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Recently, whole genome association (WGA) studies
have accelerated progress in the search for genetic
variations underlying the inheritance of complex

genetic diseases. Although population differences in allele
frequencies are usually small, these studies have
demonstrated the importance of accounting for population
differences in order to reduce false positive associations. Even
within a continental population, population stratification—
ancestry differences between cases and controls—can cause
false associations at markers whose frequency differs across
subpopulations [1,2]. For example, in a recent WGA study of
rheumatoid arthritis in European Americans, markers in the
LCT and IRF4 genes would have been falsely implicated as
associated to disease without the application of methods to
control for stratification [3]. Similar empirical examples of
population stratification exist for other phenotypes, and
genetic risk has been reported to vary across Europe for a
wide range of diseases [4–8]. In general, investigators should
be alerted to consider population stratification when WGA
data indicates that a particular marker shows a strong
frequency gradient across Europe.

Methods have already been developed to control for
population stratification in the initial stage of WGA studies,
in which data from hundreds of thousands of markers is
generated [9,10]. However, controlling for stratification is just
as important in replication studies in independent sample
sets, which will focus on a small number of markers. Similarly,
candidate gene studies and fine mapping or sequencing
studies will also require attention to population differences.
Because a small number of candidate markers will not be
sufficiently informative for ancestry, and genotyping a large
number of markers is expensive, there is a need for small
panels of ancestry informative markers (AIMs) that can be
used to accurately infer ancestry [11]. We focus here on
European Americans, a structured population that is often
sampled in association studies.

Multiple studies have shown that the largest source of
population structure in European Americans involves a
north–south (or northwest–southeast) cline through Europe
[9,12,13]. However, subtler effects involving other regional or
ethnic differences can also contribute to stratification. An
important question is which ancestries should be evaluated in
replication studies by genotyping of AIMs at additional cost.
The answer to this question will vary from study to study,
depending on factors such as the collection location of cases
and controls, the phenotype being studied, and
considerations of cost. For example, a study of a phenotype
with known ancestry differences, in which cases are collected
from a large city and controls are collected from throughout

the country, would be well-advised to define ancestry to the
fullest extent possible. On the other hand, a study of a
phenotype with no known ancestry differences, involving
cases and controls rigorously matched by location, might
choose to bypass the use of AIMs entirely. An intermediate
option would be to model only north–south ancestry,
addressing the single most likely source of stratification at
partial cost, with some residual risk of stratification.
Two research papers by our two groups in the current issue

of PLoS Genetics provide a broad assessment of European
American population structure, and also provide several sets
of AIMs for inferring ancestry in European Americans [3,4].
Our respective sets of AIMs were ascertained using different
pairs of populations, but have each been shown to be
effective in discerning the ancestries for which they were
ascertained. The Price et al. study analyzes WGA data from
the Affymetrix 500 K and Illumina 300 K platforms and
describes a set of 100 AIMs ascertained using northwest
versus southeast European ancestry (Price100) and a set of
200 AIMs ascertained using southeast European versus
Ashkenazi Jewish ancestry (Price200) [4]. The Tian et al. study
analyzes WGA data from the Illumina 300 K and 500 K
platforms and describes a set of 192 AIMs ascertained using
northern European versus Ashkenazi Jewish ancestry
(Tian192) and a set of 1,211 AIMs ascertained using Irish
versus other northern European ancestry (Tian1211) [3]. It
should be stressed that combined information from either a
very large set of markers or a set of highly specialized markers
is required to distinguish the ancestries of these genetically
very similar populations, whose real or perceived group
differences may often be dominated by environmental, social,
and cultural factors. Below, we outline the possible choices of
marker sets for inferring various ancestries. In each case, a
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method such as structured association or principal
components analysis can be applied to genotype data to
correct for stratification.

To correct for stratification along the north–south (or
northwest–southeast) cline, either the Price100 or Tian192
marker sets can be used. (The Tian192 markers, which were
ascertained using northern European versus Ashkenazi Jewish
ancestry, are effective in distinguishing north–south ancestry
because southern Europeans attain intermediate ancestry
values as compared to values at one extreme for northern
Europeans.) To correct for stratification involving both
north–south and Ashkenazi Jewish ancestry, one option is to
use the Price100þPrice200 marker sets, which together
separate north, south, and Ashkenazi ancestry into three
distinct clusters. Another option is to use the Tian192 marker
set, which models these three ancestries along a single axis
and will be sufficient in the case that the phenotype being
analyzed has intermediate values for southern European as
compared to northern European versus Ashkenazi Jewish
ancestry. Finally, to correct for stratification involving a west–
east gradient within northern Europe (e.g., Irish versus other
northern European ancestry), the Tian1211 marker set is the
only set of AIMs available.

We note that the initial information from a WGA study can
help to determine the appropriate choice of AIMs for a
replication study. An important question is, are there
ancestry differences between cases and controls in the initial
WGA study—and if so, which ancestries contribute to this
effect, and do sets of AIMs correct for stratification in the
WGA data as effectively as the complete set of WGA markers?
Of course, a caveat to such an approach is the requirement
that the cases and controls used for replication are
demographically matched to those used in the initial study.

It is also worth noting that for some studies the analysis of
population structure might precede WGA. Thus, depending
on the number of case and control samples and the cost of
prescreening with AIM panels, it may be advantageous to first
match cases and controls for ancestry. This could improve the
power of the study, for two reasons. First, methods to correct
for stratification in a scenario with poorly matched cases and
controls will lead to an inevitable loss of power in a WGA
study. Second, if a variant is more polymorphic or has higher
relative risk in samples of a particular ancestry, then a more
genetically homogeneous group of subjects (for example,
focusing on Ashkenazi Jewish ancestry [14]) may be more
likely to reveal that variant.

We caution that population stratification is not the only
source of false positive associations in disease studies. In
particular, differences in DNA quality or laboratory treatment
between cases or controls may produce spurious signals that
will not be addressed by using AIMs [15]. Subtle instances of
differential bias will be difficult to detect in studies involving a
small number of markers, but a possible diagnostic check is to
compare rates of missing data between cases and controls.

In conclusion, replication and candidate gene studies in
European Americans can now make use of AIMs for
examining north–south, Ashkenazi Jewish, and Irish ancestry.
Though European Americans could exhibit additional even
subtler population structure effects, these would contribute
much less strongly to stratification and would require a
higher number of markers to discern, limiting their relevance
to AIM sets. Going forward, the widespread implementation
of AIMs may benefit from specialized products on dedicated
platforms to reduce costs. Discussions are currently under
way to achieve this, and we anticipate that specialized AIM
products will be commercially available to the research
community in the near future. We also envision that the
increasing explosion of WGA data will aid the ascertainment
of AIM panels for a broader range of populations, beyond
European Americans. “

References
1. Campbell CD, Ogburn EL, Lunetta KL, Lyon HN, Feedman ML, et al. (2005)

Demonstrating stratification in a European American population. Nat
Genet 37: 868–72.

2. Helgason A, Yngvadottir B, Hrafnkelsson B, Gulcher J, Stefansson K (2005)
An Icelandic example of the impact of population structure on association
Studies. Nat Genet 37: 90–95.

3. Tian C, Plenge RM, Ransom M, Lee A, Villoslada P, et al. (2008) Analysis and
application of European genetic substructure using 300K SNP information.
PLoS Genet 4: e4. doi:10.1371/journal.pgen.0040004

4. Price AL, Butler J, Patterson N, Capelli C, Pascali VL, et al. (2008)
Discerning the ancestry of European Americans in genetic association
studies. PLoS Genet 4: e236. doi:10.1371/journal.pgen.0030236

5. Bernardi F, Arcieri P, Bertina RM, Chiarotti F, Corral J, et al. (1997)
Contribution of factor VII genotype to activated FVII levels. Differences in
genotype frequencies between northern and southern European
populations. Arterioscler Thromb Vasc Biol 17: 2548–2553.

6. Menotti A, Lanti M, Puddu PE, Kromhout D (2000) Coronary heart disease
incidence in northern and southern European populations: a reanalysis of
the seven countries study for a European coronary risk chart. Heart 84:
238–244.

7. Yang H, McElree C, Roth MP, Shanahan F, Targan SR, et al. (1993) Familial
empirical risks for inflammatory bowel disease: differences between Jews
and non-Jews. Gut 34: 517–524.

8. Panza F, Solfrizzi V, D’Introno A, Colacicco AM, Capurso C, et al. (2003)
Shifts in angotensin I converting enzyme insertion allele frequency across
Europe: implications for Alzheimer’s disease risk. J Neurol Neurosurg
Phychiatry 74: 1159–1161.

9. Price AL, Patterson NJ, Plenge RM, Weinblatt ME, Shadick NA, et al. (2006)
Principal components analysis corrects for stratification in genome-wide
association studies. Nat Genet 38: 904–909.

10. Purcell S, Neale B, Todd-Brown K, Thomas L, Ferreira MAR, et al. (2007)
PLINK: a toolset for whole-genome association and population-based
linkage analyses. Am J Hum Genet 81: 559–575.

11. Hoggart CJ, Parra EJ, Shriver MD, Bonilla C, Kittles RA, et al. (2003)
Control of confounding of genetic associations in stratified populations.
Am J Hum Genet 72: 1492–1504.

12. Seldin MF, Shigeta R, Villoslada P, Selmi C, Tuomilehto J, et al. (2006)
European population substructure: clustering of Northern and Southern
populations. PLoS Genet 2: 1339–1351. doi:10.1371/journal.pgen.0020143

13. Bauchet M, McEvoy B, Pearson LN, Quillen EE, Sarkisian T, et al. (2007)
Measuring European population stratification with microarray genotype
data. Am J Hum Genet 80: 948–956.

14. Duerr RH, Taylor KD, Brant SR, Rioux JD, Silververg MS, et al. (2006) A
genome-wide association study identifies IL23R as an inflammatory bowel
disease gene. Science 314: 1461–1463.

15. Clayton DG, Walker NM, Smyth DJ, Pask R, Cooper JD, et al. (2005)
Population structure, differential bias and genome control in a large-scale,
case-control association study. Nat Genet 37: 1243–1246.

PLoS Genetics | www.plosgenetics.org January 2008 | Volume 4 | Issue 1 | e50002


