Behavior Genetics, Vol. 36, No. 1, January 2006 (© 2006)
DOI: 10.1007/s10519-005-9012-0

Genome-wide Linkage Scan to Identify Loci for Age at First

Cigarette in Dutch Sibling Pairs
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The heritability of age at first cigarette was estimated in 5883 Dutch twins and siblings
registered with the Netherlands Twin Register. Heritability was 60% for males and 39% for
females. Shared environmental influences were found in females only (30%). Linkage analyses
were performed on data of 422 DZ twins and siblings from 175 families, forming 368 sibling
pairs. Genomic regions that may harbor susceptibility loci for age at first cigarette with LOD
score greater than 2 were detected on chromosomes 5, 14 and 22. A simultaneous analysis of
these three genomic regions showed that most of the variance was explained by the linkage
effect on chromosome 5 (205 cM). This peak encloses the D1A dopamine receptor gene which
is a functional candidate gene for smoking behavior.
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INTRODUCTION

Most smokers begin smoking during adolescence and
early age of smoking initiation is related to more fre-
quent current smoking, daily smoking and more
dependent smoking (Everret et al., 1999; Lando et al.,
1999). Smoking initiation (yes/no) is influenced by
both genetic and environmental influences (Li et al.,
2003a; Sullivan and Kendler, 1999). However, rela-
tively little is known of the genetics of age at onset of
smoking. A study by Heath et al. (1999) reported a
heritability of 62% in a young cohort (age < 30 years)
and 51% in an older cohort (age > 30 years). The
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remaining variance was attributed to unique environ-
mental influences. There was no evidence for shared
environmental influences on age at onset of smoking.
In contrast, Stallings et al. (1999) reported that recol-
lected age at first use and age at daily use was not
influenced by genetic factors but only by shared envi-
ronmental and unique environmental influences. The
age of the participants in their study ranged from 50 to
96 years (Stallings et al., 1999). Both studies used a
different analytical approach, a different definition of
the variable and different age cohorts, which may
account for the different results.

Several genome wide scans of smoking behavior
have been published (Bergen er al., 1999; Bierut
et al., 2004; Duggirala et al., 1999; Gelernter et al.,
2004; Li et al., 2003b; Saccone et al., 2003; Straub
et al., 1999; Sullivan et al., 2004; Vink et al., 2004,
Wang et al., 2005) but none of these scans used the
phenotype “‘age at first cigarette”. A recent associa-
tion study in a Chinese population used the related
phenotype “early smoking onset” and has indicated a
possible association between this phenotype and
polymorphisms of the dopamine transporter gene on
chromosome 5p (Ling et al., 2004). The rs2072-A
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allele was significantly associated with smoking onset
less than 18 years (OR = 4,0 in the total population
of 668 smokers).

In summary, less is know about the genetic
influences on age at first cigarette and results are
contradictory. In the present paper we will first
investigate whether age at smoking the first cigarette
is a heritable trait in a Dutch twin-family sample. We
also tested whether age at first cigarette is a unidi-
mensional trait. Next we report the results from a
complete genome scan of age at first cigarette in a
genotyped subsample of dizygotic twins and sibling
pairs.

METHODS
Subjects

This study is part of an ongoing twin-family
study on health, lifestyle and personality of the
Netherlands Twin Register (Boomsma et al., 2002).
For this study data from the surveys of 1993, 1995
and 1997 were used. In total, 7836 twins and siblings
participated at least in one of those surveys. Partici-
pants aged 18 years and older when completing the
survey were selected (n=6175). No data on age at
first cigarette were available for 74 subjects. Half-
siblings and adoption-siblings were excluded (n=47),
leaving 6054 participants in the study. The mean age
when completing the survey was 26.2 (SD 9.2) for
males and 26.3 (SD 9.3) for females.

For the genetic model fitting analyses the twins
and at most two brothers and two sisters were se-
lected. This procedure excluded 18 brothers and 39
sisters. The remaining sample consisted of 3687 twins
(587 MZM, 470 DZM, 1041 MZF, 670 DZF, 453
DOS females and 466 DOS males), 758 brothers and
894 sisters from 2453 families. DZ twin and non-twin
sibling pairs were selected for the linkage scan. DNA
marker data were available for 630 sibling pairs.
Genotypic and phenotypic data were available for
422 DZ twins and siblings from 175 families, forming
368 sibling pairs. The sample consisted of 117 sister
pairs, 95 brother pairs and 156 opposite sex pairs.

Phenotype

Twins and siblings were asked at what age they
smoked their first cigarette. Response categories
were: 11 years or younger, 12, 13, 14, 15, 16, 17,
18 years or older, and never. This question was
included in the surveys of 1993, 1995 and 1997. Our
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analyses rely on the retrospective recall of age at
smoking first cigarette. Because self-reported data on
substance use can be unreliable (Johnson and Mott,
2001), we selected subjects on the following criteria:
(1) not more than 1 year difference for age at first
cigarette in the longitudinal data or (2) subjects who
reported they never smoked in the first survey(s) and
who reported an age at first cigarette in later sur-
vey(s). According to those criteria, 464 subjects
(about 16% of all subjects with longitudinal data)
were excluded.

Genotyping

Genotyping was performed by two facilities: the
Mammalian genotyping service, Center for Medical
Genetics, Marshfield, USA, and the Molecular Epi-
demiology Section, Leiden University Medical Cen-
tre, The Netherlands. Ninety four persons were
included in both scans. A 379 autosomal marker
genome scan (9.44 cM spacing) was done by the
Mammalian Genotyping Service, using microsatellite
screening set 10 (Yuan et al., 1997) with few alter-
native markers. Markers with excessive recombina-
tion rates (n=15) and inconsistently marked markers
(n=5) were not included in the analysis. A 419
marker genome scan (8.34 cM spacing) was per-
formed by the Molecular Epidemiology Section,
Leiden University Medical Centre, The Netherlands
(Beekman et al., 2003; Heijmans et al., 2005).

Mendelian errors were detected using PED-
STATS and unlikely double recombinants using
MERLIN; both types of error were removed using
PEDWIPE (Abecasis ef al., 2002). Pedigree rela-
tionships in the entire sample were checked with the
GRR program (Abecasis et al., 2001). The location
of the markers was taken from an integrated genetic
map with interpolated genetic map positions (http://
www2.qimr.edu.au/davidD/). The position is in de-
CODE cM (Kong et al., 2002), estimated via locally
weighted linear regression from the Build 34.3 (and
35.1) physical map positions and published deCODE
and Marshfield genetic map positions. If available,
parents were typed for between 344 and 375 markers
(mean of 363 +6). For offspring, the number of typed
markers ranged from 344 to 678, with an average of
389 (£69) total markers.

Genetic Model Fitting

Structural equation modeling in Mx was used to
fit models to the data (Neale ef al., 1999). First, to
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explore whether the variable age at onset of the first
cigarette (measured with the categories 11 years or
younger, 12, 13, 14, 15, 16, 17, 18 years or older,
never) is unidimensional we fitted three different
models to the data (Heath and Martin, 1993; Koop-
mans et al., 1999; Vink et al., 2005):

— Single liability model: postulates that the liability to
age at onset of the first cigarette is unidimensional.

— Independent liability model: assumes two indepen-
dent liability dimensions for smoking initiation and
the age at first cigarette.

— Combined model: the combined model includes
features of both the single liability model and the
independent liability model. Like the independent
model it postulates the existence of two separate
dimensions but it allows the possibility that there
are some genetic and environmental risk-factors
which influence both dimensions.

In a saturated model we tested whether the
means and variances of males and females differed
from each other, and whether the covariances of
twin-sib and sib-sib pairs were different. We also
tested whether age at completing the survey influ-
enced the individual differences in reported age of
smoking the first cigarette by including ‘“age at
completing the survey” as a covariate in the model
fitting procedure. The resulting most parsimonious
model was the one which was used to test the relative
contributions of genetic and environmental influ-
ences. Sources of variation that were considered in
modeling were additive genetic variance (o2, for
males and o2 for females) shared environmental
variance (02, for males and o2 for females), and
variance due to non-shared environmental influences
including error of measurement (g2, for males and
af:f for females) (Fulker and Cherny, 1996).

Under this model, the expected covariance be-
tween sibling pairs is given by

2 . o2 :
rga%m + icazcm for.brothe? pairs,

ro05¢ + rea’; for sister pairs and, . .
FgGamOaf + FeOem0cr fOr brother—sister pairs.

where r, is 1 for MZ twin pairs, 0.5 for same-sex
sibling pairs and is estimated between 0 and 0.5 for
opposite sex sibling pairs (to test for qualitative sex
differences), r. is 1 in MZ and DZ twin pairs and
estimated between 0 and 1 in the non-twin sibling
pairs (twin—sib or sib—sib), to test for a special shared
twin environment.
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The means were modeled according to the for-
mula:

Y= n+ fAge; +ej

where yj;; is the observed phenotype for sibling j in
the ith family, ¢ denotes the grand mean and was
allowed to differ for males and females, B represents
the regression coefficient for age, age;; represents the
age of sib j from the ith family, and e;; represents the
residual term that is not explained by the fixed ef-
fects of age and sex.

IBD Estimates

The probability of sharing 0, 1 or 2 alleles IBD
were estimated for a 1 cM grid using the Lander—
Green algorithm implemented in the program Merlin
(Abecasis et al., 2002). The estimate of the proportion
of alleles shared identical by descent () was obtained
as: ﬁ,'jk = O'SP(IBD:U[]/( + 1p(IBD:2)i'k where fCijk is the
estimated proportion of alleles shared IBD between sib
jand k for the ith family, and P(BD=1) and, P(BD=-2);,
are the probabilities that sib jand k share 1 or 2 alleles,
respectively, conditional on the marker information
(Sham, 1998).

Linkage Analyses

Linkage analyses were performed in Mx (Neale
et al., 1999). Variance components linkage analyses
included the variation explained by a putative quan-
titative trait locus (Q) at or near a specific location on
the genome. Estimates of this variance component
were obtained using the 7 approach, in which the
covariance due to the marker or trait locus for a sib
pair is modeled as a function of the IBD status of the
sib pair. The variance in liability and the phenotypic
variance of the residual term, respectively, were
decomposed into additive genetic variance (ai),
shared environmental variance (¢2), variance due to
non-shared environmental influences (¢2) and vari-
ance due to the QTL (o-é) (Fulker and Cherny, 1996).

2 2 a2 :
rga%m + rcozcm + ”ij/czaqm for brother pairs,
reOyp + re0gr + oy for sister pairs and, '

FgOamOaf + FeOcmOcf + Tjjk OqmOqf for brother—sis-

ter pairs

where r, and r. and 7 are defined as above. The
analyses included also phenotypic data from the
(non-genotyped) MZ twin pairs to allow the distinc-
tion between background additive genetic and other
familial effects. For the MZ twins the covariances
were modeled as
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Orm + O + O for MZM and,
aif + agf + aéf for MZF

First, male and female QTL effects were esti-
mated as separate parameters. Minus twice the log-
likelihood of this model compared to a model where
the male and female QTL components are constrained
equal gives a test for sex-specific QTL effects. When
both the male and female QTL effects are simulta-
neously dropped from the model, the difference in
degrees of freedom is 2. The distribution of the test-
statistic is in this instance: 1/4y20 : 1/2%%1 : 1/45%2.
One alternative is to treat it as a standard two degrees
of freedom test, which is more conservative. We have
decided to use this latter, more conservative method.
Finally, the QTL effect for males was equated to the
QTL effect for females and linkage was tested by
comparing the fit of this model with a model without a
QTL (1 df). Significance of genetic variation due to the
QTL was evaluated by the likelihood ratio test, from
which the LOD score can be calculated by dividing the
test statistic y° by 2 In 10 (~4.6) (Sham, 1998).

The three loci with LOD scores >2.0 were
modeled simultaneously in a three-locus linkage
analysis. This simultaneous analysis is more robust to
the well-known overestimation of variance attribut-
able to markers in a linkage analyses. In a single-
locus analysis, the QTL effects may be overestimated
and together sum to a percentage of explained vari-
ance >100% (Geus de et al., 2005; Goring et al.,
2001). The three-locus analysis constrains the sum of
the QTL variances to be less than 100% of the phe-
notypic variance. To calculate a LOD-score for the
model without the three loci, the p-value of the x>
difference with 3 degrees of freedom was used to
estimate the corresponding y” with 1 degree of free-
dom. This y* was used to calculate the LODscore by
dividing this test statistic by 2 In 10.

For the chromosome with the most promising
finding, the chromosome-wide empirical p-value was
determined by simulation, using the 1000x permu-
tation algorithm as described by Lystig (2003)
and implemented (for genome-wide thresholds) by
Posthuma ez al. (2005). Permuted datasets were ob-
tained as follows: each row in the observed dataset
represents one family and contains phenotypic data
for each individual within that family as well as the
IBD probabilities across the chromosome for all pairs
within that family. This file is split into a phenotypic
file and an IBD file. Families in the experiment are
labeled with unique numbers one through n. The
phenotypic data are then shuffled by taking a random
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permutation of the indices 1,...,n and matching the ith
phenotypic trait value to the family with index given
by the ith element of permuted indices. This per-
muted vector of traits is matched with the original
(non-permuted) genotypic information for all fami-
lies. One thousand permuted datasets were generated.
The significant linkage threshold was defined as the
LOD-score occurring in 50 of the 1000 permutation
corresponding to a probability of 0.05 in a genome
scan (Lander and Kruglyak, 1995).

RESULTS
Descriptives

The distribution of age at first cigarette in males
and females is shown in Figure 1. The distribution is
skewed due to the number of subjects that never
smoked a cigarette (around 30% of the sample). The
skewness statistic is —0.402 with SE 0.033. In general,
slightly more males than females try their first ciga-
rette on an early age. The median age is 15 years for
males and 16 years for females.

To test whether the variable was unidimensional
three different models were fitted to the data: a single
liability model, an independent liability model and a
combined model (Heath and Martin, 1993; Vink
et al., 2005). The single liability model, which postu-
lates that the liability to age at onset of the first cig-
arette is unidimensional, was the most parsimonious
model (Table I). Thus, subjects who never tried a
cigarette could be included in the analyses.

Twin and Sibling Correlation

The means for males and females were signifi-
cantly different; males report an earlier age at onset
than females (16.3 for males vs. 16.7 for females). The
variances of age at first cigarette could be constrained
to be equal for males and females. The covariances
between same sex twin-—sibling pairs and same-sex
sibling—sibling pairs and the covariances between
opposite-sex twin—sibling pairs and opposite-sex sib-
ling—sibling pairs could also be constrained to be
equal. Dropping the age-effect (age at completing the
survey) significantly worsened the fit of the model.
Table II shows the correlations and 95% CI for twin
and sibling pairs for the age at smoking the first cig-
arette. For males the MZ correlations are twice as high
as the DZ correlations, suggesting additive genetic
influences. For females, the DZ correlation was
greater than half the MZ correlation, indicating that
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Fig. 1. Distribution of the age at first cigarette for males and females.

common environmental effects may also contribute to
the familial clustering of individual differences in age
at smoking the first cigarette. The DZ twin correlation
was greater than the sibling correlation suggesting a
special twin environment.

Genetic Model Fitting

Model fitting results for the age at smoking the
first cigarette are summarized in Table III. The
models included sex-differences in the mean and in
parameter estimates. Setting the shared environmen-
tal correlation in non-twin sibling pairs to 1 (model 2)
significantly reduced the goodness of fit of the model
indicating a special twin environment. Model 3 tested

whether the genetic correlation (ry) in opposite sex
siblings could be constrained to be 0.5, like the cor-
relation in same sex sibling pairs. Constraining this
correlation significantly worsened the fit of the
model. For males the MZ correlation was (almost)
twice as high as the DZ correlation, suggesting that
shared environmental influences are absent or very
low. Dropping the shared environment from the
model (model 4) did not reduce the fit of the model in
males, but resulted in a significant (p <0.001) loss of
fit in females (model 5). In conclusion, the variation
in the age at first cigarette was best described by an
AE model for males (A=60%, 95%CI 51-68% and
E=40%, 95%CI 34-47%) and an ACE model for
females (A =39%, 95%CI 22-59%, C=30%, 95%CI
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Table I. Goodness-of-fit of the Single Liability Dimension Model,
the Independent Liability Model and the Combined Model to the
Data on Age at First Cigarette

x> df AIC
Single liability model 587.78 383 —-178.21
Independent liability model 722.03 378 —-33.98
Combined model 625.69 376 -126.31

df=degrees of freedom, AIC=y>-2df, this is a measure of the
parsimony of the model, a lower AIC indicates a more parsimo-
nious model.

Table II. Twin- and Sibling-Correlations with 95%CI for Age at
First Cigarette

r 95%CI n pairs
MZM 0.59 0.50-0.65 245
DZM 0.36 0.24-0.46 186
MZF 0.69 0.66-0.74 456
DZF 0.50 0.41-0.63 274
DOS 0.23 0.08-0.36 364
Male sib pairs 0.23 0.16-0.30 544
Male-female sib pairs 0.18 0.11-0.24 1303
Female sib pairs 0.31 0.23-0.38 812

MZM = monozygotic male twins, DZM =dizygotic male twins,
MZF =monozygotic female twins, DZF =dizygotic female twins,
DOS =dizygotic opposite sex twins, male sibs pairs = brother—br-
other pairs (including a male twin with a brother), female sib
pairs =sister—sister pairs, male—female sib pairs=brothersister
pairs.

11-46% and E=31%, 95%CI 27-46%). The genetic
correlation in the opposite sex siblings was estimated
to be 0.40 (95%CI=0.27-0.58) in the AE-ACE
model. The shared environmental correlation in sib-
ling-pairs (non-twin siblings) was estimated to be 0.33
(95%CI1=0.16-0.57). The effect of age was rather
small (B=-0.017 in AE-ACE model) but significant
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Linkage Analyses

Because variation in age at first cigarette was
heritable, we explored this phenotype in a linkage
analysis. The linkage analyses were performed on a
smaller sample. As summarized above, we found that
the genetic correlation in opposite sex sibling pairs
was somewhat lower than 0.5, therefore the male and
female QTL effects were estimated as separate
parameters. To test for sex-specific QTL effects,
minus twice the log-likelihood of this model was
subtracted from that obtained when the male and
female QTL effects were equated. For most positions
along the genome, constraining the QTL effects for
males and females to be equal did not worsen the fit
of the model. For only five regions, the model with
sex-specific QTL effects provided a more parsimoni-
ous model than the model with a single QTL effect.
For four of these regions a model without QTL ef-
fects did not fit worse, suggesting no significant
linkage for these regions. However, for a region on
chromosome 6 (166-182 ¢cM), the model with sex-
specific QTL effects was more parsimonious, and the
LOD score in that region was higher (1.3) than for
the model with 1 QTL (0.5). The grey line in Figure 2
(chromosome 6) represents the LOD-scores for a
model with sex-specific QTL effects.

Thus, the QTL effect for males was equated to
the QTL effect for females and linkage was tested by
comparing the fit of this model to a model without a
QTL (Fig. 3). LOD scores greater than 2 were found
for chromosomes 5, 14 and 22 (Fig. 4). Three other
peaks were found with LOD scores between 1.5 and
2.0 on chromosomes 6, 7 and 10. The six regions with
LOD score >1.5, the highest LOD score and the
location of the highest LOD score are shown in
Table IV.

The three loci with LOD scores >2.0 were
modeled simultaneously in a three-locus linkage

(x> =12.7, df=1, p=0.0004). analysis. For all three loci simultaneously, an

Table III. Model Fitting Results for Age of Smoking First Cigarette

-2LL df 1 Adf P
1 ACEm, ACE, regps = free, ryo free 24818.081 5321
2 ACEm, ACE(, resins =1, rgos free 24831.646 5322 13.566 1 0.000
3 ACEm, ACES, reps =free, ry0s=0.5 24825.957 5322 7.877 1 0.005
4 AEm, ACE(, rps =free, ryofree 24819.693 5322 1.613 1 0.204
5 AEm, AEf, rens = free, rooq free 24831.748 5323 12.055 1 0.000

Subjects are aged 18 years or older. Age was included as covariates. The means for males and females were estimated separately. m =males,
f=females, o, = genetic correlation in opposite sex sib—sib and twin—sib pairs, r.,s=shared environmental correlation in sib-sib and
twin-sib pairs.
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Fig. 2. Linkage results for sex-specific linkage (grey line) and linkage results for analyses where QTL effects were equated for males and
females (black line). For the region from 166 to 182 cM the sex-specific model were more parsimonious. LOD-scores of the sex-specific linkage
model were higher in this region than LOD-scores of the model without sex-specific QTL effects. For the rest of the chromosome, the model
where QTL effects were the same for males and females did not fit significantly worse.

adjusted LOD score of 1.8 was found (Table V). For
chromosome 22, the evidence of linkage disappeared
in the multilocus analysis. For chromosomes 5 and 14
the evidence weakened in comparison with the single-
locus analyses. The peak on chromosome 5 explained
the most of the variance in age at first cigarette.

The significant linkage threshold was defined for
chromosome 5 by simulation, using a 1000x permu-
tation algorithm. The LOD score occurring in 50 of
the 1000 permutations (corresponding to a probability
of 0.05) was 2.01. The empirical p-value for a LOD
score of 2.09 was 0.04, indicating that the peak on
chromosome 5 is significant.

DISCUSSION

A quantitative trait representing the age at first
cigarette was assessed in a genetic and linkage anal-
yses. Correlations between sibling pairs were consis-
tent with the existence of a genetic component, as
were variance components estimates. The linkage
analyses showed suggestive linkage on chromosomes
5, 14 and 22.

Variation in age at first cigarette was signifi-
cantly influenced by genetic factors, heritability was
estimated at 60% for males and 39% for females.
Shared environmental influences were found only in
females (30%).

Heath et al. (1999) explored a slightly different
phenotype: onset of smoking, based on the questions
“have you ever been a smoker” and if yes “‘at what

age did you start smoking”. A one-dimensional
model gave a poor fit to those data. In the study of
Heath et al. (1999), the age at onset was largely
influenced by genetic factors (62% in young cohort
and 51% in older cohort) but not by shared envi-
ronmental factors. In a study of Stallings ef al. (1999)
the variable “At what age did you smoke your first
cigarette” was analyzed. The genetic analyses were
performed on residual scores of the age at onset
variable, partialing out effects of gender, age and
interactions between these effects. Dropping the
additive genetic influences from the model did not
result in a significant decrement in model fit. The
estimate of shared environmental influences was
42%. It should be noted that this sample was an older
cohort (born between 1904 and 1937) and that the
environmental culture regarding smoking has chan-
ged considerably since the time subjects in this sample
initiated smoking. In addition, 75% of the sample
was female and the genetic analyses did not allow for
sex differences.

The genetic analyses in the present study were
performed on a relatively young sample (mean age
26 years). The correlation between the genetic factors
in opposite-sex siblings was estimated at 0.40, sug-
gesting partly different genes are expressed in males
and females. Therefore the linkage model allowed for
sex-limitation. Sex-limited effects on the phenotypic
variance, also known as genotype-by-sex interaction,
has been detected in several physiological and psy-
chological traits (Comuzzie et al., 1993; Lamb et al.,
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Fig. 3. LOD scores across the genome (chromosomes 1-22) for age at first cigarette. centiMorgans are shown on the x-axis and LOD-scores
are shown on the y-axis.

2005; Towne et al., 1993; Weiss et al., 2005). The
implementation of models in which the effects of
quantitative trait loci are allowed to differ between
males and females has been described previously
(Towne et al., 1997). Comparison of the model where
QTL effects for males and females were allowed to
differ and the model where QTL effects for males and
females were the same showed that the latter was not
fitting worse. An exception was a region on chro-
mosome 6. For the region from 166 to 182 cM the
model where the QTLs for males and females were
allowed to differ was more parsimonious. This re-

sulted in a higher LOD score (1.3 vs. 0.5) for that
specific region.

Results of the model where the effects of the
QTL on males and females were the same showed
suggestive linkage peaks (with a LOD score higher
than 2) on chromosomes 5, 14 and 22.

On chromosome 5, a peak was located between
196 and 209 cM. The simultaneous three-locus anal-
yses confirmed the importance of this peak. Two
other studies detected a peak in this region (Duggirala
et al., 1999) detected a peak with a LOD score of 3.2
for “ever smoked” on 217 cM while (Saccone ef al.,
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Fig. 4. Linkage results for age at first cigarette on chromosomes 5, 14 and 22. Distance in ¢cM is shown along the x-axis and the LOD-scores
along the y-axis.

Table IV. Highest LOD Scores (21.5) and Locations

Chromosome Location (LOD 21.5) Highest LOD-score Location highest LOD Markers Marker location
5 196-209 2.09 205 ATAS2D02 200.6
D5S408 208.2
6 55-67 1.75 57 D6S1051 56.8
D6S1610 60.1
7 34-42 1.77 36 D7S3051 32.6
D7S1802 36.2
10 28-40 1.84 36 D10S1430 322
D10S1653 38.6
14 120-128 2.30 128 D14S292 124.9
D14S1007 127.9
22 13-44 2.50 20 D22S345 18.8
D22S315 23.4
2003) detected a peak with LOD score of 1.10 for age on chromosome 5 in a non-overlapping region. A
maximum number of cigarettes (non-smokers ex- peak was found for nicotine dependence at 160 cM

cluded) on 200 cM. Two other studies reported link- (Sullivan et al., 2004) and a peak was found for
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Table V. Simultaneous Linkage Analysis of Three Loci with a Single-Locus LOD Score >2.0 for Age at First Cigarette
% contribution to variance

Model Sign test for: A C E Chr 5§ Chr 14 Chr 22 Adf v LOD
ACEf, AEm+ - m 0.10 - 0.42 0.33 0.15 0
Chr 5, 14, 22 - f 0.01 0.21 0.30 0.33 0.15 0
ACEf, AEm+ Chr 5 m 0.44 - 0.42 - 0.15 0 1 6.691 1.45
Chr 14, 22 f 0.21 0.33 0.31 - 0.15 0
ACEf, AEm+ Chr 14 m —-0.14 - 0.42 0.44 - 0 1 4.154 0.90
Chr §, 22 f 0.02 0.22 0.30 0.44 - 0
ACEf, AEm+ Chr 22 m 0.10 - 0.42 0.33 0.15 - 1 0 0
Chr §, 14 f 0.01 0.21 0.30 0.33 0.15 -
ACEf, AEm Chr m 0.58 - 0.42 - - - 3 13.11 1.76

5, 14,22 f 0.38 0.31 0.31 - - -

The percentage contribution to the variance is given for background genetic influences (A), shared environment (C), environmental influences
(E), and the three loci on chromosomes 5 (205 cM), 14 (128 cM) and 22 (20 cM). The significance of the contribution of each locus separately
and of all three loci together derives from the contrast of the fit of the model with 3 loci (model 1) and the fit of the models without one of the
QTL effects (models 2-4) or without all QTL effects (model 5). Chr=chromosome(s); Adf =change in degrees of freedom, f={females,

m =males.

habitual smoking at 119 ¢cM (Bierut et al., 2004). The
peak found in the present study encloses a gene cod-
ing for the D1A dopamine receptor. Dopaminergic
genes are likely candidates for heritable influences on
cigarette smoking (Lerman et al., 1999; Sabol et al.,
1999). The dopamine DI receptor gene might play a
role in addictive behaviors. In a group of controls and
individuals attending a smoking cessation clinic,
39.3% of the controls vs. 66.1% of the smokers was
homozygous for the 11 or 22 genotype of the dopa-
mine receptor D1 gene (p=0.0002), (Comings et al.,
1997). This region on chromosome 5 merits follow-up
in future studies.

The peak found on chromosome 14 (120-128 ¢cM)
is located in the same region as a peak for nicotine
dependence on 126 ¢cM (Sullivan et al., 2004). Three
other studies found peaks in the neighborhood of this
region: on 111 ¢cM for smoking rate (Li et al., 2003b),
on 95-110 cM for smoking initiation (Bergen et al.,
1999) and on 87 cM for maximum number of ciga-
rettes (Saccone et al., 2003).

The highest LOD-score was found for chromo-
some 22. Remarkably, in the simultaneous linkage
analyses of the loci on chromosomes 5, 14 and 22, the
peak on chromosome 22 was not significant anymore.
No other genome-scan for smoking behavior detected
linkage on this chromosome. The highest LOD-score
(2.5) was found at 20 ¢cM but the peak covered most
of the chromosome. The CYP2D6 gene (a cyto-
chrome p450 enzyme) is located on chromosome 22,
but is not located in the same region as our highest
peak. The cytochrome p450 enzymes are involved in

nicotine metabolism and neurotransmitter synthesis.
Both CYP2A6 (on chromosome 19) and CYP2D6
(on chromosome 22) catalyze the formation of coti-
nine from nicotine. Taken together, the peak on
chromosome 22 might be spurious.

Peaks with LOD-scores between 1.5 and 2.0 were
detected on chromosomes 6, 7 and 10. Although
those LOD-score were <2.0 and therefore linkage in
these regions could be spurious, there is some overlap
with other publications. The peaks on chromosomes
6 and 10 are (partly) overlapping with peaks for
smoking initiation and for maximum number of
cigarettes that we detected in a previous linkage
analyses for in partly the same Dutch sample (Vink
et al., 2004). For chromosome 6, the results are a
replication of a peak for smoking initiation with
LOD score of 1.10 reported in the same region
(63 cM) (Duggirala et al., 1999). Although the re-
gions on chromosomes 6 and 10 do not harbor
obvious candidate genes for smoking, our results
suggest that genes involved in smoking behavior may
be located in this region.

Although age at onset of first cigarette is tech-
nically a continuous measure, in the present study it is
collected as a quasi-continuous measure because an-
swer categories were: 11 years or younger, 12, 13, 14,
15, 16, 17, 18 years or older and never tried. All
subjects were aged 18 years or older. If the subjects
who never tried smoking will start smoking in the
future, they will change only one category (from
“never” to ‘18 years or older””). In general it is
accepted to analyze data with more than seven
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categories as continuous variable (Dolan, 1994). An
alternative is to use a threshold model where the trait
is considered to have an underlying, continuous lia-
bility. However, using a threshold model reduces
power (Neale et al., 1994) and by combining cate-
gories information is lost.

It should be noted that the sample size in our
study is relatively small and none of the linkage re-
sults met genome-wide statistical significance criteria.
Due to the small sample size, there is a possibility for
false-positive findings simply by change. However, we
determined the empirical p-value for chromosome 5,
using a 1000x permutation algorithm. The empirical
p-value of 0.04 for a LOD-score of 2.09 indicated that
the peak on chromosome 5 (harboring the DI1A
dopamine receptor) is significant.

In conclusion, we detected 3 genomic regions
with LOD score >2 (on chromosomes 5, 14 and 22)
that may harbor susceptibility loci for age at first
cigarette. A simultaneous three-locus analysis con-
firmed the importance of the peak on chromosome 5.
There is some overlap between our results and those
of previous genome scans looking at smoking
behavior. To our knowledge, this is the first genome
scan for age at smoking the first cigarette. The other
genome scans to smoking behavior used different
phenotypes. Each phenotype is likely to be influenced
by multiple genes, leading to a different picture of the
genetic architecture of smoking behavior.
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