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IMMEDIATE COMMUNICATION

Susceptibility genes for nicotine dependence: a genome
scan and followup in an independent sample suggest
that regions on chromosomes 2, 4, 10, 16, 17 and 18
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Cigarette smoking is associated with considerable morbidity, mortality, and public health
costs. Genetic factors influence both smoking initiation and nicotine dependence, but none
of the genes involved have been identified. A genome scan using 451 markers was conducted
to identify chromosomal regions linked to nicotine dependence in a collection of 130 families
containing 343 genotyped individuals (308 nicotine-dependent) from Christchurch, New Zea-
land. By pairwise analysis, the best result was with marker D2S1326 which gave a lod score
under heterogeneity (H-LOD) of 2.63 (P = 0.0012) and a nonparametric linkage (NPL, Zall) score
of 2.65 (P = 0.0011). To identify regions that warranted further study, rather than comparing
the pairwise scores from the scan to theoretical thresholds, we compared them to an empirical
baseline, found here to be H-LOD scores of 0.5 and Zall scores of 1.0. We also found a number
of large (31–88 cM) regions where many (8–16) consecutive markers yielded small but positive
Zall scores. Selected regions of chromosomes 2, 4, 10, 16, 17 and 18 were investigated further
by additional genotyping of the Christchurch sample and an independent sample from Rich-
mond, Virginia (91 families with 264 genotyped individuals, 211 nicotine-dependent). Multi-
point nonparametric analysis showed the following maximums for the Christchurch sample:
Chr. 2 (Zlr = 2.61, P = 0.005), Chr. 4 (Zlr = 1.36, P = 0.09), Chr. 10 (Zlr = 2.43, P = 0.008), Chr. 16
(Zlr = 0.85, P = 0.19), Chr. 17 (Zlr = 1.64, P = 0.05), Chr. 18 (Zlr = 1.54, P = 0.06). Analysis of the
Richmond sample showed the following maximums: Chr. 2 (Zlr = 1.00, P = 0.15), Chr. 4
(Zlr = 0.39, P = 0.34), Chr. 10 (Zlr = 1.21, P = 0.11), Chr. 16 (Zlr = 1.11, P = 0.13), Chr. 17 (Zlr = 1.60,
P = 0.05), Chr. 18 (Zlr = 1.33, P = 0.09). It is probable that the small samples used here provided
only limited power to detect linkage. It may have been difficult therefore to detect genes of
small effect, or those that are influencing risk in only a small proportion of the families. When
simply judged against the usual standards of linkage significance, none of the individual
regions yielded strong evidence in either sample. Some or all of the most positive results in
the genome scan of the Christchurch sample, therefore, could be due to chance. However,
the presence in the Christchurch scan of multiple large regions containing many consecutive
positive markers, coupled with the relatively positive results in these same regions in the
Richmond sample, suggests that some of these regions may contain genes influencing nic-
otine dependence and therefore deserve further study.
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Introduction
Despite substantial reductions in the prevalence of cur-
rent smoking in the last 25 years, approximately one
third of adults in the United States continue to smoke.1
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The tremendous impact of cigarette smoking on mor-
tality and morbidity has been well chronicled.2–6 In
1990, smoking was responsible for 418 690 deaths in
the US compared to 125 000 for alcohol and 8100 for
cocaine.7,8 It has now been conclusively demonstrated
that: (i) a large proportion of cigarette smokers are nic-
otine dependent; and (ii) nicotine is more addictive
than most illicit drugs.9–11 The 1988 Surgeon General’s
report on cigarette smoking10 concluded that: ‘(1) ciga-
rettes and other forms of tobacco are addicting; (2) nic-
otine is the drug in tobacco that causes addiction; and
(3) the pharmacologic and behavioral processes that
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determine tobacco addiction are similar to those that
determine addiction to drugs such as heroin and
cocaine’. The majority of smokers want to quit, but few
are successful — each year 34% try, but only 3% suc-
ceed.12 The sheer magnitude of the health problems
and costs created by smoking mandates that tremen-
dous effort should be devoted to basic research into
the biological and environmental factors involved. The
insight gained would then hopefully be translated
quickly into practical benefits such as earlier identifi-
cation of individuals at risk, and development of more
effective methods for helping people to quit smoking.

Data from family, adoption, and twin studies have
consistently supported a substantial genetic compo-
nent to many aspects of smoking behavior. Most con-
vincingly, a number of large-scale population-based
twin studies have shown that genetic factors contribute
strongly to individual differences in smoking
behavior.13–18 Work using inbred strains of mice,
notably the elegant set of experiments by Marks, Col-
lins, and coworkers,19–23 has clearly demonstrated gen-
etic influence on inter-individual differences of a var-
iety of related phenotypes. These include sensitivity to
nicotine, nicotinic receptor density, the ability to
develop tolerance, the extent of nicotine self-adminis-
tration, and cross-tolerance with other substances such
as alcohol.

Liability to nicotine dependence is likely to be prim-
arily a function of specific anatomic and functional
characteristics of the brain. A recent real-time func-
tional MRI study24 of smokers showed that intravenous
injection of nicotine induced a dose-dependent
increase in neuronal activity that was most pro-
nounced in regions that comprise specific functional
systems. These were primarily the cingulate cortex and
frontal regions (involved in working memory, atten-
tion, motivation, mood and emotion), and the locus
ceruleus (modulation of behavioral arousal) — acti-
vation of these anatomical regions is functionally con-
sistent with the mood-elevating and anxiolytic effects
often reported by cigarette smokers. In addition, limbic
subcortical regions, including the nucleus accumbens,
amygdala, and hypothalamus were also strongly acti-
vated. Moreover, several independent lines of evidence
have demonstrated that nicotine, like other drugs of
abuse such as cocaine, amphetamines and opiates,
stimulates this so-called ‘central dopamine reward
pathway’, ie activation of mesolimbic dopaminergic
neurons resulting in increased energy metabolism and
dopamine release in the shell of the nucleus accum-
bens.25–27

It is presumed that most of the behavioral effects of
nicotine are due to activation of central nicotinic ace-
tylcholine receptors.28 Different pentameric combi-
nations of receptor subunits (a2 through a7, a9, and b2

through b4 are found in brain) generate numerous
receptor subtypes, each with different regional distri-
butions and functional characteristics that remain to
be well characterized.28 Few polymorphisms in these
families of genes have been described, and the roles of
the receptor subtypes in mediating the effects of nic-

otine on neurotransmitter release are virtually
unknown.29,30 It does appear though, that the CHRNB2
gene (located near marker D1S305 in region 1q21.3) is
essential, since knockout mice31 without the b2 subunit
lack high affinity nicotine binding in brain (levels of
a2 through a7, b3, and b4 subunits are normal). They
also lack sensitivity31 to nicotine-elicited increases in
electrophysiological discharge frequency and dopa-
mine release in striatal dopaminergic neurons, and
exhibit altered responses in a behavioral paradigm
thought to reflect self-administration of reinforcing
substances.

Inactivation of nicotine in the liver and lung, pre-
dominantly to (S)-cotinine, is catalyzed principally by
microsomal cytochrome P450 2A6 (CYP2A6).32 There
is large inter-individual variation in cotinine formation
in human microsomal preparations, but it is not clear
how much is due in vivo to variations in CYP2A6 lev-
els and activity compared to other factors.33 The gene
is located in region 19q13.2, and three mutant alleles,
each of which produce an inactive enzyme, have been
described:34,35 a substitution (CYP2A6*2), a gene con-
version (CYP2A6*3), and a deletion. The *2 and *3
alleles have been suggested to protect against nicotine
dependence,36 but the accuracy of the genotyping
methods used has been questioned.37 The frequency of
the *2 allele was found to be 1–3% in Swedish, Span-
ish, and Finnish populations,37 and therefore is prob-
ably too rare in most Caucasian populations to be a
major factor in a trait as common as nicotine depen-
dence. No other polymorphisms known to affect
CYP2A6 function have been reported.

It is reasonable, therefore, to investigate whether
polymorphisms in the genes involved in the regulation
of neurotransmission by nicotinic acetylcholine recep-
tors, dopaminergic transmission (eg the D4 receptor38),
or metabolic pathways, may contribute to individual
differences in the susceptibility to smoking initiation,
nicotine dependence and withdrawal symptoms. In
addition, the genes that regulate the expression of such
genes, or that serve to modulate the function of the pro-
tein products, are also functional candidates. A num-
ber of other candidate genes besides these also deserve
consideration.39,40 The strategy of our research program
on smoking and nicotine is to use the positional and
candidate gene approaches synergistically, and to col-
laborate with other groups that have complementary
resources and methods. The goal is to identify those
genes that contribute most to susceptibility, to use this
knowledge as a tool to identify and characterize in
greater detail the important environmental variables,
and then to explore the interactions between genes and
environment. The long-term goal is to contribute to a
better understanding of the variety of mechanisms,
from molecular to interpersonal, that mediate smoking
behavior and nicotine dependence. We report here pre-
liminary results from one approach in the first phase —
a complete genome scan of an affected sib pair sample
collected in Christchurch, New Zealand, and followup
of the six most positive regions in a second, inde-
pendent sample from Richmond, Virginia, USA.
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Methods

Subjects
The subjects for this investigation were recruited and
studied at two sites using nearly identical protocols.
Table 1 shows some of the characteristics of the
samples. The protocols were reviewed and approved
by the appropriate ethical committees at each site. The
first sample was recruited in Christchurch, New Zea-
land and was used for the complete genome scan. The
second sample was recruited in Richmond, Virginia
(USA) and was used for followup of regions selected
because they were positive in the scan. Ascertainment
was via convenience sampling and included advertise-
ments in a wide variety of media, smoking cessation
clinics, and via word-of-mouth. Inclusion criteria for a
sibling pair included: the presence of lifetime nicotine
dependence, current age 18 years or older, and the pro-
vision of informed consent.

Affection status
The symptoms of nicotine dependence during the per-
iod of lifetime heaviest tobacco use were assessed with
an adapted version of the Fagerstrom Tolerance Ques-
tionnaire (FTQ)41,42 that had previously been adminis-
tered to over 7000 individuals in other studies conduc-
ted by our group.17 The FTQ is widely used in smoking
research to assess nicotine dependence and consists of
eight brief questions (eg how soon after you wake up
do you smoke your first cigarette? and do you smoke
if you are so ill that you are in bed most of the day?).
Total FTQ scores range from 0–11. A substantial body
of research suggests that FTQ scores are positively cor-
related with plasma nicotine and cotinine levels and

Table 1 Nicotine dependence was assessed using an
adapted version of the Fagerstrom Tolerance Questionnaire
(FTQ),41,42 and individuals with FTQ scores of 7 or greater
were classified as affected

Selected characteristics of the
samples

Christchurch Richmond Total

No. families 130 91 221
No. genotyped — total 343 264 607
No. genotyped — affected 308 211 519
% Caucasian 90% 85%
% Female 63% 61%
Age, mean (sd) 40.7 (11.5) 2.7 (11.5)
FTQ score, mean (sd) 8.9 (1.2) 8.5 (1.2)

Affected sibships — size No. No. Total
2 112 72 184
3 13 10 23
4 5 3 8
5 2 4 6
6 0 2 2

Affected sib pairs — all 201 190 391

predict unsuccessful attempts at smoking cessation.42

Following the cutoff used by others43–45 we defined
nicotine dependence as an FTQ score greater than or
equal to 7. All subjects must have reported FTQ scores
of 7 or more on two separate occasions, during an
initial telephone screening and then again during the
study interview.

Isolation of DNA from cytology brushes
DNA was obtained during direct interview by having
the subjects collect buccal epithelial cells (from inside
of the cheek) using standard cytology brushes46 (Fisher
Scientific, Pittsburgh, PA, USA). DNA preparation was
done from four brushes per subject using the ‘Instagene
Purification Matrix’ from Biorad Laboratories
(Hercules, CA, USA) as per the protocol provided. The
procedure simultaneously lyses the buccal cells, lyses
the nuclei, and the majority of the non-DNA contami-
nants are adsorbed to the matrix, which is pelleted,
leaving the chromosomal DNA free in solution. We
prepare two tubes of DNA per subject, 600 ml each, and
made working stocks at a dilution of 1:50. We have
done extensive work with DNA from brushes, and have
not found the banding pattern, error rates, or ‘read-
ability’ of microsatellite markers to be significantly dif-
ferent between DNA from brushes and DNA isolated
from blood or cell lines. The percentage of samples for
which most markers amplify well is about 95%. From
our twin zygosity studies, MZ twins tested with 15
fluorescent microsatellite markers provided an esti-
mate of 0.7% for the genotyping error rate.

Markers, maps and genotyping
The markers were predominantly tri- and tetra-nucleo-
tide repeat microsatellites generated by the Cooperative
Human Linkage Center (CHLC; http://www.chlc.org/),
and many are from the Weber screening set, version
8.0 (http://www.marshmed.org/genetics/). Allele infor-
mation, marker order, sex-averaged distances47 were
copied from the Marshfield Medical Research Center
web site (http://www.marshmed.org/genetics/). Before
production work, all markers were tested to confirm
their amplification in multiplex PCR, lack of spurious
alleles, and ease of scoring. Genomic DNA (3.5 ml of a
1:50 dilution of the stock sample) per well was loaded
on the bottom of a 96-well Greiner (Lake Mary, FL,
USA) Thermoquick PCR plate with use of a Tecan
(Research Triangle Park, NC, USA) Genesis 200 Robotic
Sample Processor (RSP) and dried. The plates were
stored at room temperature for up to 2 months — dried
DNA produces essentially the same results as a newly
prepared sample. PCR mix (3.5 ml) was distributed on
the side of the wells of the PCR plate by the Tecan RSP.
Plates were manually tapped, put on an oscillating
shaker for 10 min (380 rpm) and the wells covered with
mineral oil. The final concentrations of the compo-
nents of PCR reaction were: 1–5 ng ml−1 human gen-
omic DNA; 0.24 mM primers; 10 mM Tris-HCl (pH 8.3);
50 mM KCl; 2.15 mM MgCl2; 200 mM (each) dNTPs;
and 0.036 Units ml−1 (0.072 Units ml−1 was used for
some markers) ABI AmpliTaq Gold. From one to four
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primer pairs were combined in a single reaction —
most primer multiplexes were tested on a limited num-
ber of samples prior to full-scale PCR. After storage in
the dark for up to 12 h at 4°C, premixed PCR plates
were placed on Hybaid (Holbrook, NY, USA) Omni-
gene Thermocyclers. For most markers, a ‘touchdown’
PCR program48 was used: 10 min at 95°C, then (1 min–
2 min–1 min) cycles at temperatures (°C) (94–60–72),
(94–59–72), (94–58–72), (94–57–72), (94–56–72), (94–
55–72), (94–54–72), (94–53–72), (94–52–72), (94–51–
72), then 30 cycles (°C): (94–50–72), then 6 min at
72°C. Samples from up to 10 PCR plates were pooled
together and mixed with formamide and dye using the
Tecan RSP in the following proportions: 33% pooled
PCR products, 13% ABI Tamra GS500, 53.7% formam-
ide, 0.3% Dextran Blue, 0.025% Bromphenol Blue. The
pooling and multiplexing schemes were designed in
accordance with the size and color of the PCR product,
and we generally loaded 10 markers per lane. The mix
was denatured for 10 min at 95°C and approximately
0.4 ml was stagger loaded with a Kloehn 8-syringe
loader onto a 30-cm gel (6% Long Ranger acrylamide)
with 96-well sharktooth comb. Gels were run on PE-
ABI (PE Biosystems, Foster City, CA, USA) Model 377
DNA sequencers at 100 W (3000 V) for 2.5 h. DNA from
CEPH individuals 1331-01 and 1331-02 was amplified
and loaded in parallel to confirm allele sizes. Gel data
files were automatically tracked and then sometimes
manually adjusted using ABI GENESCAN software
(v3.0) and scored blind to phenotype using the ABI
GENOTYPER software (v2.0). Mendelian inheritance
was checked using the program Geno (v1.1 from
Marshfield Center for Medical Genetics), and sex was
determined. Incompatibilities were either resolved
unambiguously or the data for the entire family were
discarded. We used the program RELPAIR49 to estimate
empirically the degree of genetic relationship based on
multipoint analysis of 30 and then again of 95 markers
in the Christchurch sample and of 45 markers in the
Richmond sample.

Linkage analysis
We are unaware of any prior estimates of single-major
locus models for nicotine dependence. We therefore
began by assuming a penetrance in males of 60% for
the highest risk and 5% for the lowest risk genotype.
From a large epidemiologic sample of twins from the
Virginia Twin Registry that included the FTQ, the life-
time prevalence for nicotine dependence, as defined in
this report, was 24% in males and 11% in females.
However, among regular smokers, the prevalence of
nicotine dependence was 36% in males and 26% in
females. We decided to utilize population prevalence
rates, but set the penetrance in females to be 70% of
that in males.

Penetrance Frequency of
AA Aa aa risk allele

MALES:
Dominant 0.60 0.60 0.05 0.19
Recessive 0.60 0.05 0.05 0.59
Prevalence = 0.24; Sporadic risk = 0.050; Phenocopy proportion
= 0.137)

FEMALES:
Dominant 0.42 0.042 0.035 0.19
Recessive 0.42 0.035 0.035 0.59
Prevalence = 0.11; Sporadic risk = 0.035; Phenocopy proportion
= 0.209)

For analysis of X chromosome markers, the parameters for
females were the same: for males, the dominant model was:
A = 0.60, a = 0.05, risk allele frequency = 0.19 and the recessive
model was A = 0.60, a = 0.05, risk allele frequency = 0.59.

Using the GENEHUNTER program50 (v1.0) we gener-
ated pairwise lod scores under the assumption of het-
erogeneity (H-LODS) and nonparametric linkage (NPL
Zall) scores and their associated P values. We report
only the maximum H-LOD score for each marker —
estimates of the recombination fractions (u) and pro-
portions of families segregating the disease locus (a) at
which that maximum occurred are available on
request. We report the NPL Zall statistic, which is cal-
culated based on group-wise Sall allele sharing among
affecteds in sibships — for many markers in this study,
the values of Zall and Zpairwise were very similar (data
not shown). GENEHUNTER (v 2.0) was also used to
generate multipoint H-LODs and NPL (Zall) scores over
entire chromosomes for the Christchurch sample and
over the regions tested in the Richmond sample. We
also applied the extensions to GENEHUNTER pro-
posed by Kong and Cox,51 which test the significance
of observed multipoint allele sharing using the efficient
score statistic distribution, as implemented in the
GENEHUNTER-PLUS program. This program generates
a different statistic termed Zlr, which is probably more
accurate than Zall, in which the perfect data approxi-
mation can lead to overly conservative P values when
there is missing information.51,52 However, Zlr has the
property that its minimum is zero, which limits its util-
ity in evaluating the evidence against linkage provided
by the negative Zall values given by GENEHUNTER. We
therefore used both programs for multipoint analysis
and present both results. Allele frequencies were esti-
mated from all independent (unrelated) individuals.

Results

Sample characteristics
A genome scan using 451 markers was conducted to
identify chromosomal regions linked to nicotine
dependence in a collection of 130 families containing
343 genotyped individuals (308 affected) from Christ-
church, New Zealand. Six of the most positive regions
were then further investigated by additional genotyp-
ing of the Christchurch sample and of an independent
sample from Richmond, Virginia (91 families contain-
ing 264 genotyped individuals, 211 affected). Some
descriptive statistics for the two samples are shown in
Table 1. They are similar in general composition,
phenotypic characteristics, and size distribution of
affected sibships. As might be expected since both
samples are predominantly Caucasian (mixed
European) in origin, the allele frequencies for markers
tested on the Richmond sample were extremely similar
to those found in Christchurch.
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Maps and final marker distribution
We used the sex-averaged maps47 from the Marshfield
Medical Research Center (3655 cM total). Including
estimated distances to the telomeres, the final mean
intermarker distance was 7.7 cM (SD = 3.8 cM; range
0–22 cM). Over 90% of the markers contained tetranu-
cleotide repeats, and the mean marker heterozygosity
was 0.74 (SD 0.08; range 0.45–0.95).

Distribution of scores
We used the program GENEHUNTER50 to calculate het-
erogeneity lod scores (H-LOD) under dominant and
recessive models, and to calculate the NPL statistic Zall.
The vast majority of markers must be unlinked, but
each will still produce a maximum H-LOD near or at
zero at large recombination fractions. The distribution
of scores above 0.5, given as score (number observed)
was as follows. Dominant: .2 (1), 1–2 (7), 0.5–1.0 (20);
for recessive: .2 (1), 1–2 (7), 0.5–1.0 (19). Zall: .2 (2),
1.5–2 (4), 1.0–1.5 (18), 0.5–1.0 (61). The percentage of
markers with scores .0 was 38, 36, and 42 for domi-
nant, recessive and Zall respectively. Across the gen-
ome, the mean (SD) for all 451 markers was 0.096
(0.260) for dominant, 0.091 (0.251) for recessive, and
−0.181 (0.778) for Zall. The Pearson correlation coef-
ficients between the results from the three tests, given
as tests compared (data from all 451 markers; data from
only the 85 markers with Zall .0.5), was as follows.
Dominant/recessive (0.83; 0.70), dominant/Zall (0.66;
0.90), and recessive/Zall (0.64; 0.79). As expected,
about 6% of markers gave H-LODs greater than 0.5 and
5% of Zall scores were greater than 1.0. We used these
two values as the working baseline.

Most positive scores
Figure 1 shows the pairwise H-LODs, under dominant
(top panel) and recessive (middle panel) models, for all
451 markers in the genome scan of the Christchurch
sample (hereafter called Christchurch). Maximum H-
LODs (ie the largest lod score obtained at any recombi-
nation fraction and proportion of families linked) are
plotted at the marker locations. The bottom panel of
Figure 1 shows the pairwise nonparametric score Zall.
The largest H-LOD was 2.63 (P = 0.0012) with marker
D2S1326 under a dominant model, which also pro-
duced a Zall score of 2.65 (P = 0.0011). In addition to
three markers on chromosome 10 (D10S2469,
D10S1239, D10S677), markers D16S422, D17S2059,
and D18S869 also produced Zall scores greater than 1.5.

Choice of followup regions
To identify chromosomal regions that warranted follow
up, we ranked the results from each of the three tests
and found that multiple markers on chromosomes 2,
10, 16, 17, and 18 gave scores that were above baseline
(Figure 1). Flanking markers in all five regions pro-
vided additional support for linkage. Since at this stage
false negatives are highly undesirable, and the highest
scores in the genome scan will not necessarily identify
all regions containing susceptibility genes, we exam-
ined the data more carefully.

Clustering of positive scores
Application of sib-pair methods to simulated data
showed that the region around a true susceptibility
locus contained a long string of consecutive positive
(P , 0.05) markers.53 In addition, by simulation it has
been shown54 that for two regions containing equal
maximum peak heights, the distance over which the
positive pairwise scores are observed in the presence
of a gene will be longer than in the absence of one, and
that longer positive regions are more likely to contain
the gene of interest than shorter ones. This suggests
that the longer positive regions should be given pri-
ority, but tests based on detecting this differential do
not serve to definitively distinguish true signals from
false.53,55 Our scan sample consisted primarily of affec-
ted sib pairs (132 unique, 201 total), and we expect that
for false positives, the correlation between adjacent
markers will extend over only relatively ‘short’ dis-
tances. We have not developed a good method to accu-
rately predict the characteristics of this effect in our
samples, but the scan data suggest that IBD sharing due
to random fluctuation extends over large (.20 cM)
regions for only a percentage of the (presumably false)
positives. We found that often Zall scores . 1.0 are
flanked by negative Zall scores. Examples of this
include Chr. 16: (−1.03/6.4 cM/+1.08/6.2 cM/−1.22); X
Chr.: (−0.74/8.3 cM/+1.24), Chr. 7 (−0.75/7.4
cM/+1.44/13.0 cM/+0.49/5.2 cM/−0.69) and Chr. 11:
(−0.44/13.1 cM/+1.10/7.9 cM/−0.842).

Overall in the scan, if we define a ‘cluster’ as three
or more markers (which would cover on average only
about 15 cM) each with Zall scores .0, we found few.
There were eight cluster of three markers (two were on
Chrs. 2 and 4), four of 4 (two were on Chr. 17, 24 and
22 cM), and clusters of 6 (Chr. 2, 25 cM), 9 (Chr. 4,
51 cM), 12 (Chr. 10, 63 cM) and 14 (Chr. 18, 82 cM)
markers each. Only 84 out of the 451 scan markers
were contained in clusters. When compared to this
baseline, chromosomes 2, 10, 18 were again note-
worthy. In addition, chromosome 4 appeared to be of
interest, with nine consecutive positive Zall scores
(including scores of 1.30, 1.16, and 1.23) over 51 cM.
Based on the combined criteria of most positive Zall

scores and eight clusters of scores greater than zero
across the genome, five regions, on chromosomes 2, 4,
10, 17 and 18, were followed up by further genotyping
of the Christchurch and Richmond samples. Chromo-
some 16 was added to for comparison, to observe fol-
lowup results from a region containing negative
results: (over 57 cM: Zall = 0.60, 0.95, 0.80, −0.39, −1.03,
1.08, −1.22, 1.50).

Followup results from the Christchurch and
Richmond samples
The pairwise H-LOD and Zall scores obtained for mark-
ers on these six chromosomes (which includes some
followup markers to fill gaps), are shown for the Christ-
church and Richmond samples in Table 2a–f. The cor-
responding nonparametric multipoint results, the Zall

score from GENEHUNTER and the test statistic Zlr from
GENEHUNTER-PLUS, are shown in Figure 2. Below
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Figure 1 Pairwise heterogeneity lod (H-LOD) and nonparametric linkage (NPL, Zall) scores for all 451 markers in the genome
scan of the Christchurch sample. The program GENEHUNTER50 (v 1.0) was used to calculate dominant model H-LOD (top
panel), recessive model H-LOD (middle panel), and Zall scores (bottom panel). The parameters used for the H-LOD calculations
are given in the Methods section. The maximum value achieved for each marker is plotted at the marker location. Chromosome
number and number of markers per chromosome are shown at the top. Marker locations and estimated distances to the telomeres
were taken from the sex-averaged maps47 available from the Marshfield Medical Research Center.
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Table 2 Pairwise heterogeneity lod (H-LOD) scores and nonparametric (NPL, Zall) scores for all markers tested on chromosomes
2, 4, 10, 16, 17 and 18 on the Christchurch and Richmond samples

MARKER LOCUS Christchurch Richmond
H-LOD NPL H-LOD NPL

cM Dom Rec Zall p val. Dom Rec Zall p val.

(a) Pairwise results with chromosome 2 markers

p tel 0.00
GATA72G11 D2S1780 7.30 0.32 0.71 1.04 0.15
GATA116B01 D2S2952 17.80 0.05 −0.01 0.34 0.37
GAAT1A5 D2S423 22.10 −0.01 −0.01 −0.42 0.66
GGAA20G10 D2S1400 27.60 −0.01 −0.01 −0.44 0.67
GATA11H10 D2S1360 38.33 −0.01 −0.01 −0.75 0.77
GATA8F07 D2S405 47.97 −0.01 −0.01 −0.44 0.67
ATA4F03 D2S1356 64.29 0.09 0.05 0.37 0.35
ATA27D04 D2S1352 73.61 −0.01 −0.01 −0.39 0.65
GATA9A11 D2S1337 79.00 −0.01 −0.01 0.01 0.49
GATA72A05 D2S441 86.82 −0.02 0.00 −0.21 0.58
GATA69E12 D2S1394 90.82 0.26 0.00 0.59 0.28
GATA71G04 D2S1777 99.41 −0.02 −0.01 −0.48 0.68
GATA88G05 D2S1790 103.16 0.16 0.04 0.53 0.30
GATA112E03 107.99 0.03 0.01 0.13 0.45
ATA19E11 D2S1343 115.49 0.00 0.00 −1.11 0.87
GATA5G02 D2S436 118.16 0.00 0.00 −2.09 0.98 −0.01 0.03 −0.02 0.51
GATA4E11 D2S410 125.18 −0.01 0.04 −0.17 0.57 0.00 −0.01 0.04 0.48
GATA27A12 D2S1328 132.58 0.00 0.05 −0.06 0.52 0.13 0.53 0.62 0.26
AFM052xf8 D2S114 142.83 0.35 1.01 1.08 0.14 0.06 0.64 0.42 0.33
GATA8H05 D2S442 147.40 0.30 0.55 0.79 0.22 0.24 1.37 1.05 0.14
GATA26B04 D2S1326 149.89 2.63 1.43 2.65 0.004 0.06 0.43 0.39 0.34
GGAA20G04 D2S1399 152.04 0.18 0.16 0.69 0.24 0.19 0.52 0.72 0.22
AFMb331yf1 D2S2299 157.55 0.88 0.40 1.23 0.11 0.09 0.12 0.22 0.41
GATA113F01 161.26 0.87 0.45 1.35 0.09 0.04 0.06 0.15 0.43
ATA27H09 D2S1353 164.51 0.00 −0.01 0.07 0.47 −0.01 0.04 −0.01 0.50
AFM164za5 D2S2195 169.41 0.37 0.53 0.85 0.19
GATA71D01 D2S1776 173.00 0.60 0.58 1.07 0.14 0.00 −0.01 −0.58 0.73
GATA194A05 D2S2981 180.79 −0.01 0.11 −0.04 0.52 0.07 0.16 0.39 0.34
AFM263xe1 D2S324 184.04 −0.02 −0.01 −0.18 0.57 −0.01 −0.02 −0.21 0.59
GATA65C03 D2S1391 186.21 −0.01 −0.02 −0.38 0.65 −0.01 −0.01 −0.42 0.67
CATA11H04 D2S425 193.26 0.00 −0.01 −0.99 0.84
GATA52A04 D2S1384 200.43 −0.01 −0.01 −0.25 0.60 0.11 0.26 0.59 0.27
GATA29A06 D2S1369 206.13 0.00 0.00 −1.58 0.94
GATA30E06 D1S1649 210.43 0.00 −0.01 0.03 0.49
GATA26D05 D2S1327 210.43 −0.01 0.00 −0.67 0.75
GATA4G12 D2S434 215.78 0.00 −0.01 −0.65 0.74
GATA23D03 D2S1363 227.00 −0.01 −0.01 −0.29 0.61
GATA12H10 D2S427 236.70 0.00 −0.01 −1.11 0.87
AFM276ZF5 D2S338 250.54 0.00 0.00 −1.69 0.96
AFM112yd4 D2S125 260.63 −0.01 0.00 −0.89 0.81
q tel 269.07

Continued

we summarize the results by chromosome. The pair-
wise H-LODs are not discussed, as they are highly con-
cordant with the Zall score.

Chromosome 2 pairwise In Christchurch, over 19 cM
there are six positive Zall scores in a row, four of six
greater than 1.0, and marker D2S1326 (dominant H-
LOD = 2.63, P = 0.0012 and Zall = 2.65, P = 0.0011) is
roughly in the middle. In the Richmond sample

(hereafter called Richmond), there is a cluster of seven
markers — marker D2S442 gave a recessive H-LOD of
1.37 and a Zall of 1.05, and all seven flanking markers
have Zall scores .0. D2S442 is about 2 cM from the
D2S1326 which yielded the best result in the genome
scan of the Christchurch sample. Chromosome 2 multi-
point: In Christchurch, there is a broad peak which
extends from 130–180 cM, and the sharp peak
(Zlr = 2.63, P = 0.0012) occurs at 149 cM at marker
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MARKER LOCUS Christchurch Richmond
H-LOD NPL H-LOD NPL

cM Dom Rec Zall p val. Dom Rec Zall p val.

(b) Pairwise results with chromosome 10 markers

p tel 0.00
GATA88F09 D10S1435 4.32 −0.01 −0.01 −0.52 0.70
AFM063xf4 D10S189 19.00 0.00 0.00 −1.61 0.95
ATA31G11 D10S1412 28.31 0.07 0.14 0.53 0.30
GGAA8G02 D10S1216 30.00 −0.01 −0.01 −0.27 0.61
GAAT5F06 D10S2325 32.80 −0.01 −0.01 −0.23 0.59
UT538 D10S506 35.41 0.00 0.00 −0.95 0.83
GATA6E06 D10S674 41.79 −0.01 −0.01 −0.48 0.68
GATA70E11 D10S1423 46.23 0.03 −0.01 0.05 0.48
UT1357 D10S525 54.23 −0.01 −0.01 −0.45 0.67
GATA73E11 D10S1426 59.03 0.17 0.04 0.64 0.26
ATA20B07 D10S1220 70.23 0.15 0.10 0.42 0.34 0.62 0.14 0.54 0.28
ATA25D11 D10S1227 75.57 0.00 0.00 −1.11 0.87 0.13 0.09 0.56 0.28
ATA24F10 D10S1225 80.77 0.10 0.15 0.29 0.38
GATA164F07 D10S2480 86.81 0.01 0.06 0.02 0.49 0.20 0.21 0.44 0.32
GATA87G01 D10S1432 93.92 0.10 0.10 0.47 0.32 0.64 0.86 1.25 0.09
GATA196C10 98.41 0.11 0.42 0.54 0.29 0.01 0.04 0.17 0.43
AFMa120xc5 D10S605 98.42 0.00 0.12 0.42 0.33
GGAT1A4 D10S2327 100.92 −0.01 −0.01 −0.30 0.62
GATA134F03 D10S2475 103.43 0.19 0.82 0.89 0.19 −0.02 0.00 −0.28 0.61
GATA115E01 D10S2470 112.58 0.03 0.00 0.18 0.43 0.00 0.00 −1.13 0.88
AFM269xg9 D10S571 117.42 0.07 0.28 0.47 0.32
GGAA2F11 D10S677 117.42 1.30 1.23 1.69 0.05 −0.02 −0.01 −0.21 0.59
UT5126 D10S1147 122.84 −0.01 −0.01 −0.58 0.73
AFM094tc9 D10S192 124.27 0.66 0.79 1.46 0.07
GATA64A09 D10S1239 125.41 1.40 1.29 1.79 0.04
GATA114H09 D10S2469 127.11 1.67 2.20 2.22 0.01 −0.01 −0.01 −0.54 0.71
GATA48G07 D10S1237 134.70 0.07 0.58 0.61 0.27 0.00 0.00 −1.13 0.88
GATA127H01 D10S2473 138.47 0.02 0.06 0.26 0.40
ATA29C03 D10S1230 142.78 0.24 0.36 0.73 0.23 −0.01 −0.01 −0.35 0.64
ATA24A05 D10S1223 156.27 0.00 0.01 0.14 0.44
GGAA23C05 D10S1248 165.27 −0.01 −0.01 −0.72 0.76
MFD187 D10S169 173.13 0.03 0.07 0.09 0.46
q tel 173.13

(c) Pairwise results with chromosome 17 markers

p tel 0.00
GAAT2C03 D17S1298 10.70 −0.02 0.11 −0.04 0.51
GATA8C04 D17S974 22.20 0.07 0.01 0.20 0.42 −0.01 −0.01 −0.18 0.57
GATA10H07 D17S969 27.80 0.23 0.07 0.44 0.33
AFM191XH12 D17S921 36.10 0.12 0.08 0.34 0.36 −0.01 0.00 −0.30 0.62
GATA185H04 D17S2196 44.60 0.09 −0.01 0.49 0.31 −0.01 0.00 −0.66 0.76
GGAA9D03 D17S1294 50.70 −0.01 −0.01 −0.38 0.65 −0.01 0.00 −0.69 0.77
GATA25A04 D17S1299 62.00 −0.02 −0.01 −0.01 0.50 0.30 −0.01 0.57 0.27
ATC6A06 D17S2180 66.90 0.36 0.01 0.77 0.22 0.83 0.58 1.55 0.05
AFM095tc5 D17S787 75.00 0.00 0.00 −1.17 0.88 0.18 0.16 0.63 0.25
GATA49C09 D17S1290 82.00 0.29 0.12 0.88 0.19 0.06 −0.01 0.51 0.29
GATA31B11 D17S2059 93.30 1.55 1.18 1.75 0.04 −0.01 0.00 −0.61 0.74
GATA28D11 D17S1301 100.00 0.51 0.40 0.84 0.20 −0.01 0.00 −0.79 0.80
ATA58A02 D17S2195 106.80 −0.01 0.09 0.08 0.47 −0.01 −0.01 −0.52 0.71
AFM044xg3 D17S784 116.90 0.28 0.47 1.07 0.14
AFM217yd10 D17S928 126.50 0.00 −0.01 −1.00 0.84
q tel 126.50

Continued
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MARKER LOCUS Christchurch Richmond
H-LOD NPL H-LOD NPL

cM Dom Rec Zall p val. Dom Rec Zall p val.

(d) Pairwise results with chromosome 16 markers

p tel 0.00
GATA73G05 D16S2622 8.20 0.06 −0.01 0.16 0.44
ATA3A07 D16S748 22.70 0.00 0.00 −2.00 0.98
GATA62G05 D16S2619 28.30 −0.01 −0.01 −0.74 0.77
AFM113xa9 D16S501 34.20 −0.01 0.12 0.23 0.41
AFM049xd2 D16S403 43.90 0.08 0.16 0.45 0.32
GATA71H05 D16S769 50.60 −0.01 0.00 −0.98 0.84
GGAA3G05 D16S753 57.80 0.27 0.00 0.60 0.27 0.00 −0.01 −0.58 0.73
ATA55A11 D16S3396 63.80 0.54 0.07 0.95 0.17 −0.01 0.00 −0.25 0.60
GATA22F09 D16S3253 71.80 0.40 0.20 0.80 0.21 0.41 0.76 1.10 0.12
GATA67G11 D16S2620 81.20 −0.01 −0.01 −0.39 0.65 0.00 −0.01 −0.29 0.62
GATA81D12 D16S2624 87.60 0.00 −0.01 −1.03 0.85 −0.01 0.00 0.24 0.40
UT7223 D16S684 93.80 1.06 1.12 1.08 0.14 −0.02 −0.01 −0.11 0.54
UT7370 D16S686 105.20 0.00 −0.01 −1.22 0.89 0.00 −0.01 −0.99 0.85
AFM249xc5 D16S422 111.10 0.74 0.99 1.50 0.07 −0.01 0.14 0.36 0.35
GATA11C06 D16S539 124.70 −0.01 −0.01 −0.42 0.66
q tel 134.10

(e) Pairwise results with chromosome 18 markers

p tel 0.00
AFM178xc3 D18S59 0.00 0.26 0.26 0.75 0.23
GATA178F11 2.80 0.40 0.35 0.91 0.18 0.04 0.18 0.27 0.39
ATA45G06 D18S1370 6.90 0.30 0.61 0.93 0.17 0.01 0.11 0.12 0.45
GATA88A12 D18S976 12.80 0.22 0.69 0.67 0.25 0.06 0.04 −0.14 0.56
UT1302 D18S391 18.70 0.38 0.15 0.79 0.21 0.09 0.24 0.31 0.37
AFMa101xf9 D18S1163 24.10 0.07 0.26 0.16 0.44 0.11 0.06 0.21 0.41
ACT1A01 D18S843 28.10 0.21 0.36 0.71 0.24 0.03 −0.01 0.24 0.40
AFMa054yg9 D18S1153 35.50 0.26 0.38 0.59 0.28 0.37 0.41 1.03 0.14
GATA11A06 D18S542 41.20 0.33 0.63 0.85 0.20 0.00 0.00 −1.41 0.93
D18S40 D18S40 47.00 0.76 0.94 1.28 0.10 0.00 0.00 −1.08 0.87
GATA41G05 D18S869 49.60 1.54 1.59 1.99 0.02 0.04 −0.01 0.19 0.42
GATA64G04 D18S877 54.40 0.08 0.14 0.48 0.31 0.21 0.22 0.53 0.29
GATA183H03 58.50 0.00 0.02 0.01 0.50 −0.01 −0.01 −0.41 0.67
GATA13 D18S535 64.50 0.04 0.01 0.15 0.44 −0.01 −0.01 −0.52 0.71
AFM292wg1 D18S473 71.30 0.05 0.14 0.28 0.38
GATA6D09 D18S851 74.90 0.57 0.85 1.19 0.12 0.04 0.04 0.43 0.33
ATA7D07 D18S1357 88.60 0.04 −0.01 0.14 0.44 −0.01 −0.01 0.06 0.47
GATA26C03 D18S1270 96.50 0.00 0.00 −1.24 0.89
GATA114F07 D18S1358 108.00 −0.01 0.00 −0.30 0.62
GATA177C03 D18S1371 115.90 0.32 0.06 0.50 0.31 0.03 −0.01 0.05 0.48
ATA1H06 D18S844 116.40 −0.01 −0.01 −0.35 0.64
ATA38G09 122.60 0.75 0.60 1.07 0.14 0.38 0.18 0.64 0.25
q tel 126.00

Continued

D2S1326. In Richmond, the positive region is from 125
to 154 cM, with a maximum of Zlr of 1.00 at 132 cM.

Chromosome 4 pairwise In Christchurch, from 109–
129 cM, three of five markers have Zall scores . 1 and
H-LODs .0.5. From 72–114 cM, nine markers in a row
have Zall scores .0. In the Richmond sample, only 9/23
are positive and markers in the cluster of four all have
very small Zall. Chromosome 4 multipoint: In Christ-

church, there are two peaks, Zlr = 1.36 at 33 cM and
Zlr = 1.34 at 129 cM. In Richmond, consistent with the
pairwise results, Zlr is not positive and Zall is some-
what negative.

Chromosome 10 pairwise In Christchurch, from 93–
142 cM, twelve markers in a row have Zall scores .0,
with four of them from 117–127 cM greater than . 1.5.
Marker D10S2469 gave a recessive H-LOD of 2.20
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MARKER LOCUS Christchurch Richmond
H-LOD NPL H-LOD NPL

cM Dom Rec Zall p val. Dom Rec Zall p val.

(f) Pairwise results with chromosome 4 markers

p tel 0.00
UT5936 D4S2285 9.90 −0.01 0.08 0.24 0.40 −0.01 −0.01 −0.69 0.77
GATA22G05 D4S2366 12.93 0.55 0.33 1.00 0.16 −0.01 −0.01 −0.06 0.52
AFM157xg3 D4S403 25.90 0.08 0.02 0.41 0.34 0.07 0.08 0.46 0.31
GATA90B10 D4S2639 33.42 0.25 −0.01 0.65 0.26 −0.01 0.03 −0.17 0.57
ATA27C07 D4S2397 42.74 −0.01 −0.01 0.04 0.48 0.00 −0.01 −0.79 0.80
GATA170H04 D4S3353 50.53 −0.01 −0.01 −0.22 0.59
GATA7D01 D4S1627 60.16 −0.01 −0.01 −0.25 0.60 0.00 0.00 −1.26 0.91
GATA61B02 D4S3254 63.58 0.00 −0.01 −0.97 0.83
GATA28F03 D4S3248 72.52 0.17 0.34 0.76 0.22 −0.01 −0.01 −0.10 0.54
GATA24H01 D4S2367 78.43 0.41 0.11 0.77 0.22 −0.01 −0.01 −0.39 0.66
AFMa062yc1 D4S3042 83.29 0.00 −0.01 0.07 0.47 0.00 −0.01 −1.14 0.89
GATA10G07 D4S3243 88.35 0.24 0.09 0.43 0.33 0.04 0.15 0.44 0.32
ATA2A03 D4S2361 93.48 0.05 −0.01 0.16 0.44 −0.01 0.03 0.11 0.45
GGAA22C12 D4S2433 100.06 0.00 0.11 0.47 0.32 0.00 0.30 0.50 0.30
GATA2F11 D4S1647 104.94 0.28 0.32 0.79 0.21 0.01 −0.01 0.20 0.42
AFM186xa7 D4S411 109.02 0.63 0.79 1.30 0.10 −0.01 −0.01 0.06 0.47
GATA62A12 D4S2623 114.04 0.57 0.66 1.16 0.12 −0.01 −0.01 −0.18 0.57
AFM319yg9 D4S1611 121.61 −0.01 −0.01 −0.01 0.50 −0.01 0.08 0.16 0.43
UT1337 D4S1522 123.13 −0.02 0.00 0.10 0.46 0.09 0.05 0.69 0.23
ATA26B08 D4S2394 129.92 0.52 0.75 1.23 0.11 −0.01 −0.01 −0.28 0.61
GATA150B10 134.74 −0.01 −0.02 0.05 0.48 −0.01 −0.01 −0.51 0.70
GATA11E09 D4S1644 143.31 0.00 0.00 −1.06 0.87
GATA107 D4S1625 145.98 −0.01 −0.01 −0.72 0.76 0.11 0.07 0.66 0.24
GATA8A05 D4S1629 157.99 0.09 −0.02 0.18 0.43
GATA27G03 D4S2368 167.55 −0.01 −0.01 −0.41 0.66 −0.01 −0.01 −0.05 0.52
GATA42H02 D4S2417 181.93 0.00 −0.01 −0.73 0.77
UT1950 D4S1530 185.28 0.10 0.02 0.52 0.30 −0.01 −0.01 −0.05 0.52
GATA136E02 D4S3335 195.06 −0.01 −0.01 −0.30 0.62
AFM165XC11 D4S408 195.06 −0.01 −0.01 −0.47 0.68
GATA5B02 D4S1652 208.07 0.01 −0.02 −0.04 0.52
q tel 211.65

(P = 0.003) and Zall of 2.22 (P = 0.01). In Richmond,
there is no evidence for linkage from 100–142 cM, but
a cluster of six markers in a row with Zall scores .0
proximally, from 70–98 cM. Two of the four markers
with Zall scores . 1.5 in Christchurch were tested in
Richmond and were negative. Thus there is little over-
lap in the signals from the two samples. Chromosome
10 multipoint: In Christchurch, the positive region
extends from 85–149 cM, with the larger peak of
Zlr = 2.43 (P = 0.008) at 125 cM and a secondary peak
at 105 cM. In Richmond, the maximum is Zlr = 1.21 at
75 cM, and the curve remains positive through 93 cM.
Zall is strongly negative from 100–150 cM, the location
of the larger peak in the Christchurch sample. More
markers will be run across the length of chromosome
10 to clarify the Richmond peak location and
maximum.

Chromosome 16 pairwise In Christchurch, from 57–
111 cM there are some positive Zall scores intermixed

with negative scores (0.60, 0.95, 0.80, −0.39, −1.03,
1.08, −1.22, 1.50) — the 1.50 is from the scan marker
D16S422. In Richmond, for D16S3253, Zall = 1.10, but
the remaining scores are small or negative. Chromo-
some 16 multipoint: In Christchurch, the maximum is
Zlr = 0.85 at 67 cM and Zall is strongly negative towards
the p telomere. In Richmond the maximum is Zlr = 1.11
at 71 cM, which from the pairwise results appears to
be due to D16S3253 alone.

Chromosome 17 pairwise From 66–166 cM in Christ-
church, five of seven Zall scores are positive, including
a 1.75 and a 1.07. With the exception of marker
D17S2059, the H-LODs are quite small. In Richmond,
there is only a cluster of four including a Zall of 1.55
at 66.90 cM. Chromosome 17 multipoint: The
maximum in Christchurch is Zlr = 1.64 at 93 cM, with
a broad peak between 80 and 120 cM. The maximum
in Richmond is Zlr = 1.6 at 66 cM, the peak extending
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Figure 2 Multipoint nonparametric linkage results for chromosomes 2, 4, 10, 16, 17, and 18 for the samples from Christchurch
(top panels) and Richmond (bottom panels). Zall (thin line) was computed by GENEHUNTER (v 2.0). Zlr (thick line) was
computed by a modification of GENEHUNTER called GENEHUNTER-PLUS.51 The markers and map used are shown in Table
2a–f.

from 56–82 cM. Thus there is little overlap in positive
regions between the two samples.

Chromosome 18 pairwise Extending from 0–88 cM,
there is a cluster of 16 markers in a row with Zall scores
.0, including the scan signal D18S869 (Zall = 1.99,
P = 0.02). In the Richmond sample, overall 13/18 mark-
ers are positive with two clusters of four positives each.
Chromosome 18 multipoint: In Christchurch, the
maximum is Zlr = 1.54 at 9 cM, but the curve stays .0
from 0–80 cM. Zall becomes negative at 80 cM. The
Richmond sample maximizes at the p (Zlr = 0.73) and

q (Zlr = 0.90) telomeres. Zall becomes negative from 40–
80 cM.

Richmond multipoint Zall results — centimorgans posi-
tive vs negative The two samples are very similar in
ascertainment methods, phenotyping, markers used,
and methods of analysis. We may (with caution) use
the Christchurch scan data as a benchmark to see if the
Richmond results differ overall from what would be
expected if there were no nicotine dependence genes
present in Richmond in any of the six regions. From
the multipoint graphs of Zall, we calculated the per-
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centage of the total distance for which Zall is positive.
Overall, the Christchurch genome was 28% positive
(1023 of 3655 cM). The six Christchurch (whole) chro-
mosomes followed up were 54% positive and the sev-
enteen that were not followed up were 18% positive.
As a whole, the regions followed up (677 cM total)
were 39% positive in Richmond. If one omits chromo-
some 4 which is 211 cM long and is clearly negative,
the Richmond sample was 51% positive (244 of 481
cM). By this measure, the Richmond multipoint results
resemble more closely the six followup chromosomes
(39 or 51% vs 54%) than the genome as a whole (39
or 51% vs 28%) and were quite unlike the seventeen
chromosomes not followed up (39 or 51% vs 18%). The
Richmond sample is smaller (about 70% in both num-
ber of families and number of affecteds), so if the gene
has identical effects in each, the maximum Zall should
be smaller for Richmond than for Christchurch. If so,
the reduced peak height should result54 in a reduced
percentage positive cM in Richmond. This not
unreasonable possibility makes the relatively positive
results observed in Richmond even more interesting.

Results from the Christchurch genome scan — other
chromosomes Multipoint Z scores (Zall and Zlr) for the
seventeen chromosomes which were not followed up
are shown in Figure 3. Five chromosomes (1, 3, 8, 13,
and X) have Zlr peaks . 1.0. Four of these five peaks
occur at the most telomeric marker — the significance
of this is unclear. The results for these five chromo-
somes — given as chromosome. test: marker (location
in cM; Zlr or Zall) — are as follows. Chromosome 1.
Multipoint: (4.2; 1.08). Pairwise: D1S468 (4.20: 0.71),
D1S1612 (16.20: 0.061), D1S1597 (29.90: −0.356). Chro-
mosome 3. Multipoint: (224.88; 1.26). Pairwise:
D3S3053 (181.87: 0.47), D3S2427 (188.29: 0.09),
D3S2436 (203.28: 0.70), D3S2398 (209.41: −0.51),
D3S2418 (215.84: 0.64), D3S1311 (224.88: 1.18). Chro-
mosome 8. Multipoint: (159.24; 1.21). Pairwise:
D8S1128 (139.53: −0.12), D8S1100 (154.02: 0.61),
D8S373 (164.47: 0.94). Chromosome 13. Multipoint:
(110.6; 1.04). Pairwise: D13S1809 (90.30: −0.15) and
D13S285 (110.60: 0.94). X Chromosome. Multipoint:
(142; 1.09). Pairwise: DXS6799 (107.42: 0.92),
DXS6797 (112.89: −0.69), DXS6805 (120.53: −0.12),
HPRT ((142.00: 0.87), D3S2390 (154.29: 0.56),
DXS9908 (165.11: 0.40), DXS1200 (173.40: −0.74),
DXS8061 (181.08: 1.2).

Discussion

To our knowledge, this is the first published report of
a complete genome scan designed to detect genes that
influence the risk of nicotine dependence. The goal of
the scan was to identify regions that are likely to con-
tain genes, and the goal of the followup was to dis-
tinguish between true and false signals. As we
expected from the outset, we have made some progress
towards these goals, but they have not been achieved.
For traits in which both the phenotype and the genetic
architecture are complex, it is now apparent that the

relationship between the absolute values of linkage
statistics (or their associated P values) and the true
likelihood of a susceptibility gene being present is not
straightforward.56–62 Genome scan results from a wide
variety of complex traits have shown that both highly
‘significant’ linkages and rapid, convincing ‘repli-
cations’ are uncommon. The presence of genetic het-
erogeneity and multiple, interacting genes each of
moderate effect size, are likely to be the primary causes
of the difficulty. With the sample sizes and genomic
information currently available, low density genome
scans for complex traits remain a crude and incomplete
tool for gene identification — as a rule producing large
potential target regions of debatable significance. This
recurring roadblock requires that a more powerful and
integrated set of tools be applied. These will include
DNA microarrays and other emerging technologies, uti-
lization of functionally annotated sequence databases,
and the exploitation of the tremendous biological
manipulations possible with model organisms—
especially in the development of candidate gene assays
and disease models. Better planning and greater atten-
tion to sample characteristics is essential, including
trait-specific strategies for ascertainment—especially
including access to populations with particular advan-
tageous characteristics, gaining access to much larger
sample sizes while keeping undesired increases in gen-
etic and etiologic heterogeneity to a minimum. Pheno-
typing that is more standardized, detailed, and compre-
hensive, with the identification and validation of
reliable endophenotypes will also be required. Finally,
a new generation of analytical tools would be welcome,
including more flexible and comprehensive tests of
linkage and linkage disequilibrium that integrate
multivariate, multilocus, and quantitative approaches
and fully exploit their advantages, and as well as the
refinement of routines for haplotype analysis capable
of capitalizing on the upcoming wealth of information
on human evolution.

Although the definition of nicotine dependence we
used is fairly well justified, it is only one component of
a larger set of interrelated phenotypes, which probably
include elements of personality17,63 and psychopath-
ology.17,64,65 This composite phenotype is likely to be
influenced by multiple, interacting genes, some of
which interact bidirectionally with environmental
variables. Under such a scenario, studies of polygenic
traits66 that use only a single sample of moderate power
are likely to detect only genes (if they exist at all) of
relatively large effect. Individual studies will probably
not provide an unambiguous, coherent, and reasonably
complete picture of the genetic architecture. However,
careful comparison of the results from independent
genome scans may enable detection and confirmation
of at least some genes whose signals were not obvious
previously. To facilitate this type of comparison, we
have chosen to present our dataset as a work in pro-
gress, and explain in detail why in the absence of ‘sig-
nificant’ linkage results, we still think that these
regions deserve some priority in other studies. We have
presented as much of the data as possible to allow for
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Figure 3 Multipoint nonparametric results for the other chromosomes in the genome scan of the Christchurch sample. Zall

and Zlr were calculated as described in the Figure 2 legend. The version of GENEHUNTER-PLUS we used does not process X
chromosome markers, so only Zall is shown.
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independent evaluation of strengths and weaknesses,
and will provide further information upon request.

If only the most simple evaluation (ie comparison to
the traditional or proposed thresholds of significance)
of the data is made, then none of the putative loci are
‘significant’ in either sample. It would not be unexpec-
ted, therefore, if most of the signals are false. The perti-
nent question then becomes in the absence of any
detectable susceptibility genes in either sample, how
likely is it that the observed (and interrelated) patterns
in the data are due to chance? For example, we would
like to be able to calculate accurately how likely it is
that the clusters (the pattern of consecutive Zall scores
. 0) found in the Christchurch sample on chromo-
somes 4 (nine markers over 62 cM), 18 (16 markers over
88 cM), and 10 (15 markers over 76 cM) have all
occurred by chance? In the Christchurch scan, chromo-
somes 2 and 10 had the two highest pairwise H-LOD
scores (2.63 and 2.20 respectively) and Zall scores (2.65
and 2.22 respectively) and the greatest multipoint Zlr

maximums (2.63 and 2.43 respectively). In the Rich-
mond followup of chromosomes 2 and 10 (154 cM
total), we found clusters of eight and six markers
respectively. Since clusters of size six or greater
occurred only three times in the 25-fold larger scan, it
seems rather unlikely that the Richmond results on
these two chromosomes were due to chance. Finally,
using the Christchurch scan data as a benchmark, a
number of different (but not independent) comparisons
suggest that, when considered as a whole, the results
from the Richmond sample in the six regions tested
(677 cM total) are notably more positive than would be
expected if the markers or the regions had been chosen
at random.

On chromosome 2, markers over 82 cM were tested
in both samples, and the most positive pairwise results
in each are from markers that are only 2 cM apart. On
chromosome 10, however, the Richmond multipoint
values are quite negative at the location of the larger
Christchurch peak, although there is some overlap
(from 85 to 93 cM) with the secondary peak. On chro-
mosome 16, the peaks in the two samples are located
at the same position, but on chromosome 17 they are
offset by about 25 cM. The poor overlap between the
multipoint peaks on chromosomes 10 and 17 in the
two samples is not surprising, as this has been pre-
dicted by several simulation studies. It has been shown
that the size of the confidence intervals for gene
location increases quite rapidly as the relative risk or
the proportion of alleles shared by affected relatives
decreases.67 Even with large sample sizes, and a gene
conferring a sixfold increased risk to sibs, if one con-
fines the search to the region of maximal sharing, the
gene will be missed over 60% of the time.68 Hovatta
and colleagues noted69 considerable error in the pos-
ition of the maximum lod scores, especially for sample
sizes of 100 or 200 sib pairs and for the less significant
findings. We have also examined this issue by simul-
ation.70 For example, with 200 families (each with two
parents and two affected offspring), assuming 25% of
families were linked, and setting an intermarker dis-

tance of 2 cM, analysis of 500 replicates showed that
the GENEHUNTER multipoint peak varied markedly.
The standard deviation was 25 cM, and the 95% con-
fidence interval was 100 cM. More importantly, for a
number of genes whose locations are now known (for
example the MHC region and the insulin gene in type
1 diabetes71), the magnitude and position of the
maximum signal was routinely quite variable across
studies.

The data presented are preliminary in a number of
ways. First, there are more potential positives from
Christchurch (chromosomes 1, 3, 8, 13 and X) to follow
up. Second, we are working on higher density fol-
lowups as well as completing the scan on the Rich-
mond sample using the same marker sets. Third, we
present here only the results of standard parametric
and nonparametric analyses using GENEHUNTER to
analyze a categorical phenotype, where individuals
with FTQ scores greater than or equal to 7 are con-
sidered affected. We have done a few preliminary
analyses of chromosomes 2 and 10 using the QUANTI-
TATIVE (SIBS) options of GENEHUNTER (v 2.0), treat-
ing the FTQ scores and two other phenotypic measures
as individual quantitative traits. The results were not
an improvement over the standard methods in terms
of significance levels or gene localization (data not
shown). Exploratory analyses that may provide more
power are planned, including multipoint quantitat-
ive,72 multilocus73,74 and multivariate75 approaches.

In parallel to these two genome scans, we have begun
a systematic evaluation of functional candidate genes
in the nicotinic cholinergic, dopaminergic, GABAergic,
and cytochrome systems, among others. We are ident-
ifying new single nucleotide polymorphisms (SNPs) by
sequence alignment, direct sequencing, and other
methods, and are testing multiple SNPs per gene to
analyze haplotypes. Candidate gene testing is being
done in parallel in the families from Christchurch and
Richmond, and in a case-control study of an inde-
pendent set of individuals from the Virginia Twin
Study.17 In this study, we are attempting to make some
headway on the fundamental question of the probable
overlap between genes contributing to smoking
initiation and those contributing to nicotine depen-
dence by contrasting three groups: lifelong non-smok-
ers (n = 338), non-dependent regular smokers (FTQ
scores 0–3; n = 258), and nicotine-dependent smokers
(FTQ scores 7–11; n = 337). We are also actively
accessing new families containing concordant and/or
discordant sib pairs and families with available parents
to be used for tests of linkage disequilibrium by TDT,
and by Sib-TDT.76,77

Even though the linkage results presented here were
not ‘significant’ by standard statistical criteria, they are
nevertheless encouraging, especially that the Rich-
mond sample appears to be more positive than one
would expect if no susceptibility gene(s) were present.
After completion of the scan of the Richmond sample,
we will analyze that scan independently. We will then
combine the genotype data with those from Christ-
church and apply more powerful analytical tools to the
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combined sample. These linkage studies will be inte-
grated with case-control and family-based association
studies of functional (and eventually positional), can-
didate genes. We hope that this report serves to stimu-
late and enhance the search in independent samples
for genes contributing to nicotine dependence.
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