in neuroticism are different
between men and women. We performed a number of
analyses to examine whether loci had sex-specific effects.

We analyzed male pairs and female pairs separately,
using the same regression analysis employed in the ge-
nome scan for all subjects. The result is shown in figure
4: a red line shows the genomewide —logP values for
female pairs, and a black line shows the values for male
pairs. Loci on chromosomes 1 and 13 appear to be fe-
male specific, and loci on chromosomes 7 and 8 appear
to be male specific. In table 5, we show the negative
—logP values for the male, female, and opposite-sex
pairs. At one locus, for male pairs on chromosome 1,
the sign of the ¢ statistic of the Visscher-Hopper regres-
sion (Visscher and Hopper 2001) was in the opposite
direction to that expected, suggesting that the locus had
no effect.

We used a simulation strategy to determine whether the
genetic effect could be attributed specifically to any of the
three possible pair types (male-male, female-female, and
male-female). In a series of 10,000 simulations, we ran-
domly reassigned the sex of each individual but main-
tained the same number of male-male, female-female, and
male-female pairs. All other features of the data set (ge-
notypes, phenotypes, and pedigree structure) remained
unaltered. Sibling pairs from each simulation were sep-
arated into three groups, and the five loci that had been
found to be significant in the complete data were analyzed
using Visscher-Hopper regression (Visscher and Hopper
2001). The significance of the result for each of the three
pair types in the original data set was determined on the
basis of the percentile position it occupied in the ranked
results from the corresponding simulated data sets.

In table 5, we show the significance of the result as
determined by simulation (again expressed as a —logP
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value). Results for female pairs at loci on chromosomes
1, 12, and 13 were significant at the 1% level; results for
male pairs were significant at the 1% level on chromo-
some 8 and just failed to meet the 1% level on chro-
mosome 7. Consistent with a sex-specific effect, we do
not observe any cases in which the results for opposite-
sex pairs are more significant than those for the same-sex
pairs. Note that this test does not distinguish a sex-specific
effect from the effect of sex-pair type. There are no well-
developed methods available that use sibling pairs to test
for sex-specific effects.

Discussion

Our genetic linkage study, using a design based on ex-
tremely concordant and discordant sibling pairs, found
loci, on chromosomes 1, 4, 7, and 13, that exceed a 5%
genomewide significance threshold and found one locus,
on chromosome 12, that exceeds a 1% threshold. We
believe that these linkage results are robust for a number
of reasons: (1) we have determined the empirical ge-
nomewide significance threshold (by simulation), indi-
cating that our findings are not due to the unusual phe-
notypic distribution of the sample; (2) we conducted an
analysis of allele sharing and found that, as expected,
discordant sibling pairs have less allele sharing and con-
cordant siblings have more allele sharing; (3) the loci
remain significant when we exclude individuals in the
tails of the distribution; and (4) the maximum ¢ statistic
acquired in the opposite tail of the distribution does not
reach our 5% significance threshold.

Our results raise a number of issues, two of which are
especially notable. First, it is probable that the five loci
exceeding our 5% significance threshold are only a frac-
tion of those contributing to variation in neuroticism.
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Table 4

Maximum —logP Values on Each Chromosome

—logP VALUE, WHEN
REGRESSION COEFFICIENT IS IN

Biologically
Implausible Expected
CHROMOSOME Direction Direction
1 1.29 3.95
2 1.67 91
3 2.83 .78
4 12 3.84
5 1.26 1.58
6 1.93 33
7 .80 3.90
8 1.43 2.93
9 1.02 32
10 47 2.83
11 42 3.70
12 .06 4.74
13 27 3.81
14 .58 .83
15 .59 57
16 1.02 26
17 .85 .04
18 .83 28
19 1.26 .03
20 .08 2.56
21 45 .02
22 2.50 .00

Given that we have genotyped only 2.5% of our sample,
we can provide only inaccurate estimates of the effect
size attributable to each locus, but those figures suggest
that the five loci do not explain all the known genetic
variance. On the basis of an analysis of variance of the
genotyped sample, the five loci explain 23% of the phe-
notypic variance, which will be an overestimate of their

4 11 2 3 4 5 6 7 8 9 10 1 12 13, 1415 16 17 18 19 20 2122
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1
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Figure 3 The —logP values (vertical axis) of a t test for deviation from the expected mean IBD across the autosomal chromosomes.

Distance is given at the bottom.
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effect in the total, unselected sample (Beavis 1998). Since
the genetic variance of neuroticism is ~40%, it is likely
that other loci remain undetected. Some of these loci may
well be represented by peaks on our genome scan that
fail to exceed our significance threshold. Figure 2 shows
that a number of loci attain a —log P value >2—notably,
on chromosomes 3 (—logP 2.8, at 109 cM), 10 (—logP
2.4,at 116 cM), and 20 (—logP 2.6, at 11 cM)—as well
as additional peaks on chromosomes 1 (—logP 2.1, at
37 cM) and 7 (—logP 3.6, at 124 cM).

Second, we have shown that some loci apparently act
in a sex-specific manner, as had been suggested by pre-
vious quantitative genetic analyses (Eaves et al. 1989;
Martin et al. 2000; Fanous et al. 2002). Indeed, there
may be some loss of power when sex effects are ignored,
because, when a locus has no influence on one sex, ran-
dom deviations in the test statistic may result in the re-
gression coefficients having opposite signs for the two
sexes, as was seen, for example, at the locus on chro-
mosome 1 (table 5). It is interesting that separate analysis
of the same-sex pairs (fig. 4) shows suggestive evidence
of additional loci on chromosomes 1 (—logP 3.31, at 37
cM), 2 (—logP 2.2, at 194 cM), and 10 (—logP 2.46, at
59 cM).

A major reason for investigating the genetic basis of
neuroticism is that personality is known to be involved
in both the risk of developing common psychiatric dis-
eases and the modification of the severity of common

Am. J. Hum. Genet. 72:879-890, 2003

Table 5

Sex-Specific Effects

RESULTS* FOR

CHROMOSOME

(MARKER) Male Pairs  Female Pairs ~ Opposite-Sex Pairs
1 (D1S2868) —.45 (.02) 3.20 (2.24) 3.98 (2.16)

4 (D4S1539) 43 (.30) 1.42 (.40) 2.07 (.80)

7 (D7S516) 2.09 (.98) 1.07 (.20) 2.44 (.86)

8 (D8S277) 2.72 (1.02)  1.26 (.90) 1.35 (.21)

11 (D11S898) 1.55 (.61) 1.69 (.34) 2.30 (.74)

12 (D12S346) .24 (.19) 4.37 (2.12) 3.60 (1.895)

13 (D13S153) 27 (.21) 3.70 (1.15) 3.25 (1.20)

* For the regression analysis of same-sex and opposite-sex pairs,
—logP values are given. The sign of the regression coefficient is shown
by the sign of the —logP value (negative in only one case, for male
pairs on chromosome 1). The significance of the sex-specific effect is
shown in parentheses, again as a —logP value, determined by simulation.

psychiatric diseases. Analysis of twin data showed that
~55% of the genetic liability of major depression is
shared with neuroticism (Kendler et al. 1993), a figure
in agreement with our sibling data (Martin et al. 2000).
There is also evidence that neuroticism and some anx-
iety disorders have genetic factors in common (Jardine
et al. 1984; Kendler et al. 1993). To show how our
results compare with linkage studies of related condi-

tions, we have listed the results of relevant reports in
table 6.

— Male Pairs
= Female Pairs
5 -
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Figure 4 Genomewide linkage analysis for individual variation in neuroticism in female-female (red line) and male-male (black line)

sibling pairs. The —logP values (vertical axis) for the Visscher-Hopper regression are shown (Visscher and Hopper 2001). The cumulative
distance is displayed at the bottom, and chromosome numbers are given at the top.
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Table 6
Linkage Analysis of Psychiatric Disorders Genetically Related to Neuroticism

Distance
Phenotype Chromosome (cM) LOD NPL® Reference
Anxiety susceptibility 1 218 2.05  Smoller et al. 2001
Panic 1 260 2.04 Gelernter et al. 2001
Alcoholism or depression 1 120 4.66 Nurnberger et al. 2001
Anorexia nervosa plus covariates 1 210 3.46 Devlin et al. 2002
Comorbid alcoholism and depression 2 248 3.26 Nurnberger et al. 2001
Anorexia nervosa plus covariates 2 114 222 Devlin et al. 2002
Recurrent major depression 2 205 6.86 Zubenko et al. 2002
Panic 7 47 2.54  Knowles et al. 1998
Panic 7 63 2.23 Crowe et al. 2001
Depression 7 150 2.87 Nurnberger et al. 2001
Harm avoidance 8 17 3.2 Cloninger et al. 1998
Anxiety susceptibility 10 148 2.38 Smoller et al. 2001
Panic 11 N 2.01 Gelernter et al. 2001
Harm avoidance 11 194 1.6 Cloninger et al. 1998
Panic/agoraphobia 12 66 4.96  Smoller et al. 2001
Anorexia nervosa plus covariates 13 26 2.5 Devlin et al. 2002
Harm avoidance 18 109 1.6 Cloninger et al. 1998

* Nonparametric linkage score.

Loci, on 8p and 11q, that influence anxiety prone-
ness, a personality factor very similar, if not identical,
to neuroticism, have already been identified in a ge-
nome scan using the Tridimensional Personality Ques-
tionnaire (Cloninger et al. 1998) (LOD scores of 3.2
and 1.6, respectively; see table 6). Although neither
locus achieved significance at the 5% threshold in our
sample, we did obtain linkage evidence for both:
—logP 2.9, on 8p, and 3.7, on 11q (table 2). Intri-
guingly, four studies report loci, on 1q, that influence
traits genetically related to neuroticism, one of which
(for depression) maps on top of the locus reported here
at 120 cM (Nurnberger et al. 2001). There are also
two reports of loci that influence panic disorder in the
same 7p region that influences neuroticism. Further-
more, there is evidence for a depression-susceptibility
locus, on 2q, that, according to one report, is female
specific (Zubenko et al. 2002). Our sex-specific anal-
yses provide some evidence in support of a similar
finding on 2q for neuroticism (fig. 4).

There have been a considerable number of association
studies of personality, some using the EPQ. The 1996
report (Lesch et al. 1996) of an association between
variation in the serotonin transporter gene (SHTT) and
neuroticism generated much interest (Ricketts et al.
1998; Murakami et al. 1999; Hu et al. 2000), but sub-
sequent reports have been contradictory (Mazzanti et
al. 1998; Kotler et al. 1999; Kumakiri et al. 1999;
Greenberg et al. 2000). We detected no QTLs on chro-
mosome 17, the location of the SHTT gene, but it may
be that the effect size attributable to the locus is too
small to be detected by linkage: a recent meta-analysis

of association studies of personality reported that the
SHTT gene had a marginally significant effect on neu-
roticism (P = .038) (Munafo et al. 2003).

The locus on chromosome 1 is intriguing not only
because it may also influence vulnerability to depression
but also because it may be syntenic with loci discovered
in animal studies. We have demonstrated that a locus
in the middle of rat chromosome § influences behavior
in a number of tests of rodent emotionality, a model of
neuroticism (Fernandez-Teruel et al. 2002). The locus
is syntenic with 1p in humans, but the low resolution
of both human and rat mapping studies makes it im-
possible to say whether the same genes influence the
trait in both species. In humans, we have suggestive
evidence for linkage at a locus in this region: D15218
(—logP 2.1). High-resolution mapping in the mouse de-
tected a number of loci that influence emotionality on
chromosome 1, syntenic with human chromosome 1q
(Talbot et al. 1999; Mott et al. 2000). Association test-
ing, using candidate genes discovered in the 0.8-cM re-
gion containing the mouse locus, will be able to deter-
mine whether the same genes influence neuroticism in
human subjects and variation in emotionality in the
mouse. The congruence of human and animal studies
may provide a way to identify genes that contribute to
susceptibility to a number of emotional disorders.
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