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Abstract
P300 amplitude is an electrophysiological quantitative trait that is correlated with both alcoholism
and smoking status. Using the Collaborative Study on the Genetics of Alcoholism data, we
performed model-free linkage analysis to investigate the relationship between alcoholism, P300
amplitude, and habitual smoking. We also analyzed the effect of parent-of-origin on alcoholism, and
utilized both microsatellites (MS) markers and single-nucleotide polymorphisms (SNPs). We found
significant evidence of linkage for alcoholism to chromosome 10; inclusion of P300 amplitude as a
covariate provided additional evidence of linkage to chromosome 12. This same region on
chromosome 12 showed some evidence for a parent-of-origin effect. We found evidence of linkage
for the P300 phenotype to chromosome 7 in non-smokers, and to chromosome 17 in alcoholics.
The effects of alcoholism and habitual smoking on P300 amplitude appear to have separate genetic
determinants. Overall, there were few differences between MS and SNP genome scans. The use of
covariates and parent-of-origin effects allowed detection of linkage not seen otherwise.

Background
A reduced amplitude of the P300 event-related potential
is a heritable phenotype that correlates with alcoholism
and other psychiatric disorders. Quantitative trait linkage
analysis of P300 amplitude in the Collaborative Study on
the Genetics of Alcoholism (COGA) subjects identified
linkage to five regions on chromosomes 2, 5, 6, 13, and 17
[1,2]. Considering jointly the DSM-IV diagnosis of alco-
holism and P300 amplitude with a bivariate variance
component analysis, linkage was found to chromosome 4
[3]. A recent study found that reduced P300 amplitudes
strongly correlate with smoking status [4]. It is unknown

what effect smoking status has on the linkage results seen
with alcoholism and P300 amplitude. Given the strong
correlation between tobacco and alcohol dependence, it is
important to determine if the linkage signal (related to
P300 amplitude and alcoholism) is due to alcoholism,
smoking status, or both. Parent-of-origin effects appear to
have an important role in complex genetic disease and
may play a role in alcoholism based on data from animal
models and association studies of GABAA receptor alleles
[5]. The objectives of this study were to detect genes
underlying P300 amplitude, considering the independent
and joint effects of alcoholism and habitual smoking, and
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to investigate the role of parent-of-origin effects in alco-
holism, with the use of both microsatellite (MS) and sin-
gle-nucleotide polymorphism (SNP) genome scans.

Methods
Data source
This study analyzed the COGA dataset released for the
Genetic Analysis Workshop 14. Subject ascertainment and
data collection have been previously described [6]. Geno-
type data was supplied for 328 MS markers and 4763 Illu-
mina SNPs distributed across the genome. To minimize
heterogeneity within the sample, we analyzed only those

families that were predominantly White, non-Hispanic.
We analyzed alcoholism using the COGA variable ALDX2
after recoding it as a binary trait. We coded those individ-
uals meeting diagnostic criteria for alcoholism (ALDX2 =
5) as affected, those individuals who were exposed to
alcohol and showed no symptoms of alcoholism (ALDX2
= 1) as unaffected, and the rest as missing.

As a measure of P300 amplitude, we used the COGA var-
iable ttth4, which is measured at the posterior electrode
Pz. P300 amplitude is usually recorded most reliably,
shows its maximum amplitude, and is least affected by
artifact in the posterior electrodes. P300 amplitude at the
Pz electrode is correlated with amplitudes at other loca-
tions. The P300 amplitude variable was adjusted for sex
and age using linear regression prior to linkage analysis.
To evaluate the effect of smoking status on P300 ampli-
tude, we stratified individuals into smoking and non-
smoking subgroups using the COGA variable habitual
smoker. To evaluate the effect of alcoholism on P300
amplitude, we stratified individuals into alcoholism and
non-alcoholism subgroups, using the ALDX2-derived
binary variable described above.

Linkage analysis
Two methods of model-free linkage analyses were per-
formed using the SIBPAL and LODPAL programs in
S.A.G.E. [7]. LODPAL uses the general conditional logistic
model that allows for inclusion of affected-relative-pairs
(ARPs), covariates using the one-parameter modification
[8], and parent-of-origin effects. Parent-of-origin effects,
or genomic imprinting, refer to the differential expression
of an allele depending on the sex of the parent who trans-
mitted the allele. To incorporate a parent-of-origin effect,
the conditional logistic model fits separate parameters for
maternal and paternal transmission using parent-of-ori-
gin-specific identity-by-descent (IBD) values for sib pairs.
Two β parameters, β1m and β1p, are estimated, as measures
of the recurrence risk ratio, λ1, where λ1m = exp(β1m) is the
recurrence risk ratio for a sib pair that shares exactly one
allele IBD, the maternal allele. Testing for a parent-of-ori-
gin effect involves testing whether β1m = β1p. SIBPAL per-
forms linear regression-based modeling of sib-pair traits
as a function of marker allele IBD sharing. For quantita-
tive traits, sib-pair regression-based linkage analysis was
performed in SIBPAL using the weighted combination of
squared trait difference and squared mean-corrected trait
sum, further adjusted for the non-independence of sib
pairs and the non-independence of squared trait sums
and differences. SIBPAL models allow for binary and con-
tinuous traits, as well as inclusion of covariates and epi-
static interactions. IBD sharing probabilities were
estimated using GENIBD in S.A.G.E [7]. We chose p = 2.2
× 10-5 and p = 7.4 × 10-4 as thresholds for significant and
suggestive linkage, respectively, as proposed by Lander

Affected-relative-pair linkage analysis with P300 amplitude as a covariateFigure 1
Affected-relative-pair linkage analysis with P300 
amplitude as a covariate. Linkage results (LOD scores 
plotted over distance in centimorgans (cM)) are shown for 
MS markers (A) and SNPs (B). Solid line indicates the base-
line model with ALDX2 as a binary trait, in only those indi-
viduals with P300 data available. Dashed line indicates model 
with P300 as a covariate. Sample sizes are 204 ARPs for MS, 
200 for SNP data.
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and Kruglyak [9]. We used the permutation test available
in SIBPAL to compute empirical p-values, for the regions
with small nominal p-values from the asymptotic distri-
bution. Under this test, we permuted the allele sharing
(not the trait values) among the pairs (both within sib-
ships and across sibships of the same size).

Results
Linkage analysis of alcoholism trait
The dataset included 1,253 White, non-Hispanic individ-
uals in 116 pedigrees, comprising 633 men and 620
women. MS marker data was available for 1,062 individ-
uals, SNP data for 1,044 individuals. Model-free ARP link-
age analysis was performed on chromosomes 1 through

22 using LODPAL. Using the binary trait for alcohol
dependence, there was significant evidence for linkage to
chromosome 10q using the SNP genome scan
(multipoint LOD = 3.679 at 116.3 cM, p = 2.0 × 10-5). No
evidence for linkage was found using the MS genome
scan. Adding P300 as a covariate, suggestive evidence for
linkage was seen to 12q (LOD = 3.773 at 166 cM, p =
0.0001; Figure 1A). The sign of the parameter estimate
indicates that relative pairs with low P300 amplitudes
were more likely to be linked to this locus (γ = -0.259). No
evidence for linkage was seen using the SNP genome scan
(Figure 1B). Repeating this analysis with habitual smok-
ing as the defining trait, with the addition of the P300 cov-
ariate, showed no evidence for linkage to chromosome
12q (maximum multipoint LOD = 1.024 at 170 cM, p =
0.062) or any other region. Restricting the analyses to only
those relative pairs that had both MS and SNP genome
scans had no significant effect on the results above.

Parent-of-origin linkage analysis
Interestingly, linkage analysis under a parent-of-origin
model showed some evidence for linkage to this same
region of 12q (Figure 2), with both the MS (LOD diff =
2.059 at 164 cM, p = 0.002) and SNP (LOD diff = 1.491 at
156 cM, p = 0.009) genome scans. Parameter estimates
indicate a maternal effect, or increased maternal transmis-
sion at this locus (β1m = 0.432, β1p = 0.0).

Quantitative trait linkage analysis of P300 amplitude
In order to analyze P300 amplitude as the defining phe-
notype and as a continuous trait, model-free sib-pair
quantitative trait linkage (QTL) analysis was performed
using SIBPAL. Evidence for linkage was found on chromo-
some 7 using both MS markers (asymptotic p = 6.9 × 10-6

and empirical p = 5.0 × 10-5 at 158 cM; Figure 3A) and
SNPs (asymptotic p = 2.3 × 10-5 and empirical p = 1.4 × 10-

4 at 176 cM; Figure 3B). We also evaluated the effect of
smoking on the linkage signal provided by P300 ampli-
tude. With the SNP genome scan, the non-smokers pro-
vided evidence for linkage (asymptotic p = 2.8 × 10-5 and
empirical p = 3.7 × 10-4 at 166 cM; Figure 3B), while the
smokers did not. A similar trend was seen with the MS
genome scan (Figure 3A).

Repeating the P300 analysis stratifying sib pairs into alco-
holic and non-alcoholic subgroups showed linkage to
chromosome 17 in the alcoholism subgroup using SNPs
(asymptotic p = 7.64 × 10-7; empirical p = 9.0 × 10-5 at 68
cM; Figure 4B) and to a lesser extent using MS markers
(asymptotic p = 0.0001; empirical p = 0.001 at 80 cM; Fig-
ure 4A). This signal on chromosome 17 was not seen in
the group as a whole or in the non-alcoholism subgroup.

The inclusion of alcoholism as a covariate had little
impact on the P300 signal on 7q, and similarly smoking

Affected-sib-pair linkage analysis with a parent-of-origin modelFigure 2
Affected-sib-pair linkage analysis with a parent-of-ori-
gin model. Linkage results are shown for MS markers (A) 
and SNPs (B). Solid line indicates the baseline model with 
ALDX2 as a binary trait, in affected-sib-pairs (ASPs) only. 
Dashed line indicates the parent-of-origin model, the test for 
a difference in maternal vs. paternal inheritance. Sample sizes 
are 321 for MS, 316 for SNP data.
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status had no impact on the P300 signal on 17q. No evi-
dence for linkage was seen on chromosome 12q with the
QTL analyses. Restricting the analyses to only those rela-
tive pairs that had both MS and SNP genome scans had no
significant effect on the results above.

Discussion
ARP linkage analysis using SNP marker data suggests a
susceptibility locus for alcoholism on chromosome 10q.
Including P300 amplitude as a covariate in the analysis
provides additional evidence of linkage to chromosome

12q in those ARPs with low P300 amplitude. QTL analysis
of P300 amplitude shows significant evidence of linkage
to chromosome 7q among non-smokers. QTL analysis of
P300 amplitude also shows evidence for linkage to chro-
mosome 17 among alcoholics. Our results suggest sepa-
rate genetic determinants for the effects of alcoholism and
smoking status on P300 amplitude, with linkage to chro-
mosomes 12 and 17 in alcoholic individuals, and linkage
to chromosome 7 in non-smokers. The 12q locus appears
to be associated with alcoholism and low P300 ampli-
tude, while the 17q locus appears to be associated with

Sib-pair QTL results of P300 amplitude, stratified for alcohol-ismFigure 4
Sib-pair QTL results of P300 amplitude, stratified for 
alcoholism. Linkage results are shown for MS markers (A, 
N = 735 sib-pairs) and SNPs (B, N = 718 sib-pairs). The nega-
tive log of the asymptotic p-value is plotted over distance in 
centimorgans (cM). Results are shown for the entire group 
(thin black line), the alcoholism subgroup (thick tan line), and 
the non-alcoholism subgroup (thick black line). Sample sizes 
in sib-pairs are 173 for MS alcoholism, 104 for MS non-alco-
holism, 170 for SNP alcoholism, and 103 for SNP non-alco-
holism subgroups.
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Sib-pair QTL results of P300 amplitude, stratified by smoking statusFigure 3
Sib-pair QTL results of P300 amplitude, stratified by 
smoking status. Linkage results are shown for MS markers 
(A, N = 735 sib-pairs) and SNPs (B, N = 718 sib-pairs). The 
negative log of the asymptotic p-value is plotted over dis-
tance in cM. Results are shown for the entire group (thin 
black line), the smoking subgroup (thick tan line), and the 
non-smoking subgroup (thick black line). Sample sizes in sib-
pairs are 228 for MS smoking, 220 for MS non-smoking, 220 
for SNP smoking, and 214 for SNP non-smoking groups.
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the variability in P300 in alcoholics, regardless of the
absolute amplitude.

Differences between SNP and MS data could be due to
genotyping errors, errors in marker order or intermarker
distances, differences in informativeness of SNP vs. MS
markers, and the presence of linkage disequilibrium. Ini-
tially, we anticipated that the SNP genome scan would
provide greater power to detect linkage and/or greater pre-
cision in localizing the linkage signal compared to the MS
genome scan, due to the presumably higher marker infor-
mation content and greater density of markers in the SNP
genome scan. However, the results were remarkably simi-
lar. One possible explanation for the similarity in the
results is that the study was already adequately powered
for a MS genome scan, and the SNP genome scan pro-
vided little additional power. One would expect SNP
genome scans to have a greater impact for studies with
small sample size.

The region on chromosome 12, detected in alcoholics
with low P300 amplitude, lies in the vicinity of the mito-
chondrial aldehyde dehydrogenase gene (ALDH2), long
implicated to have a role in alcohol dependence. Interest-
ingly, linkage analysis with a parent-of-origin model also
detects linkage to this same region on chromosome 12,
suggesting the presence of an imprinted gene in this
region influencing susceptibility to alcoholism.

Conclusion
In this study the use of covariate-based linkage analysis
and the inclusion of parent-of-origin effects identified
possible linkage signals that would not have been
detected otherwise, suggesting an important role of such
strategies in the dissection of genetic heterogeneity in
complex disease.

Abbreviations
ARP: Affected relative pair

COGA: Collaborative Study on the Genetics of Alcohol-
ism

IBD: Identity-by-descent

MS: Microsatellite

QTL: Quantitative trait linkage

SNP: Single-nucleotide polymorphism

Authors' contributions
JFB helped design the study, performed affected relative-
pair and parent-of-origin linkage analyses, and drafted the
manuscript. SREQ performed sib-pair linkage analyses

and drafted the manuscript. ARP performed IBD calcula-
tions. KABG designed and coordinated the study and
helped draft the manuscript. All authors read and
approved the final manuscript.

Acknowledgements
This work was partially supported by grant HG01577 from the National 
Human Genome Research Institute, training grant HL07567 from the 
National Heart, Lung, and Blood Institute, and grant RR03655 from the 
National Center for Research Resources. The results of this paper were 
obtained by using the S.A.G.E. package of genetic epidemiology software, 
which is supported by a U.S. Public Health Service Resource Grant 
(RR03655) from the National Center for Research Resources.

References
1. Begleiter H, Porjesz B, Reich T, Edenberg HJ, Goate A, Blangero J,

Almasy L, Foroud T, Van Eerdewegh P, Polich J, Rohrbaugh J, Kuper-
man S, Bauer LO, O'Connor SJ, Chorlian DB, Li TK, Conneally PM,
Hesselbrock V, Rice JP, Schuckit MA, Cloninger R, Nurnberger J Jr,
Crowe R, Bloom FE: Quantitative trait loci analysis of human event-
related brain potentials: P3 voltage.  Electroencephalogr Clin Neurophys-
iol 1998, 108:244-250.

2. Porjesz B, Begleiter H, Wang K, Almasy L, Chorlian DB, Stimus AT,
Kuperman S, O'Connor SJ, Rohrbaugh J, Bauer LO, Edenberg HJ,
Goate A, Rice JP, Reich T: Linkage and linkage disequilibrium
mapping of ERP and EEG phenotypes.  Biol Psychol 2002,
61:229-248.

3. Williams JT, Begleiter H, Porjesz B, Edenberg HJ, Foroud T, Reich T,
Goate A, Van Eerdewegh P, Almasy L, Blangero J: Joint multipoint
linkage analysis of multivariate qualitative and quantitative
traits. II. Alcoholism and event-related potentials.  Am J Hum
Genet 1999, 65:1148-1160.

4. Polich J, Ochoa CJ: Alcoholism risk, tobacco smoking, and P300
event-related potential.  Clin Neurophysiol 2004, 115:1374-1383.

5. Song J, Koller DL, Foroud T Carr K, Zhao J, Rice J, Nurnberger JI Jr,
Begleiter H, Porjesz B, Smith TL, Schuckit MA, Edenberg HJ: Associ-
ation of GABAA receptors and alcohol dependence and the
effects of genetic imprinting.  Am J Med Genet B Neuropsychiatr
Genet 2003, 117:39-45.

6. Reich T, Edenberg HJ, Goate A, Williams JT, Rice JP, Van Eerdewegh
P, Foroud T, Hesselbrock V, Schuckit MA, Bucholz K, Porjesz B, Li
TK, Conneally PM, Nurnberger JI Jr, Tischfield JA, Crowe RR, Clon-
inger CR, Wu W, Shears S, Carr K, Crose C, Willig C, Begleiter H:
Genome-wide search for genes affecting the risk for alcohol
dependence.  Am J Med Genet 1998, 81:207-215.

7. S.A.G.E: Statistical Analysis for Genetic Epidemiology.  Statis-
tical Solutions, Cork, Ireland; 2004. 

8. Goddard KAB, Witte JS, Suarez BK, Catalona WJ, Olson JM: Model-
free linkage analysis with covariates confirms linkage of pros-
tate cancer to chromosomes 1 and 4.  Am J Hum Genet 2001,
68:1197-1206.

9. Lander E, Kruglyak L: Genetic dissection of complex traits:
guidelines for interpreting and reporting linkage results.  Nat
Genet 1995, 11:241-247.
Page 5 of 5
(page number not for citation purposes)

http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=9607513
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=9607513
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=9607513
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12385677
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12385677
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10486334
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10486334
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10486334
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15134705
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15134705
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12555233
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12555233
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=9603606
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=9603606
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=9603606
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11309685
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11309685
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11309685
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=7581446
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=7581446
http://www.biomedcentral.com/
http://www.biomedcentral.com/info/publishing_adv.asp
http://www.biomedcentral.com/

	Abstract
	Background
	Methods
	Data source
	Linkage analysis

	Results
	Linkage analysis of alcoholism trait
	Parent-of-origin linkage analysis
	Quantitative trait linkage analysis of P300 amplitude

	Discussion
	Conclusion
	Abbreviations
	Authors' contributions
	Acknowledgements
	References

