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Abstract
Type 2 diabetes mellitus (T2DM) is a common complex phenotype that by the year 2010 is
predicted to affect 221 million people globally. In the present study we performed a genome-wide
linkage scan using the allele-sharing statistic Sall implemented in Allegro and a novel two-
dimensional genome-wide strategy implemented in Merloc that searches for pairwise interaction
between genetic markers located on different chromosomes linked to T2DM. In addition, we used
a robust score statistic from the newly developed QTL-ALL software to search for linkage to
variation in adult height. The strategies were applied to a study sample consisting of 238 sib-pairs
affected with T2DM from American Samoa. We did not detect any genome-wide significant
susceptibility loci for T2DM. However, our two-dimensional linkage investigation detected
several loci pairs of interest, including 11q22 and 21q21, 9q21 and 11q22, 1p22–p21 and 4p15,
and 4p15 and 15q11–q14, with a two-loci maximum LOD score (MLS) greater than 2.00. Most
detected individual loci have previously been identified as susceptibility loci for diabetes-related
traits. Our two-dimensional linkage results may facilitate the selection of potential candidate genes
and molecular pathways for further diabetes studies because these results, besides providing
candidate loci, also demonstrate that polygenic effects may play an important role in T2DM.
Linkage was detected (p value of 0.005) for variation in adult height on chromosome 9q31, which
was reported previously in other populations. Our finding suggests that the 9q31 region may be a
strong quantitative trait locus for adult height, which is likely to be of importance across
populations.
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Type 2 diabetes mellitus (T2DM) is a multifactorial metabolic disorder characterized by
insulin resistance and dysfunction of the pancreatic beta cells. The disease results from a
complex interaction of genetic and environmental factors and is strongly associated with
obesity and modernized lifestyle. The disease has emerged to become a major public health
problem. In 2000 T2DM affected 151 million people globally. This number is predicted to
increase to 221 million in 2010, and the greatest proportional increase is expected to occur
in regions adopting a modernized lifestyle, such as Africa and Asia with a 50% and 57%
increase, respectively (Zimmet et al. 2001).

A genetic contribution to the development of T2DM is supported by family aggregation with
increased risk of developing the disease for first-degree relatives of probands and a greater
concordance between affected monozygotic twins compared to dizygotic twins (Barroso
2005). In addition, disease prevalence varies substantially between ethnic groups living in
the same environment, suggesting racial disparity for T2DM (Carulli et al. 2005).

In this study we search for linkage to T2DM in affected sib-pairs from American Samoa.
The population on the Samoan islands was likely established by a relatively small number of
founders about 3,000 years ago and had been fairly isolated until the 20th century (Tsai et al.
2004). Since the 1950s American Samoa has received substantial financial support from the
U.S. federal government, which has resulted in rapid economic modernization, nutrition
transition, and a dramatic increase in the prevalence of obesity and T2DM (McGarvey 2001;
Keighley et al. 2007). In 2002 the prevalence of T2DM was 21.6% for men and 18% for
women in American Samoa. In contrast, the prevalence of T2DM in the independent nation
of Samoa in 2003 was 9.3% for men and 12.6% for women (Keighley et al. 2007). Most
inhabitants of Samoa have not been exposed to the same rapid modernization as American
Samoans have, but members of both polities share an almost identical genetic background
(Deka et al. 1994; Tsai et al. 2001).

Proteinuria is strongly associated with T2DM, causing thickening of the glomerulus and
excessive albumin excretion in urine, and has been associated with short stature in T2DM. It
has been suggested that a common genetic factor predisposes individuals to both short
stature and diabetic renal disease (Fava et al. 2001). Because some evidence shows familial
clustering of renal disease in T2DM (Pettitt et al. 1990; Fava et al. 2000), we hypothesize
that short stature also could cluster in T2DM families, and therefore the collected data make
an interesting study sample for investigations of adult height.

In the present study we performed a traditional genome-wide scan using the nonparametric
allele-sharing statistic Sall, as implemented in Allegro (Gudbjartsson et al. 2000, 2005)
(available at http://www.decode.com/software/), and the more novel nonparametric two-
dimensional genome-wide scan in which we search for interaction between any two distant
loci linked to T2DM using Merloc (Bell et al. 2006) (available at http://www.well.ox.ac.uk/
~jordana/merloc/). In addition, we searched for linkage to adult height within the population
of American Samoa using a score statistic implemented in the newly developed QTL-ALL
software (Bhattacharjee et al. 2008; Mukhopadhyay et al. 2008) (available at http://
watson.hgen.pitt.edu/register/).
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Materials and Methods
Sample and Phenotype Collection

In 1998 we ascertained affected sib-pairs diagnosed with T2DM and collected blood
samples and phenotypes from 386 adults with T2DM from 174 families residing in
American Samoa. All participants reported that all four grandparents originated from the
Samoan islands. We obtained T2DM status from the diabetes registry at the American
Samoa Department of Health with the diagnosis of T2DM confirmed by medical records.
The criterion for inclusion of a sib-pair in the study was that both sibs had T2DM diagnoses
stated in their medical records. It should be noted that the registry also includes individuals
diagnosed with type 1 diabetes mellitus (T1DM); these individuals were excluded from this
study. An extensive medical history was collected with a focus on information about how
and when the sibs’ T2DM was diagnosed. Eighty-four percent of the study sample was using
prescribed medication for their T2DM at the time of collection. In this study we are
investigating two T2DM phenotypes: (1) a broad phenotype including all patients diagnosed
with T2DM and (2) a narrow phenotype that we call T2DM-strict, which includes patients
diagnosed with T2DM and treated with prescribed medication (Table 1).

The average time from diagnosis of T2DM to study participation was 8.4 years for men and
7.5 years for women. The average age of the study individuals was 56.5 ± 10.55 years for
men and 53.2 ± 12.5 years for women. General characteristics of the study samples are
shown in Table 2.

Height was measured with a portable anthropometer using standard methods according to
the Anthropometric Standardization Reference Manual (Lohman et al. 1988). One female
research assistant measured all female participants, and male participants were measured by
one of the two male research assistants. There was no formal estimation of error of
measurement of adult height. The Institutional Review Board (IRB) of the Miriam Hospital,
Providence, Rhode Island, and the Department of Health, American Samoa, approved study
protocols, and written informed consent was obtained from all participants.

Marker Genotyping
We successfully genotyped 386 microsatellite markers from the ABI prism linkage mapping
set MD10, v. 2.5 (Applied Biosystems Inc., Foster City, California) using an ABI 377
automated DNA sequencer (Applied Biosystems) as described previously (Tsai et al. 2001).
The microsatellites in this marker set have an approximate spacing of 10 cM. Allele calls
were generated using GeneScan, v. 3.1, and Genotyper, v. 2.5 (Applied Biosystems),
software. In addition, nine forensic markers, from the Amp-Fl STR Profiler Plus kit
(Applied Biosystems), were genotyped using the same strategy as was used for the ABI
prism linkage mapping set.

Statistical Methods: Data Handling and Error Checking
R statistical software (R Project for Statistical Computing; available at http://www.r-
project.org/) and Mega2 (Mukhopadhyay et al. 2005) (available at http://
watson.hgen.pitt.edu/register/softdoc.html) were used to set up files for all software used. To
check the accuracy of self-reported pedigree structure, we used the maximum log-likelihood
ratio statistic as implemented in the relationship testing program PREST (McPeek and Sun
2000; Sun et al. 2002) (available at http://fisher.utstat.toronto.edu/sun/Software/Prest).
Because this test is performed between all genotyped relative pairs within each pedigree, it
results in a large number of tests that have to be accounted for when the results are
interpreted. A p value of 0.00004 from PREST corresponds to an alpha level of 0.01 that has
been Bonferroni-corrected for the number of independent tests performed. Because each sib-
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pair is not fully independent from the other sib-pairs within its sibship, we have adjusted for
the number of pair equivalents of information, where each sibship contributes with [2n − 3 +
(1/2)n−1]/1.5 (where n is the size of the sibship) (Hodge 1984). Thus we applied a p value
greater than or equal to 0.00004 as a cutoff value to reject the reported pedigree structure for
a specific relative pair. To resolve relationship errors, we carefully removed the minimum
number of problematic individuals so that no more relationship errors remained; for the
included individuals the reported pedigree structure agreed with the output from PREST,
and this formed the “conservative” sample set investigated in this study.

To try to include as many of the collected genotyped and phenotyped samples as possible,
we used RelPair (Boehnke and Cox 1997; Epstein et al. 2000) (available at http://
csg.sph.umich.edu/index.php) to estimate the likelihood that the relative pairs were half-sibs
or first cousins rather than full sibs. All relative pairs that were detected by PREST as
possible relationship errors and that were called by RelPair half-sibs or first cousins instead
of full sibs, together with the full sibs that were in accordance with the self-reported
pedigree structure, formed the “alternative” sample set studied. That is, we altered the
pedigree structure to redefine relationships to agree with the most likely relationship as
reported by RelPair.

To further ensure correct pedigree structure, we applied the genotypes from nine
hypervariable autosomal forensic markers to the updated conservative and alternative
pedigree structures and used RelPair to check that no other structures were more likely. In
addition, we used the forensic X chromosome marker and the microsatellite markers located
on the X chromosome to ensure that the reported sex was correct.

After relationship tests were performed and pedigree structures were updated accordingly,
we checked all pedigrees for Mendelian-inconsistent genotypes using the software
PedCheck (O’Connell and Weeks 1998) (available at http://watson.hgen.pitt.edu/register/
softdoc.html). When inconsistent genotypes were detected, we removed the genotypes at
that marker from all individuals within the inconsistent family.

To further ensure good-quality genotype data, we used the alignment strategy described
previously (Aberg et al. 2008) to align the allele-frequency patterns from this data set with
the pattern observed in our previous investigation of the Samoan population (Aberg et al.
2008; Dai et al. 2008) for 357 autosomal markers that were genotyped in common. The
alignment itself does not detect any specific genotyping errors. However, if the overall
allele-frequency pattern from a specific marker agrees with frequency patterns from other
data sets from the same population, the alignment decreases the risk that artifacts from the
genotyping process and allele-calling process have been included in the investigated data set
as true alleles.

Allele-Frequency Estimation
Allele frequencies at each marker were obtained by counting the alleles in all genotyped
individuals within the data set, ignoring their relationships. Using the genotype data from all
individuals in a sample set to estimate allele frequencies is unbiased and provides improved
information, compared with using only the data of one individual from each family.
However, properly accounting for relationships between individuals might improve the
estimates of allele frequencies but is usually of minor importance for the outcome of linkage
results (Broman 2001). In addition, to account for any biases resulting from nonrandomly
ascertained samples, we used allele frequencies obtained in the same way from an external
data set of 1,164 individuals who were ascertained without selection for any phenotype from
the population on the Samoan islands (Aberg et al. 2008). Unless otherwise stated, the allele
frequency obtained from the sample set studied in the present study is used.
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Genetic Map
In this genome-wide study and in three other genome-wide studies previously performed in
the population of the Samoan islands (Aberg et al. 2008; Dai et al. 2007, 2008), we have
used a genetic map based on Kosambi centimorgans (cM) taken from the Rutgers Combined
Linkage-Physical Map (Kong et al. 2004). Linear interpolation was used to include
polymorphic markers not included in the Rutgers map.

Linkage Analyses for Diabetes-Related Traits
To investigate the two qualitative diabetes-related phenotypes, T2DM and T2DM-strict, we
performed single-and multipoint nonparametric linkage analyses using Allegro
(Gudbjartsson et al. 2000, 2005). Based on the results from Sengul et al. (2001), which
suggest that the commonly used Sall statistic performs well in most situations, we report the
Sall statistics under the linear model, which uses identity-by-descent (IBD) sharing among
all affected members within a family (Whittemore and Halpern 1994). Allegro returns a
nonparametric linkage score as well as an allele-sharing LOD score. Here we have chosen to
report the LOD score multiplied by the sign of the δ̂ parameter, which allows the LOD score
to indicate both increased (positive values) and decreased allele sharing (negative values).
Allegro conducts the analysis for autosomes as well as for the X chromosome. Because we
were not able to determine the shared parent for the half-sibs included in the alternative data
set, we performed X-chromosome-linked analysis for only the conservative sample set.

Empirical Genome-Wide Level of Significance
In this study we evaluated the results from the one-dimensional genome-wide linkage
analysis of T2DM using locus counting (Wiltshire et al. 2002). In short, we estimated the
null distribution of regions showing evidence for linkage by simulating 1,000 replicates of
the autosomal genome using the precise marker map, allele frequencies, family structure,
and missing genotype pattern as observed in our sample through the use of Simulate
(Laboratory of Statistical Genetics, Rockefeller University; available at ftp://
linkage.rockefeller.edu/software/simulate). The simulated genomes were analyzed for
linkage using Allegro (Gudbjartsson et al. 2000, 2005). For the single-point linkage analysis
we counted the number of markers that showed linkage, and for the multipoint linkage
analysis we counted the numbers of independent regions showing linkage. Regions were
considered independent of each other if their maxima were separated by 55 cM (Haldane)
(Wiltshire et al. 2002).

Power Simulations for T2DM
We used Allegro (Gudbjartsson et al. 2000, 2005) to simulate multipoint data given a single-
locus disease model. The pedigree structure and information on who was affected and on
who was genotyped were kept identical with the original data set. The simulations were
performed under three additive models, where the relative risks were 1.2, 2.1, and 3.2, as
previously described by Sengul et al. (2007). We performed 900 simulated data sets for each
model, calculated nonparametric linkage as described, and calculated the percentage of how
often a genome-wide significant linkage peak was detected in the location of the true signal.

Two-Dimensional Linkage Analyses for Diabetes-Related Traits
To investigate pairwise interaction between genetic markers located on different
chromosomes, we used the software Merloc (Bell et al. 2006) to test for two-locus
nonparametric linkage to the diabetes-related traits. For any combination of chromosome
regions located on two different chromosomes, the program generates a two-dimensional
grid and calculates the two-loci maximum LOD score (MLS) for each marker pair, using
Merlin (Abecasis et al. 2002) as a multipoint likelihood-calculating engine. Because the
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Merloc software is currently limited to analyzing nuclear families, we did not perform two-
dimensional linkage analyses for the alternative sample set, as this data set contains relative
pairs that exceed this limit.

Autosomal Linkage Analyses for Adult Height
To investigate the quantitative trait adult height in the studied sample from American
Samoa, we used a score statistic. Score statistics for quantitative trait locus (QTL) mapping
have been discussed by, for example, Tang and Siegmund (2001), Putter et al. (2002), and
Wang and Huang (2002). The version we use is similar to the version discussed by these
investigators, but it uses a maximized empirical variance estimate in the denominator that
makes it both robust and powerful in the presence of selected sampling. This statistic is
implemented under the name Score.Max in the newly developed software QTL-ALL
(Bhattacharjee et al. 2007; Mukhopadhyay et al. 2008). The QTL-ALL software is limited to
handling nuclear families, so adult height was not studied in the alternative data set. We
calculated multipoint statistics, and we estimated all parameters needed to calculate the
score statistics from the data set using QTL-ALL. Before performing the linkage analysis,
we checked the data set for extreme outliers, and we removed systematic variation caused by
age by fit-ting a linear model to the height observations for males and females, respectively.
We then used the differences between the observed and the fitted values (i.e., the residuals)
as the trait in the linkage analysis. The combined residuals appeared to be normally
distributed, and therefore no further transformation was performed. Because this strategy
does not account for variations of the age effect associated with different developmental
stages, such as normal growth in young adults and shrinking as a result of, for example,
osteoporosis in elderly, we restricted our sample set to individuals between 22 and 55 years
of age. By including individuals from only this limited age span, we aimed to minimize
differences in adult height caused by a potential cohort effect, with the younger generations
being taller than the older generations, which has been observed previously in a different
population (Mukhopadhyay et al. 2003).

Power Simulations for Adult Height
We used SLINK (Ott 1989; Weeks et al. 1990; Cottingham et al. 1993) to simulate two
microsatellite markers located 5 cM on each side of a true QTL. The pedigree structure and
information on who was phenotyped and on who was genotyped were kept identical with the
original data set. The simulations were performed under three additive genetic models,
without any dominant effect, where the locus-specific heritability was set to 0.7, 0.35, and
0.175, the allele frequencies were set to 0.5, and the simulated trait had an overall mean of 0
and a total variance of 1. We performed 1,000 simulated data sets for each model, calculated
the score statistics as described earlier with QTL-ALL (Bhattacharjee et al. 2008;
Mukhopadhyay et al. 2008), and calculated the percentage of how often a significant linkage
peak (genome-wide α = 0.05) was detected in the location of the true signal.

Linkage Analyses for Adult Height on the X Chromosome
The current version of QTL-ALL does not carry out analyses for the X chromosome, and to
our knowledge no other suitable score statistic is available for studying quantitative traits on
the X chromosome. We have therefore applied a variance component method, as recently
implemented in Mendel (Lange et al. 2001) (available at http://www.genetics.ucla.edu/
software/), to search for linkage to adult height on the X chromosome. We standardized the
trait by sex and applied three different models in which X-chromosome-linked QTL and
random environmental variance components were always included, whereas the autosomal
additive polygenic and X-chromosome-linked additive polygenic variance components were
included simultaneously as well as one at a time.
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Results
Relationship and Sex Checking

Sixty-one relative pairs were not supported by statistical testing using PREST on the self-
reported pedigrees. Genotype and phenotype data from these 61 relative pairs were
removed, and the remaining samples formed the conservative data set investigated in this
study. Eleven of the relative pair discrepancies were included in the alternative data set as
half-sibs or first cousins, as suggested by RelPair. The total number of phenotyped and
genotyped relative pairs included in this investigation is reported in Table 1. No additional
discrepancies in the pedigree structures were detected with the nine hypervariable autosomal
forensic markers.

Genotype Error Checking
The genotyped relative pairs included one monozygotic twin pair that was eliminated from
all statistical calculations but was used for calculating genotype error rates. Out of 634
autosomal allele calls for markers in common and 26 allele calls for markers in common on
the X chromosome, we found 12 and 3 discrepancies, respectively. This suggests an
approximate genome-wide error rate for the data set of 2.3%. However, because of the
limited size of the families included in this study, it is difficult to identify the precise
individual carrying a genotype error (Mukhopadhyay et al. 2004). Therefore this fairly low
genotype error rate results in a higher percentage of missing genotypes resulting from
genotype errors because we removed all genotypes for a specific maker from all individuals
within each family that contained a Mendelian inconsistency.

When aligning the allele-frequency patterns from each marker with the patterns from
another data set from the Samoan islands, the overall alignments matched well and no
marker had an allele with a frequency greater than 10% that was not detected in the other
data set.

Genome-Wide Linkage Analysis for T2DM Phenotypes
The results from our simulation study suggest that in this particular investigation a
multipoint and a single-point LOD score of 3.7 corresponds to a genome-wide empirical p
value of 0.01 and a LOD score of 2.9 corresponds to a p value of 0.05.

We detected a LOD score of 1.26 with single-point statistics at marker D4S403 for the
T2DM phenotype in the conservative data set. When the more stringent phenotype, T2DM-
strict, was used, the LOD scores slightly increased to 1.44 at this marker. With the
multipoint statistics we detected a LOD score of 1.12 within this region for the T2DM-strict
phenotype. No LOD score of interest was detected for the broader T2DM phenotype. In
addition, potential linkage with a LOD score of 1.71 to the T2DM-strict phenotype was
detected at marker D7S484 when using single-point statistics (Figure 1). The one-
dimensional linkage results for the alternative sample set were similar overall to the results
detected in the conservative data set. For instance, the peaks reported were only marginally
increased (0.03–0.17) in the alternative data set.

Two-Loci Linkage Analysis for T2DM Phenotypes
To search for two loci that simultaneously affect T2DM or T2DM-strict, we performed a
two-dimensional genome-scan using Merloc (Bell et al. 2006). In this investigation we
found five chromosome combinations with a MLS greater than 1.6 for the broad T2DM
phenotype and eight chromosome combinations for the more stringent, T2DM-strict
phenotype. One of the chromosome combinations detected with the broad phenotype was
also detected with the T2DM-strict phenotype (Table 3).
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QTL Analysis for Height
We have performed a QTL analysis for height, using the multipoint Score.Max statistics as
implemented in QTL-ALL (Bhattacharjee et al. 2008; Mukhopadhyay et al. 2008). We
excluded subjects whose age was less than 22 or greater than 55 and adjusted for age within
each sex in the remaining samples before performing the QTL analysis. No extreme outliers
were observed in this study sample. The most promising QTL for stature was found on
chromosome 9q31. Within this region we detected a Score.Max p value of 0.005 with
marker D9S1690 (Table 4 and Figure 2). We detected three additional chromosome regions
with p values less than or equal to 0.01. We detected a Score.Max p value of 0.009 with
marker D1S2836 on chromosome 1q44, a p value of 0.010 with D10S249 on chromosome
10p15, and a p value of 0.008 with D22S274 on chromosome 22q13 (Table 4 and Figure 2).
Furthermore, we detected eight chromosome regions with p values ranging from 0.05 to
0.01 on chromosomes 2p25, 2q32–q33, 10q26, 12q21,12q23, 12q24, and 15q11 (Table 4
and Figure 2).

To investigate linkage between adult height and the X chromosome, we used the variance
component approach as implemented in Mendel (Lange et al. 2001). With this method and
the three tested models described earlier, we did not detect any LOD score greater than 0.75
on the X chromosome.

Discussion
Flat One-Dimensional Linkage Peak Pattern

In any genome-wide linkage study one would expect to see a moderate number of modest
peaks across the genome just by chance. Our simulations predict that the average simulated
genome-wide scan for the studied data set should have 2.2 multipoint linkage peaks greater
than 1.175 and 4.0 single-point LOD scores greater than 1.175. In the present study, when
investigating the diabetes-related traits, we observed a linkage peak pattern that is slightly
flatter than what our prediction suggests. We found no multipoint results greater than 1.175
and only one marker for the broad phenotype and two markers for the narrow phenotype
with single-point results greater than 1.175. However, according to our simulations, it is a
fairly high probability (about 8–18%) to observe these slightly flatter genome-wide linkage
peak patterns by chance. Because the expected number of peaks is derived under the
assumption that the markers have nothing to do with the disease and because in our study we
observed a slightly lower number of peaks than expected on average, we have no support for
one-dimensional linkage to the studied T2DM-related phenotypes in this data set. This lack
of linkage to the studied phenotypes could be due to many various factors.

First, T2DM is a complex pathophysiologic disease state with variation in its natural history
and multiple putative molecular scenarios. Thus a common T2DM phenotype could be due
to different underlying genetic factors, inheritance patterns, and environmental influences
(Barroso 2005). The T2DM diagnoses for this study sample may have high heterogeneity
because they were obtained from a diabetes registry and medical records, with no selection
for body mass index and sex and a substantial interval of about 8 years between diagnosis
and study participation. In addition, the level of T2DM knowledge and awareness was low
at the time of the study in American Samoa, suggesting that many participants may have had
T2DM for many years before being diagnosed. In an attempt to investigate a more
homogeneous phenotype, T2DM-strict, we were actually able to slightly increase the
variation of the linkage peak pattern, which supports the theory that the studied individuals
diagnosed with T2DM could be a quite heterogeneous group. In addition, several studies
have reported sex effects on the underlying genetic architecture of diabetes-related traits
(Stone et al. 2002; Lewis et al. 2005; North et al. 2007). In this study we have investigated
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sib-pairs without making any distinctions between their sexes, which might further increase
the heterogeneity of the phenotypes studied.

Second, despite careful relationship testing, the study sample might contain undetected
relationship errors. If the true relationship is more distant than the reported relationship, the
observed sharing between relative pairs would be decreased relative to the expected sharing,
which in turn would decrease the power of our investigation. Furthermore, because the
studied sample set originates from a small population founded by a small numbers of
individuals that have been fairly isolated for a large number of generations (Tsai et al. 2004),
it is likely that inbreeding exists within the study population. However, not accounting for
inbreeding would lead to increased allele sharing and therefore to an increased number of
false-positives (Genin and Clerget-Darpoux 1996; Leutenegger et al. 2002) rather than a flat
linkage peak pattern.

Third, although we put strong efforts into detecting genotype errors, it is still possible that
the sample set contains undetected Mendelian genotype errors, particularly because no
parents were genotyped. However, the comparison of the genotyped monozygotic twin pair
and the allele-frequency patterns between different data sets suggests that the genotype error
rate is low (≈ 2.3%) in this data set.

Fourth, if a marker is in strong linkage disequilibrium with a disease susceptibility gene, the
marker allele frequency estimates obtained from affected relative pairs might be biased.
Therefore, in addition to estimating allele frequencies from the collected sample set, we also
used an external set of allele frequencies for the linkage investigation of the conservative
data set. No notable differences between the linkage studies performed with the allele
frequencies obtained from the studied sample set and the external allele frequencies were
observed. We therefore argue that the flat linkage peak pattern observed when studying the
diabetes phenotypes is not an effect of incorrect allele frequencies.

Another factor that could cause a flat linkage peak pattern is an incorrect marker map. The
microsatellite markers and the applied marker map used in this study are commonly used by
genome-wide scans of various phenotypes in many populations. The markers have been
mapped both physically and genetically and therefore are unlikely to be dramatically
misplaced. Furthermore, in the present study we observe flat linkage patterns for the
multipoint study as well as for the single-point study. Because the single-point study is not
affected by the marker map but still shows a flat pattern, we do not believe that the lack of
peaks is due to problems with the marker map.

Finally, it is possible that our flat linkage peaks reflect a true negative result, meaning that
no susceptibility loci for the studied heterogeneous T2DM phenotypes segregate within the
American Samoan study sample. It is possible that the development of the T2DM phenotype
is mainly mediated by physical and environmental factors, such as blood pressure, obesity,
food intake, and lack of exercise. However, because multiple studies of various populations
have identified susceptibility loci for T2DM, it is more likely that such loci also exist in the
Samoan population but that the present study does not have adequate statistical power to
detect such loci. Simulations show that our study sample has 78% power to detect
significant multipoint linkage (α = 0.05) when the relative risk is fairly high (3.2). When the
relative risk is reduced to 2.1, the power to detect genome-wide significant linkage is
reduced to 47%. However, when the relative risk is reduced to 1.2, the present study sample
does not have adequate power to detect linkage. Indeed, recent genome-wide association
studies for T2DM susceptibility loci (Saxena et al. 2007; Scott et al. 2007; Sladek et al.
2007; Steinthorsdottir et al. 2007; Zeggini et al. 2007) found genes with only relatively

ÅBERG et al. Page 9

Hum Biol. Author manuscript; available in PMC 2013 July 04.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



small relative risks (maximum λS ≈ 1.07) (Zeggini et al. 2007); such loci are not of large
enough effect to be detectable in our study.

Susceptibility Loci for Diabetes-Related Traits
Neither the one-dimensional nor the two-dimensional linkage studies of the broad and
narrow phenotypes revealed any genome-wide significant susceptibility loci for diabetes.
However, the regions on chromosome 4p15 and 7q31 that were detected by the one-
dimensional scan and most of the loci with a MLS above 1.6 detected in the two-
dimensional scan have been reported previously as susceptibility loci for diabetes or
diabetes-related traits in other populations. Chromosome 4p15 has been suggested as a
susceptibility region for T2DM (Wiltshire et al. 2004), and 7q31 has been suggested to carry
a susceptibility locus for metabolic syndrome (Loos et al. 2003) and for fasting insulin levels
(Lakka et al. 2003).

The largest two-dimensional MLS for the stringent phenotype was detected in region 11q22,
which previously has been implicated as conferring susceptibility to T2DM (Traurig et al.
2006) and T1DM (Dong et al. 2007), and in region 21q21, which has been suggested as a
potential locus for T1DM (Bergholdt et al. 2005). Similarly, the largest two-dimensional
MLS for the broad phenotype was detected on chromosomes 12q24 and 20q13. The 12q24
region previously has been reported as linked to both T2DM (Lindgren et al. 2002; Rotimi et
al. 2004; Wiltshire et al. 2004) and T1DM (Tessier et al. 2006) and to diabetic risk factors
such as high body mass index (Cornes et al. 2005) and abdominal subcutaneous fat (Perusse
et al. 2001). The chromosome 20q13 region has been linked to T2DM in several studies
(Klupa et al. 2000; Bento et al. 2004; Damcott et al. 2004; Rotimi et al. 2004; Silander et al.
2004; Cheyssac et al. 2006).

Furthermore, both the narrow and the broad phenotype detected a two-dimensional MLS
with 11q22 (discussed earlier) and 9q21. The 9q21 region has been linked to T2DM
(Lindgren et al. 2002) and to other diabetes-related traits (Loos et al. 2003). Interestingly,
the locus on chromosome 4p15 detected for the narrow phenotype in the one-dimensional
analyses was also detected in the two-dimensional linkage study in pairs with five different
loci. Among these five loci were 11q22 and 20q13 as well as 15q11–q14, which partly
overlaps with the 15q13–q21 region [which has been reported as linked to T2DM in the
Japanese population (Mori et al. 2002)], and 19q13, which has been linked to glucose,
insulin, and insulin resistance in a meta-analysis of multiethnic populations (An et al. 2005)
and has been linked to T2DM in independent studies (Majer et al. 1996; Loos et al. 2003;
van Tilburg et al. 2003). Both chromosome 4p15 and 11q22 were seen in pairs with markers
located in 1p22–p21. To our knowledge, no previously reported diabetes susceptibility locus
is located in this region on chromosome 1p. Nor have we found any previous reports
showing susceptibility to chromosome 2p15, which in this study was detected in association
with the commonly reported diabetes locus on 12q24, described earlier. Furthermore, 5q14
was detected for the broad phenotype in pair with 14q21. Chromosome 5q14 has previously
been reported as linked to diabetes-related phenotypes such as body mass index, fat mass,
and percent body fat (Chen et al. 2005), and 14q21 has previously been suggested as linked
to T2DM (Wiltshire et al. 2004).

Recently, a number of genome-wide association studies have been completed (Saxena et al.
2007; Scott et al. 2007; Sladek et al. 2007; Steinthorsdottir et al. 2007; Zeggini et al. 2007).
These studies have partly overlapping results and report nine replicated susceptibility loci,
all with relatively common risk alleles, with potential candidate genes for T2DM. However,
according to Zeggini et al. (2007), these nine loci explain only a minor proportion of the
observed familiarity. The fact that none of these regions overlap with any of the
chromosome regions discussed here further supports the complexity of diabetes-related
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traits. The linkage strategy used in the present study is heavily underpowered, so we could
not detect such small genetic effects for such complex traits; the linkage strategy has high
power to detect only genes of relatively large effect with relatively rare susceptibility alleles.

Susceptibility Loci for Adult Height
Human adult height has been suggested to be highly heritable, with heritability estimates
(h2) ranging from 0.5 to 0.9 (Mukhopadhyay and Weeks 2003; Willemsen et al. 2004) in
various populations and with an h2 of 0.7 in the Samoan islands (unpublished data). Our
simulation study shows that, if the heritability that is explained by a single trait locus ranges
from 0.7 to 0.175, the power to detect a linkage signal (genome-wide α = 0.05) to adult
height in the current study sample ranges from 31% to 14%. These fairly low power
estimates suggest that additional chromosome regions not detected in the current study
might be of great importance for variation in adult height in the studied population. Since
the first genome-wide linkage scans for height were performed in 2001 (Hirschhorn et al.
2001; Perola et al. 2001), several susceptibility loci for height have been reported [for a
recent overview see Perola et al. (2007)], but, as for most complex phenotypes, only some
have been successfully replicated by further studies (Liu et al. 2004, 2006; Willemsen et al.
2004; Sale et al. 2005; Shmulewitz et al. 2006). The most promising susceptibility loci for
height (Score.Max p = 0.005) detected in our current study of sib-pairs from American
Samoa was located on chromosome 9q31 at marker D9S1690. This region and its flanking
regions have previously been reported as linked to height in different populations. Perola et
al. (2001) reported a QTL for height with a maximum LOD score of 2.61 located telomeric
of our findings at 9q34, and Liu et al. (2004) reported three loci of interest on the long arm
of chromosome 9. Their highest linkage peak (LOD score 2.74, p = 0.0003) was detected on
9q22. Furthermore, they detected a second peak (LOD score 2.22, p = 0.001) on 9q33 and a
third peak (LOD score 2.66, p = 0.0004) on 9q34. In addition, Liu et al. (2006) confirmed
the QTL for height on chromosome 9q22 in an extended data set. Based on our results and
on those of the studies previously discussed, we suggest that chromosome region 9q22–qtel
hosts at least one, possibly more, QTLs that are of importance for variation in adult height in
populations of various ethnicities.

The region on chromosome 22q13 that in this study shows linkage (Score. Max p = 0.008)
to adult height has previously been reported as linked to adult height in men originating
from Framingham, Massachusetts (Mukhopadhyay et al. 2003) and in a combined sample of
men and women in a Finnish study (Sammalisto et al. 2005). The additional two regions on
chromosomes 1q44 and 10p15 that showed significant linkage with a p value less than 0.01
(Score.Max p = 0.009 and 0.010, respectively) in the present study have to our knowledge
not been suggested as QTLs for variation in adult height previously. These loci might be
more important for variation in adult height in our fairly isolated population from American
Samoa than for more outbred cosmopolitan populations. Furthermore, we detected eight
chromosome regions with p values ranging from 0.05 to 0.01 on chromosomes 2p25, 2p23,
2q32–q33, 10q26, 12q21, 12q23, 12q24, and 15q11. No previous genome-wide linkage
studies have reported significant linkage for adult height to these loci. However, the region
on chromosome 15q11 is suggested as a susceptibility region for Prader-Willi syndrome, a
complex multifactorial syndrome with short stature as one of its major clinical features
(Gunay-Aygun et al. 2001), which supports the finding that a locus regulating stature might
be located in this chromosome region.

Conclusions
In conclusion, we did not detect any genome-wide significant susceptibility loci for T2DM
within our study sample from American Samoa. However, our two-dimensional linkage
investigation detected several loci pairs that are of potential interest. Interestingly, most
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individual loci detected in the two-dimensional study have previously been suggested as
susceptibility loci for diabetes-related traits. Thus the present study supports the theory that
T2DM is a complex disease that is influenced by multiple genes or gene clusters that most
likely one by one contribute with a minor effect but together create the genetic susceptibility
for the T2DM phenotype. We believe that our two-dimensional linkage results can be
helpful when selecting potential candidate genes and molecular pathways for further studies,
because these results, in contrast to one-dimensional linkage results, also contribute
information regarding multigenic effects.

We did not find any overlap of interest between the loci detected for the diabetes-related
traits and the loci detected for adult height. We therefore do not believe that there is any
detectable locus with major pleiotropic effect acting simultaneously on diabetes-related
traits and adult height in our sample. Interestingly, the most promising chromosome region
detected for variation of adult height in this Samoan sample is located on chromosome 9q31,
which has been reported previously as linked to adult height in other populations. We
therefore argue that the region on chromosome 9q31 is a strong susceptibility locus for
variation in adult height, which is likely to be of importance across populations.
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Figure 1.
One-dimensional linkage results for chromosomes 4 and 7 for the conservative data set.
Multipoint results are illustrated by a solid line, and single-point results are indicated by
triangles.
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Figure 2.
Genome-wide linkage results, −log10(p value) from the Score.Max statistic, for adult height
in full sib pairs (22–55 years old) from the conservative data set. Horizontal line indicates p
= 0.01.
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Table 4

Susceptibility Regions for Adult Height with Score.Max p Values Less Than or Equal to 0.05a

Cytogenetic Positionb Closest Marker Score.Max p Value

1q44 D1S2836 0.009

2p25 D2S2211 0.028

2p23 D2S165 0.014

2q32–q33 D2S117–D2S325 0.042

9q31 D9S1690 0.005

10p15 D10S249 0.010

10q26 D10S587–D10S217 0.044

12q21 D12S351 0.026

12q23 D12S78 0.019

12q24 D12S324 0.043

15q11 D15S128 0.018

22q13 D22S274 0.008

a
Regions with a p value less than or equal to 0.01 are marked in bold.

b
Cytogenetic position for closest marker(s).
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