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Abstract

Chip-based high-throughput genotyping has facilitated genome-wide studies of genetic diversity. Many studies have utilized
these large data sets to make inferences about the demographic history of human populations using measures of genetic
differentiation such as Fst or principal component analyses. However, the single nucleotide polymorphism (SNP) chip data
suffer from ascertainment biases caused by the SNP discovery process in which a small number of individuals from selected
populations are used as discovery panels. In this study, we investigate the effect of the ascertainment bias on inferences regard-
ing genetic differentiation among populations in one of the common genome-wide genotyping platforms. We generate SNP
genotyping data for individuals that previously have been subject to partial genome-wide Sanger sequencing and compare
inferences based on genotyping data to inferences based on direct sequencing. In addition, we also analyze publicly avail-
able genome-wide data. We demonstrate that the ascertainment biases will distort measures of human diversity and possibly
change conclusions drawn from these measures in some times unexpected ways. We also show that details of the genotyping
calling algorithms can have a surprisingly large effect on population genetic inferences. We not only present a correction of
the spectrum for the widely used Affymetrix SNP chips but also show that such corrections are difficult to generalize among

studies.
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Introduction

Single nucleotide polymorphism (SNP) genotyping chips
have been developed primarily for the use in association
mapping, admixture mapping, identity by descent mapping,
and other studies aimed at detecting phenotype/genotype
associations (Hirschhorn and Daly 2005; Smith and O’Brien
2005; Purcell et al. 2007; Kingsmore et al. 2008; Albrechtsen
et al. 2009). However, SNP genotyping chips have also re-
cently been used in a number of population genetic studies
(Jakobsson et al. 2008; Lao et al. 2008; Li et al. 2008, and
other references below). Li et al. (2008) typed 650,000 SNPs
in the Human Genome Diversity Panel (Cann et al. 2002)
to analyze population structure. They performed analyses
similar to the analyses implemented in the program struc-
ture (Pritchard et al. 2000), estimated population trees,
performed principal component analyses (PCAs), and com-
pared allele frequency spectra among populations. They
discovered that the frequency spectrum was more skewed
for some populations, such as Europeans and Africans, than
for Asians and Native American populations. Differences
in allele frequency spectra were interpreted as possible ev-
idence of different demographic histories. Jakobsson et al.
(2008) similarly genotyped 525,910 SNPs using the Human
Genome Diversity Panel to analyze fine-scaled population
structure. They also performed structure analysesand PCAs
but focused more on copy number variants (CNVs) and did

not directly interpret frequency spectra. Nelson et al. (2008)
and Novembre et al. (2008) analyzed genotyping data from
500,568 SNPs from 3,192 European individuals and per-
formed PCAs and structure analysis. The results from these
papers have provided novel, and at times, surprising insights
into human demography. For example, the first two prin-
ciple components in the study by Novembre et al. (2008)
described the geographic variation in Europe in two dimen-
sions with remarkable accuracy. These studies serve as ex-
amples of the power and utility of the use of SNP genotyping
chips in population genetics.

It is well known that SNP genotyping data may suffer
from an ascertainment bias due to the procedure used to
select SNPs (Nielsen 2000; Kuhner et al. 2000; Eller 2007;
Wakeley et al. 2001; Nielsen and Signorovitch 2003; Nielsen
2004; Nielsen et al. 2004; Clark et al. 2005; Foll et al. 2008;
Guillot and Foll 2009). The common SNP genotyping plat-
forms include SNPs, which previously were discovered by
sequencing. Such SNPs tend to be of higher frequency than
random SNPs and may not be geographically representa-
tive. The degree of ascertainment bias depends on the size
of the ascertainment panel used to select the SNPs and not
the size of the sample under consideration (Nielsen et al.
2004). The consequence of the ascertainment bias is that the
frequency spectrum tends to become biased toward com-
mon alleles, and various estimators of population genetic
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parameters such as measures of variability, population sub-
division, and recombination may be biased. However, this
effect has not been quantified in real SNP chip data, and it
is still unclear to which extent previous analyses have been
affected by these biases.

In this study, we analyze 39 individuals that previously
have been analyzed using high-quality direct sequencing
(Celera data) and genotype these individuals using a 500k
Affymetrix SNP chip set. We compare analyses based on
the directly sequenced data and the SNP genotyping data
and use the comparison to quantify the effect of the ascer-
tainment bias on population genetic analyses. In addition,
we analyze SNP chip and sequencing data from the original
HapMap individuals and sequencing data from the National
Institute of Environmental Health Sciences (NIEHS) SNPs se-
quencing project (Livingston et al. 2004). We also show that
using sequencing data from the same population, it is pos-
sible to correct the ascertainment bias and infer the correct
frequency spectrum from the SNP chips.

Materials and Methods

Frequency Spectrum

In this paper, we will assume that all SNPs are diallelic and,
without loss a generality, denote the genotypes for the jth
SNP in the ith individual by gj € {0,1,2}, where 0 is a
homozygous genotype for the derived allele, 1 is the het-
erozygous genotype, etc. If we assume that there are no
missing genotypes, then we can write the SNP type x as
the total number of ancestral alleles for that SNP x; =
>-" . gj, where n is the number of individuals. For m mark-
ers typed in n individuals, the unfolded frequency spectrum
s = {so,S1,- - ., San } is given by

m
St — lej:t: (1)
j=1

where [ is an indicator function.

For the sake of generality, we assume the existence of a sq
class. However, for all analysis in this paper, we only consider
sites that are variable in the sample. This is appropriately
conditioned on all analysis. The expected frequency spec-
trum in a sample of n individuals is given from the density
function of the allele frequencies f in the population:

E(s) =m / iy = thp () @

We assume that the count x of an allele, with frequency f,
in the population, follows a binomial distribution so that
x|fy ~ B(2n.,fy), where 2n is the number of chromosomes
in the sample.

For the genotype data and the sequencing data, we do
not observe the ancestral state of the alleles. This state can
be inferred by using the alleles of close relatives, that is, the
chimpanzee. To avoid misspecification problems, we choose
to work on the folded frequency spectrum that is observed
by counting the number of minor alleles. However, for the
sake of simplicity, the models in the following sections are
explained only for the unfolded frequency spectrum.

Comparing Frequency Spectra

In order to compare the frequency spectra for samples of
different sizes, we project the spectrum down to a size, S,
corresponding to a lower number of individuals. By subsam-
plingS number of alleles, the probability (density) of an SNP
of typet can be written as follows:

3 (=) )

where m is the number of SNPs, x; is the counts of the
minor alleles at SNP j, and n; is the number of alleles at
SNP j in the sample (Nielsen et al. 2004). This also allows
us to use the sites with a low number of missing data by
replacing n; with the number of nonmissing alleles. When
comparing frequency spectra using subsamples, we use all
sites with a number of nonmissingalleles equal to or greater
than S.

Fitting the Frequency Spectrum

The underlying density function of the allele frequency for
polymorphic sites is unknown. It is a function of the muta-
tion rate, the effect of random drift, and demographic fac-
tors such as population size and changes, migration rates,
and to a lesser extent selection and recombination. We do
not attempt to model this complicated process here but will
instead model the frequency spectrum using some simple
standard statistical distributions:

Sawyer/Hartl

1—e 200 4

x(1—x)’

frpy) o ———

truncated normal

f ~ tNorm(p, 0%),

beta distribution

f ~ Beta(a,b),

exponential mixture
f ~coexp(—aix) + c(1— o) exp(—ayx),

where ¢ is a normalizing constant and tNorm is a trun-
cated normal distribution. The Sawyer/Hartl distribution is
motivated by an infinite-sites model with selection (Sawyer
and Hartl 1992). The second is the density function used by
Nicholson et al. (2002), and the third is the stationary dis-
tribution in an equilibrium model with recurrent mutation
(Wright 1931). The mixture of exponentials has no theoret-
ical foundation, but as we will show, it provides a good fit to
the observed distribution.

We estimate the parameters of the models using maxi-
mum likelihood shown here for the mixture of exponentials
as an example.

Using the frequency spectrum of the sequencing datas,
we can obtain a maximume-likelihood estimates for a4, @,
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and 0. Parameter estimates are obtained from the sequenc-
ing data s by maximizing

p(s|as, ay,0)
] (x|, an, 0) 5
x H ( p 1, (X2, > )
o\ - p(0|ay, ay,0) — p(2n|ay, oy, 0)
(4)

where
1
p(x|a1,a2,0):/ p (xIf)p (fx| o, an, o) dfy.
0

Note that only the polymorphic sites are used in the
estimation.

Ascertainment Bias

The ascertainment bias for SNP chip data is introduced
when the SNPs are selected from a small panel of individ-
uals. The SNPs will often be discovered in a panel of size
d chromosomes by resequencing genomic regions of inter-
est. When small panels are used, the chance of finding a
common SNP with a high minor allele frequency is much
higher than finding an SNP of low minor allele frequency.
If the discovered SNPs are genotyped in larger samples, the
frequency spectrum will have more SNP with higher minor
allele frequencies than if the larger sample had been rese-
quenced. Thus, the frequency spectrum for the chip data c
is expected to be more screwed toward higher minor allele
frequencies. We will denote the SNP discovery process as the
ascertainment scheme, Asc, and further explanations will be
given in the sections to follow.

Size of the Ascertainment Panel

The size of the ascertainment panel d used is estimated by
maximizing the likelihood of observing the frequency spec-
trum for the SNP chip

L(c|Asc d,ar, a,0)

2n—1

B H p(x|Asc d, a1, a2, 0) “
o 1—p(0|Asc.d, a1, a2,0) —p(2n|Asc.d, a1, a0, 0) )

x=1

The probability of observingan SNP of type x can be writ-
ten as the product of the probability of ascertaining such a
type and the probability of the type

p(x|Asc d, oy, o, 0)

~ p(Asclx,d, aq, 00, 0)p (x| i, iz, 0)
> . p(Asc

The probability of ascertainment depends on the size of
the ascertainment panel and the frequency of the SNP in the
population

p (Asc

()

x,d, aq, 0, 0)p (x|, iy, 0)

x,d,a;, q,,0)

X, i, @, 0 )dfy

1
= / p(Asclf,, d, ar, ap,0)p (f
0

= [ piscnarots

X, Oq, aZrU)de' (6)
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where

p (f

X, 0, Qty, O)

— p(xlf"’a“aZ'U)p(fx|a1:az,U)
j;: P(lex,a1,a2,0)p(fx|a1,a2,g)dfx

— p (xIf)p (flow, az, 0) .
I (xIf)p (felo, s, o),

Notice that we have here assumed independence among
SNPs. If SNPs are linked, this assumption is violated. The like-
lihood function as specified above then forms a composite
likelihood function that should not be interpreted as a real
likelihood function. However, estimates based on maximiz-
ing this function are still expected to be consistent (see, e.g,
Wiuf 2006).

The Ascertainment Scheme

The simplest ascertainment scheme Asc is to only include a
locus in the ascertained sample if the locus is polymorphic
in a sample of size d. The probability of ascertainingan SNP
with frequency f, is

p(ASC[fX,d) =1 _fxd - (1 _fx)d~ (7)

Another ascertainment scheme could be that a locus is
only ascertained if both alleles are observed at least k times.
The probability is then

p (Asclf,, di )

1 —i(f)f;m ) —i(f.')ff’m )

i=0 i=0

fork < d/2. We allow d to take on real values by using
gamma functions for calculating the binomial coefficient.

Multiple Ascertainment Schemes

For SNP chip data, it is expected that multiple ascertain-
ment schemes are used in multiple discovery panels. We
choose to describe the multiple ascertainment schemes us-
ing a mixture model with the likelihood

L(c|Asc d, i, ap, 0)

2n—1

Cx
= H <Z7rkp(x|Asck,dk,a1,a2,0)> ,
x=1 k

where 7y is the mixture proportion for ascertainment panel
k with sample size d.

Estimates of Fst

We estimated pairwise Fst using the method by Weir and
Cockerham (1984) and included only SNPs without missing
data. We estimated standard errors of the Fs7 estimates us-
ing 10,000 bootstrap samples where the ascertained SNPs
were randomly sampled (with replacement). Because of
linkage disequilibrium, SNPs within each gene will be cor-
related, violating the assumption of the bootstrap proce-
dure. Therefore, we also estimated the standard error using
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a gene-wise sampling procedure. We randomly sampled the
genes (with replacement) and estimated Fst using the SNPs
located in the sampled genes. This gives a conservative es-
timate of the standard error that is robust to within gene
linkage disequilibrium. For testing the difference in Fst esti-
mates between the SNP chips and the resequencing data, we
simulated the empirical null distribution of the differences
by randomly permuting the SNPs between the chip and the
resequencing data. This was done 1,000 times.

Principal Component Analysis

There are many ways to perform PCA on SNP data. Some
suggest performing PCA on the ‘identical by state’ matrix
between individuals (Purcell et al. 2007). This ignores the
allele frequencies so we choose to perform PCA using the
method used in the Eigensoft software (Patterson et al.
2006). This method normalizes the genotypes so that each
SNPs has a mean genotype value of 0 and similar variances.
From the normalized data, the covariance matrix between
individuals is approximated. PCA is performed on this ma-
trix. We only included SNPs without missing genotypes and
all nonpolymorphic SNPs were also removed. Only the first
two principal components are shown and analyzed. We
measure the mean pairwise Euclidian distance between and
within populations based on the two first principal com-
ponents. The standard errors are estimated using both a
standard bootstrap and a gene-wise bootstrap as described
for Fr.

Simulation of Ascertainment Bias

We used the NIEHS resequencing data to simulate ascertain-
ment bias. This was done by pickingan ascertainment panel
with a fixed number of individuals from one of the popu-
lations. Only SNPs polymorphic in the ascertainment panel
are then genotyped. The individuals in the sample are not
completely homogenous. For example, it has been shown
that some of the African Americans in the Celera data (see
below) have highly admixed genomes (Nielsen et al. 2009).
This implies that the effect of ascertainment bias can be very
different depending on the individuals used for the ascer-
tainment. Therefore, we randomly permuted the genotypes
within each population. This was done both for the ascer-
tainment panel and for the individuals used for PCA and for
estimating Fsr. This will neither affect the frequency spec-
trum nor the Fst estimates but the effect of sampling, of
individuals within populations, on the PCA will be greatly
reduced.

SNP data
Celera Genomics
We genotyped 19 African Americans and 20 European
Americans for approximately 500,000 SNPs using the
Affymetrix Nsp and Sty SNP chips set. The genotype call-
ing was performed using the BRLMM algorithm from the
Affymetrix GTYPE software. We called an SNP if the con-
fidence score was lower than 0.5 (default).

The same individuals have previously been sequenced
by Celera genomics and are described in Bustamante et al.

(2005) for the coding variants. More than 11,000 genes were
sequenced including some of the introns and the regions
adjacent to the genes. For this article, we used only the
20,893 synonymous diallelic SNPs that were also used in
Lohmueller et al. (2008). This was done because the synony-
mous SNPs are less affected by selection so that these SNPs
might better represent the rest of the genome.

NIEHS SNPs

We obtained direct sequencing data for multiple popula-
tions from the NIEHS Environmental Genome Project (Liv-
ingston et al. 2004). We focused on their Panel 2 that
includes 95 individuals with know ethnicities. These in-
dividuals (downloaded 28 September 2008) had 38,295
diallelic SNPs in 251 genes. The populations are listed in
supplementary table S1.

Seattle SNPs

Seattle SNPs (http://pga.gs.washington.edu/) is another
resequencing project that is part of the National Heart
Lung and Blood Institute’s Program for Genomic Ap-
plications. This project focuses on candidate genes for
inflammatory responses in humans. We used the 47 indi-
viduals from their Panel 2. These individuals are also part of
the HapMap project and SNP chip data using the Affymetrix
500k platform (see below). The populations are listed in
supplementary table S2.

HapMap SNP Chip Data
We used the SNP chip data from the original four
HapMap populations. They were genotyped using the
Affymetrix 500k Sty and Nsp chip set. The geno-
type calling was performed using the BRLMM algo-
rithm and the genotype calls were available from the
Affymetrix Web site (http://www.affymetrix.com/support/
technical/sample_data/500k_hapmap_genotype.data.affx).
To show the effect of the choice of confidence score cut-
off, we separated the SNPs into five categories based on their
confidence scores from the BRLMM base-calling algorithm.
The highest (worst) score from each genotype was used to
label the SNPs.

Results

Frequency Spectrum for Affymetrix SNP Chip Data and
Sequencing Data
Nineteen African Americans and 20 European Americans
have previously been genotyped by direct Sanger sequenc-
ing for more than 11,000 genes by Celera Genomics
(Bustamante et al. 2005; Nielsen et al. 2009). We genotyped
the same individuals using the 500k Affymetrix SNP chip set.
In our analysis, we only used the synonymous SNPs from the
Celera resequencing data because the allele frequency distri-
butions of these synonymous SNPs will show closer resem-
blance to the rest of the genome than the nonsynonymous
SNPs. For both the SNP chip data and the resequencing data,
we use only the diallelic SNPs without missing data.

As expected, the frequency spectrum for both the African
Americans and the European Americans differs greatly be-
tween the SNP chip and the resequencing data. As shown
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FIG. 1. Folded frequency spectrum for 19 African Americans for synonymous sequencing data and for SNP chip data. Only SNPs without missing

data are included.

in figures 1 and 2, the folded frequency spectrum is much
more uniform for the SNP chip. Due to the ascertainment
bias, there is a relative excess of SNPs with intermediate
frequency and a deficiency of SNPs of high and low frequen-
cies. As observed in other studies, the African-American
individuals have more singletons than the European
Americans in resequencing data (Boyko et al. 2008). This is
also observed when the frequency spectrum for the 20 Eu-
ropean Americans is projected down to 19 individuals (not
shown). Another interesting observation is that the SNP
chip frequency spectrum for the African Americans is not
monotonously decreasing like the frequency spectrum for
European Americans. Even more surprising is that the fre-
quency of singletons for the SNP chip data in the European
Americans is greater than that of the African Americans.
Both these observations are also true for the Yorubans and
Centre d’Etude du Polymorphisme Humain (CEPH) individ-
uals in the HapMap SNP chip data (not shown).

The 2D frequency spectra in figure 3 show, just like the
1D, that the frequency is more even for the SNP chip data,

Density
0.2 0.3
1 1

0.1

1

whereas most of the density mass for the resequencing data
is concentrated around the rare alleles. Both the 2D fre-
quency spectrum for the SNP chip data and for the rese-
quencing data show that the African Americans have more
private SNPs than the European Americans.

Ascertainment Bias and Geographic Variation

The effect of the ascertainment bias on the frequency spec-
trum also depends on the population where the ascertain-
ment (SNP discovery) was performed. To illustrate this, we
used data from the NIEHS SNPs sequencing project. This
project examined individuals from five populations as fol-
lows: 14 African Americans, 12 Africans, 22 Europeans, 22
Hispanics, and 24 Asians. We simulated ascertainment using
individuals from one of the five NIEHS populations. The re-
sults shown in figure 4 are the frequency spectra projected
down to ten individuals that allow us to make proper com-
parisons among populations with different sample sizes.
The frequency spectrum without ascertainment shows that
the African and the African-American populations have the

Folded frequency specturm for Celera European Americans

m chip data
O resequence data

ﬂﬂhhhhhhhhhhhhhhhh

10 11 13 14 15 16 17 18 19 20

Number of minor alleles

FIG. 2. Folded frequency spectrum for 20 European Americans for synonymous sequencing data and for SNP chip data. Only SNPs without missing

data are included.
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FIG. 3. The 2D Celera frequency spectra (density) for 20 European Americans and 19 African Americans for the SNP chip data (left) and the

synonymous SNPs from the resequencing data (right).

highest proportion of rare alleles compared with the other
populations, whereas the Asian and Europeans have the
lowest fraction of rare alleles. However, when ascertainment
is performed in either of the five populations, the rela-
tive difference in frequency spectra between populations
changes dramatically. For example, if ascertainment is per-
formed in the Asian population, the frequency spectrum
in the four other populations becomes very similar, but if
the ascertainment is performed in the African population,
the Hispanic population has the most rare alleles. Clearly,
inferences based on allele frequencies must take the geo-
graphic or ethnic makeup of the ascertainment sample into
account. Unfortunately, most SNP genotyping in humans
is based on SNP selection procedures using data from db-
SNP, which consists of an unspecified distribution of differ-
ent ethnic groups and different sample size. For practical
applications, it is therefore very difficult to adequately take
the mixture of ethnicities in the ascertainment sample into
account.

Biases due to SNP Calling Procedures

Another concern when using SNP chip data for popula-
tion genetic analyses is the effect on allele frequencies from
the choice of the cutoff needed to call an SNP. The com-
monly used BRLMM algorithm for the Affymetrix 500k SNP
chips provides a confidence score, and only genotypes un-
der a certain fixed value of this score are called. Employ-
ing a lower cutoff results in a higher number of missing
genotypes but a lower error rate (Affymetrix 2006). The
default Affymetrix threshold is a confidence score of 0.5,
which was used by Lao et al. (2008), whereas Novembre
et al. (2008) used a threshold of 0.3 (Nelson et al. 2008).
If SNPs with missing data are discarded, the maximum
confidence score for an SNP determines whether an SNP
is included in the analysis or not. The choice of cutoff
will cause a bias in the frequency spectrum. This effect

was clear in our own data (not shown), and to illustrate
this effect also exists in other data, we reanalyzed publicly
available Affymetrix data from the HapMap project (The
International HapMap Consortium 2007). We stratify the
HapMap data according to the confidence score for each
SNP. The most striking difference in frequency spectra be-
tween SNPs of different maximal confidence scores is ob-
served for the Japanese population (see fig. 5). SNPs with
a higher maximum confidence score have a much more
skewed frequency spectrum. Clearly, the choice of confi-
dence score will greatly affect the frequency spectrum, and
data from different analyses based on different confidence
scores should not be combined. Likewise, if different sam-
ples or populations systematically differ in quality of DNA
or in preparation, this can lead to artifactual systematic dif-
ferences in allele frequencies. In real data, confidence scores
might differ between populations for a variety of reasons
leading to artifactual differences between populations. For
example, the confidence scores differs between the differ-
ent populationsin the HapMap data as seen in supplemen-
tary figure S1, Supplementary Material online. Note that the
number of SNPs in the different confidence score bins differ
greatly between the Japanese and the Chinese samples, even
though they contain the same number of individuals. Thus,
an observed difference between the frequency spectra of the
two populations could be due to different SNP quality.

We emphasize that the effect observed here is not a par-
ticular bias in the BRLMM algorithm but arises through a
natural tradeoff between accuracy and bias. Rare SNPs will
likely always be called with less accuracy. The confidence
level chosen to call an SNP will, therefore, naturally affect
the inferred distribution of allele frequencies. In the future,
it might be possible to correct for this bias in the estima-
tion of allele frequency spectra without sacrificing accuracy,
by explicit statistical modeling of the effects of SNP calling
algorithms on inferred allele frequency distributions.
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FIG. 4. The effect of ascertainment bias on the frequency spectrum. The frequency spectrum is projected down to ten individuals for all populations
for the NIEHS data. We simulated ascertainment in each of the five populations with an ascertainment sample of ten individuals.
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FIG. 5. Folded frequency spectrum for 45 unrelated Japanese HapMap individuals. The individuals were genotyped using approximately 500,000
SNPs on the Affymetrix SNP 500k chip set. The frequency spectrum is shown for SNPs binned based on their maximum BRLMM confidence score.

It is not surprising that ascertainment biases (and SNP
calling procedures) will affect the frequency spectrum when
analyzing SNP genotyping data. However, a number of
population genetic analyses might be somewhat robust to
the effect of these ascertainment biases. For example, anal-
yses based on measures of population subdivision, such as
Fst, or on PCAs, which are commonly applied in the anal-
ysis of SNP chip data, may not depend strongly on allele
frequencies and may, therefore, not suffer much from
ascertainment biases. In the next two sections, we will fur-
ther investigate the possible robustness of Fand PCAs to the
ascertainment biases.

Fst

One of the most frequently used measures of population
differentiations is Fst. Using the NIEHS data, we examined
the effect of ascertainment bias on Fst estimates between

European Americans and Africans. We simulated ascertain-
ment in the African-Americans populations as described in
figure 6. There is a small but clear effect of the ascertainment
bias thatincreases as the number of African Americans used
in the ascertainment panel decreases. In this particular ex-
ample, the ascertainment bias leads to an increase in Fst. The
largest increase occurs simply by removing SNPs invariable
among all 15 African Americans. Even if the ascertainment
sample size is very large, there is a small but noticeable bias.
The size of the ascertainment sample has less of an effect as
longasitis not very small (<4 chromosomes). Fst can be de-
fined as the variance among populations divided by the to-
tal variance. To further investigate how the ascertainment
bias affects Fsr, we plotted the mean between population
variance and the mean total variance for pairwise Fst be-
tween all combinations of populations except the African
Americans (who were used as the ascertainment panel).

Fst between European Americans and Africans
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FIG. 6. Pairwise Fst between European Americans and Africans for different ascertainment schemes. Standard error bars were estimated using
1,000 bootstrap samples. For the black bars, the SNPs are sampled independently and for the gray bars, the SNPs are sampled genewise from the
251 genes. The ascertainment was performed in African Americans and a varying number of individuals were used for the ascertainment. Nag is
the number of ascertained SNPs. The Fst estimate using all SNPs (no ascertainment bias) is labeled “None.”
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Mean Fst components with ascertainment in African American
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FIG. 7. Mean pairwise Fst components between pairs of populations using the NIEHS data. The ascertainment was performed in African Americans
and a different number of individuals were used for the ascertainment. Each SNP gives an estimate for the total variance and the between popula-
tion variance. The plot shows the normalized mean variances. We normalized by dividing by the mean total variance and mean between population
variance, respectively, for all the SNPs in the sample (regardless of ascertainment).

Figure 7 shows total and between populations mean vari-
ance components for the ascertained SNPs normalized by
the mean variance from all the SNPs. Both the mean to-
tal and the mean between population variance increase as
the ascertainment panel get smaller. This explainswhy Fsy is
less affected by ascertainment bias than the frequency spec-
trum itself, even though Fsris a function of the 2D frequency
spectrum. However, for some of the populations, the mean
between population variance component increases more
than the mean total variance, explaining why a bias will
be observed for some populations. The effect is especially
strong when the African population is one of the two pop-
ulations compared, whereas the increase in total and be-
tween population variance is similar when populations that
are more distant to the ascertainment population are being
compared.

For the Celera data, we have both resequencing and SNP
chip data for the same individuals. In table 1, we compare
the Fst estimates from the resequencing data and the SNP
chip data. We also included data from the Seattle SNPs study
(Seattle SNPs 2009) of resequenced Yorubans and CEPH in-
dividuals from the HapMap project where SNP chip data are
also available. For the Celera data, Fsr is slightly higher for
SNP chip data than for the resequencing data. However, es-
sentiallyidentical estimates are obtained for the Seattle SNP
data.
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Principal Component Analysis

PCA is a very useful tool for capturing patterns in high-
dimensional data and projecting them down to a low di-
mension. It is a technique that has been used with great
success in a number of recent population genetic stud-
ies (Jakobsson et al. 2008; Lao et al. 2008; Li et al. 2008;
Novembre et al. 2008). PCA is used to characterize how
different multiple populations are, often using only the
two first principal components. To illustrate the impor-
tance of the ethnicity of the ascertainment population,
we performed PCA on the NIEHS data using different
ascertainment populations. We used the genotype data
for the African and European population for the PCA
and simulated ascertainment using the Asian, Hispanic, or
African-American populations. Using the two first princi-
pal components, we plotted the mean pairwise distance be-
tween and within the individuals from the two populations
(see fig. 8). We did this for different sizes of the ascertain-
ment panels and used standard bootstrap and a gene-wise
bootstrap to estimate the standard errors.

When the African Americans are used as the ascertain-
ment panel, the distances appear to be the same regardless
of the size of the ascertainment panel. However, when either
the Hispanic or the Asian populations are used as ascertain-
ment panel, the mean pairwise distances within the African
and the European populations changes dramatically. When
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Table 1. Fst for SNP Chips and Resequencing Data.

Fst for SNP Chip Fst for Resequencing

P Value

Populations

Seattle SNPs
Celera

0.157
0.0864

0.158
0.0756

0.001

African versus European
African Americans versus European Americans

NoTe.—Differences in Fsr estimates were tested by a two-sided permutation test. The SNPs were randomly permuted 1,000 times between the chip data and the resequencing
data. The Seattle SNPs data had 4,187 SNPs without missing genotypes for the resequencing data and 388,596 for the chip data. The Celera data had 4,519 SNPs without missing

genotypes for the resequencing data and 378,724 for the chip data.

all SNPs are used, the Africans within population variation
are much larger than the Europeans, whereas the opposite
is true when the size of the ascertainment panel is small.
We also performed a PCA using four of the five popula-
tions from the NIEHS data and used the fifth populations
as the ascertainment panel. In figure 9, we show the PCA
plot without ascertainment and a plot where all the Asian
individuals are used as the ascertainment panel. The figure
shows that without ascertainment, the Africans and African
Americans are further apart than the Europeans and His-
panics. When ascertainment is performed, the Africans and
African Americans are close together and the Hispanic and
Europeans are far from each other. This, however, could just
be the eigenvalues changing order due to random chance.
Therefore, we randomly sampled the same number of SNPs
used in the PCA with the ascertained SNPs and performed
PCA on these SNPs. We did 1,000 random samples and in
none of these samples, the Hispanicand Europeans were fur-
ther apart than the Africans and Africans Americans. Thus,
the change in relative distances between populationsis only
due to the ascertainment. It is clear that ascertainment can
have a substantial effect on PCAs, especially when the results
of such analyses are represented graphically in terms of the
leading principal components. PCA was also performed on
the Celera individuals and the Seattle SNP individuals, both
for the chip data and for the resequencing data (see sup-
plementary fig. S2, Supplementary Material online). There
are some visible differences between the SNP chip data and
the resequencing data but they are hard to quantify. And
it should be noted that we expect that the Affymetrix SNP
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selection was performed based on SNP discovery studies in-
volving both African/African Americans and individuals on
European descent. If so then the effect of ascertainment bias
on these individuals might be minor.

Ascertainment Correction

The observation that ascertainment can affect population
genetic inferences suggests that it might be worthwhile
to correct ascertainment biases statistically. This essentially
involves a reverse engineering process estimating the distri-
bution of ascertainment panels from the data. Unlike the
analyses in Nielsen and Signorovitch (2003), we cannot for
the Celera genotype data assume that the ascertainment
sample is a subset of the genotyped sample. Ascertainment
correction then requires modeling of the joint frequency
spectrum of the unknown ascertainment sample and the
known genotype sample. To do this modeling accurately,
it is necessary to model the underlying distribution of al-
lele frequencies in the population. We did this by fitting the
distribution of allele frequencies to the Celera resequenc-
ing data, assuming a simple functional form for the distri-
bution of allele frequencies without having to model the
demographic histories of the populations. Three theoreti-
cally motivated distributions did not fit the data well (see
supplementary fig. S3, Supplementary Material online), but
a simple mixture of exponentials provided a nice fit as seen
in figure 10 for the synonymous Celera data. The mixture
of exponentials also fitted the African-American data well
but with different parameter estimates (not shown). Using
this estimated allele frequency density, we then proceeded

Ascertainment in Asians
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FIG. 8. Mean pairwise distances within and between Africans and European Americans based on the two first principal components. Standard
errors are estimated using bootstrap. The light colors are standard errors based on a gene-wise bootstrap and the dark colors are the standard
bootstrap where the SNPs are sampled independently. Ascertainment, using an increasing number of individuals, was simulated using the Asian,
the Hispanic, and the African-American population, respectively, from the NIEHS resequencing data. There are 5,948 SNPs without missing data
in any population.
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FIG. 9. PCA plot for the first two principal components for four populations from the NIEHS data. The left plot has no ascertainment bias. In
the right plot, ascertainment was performed using all the 24 individuals from the Asian populations. All SNPs that were polymorphic in the four
populations were used. Out of the 8,231 SNPs, 2,751 were ascertained in the left plot. We resampled 2,751 random SNPs without replacement
from the 8,231 SNPs and performed PCA on them. None of the 1,000 resamples gave a higher distance between the European Americans than the

distance between the African Americans and the Africans.

to estimate the ascertainment schemes that had been used
to select the SNPs on the chip. Assuming a known number
of ascertainment panels and a known and simple ascertain-
ment scheme, we estimated the size of the ascertainment
panels and the fraction of SNPs selected from each ascer-
tainment panel as described in the Materials and Methods
section. We did this for one or two ascertainment panels
and using two ascertainment schemes. In one scheme, all
SNPs were required to be polymorphic in the ascertainment
panelandin the other, the minor allele in the ascertainment
panel had to be observed twice. The results for the Celera
synonymous SNP data for the European Americans (assum-
ing that the ascertainment was also performed in the same
population) are shown in table 2. Using the Akaike infor-
mation criteria, the best model was the one where the as-

certainment was performed in two ascertainment panels,
where two minor alleles were needed in both panels. Using
this estimated ascertainment scheme, we were able to cor-
rect the frequency spectrum for the chip data as shown in
figure 11. Although one ascertainment scheme fitted the
data best, all the ascertainment schemes improved the fre-
quency spectrum greatly (see supplementary fig. S4, Supple-
mentary Material online). Similar ascertainment schemes
were estimated when using the European individuals from
the Seattle SNP data (not shown).

This analysis suggests that the real ascertainment in the
Affymetrix SNP chip is complex and probably involves a
scheme in which SNPs are preferred if both alleles have been
observed at least twice. This would be a reasonable criterion
for inclusion if there is a preference for verified SNPs that are

Fit of frequency spectrum using a mixture of exponentials for European Americans
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FIG. 10. We fitted the frequency spectrum of the Celera European Americans for the synonymous SNPs using a mixture of exponentials. The

spectra for the observed and the fitted data are folded.
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Table 2. Likelihood Scores and Parameter Estimates for Different Ascer-
tainment Schemes for the European American Celera Synonymous SNP
Data.

Ascertainment Likehood

Scheme Score d b

1 1,086,089 5.6 1

2 1,088,249 242 1

1,2 1,085,690 2.5,37.7 0.81, 0.19
1,1 1,086,088 2.3,6.4 0.35, 0.65
2,2 1,085,505 4.5,41.6 0.69, 0.31

NOTE.—d is the size of the ascertainment panel and 7 is the fraction of SNP
selected from this panel. The ascertainment scheme is the number of minor
alleles needed in the ascertainment panel required to ascertain the SNPs.

less likely to be artifacts caused by sequencing errors. How-
ever, it causes an even stronger ascertainment bias than if
ascertainment is just based on observing each allele at least
once.

Discussion and Conclusions

Clark et al. (2005) demonstrated that data sets based on dif-
ferent ascertainment schemes give different patterns of Fer.
They also showed that both the estimates of the multiloci
Fst and the variation of single marker Fst are affected. We
observe an upward bias in Fst and show that the effect of as-
certainment bias strongly depends on how similar the pop-
ulations that are being compared are to the population in
the ascertainment panels. Although we have demonstrated
that the bias will affect Fst, we do not see a large difference
in Fst estimated from the SNP chip and resequencing data.
In particular, the Seattle SNP data show no effect of the as-
certainment bias on Fstin the comparison between Africans
and Europeans. The surprisingly robust performance of Fsr
in this case may be due to the fact that ascertainment in part
has been based on both Europeans and African Americans
from the Perlegen data (Hinds et al. 2005).

We have shown that ascertainment biases can have a
strong effect on the results of PCA. In light of this, we caution

against simple interpretation of PCAs based on ascertained
SNP data. Relative distances of the first two principal com-
ponents in a PCA plot should not be used for conclusions
regarding distances among populations or interpopulation
variability. This is an important conclusion of this paper be-
cause PCA is rapidly becoming one of the preferred popula-
tion genetic analyses tools for genome-wide data.

PCAs are frequently used to detect or correct for pop-
ulation stratification in association mapping studies. If the
ascertainment bias affects all genomic regions equally and
association mapping is based on the same markers that are
used to control for stratification, there is no reason to sus-
pect that the ascertainment bias will lead to false positives.
However, if the employed ascertainment protocols used dif-
fer greatly among regions, it is possible that genomic con-
trol methods based on PCA or other techniques could be
affected. Likewise, if SNP genotyping data are used for ge-
nomic control, but association mapping is carried out using
resequencing of particular candidate genes, ascertainment
might also affect the conclusions. The degree to which any
studies might be affected by this is presently unknown.

We have shown that the fundamental nature of the SNP
calling procedure by itself may induce a bias in the frequency
spectrum by giving higher confidence scores to the SNP with
lower minor allele frequencies. Thus, the threshold chosen
for SNP calling will affect the frequency spectrum by it-
self. This may greatly affect population genetic analyses if
the distribution of confidence scores differs among popu-
lations. Additionally, if SNPs with missing data are excluded
from analyses, the frequency spectrum will be more even for
populations with larger sample sizes. This makes it difficult
to infer the ascertainment scheme used for the SNP chips
and even more difficult to transfer any correction to other
samples.

There are several issues we have not covered in this article
that also may have an effect on genotyping data. Oneimpor-
tant issue is genotyping errors. Random genotyping errors

Ascertainment correction in European Americans
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FIG. 11. The Celera European Americans synonymous frequency spectra for the resequencing data, the SNP chip data, and the corrected frequency
spectrum. The correction assumed that two ascertainment panels were used and the SNPs were ascertained if both alleles were observed at least

twice.
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tend to increase the minor allele frequencies for the samples
and reduce the difference between populations. However,
if the genotyping errors are not random between popula-
tion, then genotyping error will increase the distance be-
tween populations.Choosinga more strict threshold for the
genotypingscore decreases the genotypingerror but will, as
discussed, potentially have an even larger effect on the fre-
quency spectrum.

Using resequencing data, we estimated the ascertain-
ment scheme used for the Affymetrix 500k SNP chip set.
The model used is of course a great simplification of the real
ascertainment scheme. However, using the inferred ascer-
tainment scheme, we could to a large extent reconstruct
the frequency spectrum of the resequencing data. Unfor-
tunately, for most populations, resequencing data are not
available and as we have shown, using the ascertainment
scheme inferred from a distant populations might not work
that well. As such, there is little hope to use inferred as-
certainment procedures in a correction on data from dis-
tant populations. However, in genomic analyses on the focal
population, the correction can be used to analyze genome-
wide patterns. But even in such cases, the correction may if
the ascertainment protocol varies among regions. Another
assumption in our ascertainment model is that only one
population was used in the ascertainment process. This as-
sumption is likely to be incorrect because some of the big
resequencing projects, such as the Perlegen and the Celera
projects, have included several populations. Both these in-
cluded an African or an African-American population that
most likely have been used in the SNP ascertainment. We
see several indication of this. First of all, in the Celera data,
the African Americans have more private SNPs than the
European Americans. Another indication is that the differ-
ence in Fst estimates between the SNP chip data and the
resequence data is not that large. However, the fact that
the European Americans have more singletons on the SNP
chip than the African Americans seems to indicate that the
Europeans have been the primary populations for the
ascertainment.

As the price of resequencing continuous to drop the use
of SNP chips will probably decrease. Although resequenc-
ing data undoubtedly will pose major challenges by itself,
due to sequencing errors and alignment errors, these prob-
lems seem small compared with the problems facing valid
population genetic analyses of chip-based genotyping data.
Given the sometimes severe problems associated with the
use of genotyping SNPs for population genetic analyses, it
might be worthwhile to wait for the results of large-scale
resequencing studies of global human variation, rather than
relying on temporary, and possibly flawed analyses using
SNP genotyping data.

Supplementary Material

Supplementary figures S1-S4 and tables S1 and S2
are available at Molecular Biology and Evolution online
(http://www.mbe.oxfordjournals.org/).
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