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SUMMARY

We conducted a genome-wide scan in 46 pedigrees, with 671 phenotyped adults, from the
independent nation of Samoa to map quantitative trait loci (QTLs) for adiposity-related
phenotypes, including body mass index (BMI), abdominal circumference (ABDCIR), percent
body fat (%BFAT), and fasting serum leptin and adiponectin. A set of 378 autosomal and 14 X
chromosomal microsatellite markers were genotyped in 572 of the adults. Significant genetic
correlations (0.82-0.96) were detected between pairs of BMI, ABDCIR, %BFAT and leptin.
Suggestive linkages were found on 13931 (LOD = 2.30 for leptin, LOD = 2.48 for %BFAT, LOD
=2.04 for ABDCIR, and LOD = 2.09 for BMI) and on 9p22 (LOD = 3.08 for ABDCIR and LOD
= 2.53 for %BFAT). Furthermore, bivariate linkage analyses indicated that the genetic regions on
9p22 (bivariate LOD 2.35-3.10, LODg (1df) 1.88-2.59) and 13¢31 (bivariate LOD 1.96-2.64,
LODgq 1.52-2.21) might harbor common major genes with pleiotropic effects. Other regions
showing suggestive linkage included 4922 (LOD = 2.95) and 7p14 (LOD = 2.64) for %BFAT,
2013 for adiponectin (LOD = 2.05) and 19912 for BMI-adjusted leptin (LOD = 2.03). Further fine
mapping of these regions may help identify the genetic variants contributing to the development of
obesity in Samoan adults.
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INTRODUCTION

The prevalence of obesity and overweight has increased rapidly in the last 10-20 years in
developed market economies and in developing countries (Popkin et al. 2006). In the U.S.,
approximately 65% of adults are overweight (BMI > 25 kg/m2) and 31% are obese (BMI >
30 kg/m?) (Hedley et al. 2004). The public health burden of overweight and obesity is
substantial due to their significant risk for developing type 2 diabetes and cardiovascular
diseases (Must et al. 1999, Grundy 2004). While environmental, cultural, nutritional, and
lifestyle factors are important, there is considerable evidence that familial and genetic
factors play important roles in the etiology of obesity (Friedman 2004, Bell et al. 2005).
Complex interaction among multiple genes and their variants together with environmental
factors contribute to the difficulties in identifying the genes associated with obesity related
phenotypes. Nonetheless, numerous linkage studies, candidate gene and more recently
genome-wide association studies have identified many chromosomal regions and genetic
variants associated with obesity and related traits (Bell et al. 2005, Rankinen et al. 2006,
Herbert et al. 2006, Frayling et al. 2007).

Population isolates on account of their reduced genetic variation are likely to offer
considerable advantages in mapping genes associated with complex traits (Peltonen et al.
2000). The Samoans of Polynesia, with an evolutionary history of approximately 3,000
years, relative isolation, large family sizes and their recent exposure to modernization and
the nutrition transition, provide a unique opportunity to identify susceptibility loci associated
with adiposity-related traits (McGarvey 1991, 1994, Galanis et al. 1999, Tsai et al. 2004,
Dai et al. 2007). In addition to the independent nation of Samoa (formerly known as
Western Samoa), the Samoan islands of Polynesia also include the U.S. territory of
American Samoa. There is substantial economic disparity between the two polities, Samoa
with a largely rural agricultural economy has a per capita GDP of $2,556, while American
Samoa benefits from direct and indirect aid from the U.S. and has a per capita GDP of
$5,800. However, Samoans from both polities form a single socio-cultural unit with
extended family relationships across the borders (Baker et al. 1986).

Genetically the Samoans of Polynesia represent a single homogenous population (Deka et al.
1994, Tsai et al. 2004). Compared to most other populations, the levels of overweight and
obesity are remarkably high among Samoans. Body composition studies for Polynesians
prescribe BMI values of 26-32 kg/m?2, and > 32 kg/m? to define overweight and obesity,
respectively (Swinburn et al. 1999). Using these standards, in American Samoa 30% of men
and 21% of women are overweight and 59% of men and 71% of women are obese, while in
Samoa 39% of men and 31% of women are overweight, and 29% of men and 53% of
women are obese (Keighley et al. 2006). Both the contemporary high prevalence of
overweight and obesity among all Samoan adults and the differences between the two
polities likely reflect an interaction between genetic susceptibility and differential exposure
to the process of modernization (Keighley et al. 2006, McGarvey 1991, 1994).

Our recent genome-wide scan for adiposity-related traits among adults from American
Samoa showed significant evidence for a major susceptibility locus on 6g32 influencing
serum leptin levels and a region on 16¢g21 with significant pleiotropic effects on multiple
adiposity traits (Dai et al. 2007). In the present study, we report findings from a genome-
wide linkage scan on adiposity-related traits, assessed by BMI, abdominal circumference
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(ABDCIR), percent body fat (%BFAT), fasting serum leptin and serum adiponetin levels,
among adults from Samoa, who, as described above, practice an agricultural life style to a
greater extent and have less financial means available in comparison to American Samoans.
Our results show suggestive linkage (LOD > 1.9) with several adiposity-related traits on
2013, 4922, 7914, 9p22, 1331 and 19912-q13 and support for pleiotropic effects on
chromosome 9p22 and 13g31.

MATERIALS AND METHODS

Subjects

Genotyping

Recruitment in Samoa in 2003 was first based on finding individuals in Samoa who were
members of American Samoa pedigrees who had been recruited in 2002. We then selected
samples from villages throughout Samoa to assess geographic and economic diversity, and
chose families based on available number of adult siblings. Probands and families were
unselected for obesity or related phenotypes. The average size of the 46 pedigrees included
in this study is 35.09 individuals, (ranging from 3 to 222) and the average number of
generations is 4.28 (ranging from 2 to 8). In order to investigate the sensitivity of our
linkage results to different pedigree structures, we also decomposed the 46 intact pedigrees
into 196 nuclear pedigrees and performed linkage analyses using these pedigrees. The
average size of the nuclear pedigrees is 4.61 with a range from 3 to 14 individuals. However,
unless stated otherwise, the results discussed below use the 46 intact pedigrees.

Standard anthropometric techniques were used to measure stature, weight, abdominal
circumference, and to calculate BMI (Dai et al. 2007). Bioelectrical impedance was assessed
with a BIA-101Q device (RJL Systems Inc., Clinton, MI) and fat-free mass and body fat
percentage (%BFAT) was calculated using equations established from body composition
studies in Samoans (Swinburn et al. 1999, Keighley et al. 2006). In Samoa both impedance
devices failed and %BFAT is missing for about 30% of the participants.

Fasting blood specimens were drawn after a 10-hour overnight fast. Serum leptin was
assayed by RIA (ALPCO, Windham NH), serum insulin by RIA (Diagnostic Products, Inc),
serum glucose using an automatic analyzer, Beckman CX4, and serum adiponectin using
RIA Kits (Linco, Inc., St. Charles, MlI).

This study was approved by the Brown University Institutional Review Board, and the
Government of Samoa, Ministry of Health, Health Research Committee.

Genotyping was performed using an ABI PRISM 3130XL genetic Analyzer (Applied
Biosystems Inc., Foster City, CA) and internal size standard GeneScanTM 500 LIZ ®
(Applied Biosystems Inc., Foster City, CA). Details regarding genotyping and quality
control have been described previously (Dai et al. 2007). In total, we genotyped 378
autosomal microsatellite markers with an average intermarker spacing of 9.51 (8.06 —12.54)
cM (Haldane), and 14 microsatellite markers on the X chromosome with an average
intermarker spacing of 12.25 cM, in 572 Samoan adults (278 males and 294 females).

The relationship-testing programs RELPAIR (Duren et al. 2004) and PREST (McPeek and
Sun 2000) were used to check for genetic relationship errors and to conservatively adjust the
pedigree structure to minimize the number of pedigree structure errors. For the nuclear
pedigree structure we used PEDCHECK (O’Connell and Weeks 1998) to search for
Mendelianly inconsistent genotypes. All genotypes for a specific marker within a nuclear
pedigree were removed if inconsistencies were found. LOKI (Heath 1997) was used to
remove a small set of genotypes so as to generate an internally consistent set of genotypes
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for all family members. Mega2 (Mukhopadhyay et al. 2005) and the statistical software R
(Version 2.5.1, The R Project for Statistical Computing) were used interactively to set up the
input files for all analyses.

Statistical Analyses

RESULTS

We used LOKI to estimate allele frequencies for each marker and compute multipoint
identity-by-descent (IBD) sharing matrices, which were then imported into the Sequential
Oligogenic Linkage Analysis Routines (SOLAR) program (Almasy and Blangero 1998) to
carry out autosomal variance component linkage analyses, in which maximum likelihood
techniques were implemented to partition the phenotypic variance of a given trait into
components attributable to an additive genetic component, a residual polygenic component,
and other nongenetic (e.g., environmental) components (Amos 1994). Since LOKI employs
Markov chain Monte Carlo methodology to compute multipoint IBD matrices that vary
depending on the initial random seed, this results in variation of the LOD scores SOLAR
estimates. To address this issue, we performed 10 independent SOLAR/LOKI autosomal
scans for each trait and reported the averages of the maximum LOD scores as well as their
ranges in magnitude and location over the 10 runs. For more details, please see our previous
paper (Dai et al. 2007) — here we again used exactly the same statistical methodology.

Before linkage analyses, we estimated the heritability of traits of interest, in which we
screened two sets of covariates for inclusion (p < 0.10) while modeling familial relationship
using SOLAR. These sets are [i] the demographic covariate set including age and sex, and
[ii] the environmental covariate set which in addition to age and sex also includes farm
work, education and cigarette smoking. Residuals after adjusted for significant covariates
were generated and used for subsequent linkage analyses. Autosomal univariate linkage
analyses were performed first on the intact pedigrees and then on the smaller nuclear
pedigrees, in order to investigate the influence of pedigree structure on the linkage results. A
LOD score > 3.3 was taken as evidence of significant linkage, a LOD score > 1.175 and a
LOD score > 1.9 were considered to show evidence of potential linkage and suggestive
linkage, respectively (Lander and Kruglyak 1995).

Autosomal bivariate linkage analyses were performed on the intact pedigrees for
chromosomes where we observed a maximum LOD score > 1.9 and clustering of linkages to
multiple phenotypes in the univariate linkage analyses. Genetic and environmental
correlations between the traits were also assessed using bivariate genetic analysis techniques
as implemented in SOLAR (Almasy and Blangero 1998, Almasy et al. 1997). Likelihood-
ratio tests were conducted to test the null hypotheses of complete pleiotropy or coincident
linkage, with a p-value cutoff of 0.05 for the rejection of null hypotheses (Almasy et al.
1997).

We performed the same X-linked multipoint linkage analyses on nuclear pedigrees as we
described in our previous work (Dai et al. 2007). Mendel (Lange et al. 2001) was used here
because it incorporates a proper variance-components model for mapping X-linked QTLs
(Lange and Sobel 2006), yet limits our analyses to nuclear pedigrees. For the X chromosome
we included all covariates from a covariate set regardless of the significance of each specific
covariate.

Demographic statistics of the 671 phenotyped study participants are shown in Table 1. As
observed previously in the American Samoan sample (Dai et al. 2007), the study sample

from Samoa has remarkably high mean values for BMI, %BFAT and ABDCIR, as well as
low serum adiponectin levels (Table 1). Women have higher mean serum leptin level than
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men, which was also observed previously in American Samoans. The mean level of
education is slightly lower among males than among females, while smoking and farm work
are more common among males. The gender-specific differences for some adiposity-related
traits may reflect the fact that 83% of men and only 31% of the women in Samoa participate
in farm work.

Our pedigree structures contain a large number of relative pairs (= 1,633, trait %BFAT),
including > 251 phenotyped sib pairs and > 503 phenotyped cousin pairs that are
informative for linkage analysis (Table Al, supplementary material). After adjustment of
different sets of significant covariates (p-value < 0.1), the residual heritability estimates (h,2)
of the adiposity-related traits range from 0.26 to 0.43 (Table 2). All heritability estimates are
significantly different from zero at p-value <5 x 1073,

Autosomal univariate multipoint linkage results with (average of 10 runs) maximum LOD
scores > 1.5 are listed in Table 3. Note that the ranges of magnitude in LOD scores and the
ranges in location for the maximum LOD score from p-terminus are displayed as well.
Differences in maximum LOD score up to 0.32 and in location up to 4.9 cM were observed
over the 10 runs. In Figure 1, we plot the univariate multipoint LOD scores for
chromosomes 4, 7, 9, and 13 where we observed LOD scores that reached the suggestive
linkage level (LOD > 1.9). Genome-wide multipoint linkage results for the primary traits,
BMI, %BFAT, ABDCIR, leptin and adiponectin are displayed in Supplementary Figures Al
and A2 (supplementary material). As shown in Table 3, the highest (average) LOD score
that we observed was 2.30 for leptin, close to marker D13S265 in 13931.3. In this region we
also detected suggestive linkage to BMI (LOD = 2.09) and potential linkage to %BFAT
(LOD =1.62) and ABDCIR (LOD = 1.66). Suggestive linkages were also observed for five
other trait/region pairs including, %BFAT (LOD = 2.09) near marker D4S414 in 4g22.1,
%BFAT (LOD =2.19) near D75484 in 7p14.3, ABDCIR (LOD = 2.14) near D9S285 in
9p22.3-p22.2, adiponectin (LOD = 1.96) near marker D2S160 on 2q13, and BMI-adjusted
leptin in 19912-g13.13 (LOD = 2.03) (Table 3).

As shown in Table 4, we observed significant positive genetic correlations (0.82-0.96) and
environmental correlations (0.71-0.92) between BMI, %BFAT, ABDCIR and leptin. There
are negative genetic correlations between adiponectin and other adiposity-related traits,
however only the correlation between adiponectin and ABDCIR (—0.48) are statistically
significant.

Bivariate linkage analyses revealed a bivariate LOD score of 3.10 (p-value 2.9 x 10™4) for
%BFAT-ABDCIR in 9p22.2-p21.3, where for BMI-%BFAT we obtained a bivariate LOD
score of 2.79 and for BMI-ABDCIR a score of 2.35 (Table 5). On chromosome 13¢31.3,
right at marker D13S365, bivariate LOD scores ranged from 1.96 to 2.69 for pairs of BMI,
%BFAT, ABDCIR and leptin. Table 5 also displays the “equivalent-univariate” LOD scores
(LODgg), which are directly comparable to univariate LOD scores (Almasy et al. 1997).
Figure 2 shows plots with the LODeggq scores for chromosome 9 and 13. For both
chromosomal regions studied by bivariate linkage, no tests for complete pleiotropy (Table 5,
p-value®), but all tests for coincident linkage (Table 5, p-valuef), were strongly rejected for
the phenotype pairs studied. In addition, the phenotypic correlations due to QTL effects
(pq) range from 0.95 to 1.00, all of which are very significantly different from zero with p-
values less than 0.01 (Table 5). We also performed linkage analyses of principal components
from a weighted linear combination of these highly correlated phenotypes, no big difference
of LOD scores were detected (data not shown)

When performing a genome-wide linkage study using a nuclear pedigree structure instead of
the intact pedigree structure we detected five chromosomal regions with maximum
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multipoint LOD scores (= 1.5) (Table A2, supplementary material). We detected two QTLsS
for %BFAT with suggestive linkage on chromosome 11¢q13.2 (LOD = 2.22) and on 12¢g23.1
(LOD =2.18) and a QTL for ABDCIR (LOD = 1.99) on 9p22.2-p21.3. The QTL for
ABDCIR was observed also when using the intact pedigree structure (Table 3).

No multipoint LOD scores > 1.0 were detected anywhere across the X chromosome.
Modeling either X-linked polygenic and autosomal polygenic backgrounds together or only
the latter in the X-linked analysis, as well as adjusting for environmental covariates or not
(Dai et al. 2007), gave only marginal changes in the LOD scores (data not shown). X-linked
linkage results from using model 4 in Table A3 (supplementary material) are plotted in
Figure Al and A2 (supplementary material).

DISCUSSION

Susceptibility chromosomal regions for adiposity-related traits

Our genome-wide linkage study using 46 Samoan pedigrees detected six chromosomal
regions 2913, 4q22.1, 7p14.3, 9p22.3-p22.2, 13g31.3 and 19912-q13.13, with at least
suggestive linkage evidences (LOD > 1.9) for adult adiposity-related traits. In two of these
regions, 9p22.3-p22.2 and 13931.3, we found significant evidence for bivariate linkage and
for pleiotropic effects. When these 46 pedigrees were divided into 196 nuclear families, the
genome-wide linkage study showed suggestive linkage to the region on chromosome
9p22.2-p21.3 as well as to two additional chromosomal regions, 11g13.2 and 12g23.1,

Our strongest support for linkage was detected on chromosome 9p22.2-p21.3 where we
found LODgq 2.59 (bivariate LOD = 3.10) for the bivariate trait %BFAT-ABDCIR and
LODegq 2.30 for BMI-%BFAT (The LODegg, is comparable to univariate LOD scores). Our
result indicated that a locus with significant pleiotropic effects that influence all studied trait
pairs might be located on chromosome 9p22.2-p21.3. In this region we found suggestive
univariate linkage to ABDCIR when using the environmental covariate set, and potential
linkage to ABDCIR and to %BFAT when using the demographic covariate set, but no
univariate linkage to BMI. In addition, we found suggestive linkage to 9p22.2-p21.3 for
ABDCIR when using the nuclear pedigree structure. Strong evidence of linkage (LOD =
3.4) to high-density lipoprotein (HDL-C) levels has been found in Mexican Americans
(Arya et al. 2002) within this 9p region and it is known that obesity is associated with lower
HDL-C levels, but to our knowledge no previous studies have shown linkage to ABDCIR,
%BFAT or to BMI. One possible candidate gene in this region is adipose differentiation-
related protein (ADFP) gene (9p22.1, MIM 103195), which may have a role in cellular fatty
acid uptake and storage (Tobin et al. 2006).

The strongest univariate linkage signal (LOD = 2.30) was detected after adjustment of
measured “environmental” effects as well as for age and sex effects (the environmental
covariate set), for leptin on chromosomal region 13g31.3. When only age and sex effects
were adjusted for, (the demographic covariate set), a lower signal (LOD = 1.47) was
detected for this trait (Figure 1, bottom left, dotted line). Furthermore, in this region we
detected potential linkage to BMI, %BFAT and ABDCIR using the demographic covariate
set and a slightly higher potential linkage to BMI and ABDCIR using the environmental
covariate set. Similar results were observed in this region for ABDCIR in the 196 nuclear
pedigrees whether we used the demographic or the environmental covariate set.

Furthermore, we found support for linkage to adiposity-related traits within chromosomal
region 13931.3 from our bivariate linkage study of pairs of leptin, BMI, %BFAT and
ABDCIR with LODgq ranging from 1.52 to 2.21. We also found significant evidence for
pleiotropy in this region. Chromosome 13g31.3 and its 1-LOD-drop support interval have
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been reported in other studies as linked to obesity-related traits (Kraja et al. 2000, Dong et
al. 2005). For example, a genome-wide parent-of-origin linkage analysis by Dong et al.
(2005) found strong evidence (LOD of 3.72 for BMI) for an obesity susceptibility locus with
paternal effect in 13932 in a European American sample. Recently, Saunders et al. (2007)
reported suggestive evidence of linkage to BMI in a meta-analysis of 37 genome-wide
linkage studies in this region (13g13.2-933.1). In addition, this meta-analysis detected a
region located on 12g23-g24 as linked to BMI in the total sample set as well as a region
located on 11g13-g22 as linked to BMI-defined obesity. Interestingly, both of these regions
showed suggestive linkage to %BFAT, but not to BMI, when the nuclear pedigree structure
was investigated in the present study.

The chromosomal region in 7p14.3, near marker D7S484, appears to be suggestively linked
to %BFAT in our present study (LOD = 2.19). One possible positional candidate gene, the
neuropeptide Y gene (NPY) (7p15.1, MIM 162640) located in this region has been reported
to be linked to (Bray et al. 1999a) and associated (Bray et al. 1999b) with both obesity (BMI
> 32 kg/m2) and other obesity-related traits in Mexican Americans, yet its role in the
etiology of common forms of obesity in this population is unclear. Another chromosomal
region exhibiting suggestive linkage (LOD = 2.09) to %BFAT is 4922.1. To our knowledge
this region has not been reported as linked to adiposity-related phenotypes previously.

The chromosomal region 2g13 may contain a QTL for variation of adiponectin, with a LOD
score of 1.96 near marker D2S160. At the flanking 2q14 region, Deng et al. (2002) obtained
a maximum LOD score of 4.44 for BMI in their genome-wide linkage scan of obesity
phenotypes. However within the current study we were not able to detect any linkage signal
of interest for BMI within this region.

There is evidence of suggestive linkage to BMI-adjusted leptin (LOD = 2.03) in 19q12-
g13.3. In addition, potential linkage to adiponectin (LOD = 1.87) was found within this
region. The nearby 1913 region contains two prominent candidate genes for obesity:
apolipoprotein E (APOE) (19q13.32, MIM 107741) and transforming growth factor beta 1
(TGFB1) (19913.2, MIM 190180). APOE codes a glycoprotein that plays a central role in
lipid metabolism and several studies have reported positive associations of APOE with
obesity phenotypes (Oh et al. 2001, Nicklas et al. 2002). The TGFB1 peptide is a
multifunctional cytokine with roles in cell differentiation, and immune modulation in many
cell types including adipocyte precursor cells (Petruschke et al. 1994). Long et al. (2003)
have reported positive associations between APOE and TGFB1 and obesity phenotype
variation in a large sample of Europeans.

Effects of genetic and environmental influences

Both in this study and in our previous study of American Samoans (Dai et al. 2007), all
heritability estimates of adiposity-related traits are significantly different from zero, which
demonstrates that the traits are highly heritable and that genetics plays an important role in
mediating phenotypic variation. We observed significant pair-wise genetic correlations
between the traits BMI, %BFAT, leptin and ABDCIR (Table 4). This implies that there
might be shared genes influencing the phenotypic variation of these traits. Additional
support for such pleiotropic effects is given by the bivariate linkage tests that suggest
promising susceptibility loci for multiple adiposity-related traits on chromosome 9p and 13q
in Samoa and on 169 in American Samoa (Dai et al. 2007). However, since the involved
genetic correlations also are significantly different (p-value < 0.01) from 1 and —1, there are
also distinct genetic influences on each trait.

Furthermore, for traits with significant genetic correlations, the environmental correlations
between them are also statistically significant (Table 4) with similar values to the genetic
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correlations, which indicate the equal importance of shared genetics and shared
environments in influencing the phenotypic variation of these traits.

Differences in environmental exposure demands a need for additional covariate

adjustments

Despite the overall genetic homogeneity in the Samoan islands, there is still considerable
variation in environmental exposures (e.g., diet, exercise, etc.) across the Samoan islands
from more economically developed American Samoa to rural Samoa, which partly may be
reflected in phenotypic heterogeneity observed in the two polities (Keighley et al. 2006). In
general, BMI, %BFAT, ABDCIR and serum leptin levels tend to be lower and serum
adiponectin levels tend to be higher in the individuals from Samoa (Table 1). Furthermore,
the Samoa adult study sample, which is less influenced by modernization, tends to perform
more farm work and smoke less than adults from American Samoa. In our previous studies
of the influence of socioeconomic factors on cardiovascular disease risk factors in the
Samoan archipelago, we have also demonstrated significant differences (p-value < 0.0001)
between adults from Samoa and American Samoa in sex-stratified socioeconomic factors
like basic education level, wage employment, material lifestyle score (e.g., table 2 in
Ezeamama et al. 2006).

Minimizing phenotypic or genetic heterogeneity by incorporating covariates into linkage
analysis could potentially increase the power to detect genetic effects. In our linkage
analyses we initially considered two different models of covariate adjustments involving
age, sex (the demographic covariate set), and additional environmental covariates including
farm work, cigarette smoking and education (the environmental covariate set). As we were
finalizing this manuscript, comments from a reviewer motivated us to consider two more
complicated covariate sets including interaction between the primary covariates.
Adjustments were made for sex, age, age”2, age*sex and age”*2*sex (the higher-term
demographic covariate set), and additional environmental covariates including farm work,
education, cigarette smoking and their possible interaction terms with age, sex, age”2 (the
higher-term environmental covariate set). Again only those covariates with significant
effects at p-value < 0.10 were retained in the polygenic models. New heritability estimates
of the primary adiposity-related traits and new genome-wide linkage results are provided in
table A4 and A5, respectively (supplementary material). When using the two higher-term
covariate sets, we observed increased heritability estimates with more of the total variance
explained by adjusted covariates (Table A4 vs. Table 2), which reinforces the importance of
appropriately adjusting for environmental effects in genetic mapping analyses.

When adjusting for the higher-term covariate sets, we identified increased LOD scores on
most of the regions shown in Table 3 (Table A5, supplementary material). Most prominent
among these is the QTL for ABDCIR on chromosomal region 9p22.2-p21.3 where the LOD
score increased from suggestive linkage of 2.14 to near significant linkage of 3.08. In
addition, higher suggestive evidence of linkage was detected on 4g22.1 (LOD = 2.95),
7p14.3 (LOD = 2.64), and 13¢931.3 (LOD = 2.48) to %BFAT, on 12p13.31 (LOD 2.10),
13g31.1 (LOD =2.04) to ABDCIR, on 2q13 (LOD = 2.05), 18¢22.3 (LOD =1.94) to
adiponectin. However, not all previously suggestive linkage signals increased. The LOD
scores for the suggestive QTLs for BMI and for leptin in chromosomal region 13g31.1 both
decreased to less than 1.5 when adjusting for the higher-term covariate set. One new
suggestive linkage to %BFAT (LOD = 1.91) was obtained on chromosome 4p14.

While it might be interesting to explore multiple genetic models including various covariate
adjustments, serious caution must be taken in choosing covariates prior to exploring the
actual linkage results. As we have shown, adjusting for new environmental covariates and/or
new interaction terms of current covariates might provide a better-fitting polygenic model,
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however such models should only be advocated when there is biological sense to do so.
More importantly, we should not solely rank the success of a model according to the
magnitude of the LOD scores because we really do not know whether there is true linkage or
not in our data. In practice, adjusting for more covariates might result in a smaller sample
with complete records if there are a lot of missing data in the covariate measurements. To
avoid this problem, it might be possible to further develop and use a propensity score model,
currently designed for bivariate traits and fully observed covariates (Doan et al. 2006), to
combine multiple covariates into one covariate for adjustment.

Overlap between the Samoan and the American Samoan study

Due to its unique population history and rapid nutritional transition in the population from
the Samoan islands, susceptibility loci for adiposity found in this study may or may not be
identified in multiple independent studies elsewhere (Rankinen et al. 2006). Despite there
being no evidence of population substructure (Tsai et al. 2004) in the population from the
Samoan islands there are few overlaps of linkage signals between this scan and our previous
scan of American Samoa (Table 6). Although we screened for inclusion of the same
covariates from the demographic and the environmental covariate sets in the two studies, the
significant covariates for the majority of phenotypes are different. It is therefore possible
that adjustment for environmental variance of adiposity phenotypes was not equally
successful in the two studies, which might be why we the residual heritability estimates of
the traits differed in the two studies (Table 2 vs. Table 2 in Dai et al. 2007).

Another possibility of lack of overlap between the two studies of the Samoan polities could
be due to variable dependence on environment factors (e.g., amount of farm work) of
underlying genes. Suppose a gene only influences obesity if the calorie intake markedly
exceeds the calorie burning rate. If so, it would only be detectable in a low-exercise group,
such as American Samoans. Furthermore, a covariate might have a different effect size
depending on how extreme the environmental variable is (i.e., differential gene expression in
different environments), which again could hamper detection of genetic effects in
individuals from certain genetic risk groups. In addition, unmeasured environmental
variables (such as food intake or differences in material life standard) might be different
between the two polities, which might have strong effect on the investigated traits. Finally,
the relatively larger family size in the American Samoan study (Dai et al. 2007) vs. the
Samoan study might play a role in explaining the lack of reproducibility due to variation in
statistical power.

Pooling data across studies is one way to increase power in linkage analysis of complex
disease (Lander and Kruglyak 1995, Wu et al. 2002). We are currently carrying out a
genome-wide linkage scan for adiposity phenotypes based on a combined sample set of the
Samoan families analyzed in this study and the previously analyzed American Samoan
families (Dai et al. 2007). Because two different platforms were used for genotyping the
American Samoan and Samoan family samples, and also because several families have
members from both polities, efficient alignment of allelic fragments across the two study
samples remains challenging.

In summary, we report several chromosomal regions with evidence of suggestive linkage
that may harbor susceptibility genes for adiposity in adults from the independent nation of
Samoa. Among these, the chromosomal region on 9p22.2-p21.3, which showed suggestive
linkage to adiposity-related traits regardless of which pedigree structure was used and
regardless of which covariate set was applied may be the most promising region. The current
study as well as our previous study (Dai et al. 2007) identified chromosomal regions that
appear to harbor genes that have pleiotropic effects on multiple adiposity traits.

Furthermore, the study samples from Samoa and American Samoa with their homogenous
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population history but with their heterogeneous environmental settings offers a unique
possibility to study gene by environmental interactions that should be taken advantage of.
Further exploration of our implicated susceptibility regions by additional linkage and
association studies is hence warranted. We are currently applying for a grant to perform
genome-wide association analysis of the same adiposity phenotypes on this valuable dataset,
which, if funded, may allow for identification of candidate genes and better understanding of
biological pathways that are involved in the variation of adiposity phenotypes.
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