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Founder populations have been the subjects of complex disease studies because of their decreased genetic
heterogeneity, increased linkage disequilibrium and more homogeneous environmental exposures.
However, it is possible that disease alleles identified in founder populations may not contribute
significantly to susceptibility in outbred populations. In this study we examine the Hutterites, a founder
population of European descent, for 103 polymorphisms in 66 genes that are candidates for cardiovascular
or inflammatory diseases. We compare the frequencies of alleles at these loci in the Hutterites to their
frequencies in outbred European-American populations and test for associations with cardiovascular
disease-associated phenotypes in the Hutterites. We show that alleles at these loci are found at similar
frequencies in the Hutterites and in outbred populations. In addition, we report associations between 39
alleles or haplotypes and cardiovascular disease phenotypes (Po0.05), with five loci remaining significant
after adjusting for multiple comparisons. These data indicate that this founder population is informative
and offers considerable advantages for genetic studies of common complex diseases.
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Introduction
Many founder populations are currently the subjects of

genetic studies of common diseases. The advantages of

these populations are well known.1–4 As many of the

diseases under investigation in founder populations are

major public health concerns, the primary rationale for

these studies is to identify genetic factors that are also

important in the general (outbred) population. However, it

is possible that susceptibility alleles present in founder

populations may not contribute to susceptibility in

outbred individuals, as is the case for many Mendelian

disorders.5 –8 Although identifying mutations associated

with common diseases only in founder populations could

identify pathways important for disease and possibly new

therapeutic approaches, there would be considerably less

enthusiasm for gene discovery in founder populations if

their susceptibility alleles were population-specific.

In order to assess the utility of founder populations for

identifying alleles that are associated with susceptibility to

common diseases in outbred populations, we conducted a

survey of polymorphisms in 66 candidate genes for

cardiovascular disease-related phenotypes in the Hutterites
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and compared the results to published studies of the same

variants in outbred populations. The Hutterites are parti-

cularly well suited for this study because the more than

35000 extant Hutterites are derived from fewer than 90

ancestors who were born in Europe in the early 17th to

early 18th century.9 The Hutterites of South Dakota, the

subjects of our study, are descendants of only 64 of these 90

ancestors.10 The small number of Hutterite founders

increases the likelihood that rare alleles could have risen

to modest frequencies due to drift, making it possible that

alleles that are very rare in outbred populations contribute

significantly to disease risk in the Hutterites. Conversely, if

rare variants contribute significantly to common diseases

in outbred populations,11 these variants may not be

present in the Hutterites because either they were not

carried by one of the founders or were lost due to drift.

In this investigation, we asked three questions: (1) Are

variants thought to be associated with cardiovascular

disease-related phenotypes in outbred populations present

in the Hutterites? (2) Are allele frequencies at these loci

similar in the Hutterites and outbred populations? (3) Are

the alleles with evidence for association with disease in the

Hutterites the same as in outbred populations? Our results

indicate that founder populations are indeed informative

for genetic studies of common diseases.

Materials and methods
Founder and outbred population samples

Measurements of blood pressure and serum lipids were

determined as part of a larger study of complex trait

genetics in the Hutterites; the details of these studies were

described previously. 4 Briefly, phenotype information and

blood samples for DNA extraction were collected from all

individuals age 6 years or older during field trips to nine

Hutterite colonies in 1993–1994 and 1996–1997. The 813

South Dakota Hutterites in our studies are related to each

other in a 13-generation, 1623-person pedigree12 and have

been the subjects of genome-screens for asthma and

atopy,10,13,14 fasting serum insulin,15 and serum triglycer-

ide16 susceptibility loci.

We used two published data sets to assess allele

frequencies in outbred populations: a cohort of 142

Caucasian individuals at high risk for cardiovascular

disease recruited from the San Francisco Bay area (UCSF)17

and a cohort of 207 Caucasian children at high risk for

developing asthma or atopy (COAST).18

Genotyping

Genotyping was performed with two linear array panels

developed by Roche Molecular Systems, Inc (Alameda, CA,

USA). Genotyping accuracy by this assay is estimated at

499% (S. Cheng et al., personal communication). The first

panel, hereafter referred to as the ‘CVD’ set, consisted of 65

biallelic polymorphisms in 36 genes. These polymorphisms

were selected as candidate markers for cardiovascular

disease based on published reports in outbred populations.

An earlier version of this panel with 35 polymorphisms in

15 genes, 26 of them overlapping with our panel, was

previously described.17 Four single-nucleotide polymorph-

isms (SNPs) in two genes (CETP intron 14 þ 1, þ3 and

asp442gly,19 and TNF -24420) were excluded because they

were originally identified in non-European populations

and were very rare (o0.5%) in European populations

(S. Cheng et al., unpublished). The second panel, hereafter

referred to as the ‘INF’ set, included 50 biallelic poly-

morphisms in 35 genes. These polymorphisms were

selected as candidates for inflammatory diseases. Although

not all of the SNPs included in the INF panel had been

studied in patients with cardiovascular disease or asso-

ciated phenotypes, we considered them to be good

candidates because of the important role of inflammation

in cardiovascular disease (reviewed by Libby21). Eight SNPs

in five genes were present in both sets. The final study set

included 103 polymorphisms in 66 genes. In total, 721

Hutterites were genotyped for the CVD panel and 794 for

the INF panel; 692 individuals were genotyped for both.

Error checking was performed by comparing blind dupli-

cates, utilizing the known pedigree structure to detect

Mendelian errors and testing for Hardy–Weinberg equili-

brium.

Statistical analyses

We compared the allele frequencies in the populations

using a case–control (CC) association test that takes into

account both the relatedness between individuals and

inbreeding.22 Instead of contrasting the frequency of an

allele between a group of cases and a group of controls, we

contrasted the frequency of the allele between a sample of

Hutterites and a sample of outbred individuals. Because we

did not have access to the raw data of the outbred samples,

but only to their size and allele frequency, we created

dummy samples of genotypes corresponding to these sizes

and frequencies, assuming Hardy–Weinberg equilibrium.

Thus, the data did not allow us to contrast genotype

frequencies between the Hutterite sample and the outbred

samples. We note however that there was no departure

from Hardy–Weinberg equilibrium in the Hutterite sample

once the pedigree structure was taken into account.

Differences in the genotype frequencies between the two

samples are thus due to the differences in allele frequencies

and to inbreeding, which is the same for every locus.

We also compared allele frequencies in the populations

by calculating FST with the program GENDIST in the

PHYLIP software package.23

We tested for associations in the Hutterites using 89

polymorphic markers (multiple SNPs in the APOE, GC and

LTA genes and the CETP promoter were analyzed as

haplotypes) and six quantitative phenotypes associated

with cardiovascular disease: systolic blood pressure (SBP),
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diastolic blood pressure (DBP), low-density lipoprotein–

cholesterol (LDL), high-density lipoprotein–cholesterol

(HDL), triglycerides (TG), and lipoprotein (a) [Lp(a)]. The

descriptions of these phenotypes in the Hutterites are

shown in supplementary Table 1. To test for association,

we used two approaches that take into account the

relatedness between all pairs of individuals in our sam-

ple.15,22 The first test, called the general two-allele model

(GTAM), allows for a quantitative trait to follow any two-

allele model (including dominant, recessive, and addi-

tive).15 In these analyses, age and gender were included as

covariates. In order to eliminate excess skewness and

kurtosis, a transformation was applied to each trait,

resulting in a phenotype that closely matched a normal

distribution. Cube root was used for LDL and HDL, log10
was used for TG, Lp(a) and SBP, and square root was used

for DBP. The second approach utilized a case–control

design whereby the cases were individuals in our sample in

the highest quartile for LDL, Lp(a), and TG and the lowest

quartile for HDL, while the controls were the individuals in

the lowest quartile for LDL, Lp(a), and TG and the highest

quartile for HDL, after adjusting for age and gender (113,

93, 121, and 121 cases and an equivalent number of

controls for each phenotype, respectively). For the HTN

phenotype, 110 cases (adults taking antihypertensive

medication or stage 1 or higher hypertension as defined

by the World Health Organization-International Society of

Hypertension;24 children with high blood pressure as

defined by Council on Cardiovascular Disease in the

Young25) were compared with 84 controls (age and gender

matched normotensive controls for all individuals under

age 40 years, plus all normotensive adults over age 40

years). To test for association with these categorical

phenotypes, we used two CC association tests (the quasi-

likelihood score test and the corrected w2-test).22

Results
Frequencies of the minor alleles in the Hutterites are

shown for all three populations in Supplementary Table II

(Hutterite and COAST data are also on our websites). Ten

polymorphisms were monomorphic in the Hutterites

(supplementary Table 2; shown in bold). All of these SNPs

had low minor allele frequencies (o0.07) or were mono-

morphic in the UCSF or COAST samples or in other

published studies.17,26–28 Thus, 93 of the 103 (90%) SNPs

that were associated with disease or identified as candidates

in outbred European and European–American populations

were present in the Hutterites. Among the more common

SNPs (minor allele frequencies 40.10) in the outbred

population samples, all (58 of 58) were present in the

Hutterites, whereas among SNPs with minor allele fre-

quencies o0.10 in the outbred population samples, only

35 of 45 (78%) were present in the Hutterites. Thus,

approximately 25% of the less common alleles (o0.10)

were either not present in the Hutterite founders or were

lost due to drift.

The correlation between minor allele frequencies in the

Hutterites and the COAST and UCSF samples are shown in

Figure 1a and b, respectively. Among the 50 polymorph-

isms in the INF panel, allele frequencies in the Hutterite

and COAST samples were strongly correlated (R¼0.854),

as were the 26 polymorphisms from the CVD panel that

could be compared between the Hutterite and UCSF

samples (R¼0.939). The average difference between

minor allele frequencies in the Hutterites and outbred

samples was 0.066 (range 0–0.210). Overall, however,

among alleles present in the Hutterites, the frequencies

are similar to those observed in outbred Caucasian

populations. Only three of 75 comparisons (4%) were

significantly different (P o0.05 for ACE intron 16 ins/del,

CTLA4 –318 C/T and IL5RA –80 G/A), as would be

expected by chance. Additionally, in comparisons of

Hutterite vs UCSF allele frequencies, FST¼0.0191, and of
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Figure 1 Comparison of allele frequencies in Hutterites
and outbred populations. (a) Hutterites compared to UCSF
for 26 biallelic polymorphisms from the CVD set. R¼0.939.
(b) Hutterites compared to COAST for 50 biallelic
polymorphisms from the INF set. R¼0.854.
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Hutterite vs COAST, FST¼0.0230. These FST values are

similar to those obtained in comparisons between Eur-

opean populations.29,30 Thus, the Hutterites do not appear

to have significantly diverged from other European-

American population samples.

We found 39 significant associations (P o0.05) of lipid

levels or blood pressure with 29 different polymorphisms

using the GTAM (supplementary Table 3). Four of these

associations were highly significant (Po0.001) and re-

mained significant even after adjusting for 89 loci by a

permutation test.15 We found 56 significant associations (P

o0.05) of abnormal lipid levels or hypertension with 42

different polymorphisms using the CC tests (supplemen-

tary Table 4). The same four alleles that were highly

significant by the GTAM plus one more were highly

significantly associated by CC tests and remained signifi-

cant after adjusting for testing of polymorphisms in 63

genes and two CC tests using a Bonferroni correction

(adjusted critical P-value¼0.0004). These include the

APOE e2 allele with low LDL levels (GTAM P¼1.0�10�3;

CC P¼6.0�10�5), the LDLR NcoIþ allele with high LDL

levels (CC P¼2.2�10�4), the CETP �631C/�629A haplo-

type with high HDL levels (GTAM P¼1.3� 10�5; CC

P¼3.9�10�5), the APOC3 3175G allele with high TG

levels (GTAM P¼9.3�10�5; CC P¼1.6�10�5), and the

LPA þ93T allele with high Lp(a) levels (GTAM

P¼2.9�10�8; CC P¼2.9�10�4).

These five associated variants had frequencies ranging

from 0.02 (APOE) to 0.56 (CETP) in the Hutterites. The

average minor allele frequency for all 49 variants that

showed association with one or more phenotype in the

Hutterites was 0.24 (range 0.02–0.49), which was the same

as the average allele frequency for the 41 loci that were not

associated with these phenotypes in the Hutterites (average

minor allele frequency 0.25, range 0.03–0.49).

Discussion
Although classical population genetic theory predicts that

human founder populations will have allele frequencies on

average similar to those in the ancestral population, to our

knowledge this is the first study to provide empiric evidence

of this prediction for both biallelic markers and loci selected

because of their potential role as susceptibility alleles for

common diseases. In this investigation, all of the variants

identified in outbred populations, except for approximately

one fourth of low frequency (o0.10) variants, were present

in the Hutterites. These results are consistent with results of

a previous analysis of microsatellite alleles in the Hutterites

and CEPH families.13 In that study of 164 microsatellite

alleles, all alleles that were present in the CEPH families but

absent in the Hutterites had frequencieso0.10 in the CEPH

sample. Among those alleles that were present in the

Hutterites, the frequencies were similar to those found in

the CEPH families.13 Likewise, in this study SNP allele

frequencies were similar in Hutterite and outbred popula-

tions. Thus, common alleles (40.10) that are identified and

associated with diseases in outbred populations should be

present in the Hutterites and will often show similar

patterns of association.

Owing to the complex etiology of cardiovascular disease

and associated phenotypes, we would not expect to

replicate all associations in the Hutterites, particularly

those reported only in non-Caucasian populations or in

only a single sample. However, we would expect to find

some associations with related phenotypes, particularly

with those that have been replicated in multiple samples.

All five of the highly significant associations in the

Hutterites have been reported in other populations. The

APOC3 3175 polymorphism (a.k.a. ‘the SstI polymorph-

ism’) is located in exon 4 in the 30 untranslated region

(30UTR) of the gene encoding apolipoprotein C-III (apo

C-III). Apo C-III is a component of triglyceride-rich

lipoproteins, and numerous studies have demonstrated

an association between high triglycerides levels and the

rare (G) allele of this SNP (reviewed by Groenendijk et al.31),

as reported in this study. Apolipoprotein E is the primary

ligand for the LDL receptor, and the e2 variant binds with

significantly lower affinity to the receptor than either the

e3 or e4 isoforms. It has been well established that the e2
variant is associated with lower levels of cholesterol and

LDL, and that carriers of the e2 variant have a lower

incidence of coronary heart disease (reviewed by Eichner

et al.32). In the Hutterites, this variant was associated with

significantly lower levels of LDL by the GTAM, whereas the

e4 variant was significantly associated with ‘high LDL’ in

the CC study. More than 770 mutations have been

discovered in the LDL receptor to date.33,34 Mutations in

LDLR have been associated with familial hypercholester-

olemia, a disorder characterized by high levels of LDL, and

variation in the gene also contributes significantly to LDL

levels in the general population.35–37 The NcoI site is a

polymorphism in exon 18, where the ‘þ ’ allele is on a

haplotype that is associated with increased total and

LDL-cholesterol,38,39 consistent with our finding of an

association with ‘high LDL’ in the Hutterites. Cholesteryl

ester transfer protein (CETP) transfers cholesteryl esters

from HDL to LDL and very low-density lipoprotein (VLDL),

thus promoting the redistribution of lipids from anti-

atherogenic lipoproteins to proatherogenic lipoproteins.

Several polymorphisms in the coding region of CETP have

been associated with CETP activity, HDL concentration,

CHD and/or atherosclerosis (reviewed by Barter et al.40). In

addition, the C allele at –629 in the promoter has been

associated with high-CETP and low-HDL concentra-

tions.41,42 Here, we report significant associations between

the –631C/–629A haplotype and high HDL by the GTAM

and between the –631C/–629C haplotype and low HDL in

the CC test. LPA encodes apolipoprotein(a), a protein
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component of Lp(a), and variation in this gene is known to

affect the concentration of Lp(a) in the blood. The þ93

promoter polymorphism influences expression of LPA43

and has been associated with serum Lp(a) levels in Japanese

and Africans.44,45 In the Hutterites, the þ93T allele was

very significantly associated with high Lp(a) levels by the

GTAM and CC tests. Many other loci that have been

associated with cardiovascular phenotypes in outbred

populations were also associated with similar phenotypes

in the Hutterites (eg, AGTR1, AGT, LIPC, ACE).

A number of novel associations with SNPs in the INF

panel are also reported here, although none of these

remained significant after adjusting for multiple compar-

isons and some may represent false positives. Nevertheless,

alleles at some of these loci were associated with multiple

phenotypes with Po0.01 (eg, TGFB1, IL13, IL6, CTLA4)

making them particularly intriguing candidates that may

contribute to the inflammatory and immune processes

that underlie atherosclerosis. Overall, among the poly-

morphic markers tested, 30 of 51 (59%) in the CVD panel

and 24 of 47 (51%) in the INF panel showed some

association with blood pressure or lipid levels in the

Hutterites, indicating that many common disease-asso-

ciated variants that are present in outbred populations also

show evidence for association with related phenotypes in

the Hutterites.

One question that cannot be addressed directly with

these data is whether disease-associated variants first

detected in the Hutterites are also present and associated

with disease in outbred populations. However, data from

our laboratory suggest that this is likely to be the case. For

example, all SNPs that we have identified in the Hutterites

have also been detected in outbred populations,46–48

although our strategy for SNP detection in the Hutterites

would not detect very low-frequency SNPs (less than

approximately 0.02). However, because we would have less

power to detect susceptibility alleles in this very low-

frequency range, the disease susceptibility alleles that we

identify in the Hutterites will likely be higher frequency,

and therefore should be present in the general population.

On the other hand, we do not expect all disease associa-

tions detected in the Hutterites to be replicated in all

outbred populations. In particular, susceptibility to com-

mon diseases involves gene–gene and gene–environment

interactions. The frequencies of interacting alleles differ

among populations, and the Hutterites’ unique lifestyle

(eg, prohibition of cigarette smoking and uniformly high-

fat, high-salt diet) may not be replicated in other popula-

tions. In addition, linkage disequilibrium (LD) is increased

in the Hutterites and other founder populations. This

should result in longer ancestral haplotypes on which

disease susceptibility alleles reside, and a greater likelihood

that an associated allele detected in the Hutterites is merely

a marker for the true susceptibility allele on the extended

haplotype. Because the ancestral haplotype is not likely to

extend as far in the outbred population, the association

may not be replicated. It should be noted that characteriz-

ing LD among the SNPs was not the purpose of this study

and indeed, we do not have the correct data or methods to

assess this important question.

It is not possible at this time to predict whether most

susceptibility alleles for common diseases can be identified

in founder populations, because the proportional contri-

butions of common vs rare variants to common diseases are

still being debated.11,49 Indeed, given the size of the

Hutterite sample it is unlikely that we would have

sufficient power to detect associations with alleles in the

very low-frequency range, particularly if they have modest

effects on susceptibility, as is expected for genes underlying

complex phenotypes. However, our results indicate that

populations like the Hutterites will be useful for identifying

common variants that contribute to common diseases in

the general (outbred) population and that interpretation of

our results will not be limited to this unique population.

On the other hand, the Hutterite’s large and well-

characterized genealogy, along with a naturally high

fertility rate resulting in large family sizes, provide

significant advantages for mapping complex trait genes

compared with outbred populations. Further, the fact that

association studies in young founder populations such as

the Hutterites provide equivalent power with fewer

markers and smaller sample sizes, and therefore lower

costs, compared with outbred populations,50 makes them

well suited for identifying risk alleles for common diseases.
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