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Abstract Abnormal lipid levels are important risk factors
for cardiovascular diseases. We conducted genome-wide
variance component linkage analyses to search for loci influ-
encing total cholesterol (TC), LDL, HDL and triglyceride in
families residing in American Samoa and Samoa as well as in
a combined sample from the two polities. We adjusted the
traits for a number of environmental covariates, such as
smoking, alcohol consumption, physical activity, and mate-
rial lifestyle. We found suggestive univariate linkage with
log of the odds (LOD) scores . 3 for LDL on 6p21-p12
(LOD 3.13) in Samoa and on 12q21-q23 (LOD 3.07) in Amer-
ican Samoa. Furthermore, in American Samoa on 12q21, we
detected genome-wide linkage (LODeq 3.38) to the bivariate
trait TC-LDL. Telomeric of this region, on 12q24, we found
suggestive bivariate linkage to TC-HDL (LODeq 3.22) in the
combined study sample. In addition, we detected suggestive
univariate linkage (LOD 1.9–2.93) on chromosomes 4p-q, 6p,
7q, 9q, 11q, 12q 13q, 15q, 16p, 18q, 19p, 19q and Xq23 and
suggestive bivariate linkage (LODeq 2.05–2.62) on chromo-
somes 6p, 7q, 12p, 12q, and 19p-q. In conclusion, chromo-
some 6p and 12q may host promising susceptibility loci
influencing lipid levels; however, the low degree of overlap
between the three study samples strongly encourages further
studies of the lipid-related traits.—Åberg, K., F. Dai, G. Sun,
E. Keighley, S. R. Indugula, L. Bausserman, S. Viali, J. Tuitele,
R. Deka, D. E. Weeks, and S. T. McGarvey. A genome-wide
linkage scan identifies multiple chromosomal regions
influencing serum lipid levels in the population on the
Samoan islands. J. Lipid Res. 2008. 49: 2169–2178.
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Noncommunicable diseases, especially cardiovascular dis-
eases (CVDs), have increased worldwide, and while CVDs
have been a major cause of death in the established market
economies for many decades, CVDs now rank in the top five
causes of death globally (1). There are many risk factors in-
volved in the development of CVD; some of the most prom-
inent ones include abnormal blood lipid levels, obesity,
and hypertension, all of which are influenced by genetic
as well as environmental factors (2). In addition, environ-
mental factors such as cigarette smoking (3) and lack of
physical activity (4) are established CVD risk factors.

We have previously studied genetic influences on adiposity-
related phenotypes in samples from American Samoa (5)
and Samoa (6) as well as in a combined study sample from
both polities (our unpublished data). The two polities
belong to a single genetic population (7) that has been
fairly isolated and has a common evolutionary history of
?3,000 years. During the last several decades, the two pol-
ities have been differently influenced by economic mod-
ernization, which has resulted in increased differences in
dietary intakes, physical activity, and other aspects of the
social and behavioral environment (8–11).

In this study, we investigate the serum lipid profile,
including total cholesterol (TC), LDL, HDL, and triglycer-
ide (TG), in the combined study sample and in the polity-
specific study samples from the Samoan islands. We apply
variance component (VC) analysis, as implemented in the
software LOKI (12) and SOLAR (13, 14), to search for ge-
netic linkage to the traits. The studied lipid traits are strongly
influenced by genetic components; however, environmen-
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tal factors are also of great importance (15). In an attempt
to adjust for environmental influences on the traits, we
include information on physical activity, consumption of
alcohol and cigarettes, education, and an index of house-
hold possessions as covariates in the genetic model.

SUBJECTS AND METHODS

Study population
The study samples are from the Samoan islands of Polynesia,

which consist of two polities, the United States territory of Amer-
ican Samoa and the independent nation of Samoa. The total pop-
ulation on the Samoan islands consisted of ?235,000 habitants in
2000–2001 (16, 17). American Samoa, which has a higher level of
education, a higher proportion of adults in wage and salary occu-
pations, and higher economic and material lifestyle indicators
than Samoa (8–11), contains approximately one-fourth of the to-
tal population of the archipelago (17). The two polities have a
common evolutionary history (7, 18, 19), but during the last few
decades American Samoa has been influenced by economic mod-
ernization to a much greater extent than Samoa (11, 20).

Samples
The participating families were selected based on the number

of adult family members available. As described previously (5, 6),
participants were selected from villages throughout American Sa-
moa and Samoa, and probands and families were not selected
based on any specific trait. All participants gave their informed
consent, and protocols for this study were approved by the Brown
University Institutional Review Board, the American Samoan In-
stitutional Review Board, and the Government of Samoa, Ministry
of Health, Health Research Committee.

Families
Interviews were used to collect information on pedigree struc-

ture. The combined study sample include 71 pedigrees contain-
ing 3,016 individuals, age > 18 years. The American Samoa

sample set and the Samoan sample set include 34 families and
46 families, respectively. Twenty of the 71 families in the com-
bined sample set had a mixed origin, containing family members
from American Samoa as well as from Samoa. The number of
genotyped individuals for each population is shown in Table 1.
Each family has at least two genotyped individuals. The largest
family has 246 genotyped individuals. Details about the pedigree
structures can be found in supplementary Table I.

Phenotypes
Fasting blood samples were collected from participants after

a 10 h overnight fast. Serum was separated and then stored at
240°C in the field sites. Serum was transported frozen on dry
ice from the field sites to Providence, Rhode Island, for analysis.
The TC and TG contents of the serum samples were determined
by enzymatic assays on a Gilford Impact 400 computer-directed
analyzer (Gilford Instruments, Oberlin, OH) (21, 22). Serum
HDL was determined by the double precipitation methods of
Gidez et al. (22). Serum LDL was calculated by the Friedewald
equation (23):

LDL ¼ TC 2 HDL 2 TG/5

For samples with TG values of .400 mg/dl, the Friedewald
equation is not valid (23); therefore, the LDL trait was set to miss-
ing for these individuals. Standard anthropometric techniques
and measurements were used to measure stature and weight
and to calculate body mass index (BMI).

Questionnaires were used to collect information on environ-
mental factors such as education (years), physical activity (hours
per week doing moderate to very hard sport activities and/or per-
forming farm work), alcohol consumption (yes/no), smoking
(yes/no), and household physical characteristics and possessions.
Similar to prior Samoan studies by Galanis et al. (8), we used the
information on household physical characteristics and possessions
to create a household possessions or material lifestyle index (MLSI)
ranging from 1 (low material lifestyle standard) to 12 (high mate-
rial lifestyle standard). The MLSI is based on information regard-
ing domestic flooring type, electricity, cooking facilities, bathroom

TABLE 1. Overview of samples and characteristics of nontransformed phenotypes

American Samoa Samoa Combined

Characteristic Males Females Males Females Males Females

Genotyped markersa 368 (377b) 1 14 (18) 368 (378) 1 14 (14) 368 1 14
Pedigrees 34 46 71 (20c)
Genotyped individuals 246 332 278 294 534 630
Phenotyped individuals 261 334 336 338 597 672
Age (years)d 43.2 (16.5) 43 (16.1) 41.7 (16.3) 45.2 (17.4) 42.4 (16.4) 44.1 (16.8)
Sexe 44 56 50 50 47 53
Education (years)d 11.7 (2.4) 12.0 (2.4) 9.7 (3.4) 10.0 (3.0) 10.6 (3.1) 11.0 (2.9)
Material lifestyle indexd 9.1 (1.8) 9.0 (1.8) 7.6 (2.6) 7.7 (2.6) 8.3 (2.4) 8.4 (2.3)
Smoking cigarettes (yes/no)e 38/56 20/74 38/51 13/67 38/53 17/71
Drinking alcohol (yes/no)e 43/48 8/80 32/54 3/74 37/51 6/77
Physical activity (hours per week)d 4.1 (6.3) 1.9 (3.6) 8.6 (14.8) 2.3 (5.7) 6.7 (12.0) 2.1 (4.8)
Body mass index (kg/m2)d 33.5 (7.6) 36.6 (8.4) 28.9 (5.4) 33.0 (7.6) 30.9 (6.9) 34.8 (8.2)
Total cholesterol (mg/dl)d 189.4 (37.8) 187.2 (38.2) 198 (39.3) 202.9 (37) 194.2 (38.8) 195 (38.3)
LDL (mg/dl)d 118.3 (34.5) 119.1 (33.6) 127.9 (36.7) 133.4 (33.2) 123.8 (36.1) 126.1 (34.1)
HDL (mg/dl)d 38.6 (8.8) 42.1 (8.4) 47.1 (11.6) 47.9 (10.8) 43.3 (11.3) 45.0 (10.0)
Triglyceride (mg/dl)d 199.1 (205.2) 129.7 (76.6) 115.7 (71) 108.4 (55) 152.7 (152.2) 119.2 (67.6)

a Number of autosomal 1 X chromosomal markers included.
b Total number of markers genotyped.
c Pedigrees including individuals from both polities.
d Mean and SD.
e Percentage of sample. The percentages do not sum to 100 due to missing values.
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fixtures, water supply, and possession of a refrigerator, freezer,
television, video cassette recorder, stereo, portable stereo, and mo-
tor vehicle, where each of the 12 subunits of the information may
contribute one point to the index.

Our current data sets do not contain information regarding
treatment for nonnormal lipid levels. However, the awareness
and care for risky blood lipid levels in the Samoan islands is very
limited, so the use of treatments for these CVD risk factors is ex-
tremely rare.

Genotypes
We genotyped the samples from American Samoa and from

Samoa with the markers in the ABI PRISM linkage mapping set
v2.5 MD10 (Applied Biosystems, Inc., Foster City, CA) as described
previously (5, 6). The samples from American Samoa were geno-
typed with an ABI PRISM 3100 genetic analyzer and with an ABI
PRISM 3130XL (Applied Biosystems), while the Samoan samples
were genotyped using the ABI PRISM 3130XL. Even though the
same set of markers was used throughout, the numbers of success-
fully genotyped markers in the study samples are slightly different.
American Samoa and Samoa have 368 overlapping autosomal
markers and 14 overlapping X chromosomal markers. The total
number of genotyped markers in each study sample is shown in
Table 1. All results reported in this study use only the overlapping
markers. However, to ensure that the uniquely genotyped markers
did not detect any linkage signals in American Samoa or Samoa,
we also performed polity-specific genome-wide scans with all avail-
able markers. No differences in log of the odds (LOD) score were
observed (data not shown).

When a study sample contains pedigrees that have individuals
originating from different subsets (here, the American Samoa
and Samoa study samples) that have been genotyped with differ-
ent instruments, it is important to ensure that the same allele label
defines identical alleles, to be able to perform linkage analysis. We
previously described how we merged the two sets of genotypes
according to the minimal sum of differences in allele frequencies
(our unpublished data).

Error checking and data handling
Phenotypes. For the TG trait, we found some very extreme out-

liers. Therefore, we used winsorization to bring the upper and
lower 5% of the TG values closer to the trait mean (24, 25). As
described by Shete et al. (25), winsorization increases the power
to detect linkage and reduces the bias in estimation of the major
VC. Box-Cox power transformations (26) were applied to the lipid
traits and to BMI, since they were not normally distributed. Using
a VC analysis when the trait is nonnormally distributed can lead
to a biased estimate of the major gene effect. Also, falsely assum-
ing normality may lead to excessive type I errors (27). To further
guard against false positives due to possible nonnormality, we
used the option “tdist” for multivariate t-distribution in SOLAR
(13, 14).

Genotypes. In our previous studies investigating adiposity-related
phenotypes in the population on the Samoan islands, we exten-
sively checked for genotype errors and errors of pedigree struc-
ture prior to statistical analysis (5, 6) (our unpublished data). In
short, to detect errors in pedigree structure, PEDSTATS (28) was
used to check for internal consistency of ages, and RELPAIR
v2.0.1 (29, 30) and PREST (31, 32) were used to check the accu-
racy of the self-reported pedigree relationships. The “set correct_
errors 1” option in LOKI (12) was used to remove a minimal set
of genotypes to generate Mendelianly consistent pedigrees for
the autosomes. For the X chromosome, we used the option in
Mega2 (33) and Pedcheck (34) to remove all genotypes within

the entire pedigree for a locus where a Mendelian inconsistency
was detected. Mega2 and the statistical software R (The R Project
for Statistical Computing) were used interactively to set up files
for the analyses performed in this study.

Multipoint linkage analysis
For the American Samoan study sample, the Samoa study sam-

ple, and the combined study sample from the two polities, we
used the same genetic map based on Kosambi centimorgan (35)
and applied the same statistical strategy previously used when in-
vestigating adiposity-related phenotypes in these study samples
(5, 6) (our unpublished data). As previously, we estimated marker
allele frequencies from our pedigree data while simultaneously
estimating the identity-by-descent (IBD) sharing matrices using
LOKI (12). However, in contrast to our previous studies (5, 6),
in this study we generated the IBD matrices using information
from all available genotyped pedigree members for all of the data
regardless of originating polity. With this strategy, the IBD matrix
itself will not cause any differences in the LOD score calculation
regardless of whether the American Samoa, Samoa, or combined
study sample is studied.

Univariate analysis
We used the multipoint VC linkage analysis as implemented in

SOLAR (13, 14) to search for quantitative trait loci (QTLs) for
serum lipid levels on the autosomes. Prior to the actual multi-
point linkage analysis, we used the “polygenic -s” option in SOLAR
to fit the VC model and screen for significance of covariates. In-
formation from all individuals that have complete phenotype
information available, from investigated traits and covariates, is
used to generate the polygenic model.

In an attempt to adjust for environmental factors that might
influence the traits, we screened two sets of covariates for their
significant (P< 0.10) effect on the traits using SOLAR. The initial
covariate set included education, physical activity, cigarette smok-
ing, alcohol consumption, and MLSI as well as age, age2, sex,
age 3 sex, and age2 3 sex. To investigate the serum lipid-related
traits independently of body composition, we used a second covar-
iate set that included BMI in addition to all other covariates. Only
significant covariates were included in the final genetic model.

For a given phenotype, a likelihood ratio test for linkage was
carried out and classical LOD scores were obtained by converting
the statistic into values of log10. A LOD score of >3.3 was taken as
evidence of significant linkage, which is equivalent to a marginal
P value of 0.0001 or less. LOD scores of >1.9 and >1.175 were
considered to show evidence of suggestive linkage and potential
linkage, respectively (36). As described above, for some traits we
calculated LOD scores using two different models (i.e., using two
different covariate sets); thus, correction for multiple testing is
appropriate. We applied a conservative correction for multiple
models by subtracting log10t from the obtained maximum LOD
scores, where t is the number of models tested (37).

Since the current version of SOLAR cannot correctly carry out
multipoint X-linked VC analysis, we used Mendel v6.0.1 (38),
which fits a variety of X-linked VC models. We applied two differ-
ent models in which X-linked QTLs, autosomal additive polygenic
VCs, and random environmental VCs were always included, while
X-linked additive polygenic VCs were included or left out. Mendel
is not able to handle our largest pedigrees. Therefore, we broke
our pedigrees into their component nuclear families using Mega2
(33) before running Mendel.

Bivariate analysis
For all chromosomes that, in the univariate analyses, obtained

QTLs with LOD scores of >1.5 for two or more phenotypes within

QTLs influencing serum lipid levels 2171
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the same chromosomal region, we performed bivariate multi-
point linkage analysis using SOLAR (13, 14). The bivariate analy-
sis tests for simultaneous linkage of two phenotypes to a single
genetic region. We here report the bivariate LOD score trans-
formed to 1 degree of freedom (LODeq) with the SOLAR command
“loddf -default - c_rhoq,” which is comparable to a univariate LOD
score. Covariate screening in bivariate models is not supported in
SOLAR. Therefore, we regressed the covariates that were signifi-
cant in the univariate analysis onto each trait using a linear model.
The differences between the observed and the fitted values (i.e.,
the residuals) were transformed using Box-Cox power transforma-
tion (26) and used as the traits in the bivariate analysis.

We carried out two separate likelihood ratio tests at the loca-
tion of the maximum multipoint bivariate LOD score on each
chromosome, one to test whether the QTL signal is due to pleiot-
ropy (i.e., a major gene affects both phenotypes) and the other to
test whether it is due to coincident linkage (i.e., a set of clustered
genes, each influencing a particular trait) (39, 40). We used a
Chi-square test to evaluate the results. A P of 0.05 to reject either
pleiotropy or coincident linkage was used (39).

Web resources
Web resources used were as follows: PEDSTATS (http://www.

sph.umich.edu/csg/abecasis/Pedstats), RELPAIR 2.0.1(http://
csg.sph.umich.edu/index.php), PREST (http://fisher.utstat.toronto.
edu/sun/Software/Prest), Mega2 (http://watson.hgen.pitt.edu), R
statistical software (http://www.r-project.org), LOKI (http://
www.stat.washington.edu/thompson/Genepi/Loki.shtml), SOLAR
(http://www.sfbr.org/solar), and Mendel v6.0.1 (http://www.
genetics.ucla.edu/software).

RESULTS

Characteristics for nontransformed traits and covariates
are presented in Table 1, and their distributions in Amer-

ican Samoa versus Samoa are shown in supplementary Fig-
ure I. Most notable is the high mean for TG (199.1 6
205.2) observed in males from the American Samoa. How-
ever, as reflected by the SD and as mentioned above, some
extreme measurements were observed for TG in this group.
Also as pointed out previously (5, 6) (our unpublished
data), the studied sample sets have remarkably high BMI
values. According to body composition studies of Poly-
nesians, BMI . 26 kg/m2 should be considered overweight
and BMI . 32 kg/m2 should be considered obese (41). In-
terestingly, the frequency of heavily obese (BMI. 34 kg/m2)
individuals is almost twice as high in American Samoa com-
pared with Samoa (see supplementary Figure I, left column,
bottom row). A similar skewness to the right is observed in
the American Samoa for the MLSI (see supplementary Fig-
ure I, left column, top row). Cigarette smoking and alco-
hol consumption frequencies as well as hours of physical
activity are lower in females than in males (Table 1).

In the study samples from the Samoan islands, the her-
itability estimates of TC, LDL, HDL, and TG are all sig-
nificantly different from zero (P , 0.01) and range from
0.18 to 0.71 (Table 2). We detect 11 autosomal regions lo-
cated on chromosomes 4p-q, 6p, 7q, 9q, 11q, 12q, 13q, 15q,
16p, 18q, and 19p-q with suggestive linkage to serum lipid
levels (Table 3; see supplementary Figure IIa, b). For sim-
plified comparability between our study and previous stud-
ies in which multiple corrections were not performed, we
chose to report both the corrected LOD scores (LODmtc)
and the uncorrected LOD scores. Our overall strongest
univariate linkage signal was detected on chromosome
6p21-p12 for LDL in the Samoa study sample. We detected
a suggestive LOD score of 2.67 when using the initial covar-
iate set. This signal increased to 3.13 when adjusting for

TABLE 2. Heritability estimates and overview of the included covariates

Covariatesd

Trait Data Set No.a h2 (SEM)b Variance (%)c A A2 S A*S A2*S C D P E M B

TC American Samoa 553 0.37 (0.11) 19 1 1 1 2 2 1 2 1 2 2 NE/2
Samoa 646 0.59 (0.08) 23 1 1 1 2 1 2 2 2 2 2 NE/2
Combined 1,097 0.55 (0.07) 20 1 1 1 2 1 1 2 1 2 2 NE/2

HDL American Samoa 528 0.44 (0.11) 6 2 1 1 2 2 2 1 2 2 2 NE
516 0.47 (0.11) 9 2 2 1 2 2 1 1 2 2 2 1

Samoa 518 0.41 (0.10) 5 1 1 1 2 2 1 1 2 2 2 NE
517 0.40 (N.A.) 15 2 2 1 2 2 1 1 2 2 2 1

Combined 989 0.51 (0.07) 7 1 1 1 2 2 1 1 2 1 1 NE
988 0.52 (0.07) 16 2 2 1 2 2 1 1 2 1 1 1

LDL American Samoa 560 0.34 (0.10) 17 1 1 2 2 2 2 2 1 2 2 NE/2
Samoa 518 0.71 (0.08) 18 1 1 2 1 1 2 1 2 2 2 NE

517 0.69 (0.08) 20 1 1 1 1 1 2 1 2 2 2 1
Combined 1,021 0.57 (0.07) 17 1 1 1 2 1 2 1 1 2 2 NE/2

TG American Samoa 508 0.23 (0.11) 13 1 1 1 2 2 2 1 2 1 2 NE
528 0.18 (0.10) 16 1 1 1 2 2 2 1 2 2 2 1

Samoa 634 0.48 (0.09) 20 1 1 1 1 1 2 2 2 2 1 NE
515 0.46 (0.11) 27 1 1 1 1 1 2 1 2 2 1 1

Combined 1,006 0.41 (0.08) 15 1 1 1 2 1 2 1 2 1 1 NE
1,030 0.35 (0.07) 23 1 1 1 2 1 2 1 2 2 1 1

A, age; A2, age2; S, sex; A*S, age 3 sex; A2*S, age2 3 sex; B, body mass index; C, cigarette smoker; D, drinking alcohol; P, physical activity; E,
education; M, material lifestyle index; N.A., SEM could not be computed by SOLAR; NE, covariate not examined; TC, total cholesterol; TG, triglyceride.

a Number of included individuals.
b h2, heritability estimates with SEM for all traits are significantly different from zero (P , 1022).
c Variance explained by the included covariates.
d Minus signs (2) indicate nonsignificant covariates and plus signs (1) indicate significant covariates (P# 0.1) included in the polygenic model.
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BMI in addition to the other covariates (Fig. 1, left column).
After performing multiple testing correction (mtc) for the
two models used for LDL in the Samoa study sample, these
LOD scores correspond to LODmtc 5 2.37 and 2.83, re-
spectively. In this region, we also detected linkage to TC
in the Samoa study sample (LOD 5 2.68) and in the com-
bined study samples (LOD 5 2.29) (Fig. 1, left column).
The second most promising QTL for LDL was detected
on chromosome 12q21-q23 (LOD5 3.07) in the American
Samoa sample. On the same arm of the chromosome, on
12q24-qtel, a QTL for LDL was detected in the Samoa
study sample (LOD 5 1.96, LODmtc 5 1.66). In addition,
the broad region on 12q21-qtel hosts multiple linkage sig-
nals (LOD 5 1.96–2.26) for TC in American Samoa and
in the combined study sample (Fig. 1, right column). The
highest linkage signal for TC in the Samoa sample was
detected on chromosome 4p14-q12 (LOD 5 2.93) and in
the American Samoa sample on chromosome 7q35-q36
(LOD 5 2.27). Furthermore, suggestive linkage signals
were detected for LDL on chromosomes 9q21 (LOD 5
2.21, LODmtc 5 1.91), 11q23-q24 (LOD 5 2.03, LODmtc 5
1.73), 13q33 (LOD 5 2.25), 16p13 (LOD 5 2.00), 18q23-
qtel (LOD 5 1.91), and 19p13-q12 (LOD 5 2.25) and for
TC on chromosome 19q13 (LOD 5 1.94). The only signal
with suggestive linkage for HDL was detected on chromo-
some 15q14 (LOD 5 1.96, LODmtc 5 1.66) in the Samoa
sample set (Table 3). No suggestive linkage signal was de-
tected for TG. On the X chromosome, on Xq23, we de-
tected a suggestive linkage signal (LOD 5 2.30, LODmtc 5
2.00) for LDL in the Samoa sample set. No linkage signal
of .1.56 was detected on the X chromosome for any of
the other traits. None of the QTLs detected with the com-
plete study samples could be detected by any of the larger

pedigrees (.40 genotyped individuals) alone when investi-
gated separately with SOLAR.

In the region on chromosome 6p21-p12 where we de-
tected a LOD score of 3.13 to LDL in the Samoa study
sample, we detected a maximum LODeq score of 2.25
(LODmtc 5 1.95) for the bivariate trait TC-LDL in the
Samoa sample (Table 4). Furthermore, on chromosome
12q21-q23, where we detected a LOD score of 3.07 to
LDL, we detected a genome-wide significant LODeq score
of 3.38 to the bivariate trait TC-LDL in the American
Samoa sample (Table 4; Fig. 2). In this region, we also
detected suggestive bivariate linkage (LODeq 5 2.05,
LODmtc 5 1.75) to TC-LDL in the Samoa sample (Table 4;
Fig. 2). In addition, we detected suggestive bivariate linkage
to TC-LDL on 7q34-q35 (LODeq 5 2.25) and on 19p13-q12
(LODeq 5 2.14) in American Samoa (Table 4). In the com-
bined sample, we detected suggestive linkage to TC-HDL
on chromosome 12p12 (LODeq 5 2.17, LODmtc 5 1.87)
and on 12q24 (LODeq 5 3.22, LODmtc 5 2.92) as well
as to TC-TG in two peaks on chromosome 12q23-12q24
(LODeq 5 2.58 and 2.26, LODmtc 5 2.28 and 1.96) (Table 4;
Fig. 2). P values for tests for compete pleiotropy and coin-
cident linkage are shown in Table 4, and genetic correlation
(ranging from 0.15 to 0.96) and environmental correlations
(ranging from 0.06 to 0.90) between bivariate traits are
shown in Table 5.

DISCUSSION

Influence of environmental factors
In this study, we performed a genome-wide linkage in-

vestigation to search for loci influencing the human lipid

TABLE 3. Chromosomal regions with univariate multipoint LOD scores > 1.9

Cytogenetic Position Closest Marker(s) Trait Data Set LOD Scorea (Included Covariates)

4p14-q12 D4S405-D4S1592 TC Samoa 2.93 (A, A2, S, A2*S)
6p21-p12 D6S1610-D6S257 TC Combined 2.29 (A, A2, S, A2*S, C, P)

D6S1610-D6S257 TC Samoa 2.68 (A, A2, S, A2*S)
D6S1610-D6S257 LDL Samoa 2.67b (A, A2, A*S, A2*S, D)
D6S1610-D6S257 LDL Samoa 3.13b (A, A2, S, A*S, A2*S, D, B)

7q35-q36 D7S661-D7S636 TC American Samoa 2.27 (A, A2, S, C, P)
9q21 D9S273-D9S175 LDL Samoa 2.15b (A, A2, A*S, A2*S, D)

D9S273-D9S175 LDL Samoa 2.21b (A, A2, S, A*S, A2*S, D, B)
11q23-q24 D11S925-D11S4151 LDL Samoa 1.96b (A, A2, A*S, A2*S, D)

D11S925-D11S4151 LDL Samoa 2.03b (A, A2, S, A*S, A2*S, D, B)
12q21.33-q23.1 D12S351-D12S346 TC American Samoa 2.26 (A, A2, S, C, P)

D12S351-D12S346 LDL American Samoa 3.07 (A, A2, P)
D12S351-D12S346 TC Combined 1.96 (A, A2, S, A2*S, C, P)

12q23.3 D12S78 TC Combined 2.05 (A, A2, S, A2*S, C, P)
12q24.23 D12S86 TC Combined 2.14 (A, A2, S, A2*S, C, P)
12q24.33-qtel D12S1723-tel TC Combined 2.12 (A, A2, S, A2*S, C, P)

D12S1723-tel LDL Samoa 1.96b (A, A2, S, A*S, A2*S, D, B)
13q33 D13S173 LDL Combined 2.25 (A, A2, S, A2*S, D, P)
15q14 D15S1007-D15S1012 HDL Samoa 1.96b (S, C, D, B)
16p13 D16S423-D16S404 LDL American Samoa 2.00 (A, A2, P)
18q23-qtel D18S70-tel LDL American Samoa 1.91 (A, A2, P)
19p13-q12 D19S226-D19S414 LDL American Samoa 2.25 (A, A2, P)
19q13 D19S220 TC American Samoa 1.94 (A, A2, S, C, P)
Xq23 DXS8055 LDL Samoa 2.16b (A, A2, A*S, A2*S, D)

DXS8055 LDL Samoa 2.30b (A, A2, S, A*S, A2*S, D, B)

a Significant covariates (P # 0.1) included in the polygenic model.
b The corrected LOD score (LODmtc) can be calculated by subtracting 0.3 from the uncorrected LOD score

shown. LOD scores > 3 are highlighted in boldface.
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Fig. 1. Univariate linkage results [log of the odds (LOD) scores] from chromosome (Chr.) 6 (left column) and chromosome 12 (right
column) from the three study samples when all covariates, including body mass index (BMI; see Table 3 for details), were screened for.
Suggestive linkage is indicated with the horizontal lines (LOD 5 1.9). cM, centimorgan; TC, total cholesterol; TG, triglyceride.
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profile in families from the Samoan islands. Since environ-
mental factors exert large effects on variation in lipid-
related traits, we attempted to adjust for environmental
factors (e.g., cigarette smoking, alcohol consumption, phys-
ical activity, education, and MLSI) by including covariates
of significant effect in the VC models. To our knowledge,
this is the first study in which material lifestyle has been
considered a covariate in VC analyses of lipid-related traits.
Assessment of material lifestyle at the individual subject
level allows for adjustments of the effect on lipids of the
general household economic environment, such as diet
(8). We observed multiple differences between the study
samples regarding which covariates had a significant effect
on the studied traits (Table 2). These data suggest that spe-
cific environmental factors are of different significance in
the two polities. Some of these differences are likely due to
the greater impact of economic modernization on Ameri-
can Samoa relative to Samoa (11, 20). However, to account
for such differences in economic modernization between
and within the polities, we created the MLSI. We reasoned
that the MLSI, which is based on 12 material lifestyle com-
ponents for each individual (see Subjects and Methods),
would reflect variation in lifestyle due to variation in finan-
cial means. In agreement with previous reports (8–11),
American Samoa on average has a higher material life
standard (as measured by the MLSI) than Samoa. Surpris-
ingly, the MLSI did not have a significant effect on any of
the lipid traits in the American Samoan sample and only a
significant effect on TG in the samples from Samoa. When
the two samples were combined, MLSI was included as a
significant covariate for HDL and TG but not for LDL
and TC. This suggests that the material lifestyle, or factors
in strong correlation with the MLSI, such as dietary intake
(8), might be of importance for variation in HDL and TG
levels but is less likely to have any major effect on variation
in LDL and TC levels. In addition to diet, the influence of
MLSI on HDL and TG may also be due to other unmea-

sured socioeconomic and behavioral factors associated with
material lifestyle. More detailed research on individual-,
household-, and community-level environmental factors
influencing blood lipid levels may improve the ability to
detect genetic influences. Further support that TC and
LDL are influenced by similar environmental factors is in-
dicated by the relatively high environmental correlations
(re) between the two traits (re > 0.88; Table 5), while cor-
relations for the other trait combinations investigated are
fairly low (re < 0.35).

TABLE 4. Bivariate multipoint LODeq scores > 1.9 and test for pleiotropy and coincident linkage

Cytogenetic
Position Closest Marker(s) Trait Data Set

LODeq Score
(1 Degree of Freedom) Covariatesa

Complete
Pleiotropyb

Coincident
Linkageb

6p21-p12 D6S1610-D6S257 TC-LDL Samoa 2.13c A, A2, STC, A•SLDL, A
2•S, DLDL 0.500 9.8 3 1024

6p21-p12 D6S1610-D6S257 TC-LDL Samoa 2.25c A, A2, S, A•SLDL, A
2•S, DLDL, BLDL 0.500 8.1 3 10216

7q34-q35 D7S661 TC-LDL American Samoa 2.62 A, A2, STC, CTC,P 0.020 0.002
12p12 D12S1617 TC-HDL Combined 2.17c ATC, A

2
TC, S, A

2•STC, C, PTC,
DHDL, EHDL, MHDL, BHDL

12q21 D12S351 TC-LDL American Samoa 3.38 A, A2, STC, CTC, P 0.235 5.0 3 1025

12q21 D12S346 TC-LDL Samoa 2.05c A, A2, S, A•SLDL, A
2•S, DLDL, BLDL 0.500 7.3 3 1024

12q23 D12S78 TC-TG Combined 2.58c A, A2, S, A2•S, CTC, PTC, DTG,
MTG, BTG

0.028 0.625

12q24 D12S1723 TC-TG Combined 2.26c A, A2, S, A2•S, CTC, PTC, DTG,
MTG, BTG

12q24 D12S1723 TC-HDL Combined 3.22c A, A2, S, A2•STC, C, PTC, DHDL,
EHDL, MHDL

0.008 0.017

12q24 D12S1723 TC-HDL Combined 3.00c ATC, A
2
TC, S, A

2•STC, C, PTC, DHDL,
EHDL, MHDL, BHDL

N.A. N.A.

19p13-q12 D19S226-D19S414 TC-LDL American Samoa 2.14 A, A2, STC, CTC, P 0.395 0.001

a Covariates included in the polygenic model. Subscripts indicate trait-specific covariates.
b P value for test of complete pleiotropy (rq constrained to 1 or 21) and no coincident linkage (rq constrained to 0) for the maximum LODeq

per chromosome. N.A. indicates that convergence failure occurred in SOLAR.
c The corrected LOD score (LODmtc) can be calculated by subtracting 0.3 from the uncorrected LOD score shown. LODeq > 3 is indicated

in boldface.

Fig. 2. Bivariate linkage results (LODeq scores) from chromosome
12 when the covariate set including BMI (see Table 4 for details)
was used. Suggestive linkage is indicated with the horizontal line
(LODeq 5 1.9).
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Susceptibility loci
In this study, we report suggestive linkage with LOD

scores of .3 for LDL on chromosome 6p21-p12 (LOD 5
3.13, LODmtc 5 2.83) in Samoa and on chromosome
12q21-q23 (LOD 5 3.07) in American Samoa. In addition,
we detected QTLs with suggestive linkage for blood lipid
traits on chromosomes 4p-q, 6p, 7q, 9q, 11q, 12q, 13q,
15q, 16p, 18q, 19p-q, and Xq23. Furthermore, we detected
bivariate genome-wide significant linkage to TC-LDL on
chromosome 12q21 (LODeq 5 3.38) in American Samoa
and bivariate suggestive linkage to TC-LDL, TC-HDL,
and/or TC-TG (LODeq ranging from 2.05 to 3.22) on
chromosomes 6p, 7q, 12p, 12q, and 19p-q. Coincident link-
age was strongly rejected in favor of pleiotropy for TC-LDL
in the American Samoan and in the Samoan study samples
on chromosomes 6, 12, and 19. On chromosome 7q, where
bivariate linkage was detected to TC-LDL in American Sa-
moa, both complete pleiotropy and coincident linkage
could be rejected, suggesting that some but not complete
pleiotropy occurs in this region. Similarly, on chromosome
12q in the combined study sample, some but not complete
pleiotropy may occur for TC-HDL. Complete pleiotropy
was strongly rejected in favor of coincident linkage for
TC-TG on chromosome 12. Furthermore, the genetic cor-
relation (re) between TC and LDL suggests that a com-
mon set of genes are involved in the regulation of these
two traits (Table 5). The high correlation that was seen
for TC and LDL (re 5 0.96) is likely to result in a fairly
similar linkage pattern for the two traits. This was seen,
for example, in the Samoan study sample on chromosome
6 and in the American Samoan study sample on chromo-
some 12. However, despite these encouraging results for
common genetic components for TC and LDL, one
should keep in mind that TC is a measure of multiple lipo-
protein fractions, in which LDL normally constitutes a
large proportion. Therefore, it is possible that the genetic
contribution to TC in fact reflects its correlation to LDL.
Thus, the information gained from genetic studies of TC
might be of limited importance.

To our knowledge the region on chromosome 6p21-p12,
detected by both univariate and bivariate analyses, has not
been reported previously as linked to blood lipid traits in
humans. However, the chromosomal region on 6p12-6q12,
which directly flanks this QTL, has previously been linked
to HDL (42). The ?34 centimorgan region spanning the
1.5 univariate LOD drop interval is a gene-rich region that
demands further fine-mapping to define potential candi-

date genes. Interestingly, all regions but 18q and Xq23
with suggestive univariate linkage to LDL and/or TC are
human ortholog regions to QTLs for plasma non-HDL
(i.e., LDL and VLDL) previously reported in mice (43).
Furthermore, the regions where the QTLs on chromo-
some 4 (44), 7q (45–48), 9q (47), 11q (46, 49, 50), 12q
(51), 15q (48, 52, 53), and 19q (44, 51) are located have
been suggested to host QTLs for blood lipid traits in hu-
mans. The region centromeric of the QTL detected on
18q has been suggested as a susceptibility region for LDL
in humans (54), and recently, additional support for QTLs
to TC were reported on chromosomes 7q32-q36 and 19q13
in a meta-analysis including nine data sets ascertained for
type 2 diabetes mellitus (55). Recently, genome-wide asso-
ciation studies have reported significant association be-
tween LDL and multiple single-nucleotide polymorphisms
on chromosome 19p13-q13 (56–59), which overlaps the re-
gion where we detected linkage to LDL and to TC-LDL.
Within the region on chromosome 12q24 where we de-
tected linkage to TC-HDL, one of the recent genome-wide
association studies reported significant association to HDL
(59). This same study also reported association for LDL to
a single-nucleotide polymorphism located on 6p21, where
we detected linkage to LDL, TC, and TC-LDL (59).

Overlap across the three study samples
None of the linkage signals detected in the present study

were simultaneously detected in American Samoa, in Sa-
moa, and in the combined study sample. However, a few
regions were detected in two of the three analyses: the re-
gions on 6p21-p12 and 12q24-tel were detected in Samoa
as well as in the combined study sample, and the region on
12q21-q23 was detected in American Samoa and in the
combined study sample. These peaks detected in a broad
region of the q arm of chromosome 12 are partly but not
fully overlapping, which might suggest that chromosome
12q may host at least one and possibly multiple susceptible
loci for the lipid traits in the population from the Samoan
islands. To further investigate the 12q region, additional
mapping is required.

Even though we adjusted the lipid-related traits for
multiple carefully measured environmental factors, we still
observed multiple chromosomal regions of different sig-
nificance in the three study samples. Since the two Samoan
polities were shown to have a common evolutionary back-
ground with no differences in linkage disequilibrium struc-
ture (7, 18, 19), this lack of overlap between the study

TABLE 5. Genetic (rg) and environmental (re) correlations between trait combinations included in the bivariate analysis

Trait Data Set rg SEM re SEM Covariatesa

TC-LDL American Samoa 0.96b 0.02 0.89b 0.02 A, A2, STC, CTC, P
Samoa 0.96b 0.02 0.88b 0.03 A, A2, STC, A•SLDL, A

2•S, DLDL
Samoa 0.95b 0.02 0.90b 0.02 A, A2, S, A•SLDL, A

2•S, DLDL, BLDL
TC-HDL Combined 0.15 0.12 0.06 0.10 A, A2, S, A2•STC, C, PTC, DHDL, EHDL, MHDL

Combined 0.15 0.11 0.06 0.10 ATC, A
2
TC, S, A

2•STC, C, PTC, DHDL, EHDL, MHDL, BHDL
TC-TG Combined 0.17 0.14 0.35b 0.08 A, A2, S, A2•S, CTC, PTC, DTG, MTG, BTG

a Covariates included in the polygenic model. Subscripts indicate trait-specific covariates.
b Correlations are different from zero at P , 4.3 3 1025.
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samples suggests potential gene-environment interaction
and the influence of environmental factors not accounted
for in the present study. Furthermore, the low degree of
overlap between the linkage signals in the study samples
might be explained by the relatively larger pedigree struc-
tures in the American Samoan sample compared with the
Samoan sample, which could result in differences in power
to detect linkage (60).

Conclusion
In conclusion, we have found genome-wide significant

support for bivariate linkage to TC-LDL in American Sa-
moa and suggestive support for bivariate linkage in Samoa
as well as suggestive univariate linkage to TC and/or LDL
in all three study samples on chromosome 12q. Further-
more, on chromosome 6p21-p12, we detected suggestive
support for linkage to lipid traits in Samoa and in the com-
bined study samples. Chromosomes 6p and 12q may har-
bor promising susceptibility loci influencing the lipid traits;
however, the low degree of overlap between the three study
samples strongly encourages further studies of the lipid-
related traits in which additional attention will be given
to the selection and inclusion of environmental factors.

The authors are very thankful to the leaders of the Department
of Health, American Samoa Government, and the Ministry of
Health, Government of Samoa, to local political officials, and
to the study participants for their contributions to this research.
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