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Targeted resequencing of two genes, RAGE and
POLL, confirms findings from a genome-wide scan
for adaptive evolution and provides evidence for
positive selection in additional populations
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The availability of multiple genome-wide human polymorphism datasets has led to an increase in efforts to
scan the genome for signals of positive selection. As a result, the number of loci in the human genome pre-
dicted to be adaptively evolving increases monthly. Yet, these numerous genome-wide scans have identified
minimally overlapping sets of candidate loci, potentially due to biases in genotype versus sequence data or
power of statistical tests to detect selection in different time frames. Because of these issues, a critical step
is to confirm the evidence for positive selection through direct sequencing. In this study, we describe the rese-
quencing and analysis of two loci, RAGE and POLL, that were identified by a recent genome-wide scan of the
Perlegen data to be under selection in the Han Chinese population. By resequencing these loci in additional
populations, we have found that the evolutionary history of these regions is more complex than observed in
the initial genome-wide scan and that the sweep patterns are shared across several populations. The resequen-
cing data provide evidence for selection on RAGE in the non-African populations and on POLL in the Asian and
Sub-Saharan African populations. In addition to confirming the signatures of selection from the genome-wide

scan, direct resequencing reveals more extensive patterns of selection than the genotype data.

INTRODUCTION

Genome-wide scans have identified numerous candidate loci
predicted to have been targets of positive selection (1-15).
These loci are now the focus of additional investigation.
While some researchers have begun to address reproducibility
across the different genome-wide scans, few have followed up
the predictions from genotype data with targeted resequencing
of the genes. This is an important step in understanding the
selective pressure acting upon these loci because the majority
of statistical tests were developed to be applied to sequence
data rather than genotype data. In addition, it is unknown
whether more complex patterns will emerge from the analysis
of sequence data across diverse populations. Direct sequencing
of adaptively evolving loci is a first step towards the verifica-
tion of functional differences in a laboratory setting.

The abundance of genotype data available has led to an
increase in the ability to detect selection in the human
genome. An outcome of the Perlegen Sciences and the

International HapMap Project efforts was the availability of
extensive single-nucleotide polymorphism (SNP) genotype
data for population genetic analysis (5,10,16). Genome-wide
SNP genotype data provide a way to compare population
genetic statistics across the entire genome. Demographic
events will distort the population genetic signatures genome
wide; by analyzing the entire genomic dataset, it is possible
to create empirical distributions of population genetic
measures with the hope that the outliers represent true posi-
tives. The methods used to scan the genome for evidence of
positive selection vary from categorizing regions of low diver-
sity (2,11) to identifying extended haplotypes that diverge
from the expected neutral haplotype patterns (3,4,13,14).
When all genome-wide scans are compared, it appears that
there is minimal overlap between the scans. Each scan ident-
ifies tens to hundreds of candidate loci; however, only a frac-
tion of those identified appear in any other scan (17,18).

The genotype data used in genome-wide scans have inherent
biases. The methods used to collect an individual’s genotype, the
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population panel used for the initial ascertainment that led to the
preferential inclusion of high-frequency SNPs, and the addition
of SNPs to increase the map density all create biases that must be
taken into account when using population genetic statistics.
These biases may alter the statistical distribution(s) in a way
similar to the action of selection. For example, by ascertaining
for common alleles, population genetic statistics that rely on
the allele frequency will be erroneously shifted toward results
that reflect an excess of common alleles, indicative of balancing
selection. An approach researchers use to address the described
biases is to create an empirical distribution of the chosen test
statistic. By selecting the loci in the tail of the empirical distri-
bution, it is possible to identify candidate selection loci
without a priori assumptions about the nature of the selective
pressure. However, it remains unknown how SNP genotyping
biases affect the empirical distribution.

The first step in connecting evidence for positive selection
from genome-wide scans with specific gene function is to
confirm the evidence of selection by direct sequencing.
Because we do not have a complete picture of which genes
are true examples of selected loci, it is difficult to estimate
the false-positive rate for any genome-wide scan. In an
attempt to address this problem, it has been shown that a
modified Tajima’s D calculated using genotype data correlates
with Tajima’s D calculated directly from sequence data (8,11).
Although researchers do their best to minimize the false-
positive rate, the outliers, or loci in the tail of the distribution,
contain both true and false positives. Direct sequencing is one
potential way to separate the true positives from false positives.
Ultimately, biological studies provide a way to assess the func-
tional significance of the adaptive changes. Even so, in regards
to biological studies, the past selective pressure may no longer
be present, thereby making it impossible to replicate, under-
stand or estimate the functional difference between the selected
and non-selected alleles. The allele frequency spectrum and
haplotype structure will help confirm whether or not the loci
have been subject to recent positive selection. If the sequence
data confirm the evidence for positive selection, additional
sequence data from multiple populations will allow researchers
to estimate whether or not the loci were adaptively evolving in
other populations. It will also provide complete data to estimate
the timing of selective events.

We previously identified 385 genes that have polymorphism
patterns consistent with positive selection (11). This genome-
wide scan analyzed the three Perlegen populations: Han
Chinese, African-Americans and European-Americans, for
evidence of a recent complete selective sweep. The scan utilized
an outlier approach to identify loci with decreased nucleotide
variation and an excess of rare alleles, which was measured by
a modified Tajima’s D statistic. When an adaptive mutation
appears in a population, it is brought to high frequency due
to the increased fitness of those individuals who carry the allele.
As the allele rises in frequency in the population, the
surrounding neutral region is also swept to high frequency,
reducing neutral variation in the region. After completion of
a selective sweep, new mutations accumulate in the swept
region leading to an excess of rare alleles, which can be
assayed for by genome-wide scans. However, population demo-
graphic events may also lead to similar deviations in the allele
frequency spectrum. Genome-wide scans based on genotype

data cannot rule out population demographics as the underlying
mechanism for observed polymorphism patterns. The effects
of demographic events can be ruled out by combining the empiri-
cal distributions with simulations and comparisons to non-gene
regions. Direct resequencing provides additional data to confirm
the signature of selection and to begin follow-up studies to
genome-wide scans. In this study, we present resequencing data
from two genes, renal tumor antigen (RAGE) and DNA poly-
merase lambda (POLL) identified in a genome-wide scan (11).

RESULTS

Both the RAGE and POLL loci show evidence for positive
selection only in the Han Chinese (CA) Perlegen population,
thus allowing us to verify two of the outliers from the
empirical distribution of Tajima’s D for this population (11).
Also, within the coding sequence of each locus is a nonsynon-
ymous polymorphism, which could have been the target of
the respective selective sweeps. The presence of a nonsynon-
ymous SNP within the selected region gives us a starting point
for exploring the biological basis for selection (Table 1).
The genes were not chosen based on nonsynonymous
allele frequency differences between populations. The
nonsynonymous-derived allele in RAGE is at high frequency;
the presence of high-frequency-derived alleles is consistent
with positive selection (19,20). However, the nonsynonymous
allele in POLL has a low-frequency-derived allele, which is
consistent with relaxed purifying selection. Furthermore,
each locus was the only one in the surrounding chromosomal
region with evidence for positive selection. By choosing loci
that were not surrounded by other genes with evidence for
positive selection, it is more likely that positive selection
had acted on or near the locus and helps rule out the possibility
that the unusual signal was the result of genetic hitchhiking
during a selective sweep from a nearby gene.

The goal of this study was to verify the signatures of selec-
tion identified in these two loci in a genome-wide scan and to
expand the analysis to a worldwide panel of individuals. We
chose nine populations for resequencing (see Materials and
Methods). While the individuals chosen for resequencing
differ from those genotyped by Perlegen, the individuals
were chosen from similar populations, with an emphasis on
populations that were not admixed. Additional populations
representing a broader range of populations across the globe
were also included for resequencing.

From the genome-wide polymorphism patterns, RAGE is
predicted to have evolved adaptively only in the Han
Chinese population. A total of 12 SNPs were genotyped by
Perlegen, and in the Han Chinese population four of the
SNPs were absent and the other eight have a minor allele
frequency of <5%. We resequenced 3680 bp of the RAGE
locus, targeting exonic regions. Eleven SNPs were identified
and characterized in our sequencing efforts, three of which
were also genotyped by Perlegen (Supplementary Material,
Table S1). For the analyses, the nine populations were com-
bined into five major groups based on clustering methods
performed by Rosenberg et al. (21) using 377 microsatellites.
In the combined Asian population, Tajima’s D and Fay and
Wu’s H are significantly negative, indicating departure from



Table 1. Perlegen-derived allele frequencies for nonsynonymous SNPs in
RAGE and POLL

Gene SNP AA EA CA Amino acid change
RAGE 152236493 0.543 0.750 0.958 R—Q
POLL 1s3730477 0.022 0.146 0.021 R—W

AA, African American; EA, European American; CA, Han Chinese.

equilibrium neutral expectation, possibly due to positive selec-
tion (Table 2). Tajima’s D compares nucleotide polymorphism
and nucleotide diversity to identify regions that have higher or
lower nucleotide diversity than neutral expectations (22).
Whereas, Fay and Wu’s H analyzes the relative number of
derived, non-ancestral alleles and the allele frequency of
such alleles to identify hitchhiked regions (19). There are
two SNPs whose derived alleles are at high frequency in the
European, South American and Asian populations (Fig. 1A
and Table 2, Fay and Wu’s H). While the polymorphism
patterns are suggestive of a selective sweep, we cannot
definitively conclude that selection has been acting on
RAGE in the Asian population. Selection and/or demography
can lead to the presence of derived allele(s) at high frequency
in the non-African populations. However, the results from our
resequencing efforts confirm the Perlegen genome-wide scan
findings (11) for positive selection potentially acting in the
Han Chinese population and extend the signal to the European
and South American populations, but not African populations.

Similar to RAGE, POLL was identified as a candidate gene
under selection in the genome-wide scan and had evidence of
a selective sweep only in the Han Chinese population. On the
basis of allele frequencies from the 10 SNPs genotyped by
Perlegen in the POLL locus, the African-American and Han
Chinese populations have low levels of variation while the
European-American population SNPs are at an intermediate
frequency. We characterized nine SNPs in the POLL locus,
five of which were genotyped by Perlegen (Fig. 1B). The
SNPs occur on two major haplotypes, here called HI and
H2. H1 has three derived alleles, whereas H2 has one
derived allele and a derived, 5-bp deletion (Table 3). The
two haplotypes are each more closely related to the chimpan-
zee (ancestral) haplotype than to each other. Additionally, the
two haplotypes are present in all five populations, though H2
is often at low frequency. One of the derived H1 alleles is
located in an exon and encodes a synonymous substitution.
While this SNP is unlikely to be functional, a recent study
suggested that synonymous changes could affect protein
structure (23,24). The H1 haplotype is found at high frequency
in the Asian, Sub-Sahara African and South American
populations. The near fixation of a derived haplotype (H1)
in Sub-Sahara Africa and its high frequency in Asia is
consistent with adaptive evolution. Tajima’s D and Fay and
Wu’s H are significantly negative in the Asian and Sub-Sahara
African populations, indicating that the region has been
subject to positive selection in those populations (Table 1)
and that the H1 haplotype contains the sites subjected to posi-
tive selection. Owing to genotyping of African-Americans by
Perlegen, signals of selection in the African populations may
be hidden by population admixture.
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DISCUSSION

In addition to verifying the signals of selection identified in
a genome-wide scan, the resequencing of RAGE and POLL
supports the hypothesis of population-specific adaptation.
Polymorphism patterns differ between populations and
between the genes. These genes were not identified by other
scans for positive selection, below are hypotheses of why
other genome-wide scans failed to find the signature of
selection at these loci. Several of the scans were developed to
identify evidence of a selective sweep on a different timescale;
for example, test-statistics based on haplotype homozygosity
are limited to identifying incomplete selective sweeps (13,14).
The scan executed by Carlson ef al. (8) was developed to
identify genes with reduced Tajima’s D calculated from SNP
data; however, the method required very large genomic
regions of at least 300 kb to share the signal of selection.
Both the Williamson and Kimura scans are aimed at detecting
complete sweeps, so it is unclear why they did not identify
RAGE and POLL. dn/ds methods rely on fixed amino acid sub-
stitutions and assume that selection has been acting on a longer
timescale (25). Repeating nonsynonymous changes at a site
leads to a higher rate of nonsynonymous substitutions (dy)
than synonymous substitutions (ds). This results in a dy/ds
ratio > 1 at that site, which is consistent with positive selection.

On the basis of our results, when compared with genome-
wide analysis of genotypic data, targeted resequencing
reveals more complex evolutionary histories at loci predicted
to be under positive selection than genotype data. While this
study has verified the signals of selection, linkage disequili-
brium (LD) in the region precludes identifying the mutational
target of selection. Both RAGE and POLL are located in
blocks of LD within the African-American and European-
American populations. However, the minor allele frequency
is so low in the Han Chinese population in both genes, there
is not enough information to measure LD. Linkage in the
region, even with resequencing data, it makes difficult to
identify the mutation that was the target of selection. Future
collaborations may further elucidate how these mutations
alter the function or expression of RAGE and POLL and
shed light on the causes behind the recent selection identified
by the genome-wide scan and confirmed in this study.

MATERIALS AND METHODS

We targeted sequencing to exonic regions of RAGE and POLL
in 95 and 96 individuals, respectively, from nine populations.
We focused on coding polymorphisms, although selection
could also act on non-coding regions, for example, affecting
gene expression patterns (26). DNA was from Coriell
Cell Repositories Human Variation Collection, numbers in
parentheses correspond to the number of individuals
sequenced from the each panel: Northern European HDO1
(NA17002-17010) (9), Russian HD23 (10), Africans North
of the Sahara HD11 (7), Africans South of the Sahara HD12
(9), Middle East HDOS5 (Version 1) (10), Japanese HD07
(10), Aboriginal Tribe from Taiwan HD24 (10), South
America HD17 (10) and Caucasian HD50CAU (NA17231-
17250) (20). Sequences are deposited in dbSNP.
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Figure 1. Visual genotype of RAGE (A) and POLL (B). Each row represents an individual, rows are grouped by population. Each column represents a poly-
morphic site. The nine sequenced populations were clustered into five geographic locations, indicated on the left as: EUR = European, NS = North Saharan
Africans, SS = Sub-Saharan Africans, ASN = Asians and SA = South Americans. Red indicates homozygous for the derived allele, Yellow indicates hetero-
zygous and blue indicates homozygous for the ancestral allele, determined by comparison to the chimpanzee genome. White indicates missing data. The location
of each SNP (Int = intronic, Syn = synonymous, Non = nonsysnonymous or UTR = untranslated region) is noted above each column.

Table 2. Population genetic statistics for RAGE and POLL resequence data

Gene Population bp, analyzed Sample size S k Tajima’s D Fay and Wu’s H
RAGE 3680 190 11

European 98 5 0.572 —0.875 —2.746*

South American 20 6 0.787 —1.076 —2.655*

Asian 40 7 0.345 —2.189* —3.508*

N. Saharan 14 7 1.923 —0.466 0.000

S. Saharan 18 6 1.050 —1.208 0.850
POLL 4001 190 9

European 100 6 1.985 1.602 —0.945

South American 18 4 0.837 —0.841 —4.209*

Asian 40 5 0.450 —1.593* —5.076*

N. Saharan 14 5 1.901 0.724 —1.062

S. Saharan 18 6 0.765 —1.849* —4.527*
Sample size is number of chromosomes. Values in bold and with asterisks indicate P < 0.05.
S, number of segregating sites; k, average number of nucleotide differences.
RAGE automated sequencer after 5x dilution, cycle-sequencing

) using BigDye, v. 3.1, and ethanol precipitation.
We sequenced 3680 bp of the RAGE locus, which spans 76 kb.

Primers were designed to amplify the exons, using PRIMER3
v0.2 (27), and the known human sequence, reference sequence POLL
NM_014226 (UCSC Genome Browser March 2006 Assem-

bly). The primers and PCR conditions are available upon Ofthe POLL locus, 4001 bp were sequenced. The POLL locus
request. The PCR products were analyzed on an ABI 3100 spans 9.34 kb. Primers were designed to amplify the exons,



Table 3. POLL haplotypes

Chimp CAACA A A i T C i c T i
Haplotypel % A A T C C i
Haplotype2 A A C T C G ¢C C

The grey boxes indicate derived allele.

using PRIMER3 v0.2 (27), and the annotated human sequence,
reference sequence NM_013274 (UCSC Genome Browser
March 2006 Assembly). Primers and PCR conditions are
available upon request.

Sequence data for each locus were independently base-
called, assembled and scanned for polymorphisms using
Phred, Phrap and polyPhred (28—30). Polymorphisms were
visually confirmed using Consed (31). The assembled and
inspected sequences were exported to infer haplotype using
PHASE (32). Population genetic parameter estimations and
tests of neutrality were executed using Arlequin (33) and
DnaSP, v4.0 (34).

Population genetic tests of neutrality: to determine whether
selection was acting on either locus in one or more population
we used the statistical tests Tajima’s D (22) and Fay and Wu’s
H (19). Both tests are sensitive to deviations from neutral
expectations, as defined by the neutral theory of evolution
(35). Fay and Wu’s H was calculated by DnaSP, v4.0, disre-
garding missing sites; the data were also analyzed disregarding
individuals with missing data, the results were consistent.
Tajima’s D was calculated using Arlequin for sites with less
than 5% missing data.

SUPPLEMENTARY MATERIAL
Supplementary Material is available at HMG online.
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