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ABSTRACT

Mutations that have recently increased in frequency by positive natural selection are an important
component of naturally occurring variation that affects fitness. To identify such variants, we developed a
method to test for recent selection by estimating the age of an allele from the extent of haplotype sharing
at linked sites. Neutral coalescent simulations are then used to determine the likelihood of this age given
the allele’s observed frequency. We applied this method to a common disease allele, the hemochromatosis-
associated HFE C282Y mutation. Our results allow us to reject neutral models incorporating plausible
human demographic histories for HFIEE C282Y and one other young but common allele, indicating positive
selection at HFE or a linked locus. This method will be useful for scanning the human genome for alleles
under selection using the haplotype map now being constructed.

HE ability to detect mutations under positive selec-
tion while they are still segregating in populations

is an exciting prospect because these are variants that
determine the fitness difference among individuals. Some
of these variants may be found among human disease
alleles that segregate at unexpectedly high frequencies.
For example, the case has been made for positive selec-
tion for alleles at cystic fibrosis transmembrane conduc-
tance regulator (ROoMEO et al. 1989), phenylalanine hy-
droxylase (Kipp 1987) and genes involved in lysosomal
lipid storage disease (ROTTER and D1aMoND 1987), sickle
cell, and other hereditary anemias (MOTULSKY 1964).
This article deals with DNA polymorphism on differ-
ent scales (base pairs, kilobase pairs, megabase pairs)
so it helps to clarify our terminology. We study alleles
defined at the base pair level and additional variable
sites linked to this focal polymorphism at the megabase
pair level. We focus on the derived, or novel, allele
that is produced when a DNA mutation occurs and for
convenience may refer to this as a “mutation” or simply
as “the allele.” Since allele often implies a single base
pair or locus (approximate kilobase pair), we refer to
the set of homologous sequences (approximate mega-
base pair) carrying a particular derived allele (base pair)
as an “allele class.” Each sequence in this allele class, a
copy of the allele, will be identical at the site defining
the class, but may or may not be identical to one another
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at other linked sites. “Haplotype” refers to the particular
configuration of the polymorphisms at two or more
variable sites, such as occurs on each of two homologs
of a diploid chromosome. Thus, an allele class may con-
tain more than one different haplotype. We use the term
“haplotype sharing” as a quantitative measure of the
extent to which two or more sequences in an allele class
resemble each other at linked sites.

Positive selection can be inferred for an allele on the
basis of the relationship between its age and frequency
in a population. In the absence of selection, higher-
frequency alleles are expected to be older than lower-
frequency alleles (KIMURA and OnTA 1973), whereas
under positive selection a young allele can quickly rise
to a high frequency. As alleles age, mutation leads to
the accumulation of more linked variation, and recom-
bination causes the breakdown of linkage disequilib-
rium (LD) with existing linked alleles. Both of these
attributes, linked variation segregating within an allele
class (as defined by the presence of a specific mutation)
and LD, can be used to estimate an allele’s age. The
haplotype test (HUDSON et al. 1994) and its subsequent
modifications (KirRBY and STEPHAN 1995; ANDOLFATTO
et al. 1999) aim to detect selection by identifying alleles
that show less linked single nucleotide polymorphism
(SNP) variation than expected given their frequency.
While these tests have had success in Drosophila, the
approach is less useful in humans because of the low
background level of SNP variation against which to con-
trast a positively selected allele.

As an alternative, one can include LD information
from haplotypes to estimate allele age, taking a genea-
logical view of LD and uncovering historical patterns of
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recombination that can reflect an allele’s age (NORD-
BORG and Tavari 2002). Multilocus data generated
from gene mapping studies provide estimates of LD that
can be used in conjunction with a genetic map to infer
an allele’s age (SERRE el al. 1990; RiscH et al. 1995) and
in some cases test for positive selection (SLATKIN and
BERTORELLE 2001; SABETI et al. 2002). Although these
data are widely available in humans, methods of estimat-
ing allele age from LD suffer from various problems.
They often use very limited information, such as an
LD estimate between alleles at only two loci. The short
physical distance between two loci can make the esti-
mate of genetic distance between them inaccurate. Cur-
rent multilocus methods based on pairwise LD inappro-
priately assume independence between linked alleles
(Guo and X1onNG 1997; ReicH and GOLDSTEIN 1999).
Other methods that consider the length of a region in
complete LD with a mutation (SLATKIN and BERTO-
RELLE 2001) ignore a substantial amount of information
apparent in the level of LD at more distal markers.
The recent method of SABETI et al. (2002) provides an
improvement on earlier methods that allow the addition
of loci at increasing distances but, as applied, does not
permit the use of highly mutable loci such as simple
sequence repeats (SSRs), which may be especially valu-
able in tracing the history of potentially selected haplo-
types.

To avoid these problems, an allele’s age can be esti-
mated by the decay of ancestral haplotype sharing
(DHS; McPEEK and STRAHS 1999), an approach devel-
oped for fine-scale genetic mapping. Ancestral haplo-
type is a term for the multilocus configuration of linked
segregating sites that were present in the first chromo-
some to carry a particular allele (i.e., mutation). The
length of an ancestral haplotype retained between dif-
ferent copies of an allele shortens over time due to
recombination and mutation, so a negative correlation
is expected between an allele’s frequency and the extent
of haplotype sharing at linked loci. The expected ge-
netic distance to which the ancestral haplotype is pre-
served is also the reciprocal of the time in generations
back to the most recent common ancestor (TMRCA)
of the allele class. The DHS method estimates this pa-
rameter using tightly linked multilocus data that can
include both highly variable SSRs and SNPs. It also ex-
plicitly models the dependencies across loci within hap-
lotypes due to their expected correlated histories. Thus
the DHS method has many desirable features for appli-
cation to the problem of detecting positive selection by
comparing an allele’s frequency to its age.

Our method to test whether alleles at a region of
interest are compatible with models of neutral evolution
can be summarized as follows. Collect haplotype data
from a population using markers that flank a region of
interest (e.g., a gene or exon) and span up to 1 cM.
Sort these haplotypes on the basis of the alleles they
carry at the region of interest. Estimate the ages of these
alleles with the DHS method from the observed decay

of haplotype sharing at the flanking markers within this
haplotype set and compared to the background LD and
allele frequencies found at the marker loci on the re-
maining haplotypes. Compare the frequency of the al-
leles at the region of interest with the estimated ages
of these alleles to identify young alleles at unexpectedly
high frequencies. Because natural selection specifically
discriminates between alternative alleles at a locus, mul-
tiple alleles help resolve whether a pattern is due to
selection or to processes that act more generally in re-
gions, such as heterogeneity in recombination rate, or,
in populations, such as genetic drift and demographic
history. Evaluate the compatibility of the observed rela-
tionship between allele age and frequency in the region
to neutral evolutionary models by simulating haplotypes
that include an allele at the region of interest and at
flanking markers and by estimating the age of these
alleles using the DHS method. These simulations model
uncertainty in the genealogy of alleles and provide an
appropriate statistical comparison for the observed al-
leles. Compare the age of observed alleles with the distri-
bution of ages for simulated alleles at the same fre-
quency produced under different demographic models.
Alleles that are younger than the vast majority or all of
the simulated alleles are unlikely to occur by chance
under the neutral models and indicate the possible role
of selection.

As a demonstration, we applied this method to alleles
at the human HFE gene. HFE (FEDER et al. 1996) pro-
vides a model with which to investigate the occurrence
of a disease allele at a higher-than-expected frequency,
possibly due to positive selection. Mutations in the HFE
gene are responsible for most cases of hereditary hemo-
chromatosis, an autosomal recessive disease character-
ized by iron overload and common in populations of
European descent. When homozygous, one HFE allele,
C282Y, is responsible for >80% of this disease and
occurs with a frequency of 5-10% in northern Euro-
pean populations (MERRYWEATHER-CLARKE et al. 1997;
LucorTe 2001). There has been speculation on whether
the C282Y mutation has reached its present frequency
through genetic drift, expansion by a bottleneck, hitch-
hiking, or positive selection to preventiron deficiency in
iron poor diets (ROTTER and D1aAMOND 1987; FAIRBANKS
2000). Like many of the other disease genes posited to
be positively selected, little progress has been made in
resolving this question.

Our method benefits from the implementation of
three approaches that overcome some of the difficulties
of previous methods in detecting patterns characteristic
of recent positive selection: (1) estimating allele age
by the DHS method; (2) testing empirical allele age
estimates against neutral models that include realistic
demographic parameters with the use of coalescent sim-
ulations; and (3) comparing results between eight HFE
alleles that act as a control in interpreting patterns for
any individual allele.
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MATERIALS AND METHODS

DNA samples: Samples were collected from Utah and sur-
rounding states (EDWARDS et al. 1988). Because the samples
come from pedigrees and most markers in the study are highly
polymorphic, the full haplotype for these markers could be
inferred for each chromosome. The Institutional Review
Board of the University of Chicago approved this project.

SNP typing: We typed a subset of highly informative SNPs
at the HFE locus (TooMaJIAN and KrErTMAN 2002) and from
them inferred the total 11-kb sequence for our 210 samples.
The published haplotype structure of the HFE locus (TooMa-
JIAN and KrerrmAaN 2002) guided our choice of SNPs to type
and the classification of each chromosome into a haplotype
class. The specific SNPs typed for each sample varied, as the
typing was done hierarchically and the results of the first SNPs
typed were used to decide which additional SNPs to type.
Depending on the specific SNP, typing was done by one of
the following methods: (1) sequencing diploid PCR products
of ~1 kb to determine the SNP genotype (TooMAJIAN and
KrEIrTMAN 2002) or (2) analyzing diploid PCR products of
between 200 and 500 bp by denaturing high-performance
liquid chromatography (DHPLC) to determine SNP geno-
types (WAVE System, Transgenomic, Omaha). DHPLC tem-
perature and gradient conditions were chosen on the basis
of predictions of the WAVEMaker software (Transgenomic)
and were adjusted as necessary. To assign homozygous samples
to the correct allele and to verify that heterozygous samples
were heterozygous at the specific SNP allele of interest, we
mixed additional PCR product from each sample with a known
sequence control.

Inference of the 11-kb sequence: We used pedigrees to
resolve haplotypes for the SNP alleles and place these haplo-
types in the context of the broader marker haplotypes. This
process was simplified in individuals heterozygous for the
(C282Y mutation, because they almost always carry the common
C282Y haplotype (22). SNP haplotypes for the non-C282Y-
bearing chromosome could then be resolved. Eight non-
(C282Y chromosomes had been fully sequenced (TooMAjJIAN
and KrerrMan 2002) for the HFE region. For the other 132
non-C282Y chromosomes, a minimum of seven SNPs were
phased. For 123 chromosomes that carried the C282Y allele,
a minimum of six SNPs were phased. When the phase of
some SNPs could not be determined from segregation in the
pedigree, the phase consistent with two previously observed
haplotypes was assumed. This amount of SNP typing was suffi-
cient to infer the haplotypes on the basis of previously defined
haplotypes (ToomaJiaN and KrREITMAN 2002) and allowed a
high probability of detecting new recombinant haplotypes.

Estimating allele age: We used DHSMAP v. 1.04 software
(McPEEK and STRAHS 1999) to generate a summary of LD
around the C282Y allele and other HFE SNP alleles by assessing
the decay of haplotype sharing at multiple markers flanking
amutation. The program takes as input a set of marker haplo-
types from chromosomes that carry the SNP allele of interest,
haplotypes from a control population (in our case, the random
sample of chromosomes that lack this SNP allele), a genetic
map of the markers, and a mutation rate for each marker. It
then infers the ancestral haplotype surrounding the specified
SNP allele and produces as output a maximum-likelihood
estimate of the TMRCA in generations for the allele class. We
refer to these TMRCA values as allele ages for the purpose of
this study but acknowledge the distinction between the two
terms. The method assumes that there is no selection at any
of the marker loci and makes no assumption about selection at
the allele-class-defining locus. Information on the 23 markers
outside of the 11-kb HFFE region used in creating multilocus
haplotypes is listed in Table 1. Possible errors in inferring the
11-kb haplotypes would have minor effects on the DHSMAP

output, since it is primarily the flanking markers that deter-
mine the level of haplotype sharing for each allele.

Our pedigree samples are biased for the C282Y allele. For
the purpose of estimating allele age, we constructed a sample
that includes 140 independent non-C282Ychromosomes and
11 randomly chosen independent C282Y chromosomes. This
constructed random sample corrects for the C282Y allele bias,
so that its frequency is ~7%, the estimate for the population
from which these samples were drawn (EDWARDS et al. 1988).
In estimating the age of each allele except C282Y, only alleles
from this set of 151 chromosomes were used. For the C282Y
allele, 123 independent C282Y-bearing chromosomes were
used, while the remaining 140 independent chromosomes
served as the control class. This should produce a better age
estimate for the C282Y allele than for the other HFE alleles
but does not bias the age estimation process.

Coalescent simulations: Simulations were performed by
modifying MS, a C program from R. Hudson, which incorpo-
rates recombination, population size changes, and population
subdivision (Hubson 1990). We adapted additional code pro-
vided by R. Hudson that simplifies the way in which recombina-
tion is handled and integrated this into the MS framework.
Rather than allowing crossing-over events between adjacent
bases in a contiguous sequence with uniform probability, cross-
ing over occurs between loci used in the study (not within)
at a rate proportional to the genetic distance between the
loci, thus limiting the number of genealogies the program
must follow. We produce mutations at discrete loci separated
by fixed genetic distances. A diallelic polymorphism is created
at the focal site by randomly placing a single mutation on the
genealogy of the focal site. Individual coalescent samples are
later weighted by the length of the total genealogy at the focal
site. At all other loci, mutations occur according to a Poisson
process with rate equal to the per-generation mutation proba-
bility for that locus. Mutations at these loci change the allele
size and occur according to a one-step mutation model, so
that the allele size of all descendants carrying this mutation
increases or decreases by one with equal probability (OnTA
and KiMURA 1973). The DHSMAP analysis does not assume
a particular mutation model; it records only whether or not
alleles are identical, so that our choice of a one-step mutation
model is inconsequential here. In particular, it keeps track of
whether alleles at linked loci are the inferred ancestral allele
for a focal mutation, although it does allow for mutation
or recombination to reintroduce the ancestral allele onto a
chromosome that had previously carried a nonancestral allele.

Estimating the ages of simulated alleles: When a comparison
was made between simulated and HFE SNP alleles, the age
estimate based only on SSRs was used. When the assumption
of constant population size is relaxed, the expected TMRCA
for two randomly drawn alleles will change and affect the
expected variance in SSR allele size. We empirically estimated
this deviation by measuring the average variance in allele size
of a SSRin a simulated sample that had undergone population
size changes and comparing it to the constant population size
expectation. To mirror the observed variance in allele size
for each SSR in our simulations of demographic models, we
adjusted the mutation rate to compensate for the change in
the TMRCA for two randomly drawn samples.

RESULTS

We generated the data needed to estimate the ages
of several alleles at the HFE locus by two steps: (1)
determine individual haplotypes for the SNPs that segre-
gate in an 11-kb region encompassing the HIE locus in
a Caucasian sample (ToomAJIAN and KreEITMAN 2002)
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TABLE 1

Marker type, spacing, allele number, heterozygosity, and mutation rate

Centimorgans No. of VAS-estimated
Name Type* to next locus’ alleles Heterozygosity B (X107%°
HLA-B Serotype 0.04 26 0.911
HLA-C Southern probe 0.138 3 0.584
Y104 Southern probe 0.03 2 0.441
HLA-E Southern probe 0.0552 3 0.461
Y129 Southern probe 0.012 2 0.410
Y158 Southern probe 0.03 3 0.608
HLA-A Serotype 0.01 15 0.829
D65265 SSR 0.046 7 0.781 1.019
HLA-G Southern probe 0.0232 2 0.507
HLA-F Southern probe 0.4 2 0.302
D6S306 SSR 0.09 7 0.676 1.081
D6S464 SSR 0.01 11 0.661 4.019
D6S105 SSR 0.12 9 0.822 1.731
D651260 SSR 0.03 9 0.671 1.439
D6S1558 SSR 0.13 8 0.510 1.057
D652231 SSR 0.06132 12 0.849 4.799
D652238 SSR 0.00741 9 0.812 2.719
HFE SNP haplotypes 0.0129
D652239 SSR 0.1744 3 0.656 0.379
D652241 SSR 0.15 4 0.500 0.144
D6S1621 SSR 0.4 7 0.710 1.339
GATA SSR 0.7 8 0.761 0.806
D6S1545 SSR 1 6 0.710 0.894
D6S1691 SSR 16 0.889 11.800

“ Reference for markers are given in AJIOKA el al. (1997). All SSRs are dinucleotide repeats except for GATA,

which is a tetranucleotide repeat.

" Genetic distances were calculated primarily from physical distances used in Ajioka et al. (1997); genome
sequence information was used to recalculate physical distance for markers closest to HFE. On the basis of
experimentally measured recombination in the region (AJIORA et al. 1997; MALFROY et al. 1997), the conversion
1 cM = 5 Mb was used centromeric to HFE while the conversion 1 cM = 1 Mb was used telomeric. Estimates
of recombination throughout the HLA region (i.e., farther centromeric to HLA-A) are not likely as low as 1/5
cM/Mb (CARRINGTON 1999). Underestimates in these rates affect only the age estimates of alleles with the
most haplotype sharing, producing slightly overestimated ages (making our comparisons conservative).

“Mutation rates were estimated on the basis of the variance in allele size (VAS) of SSRs under a one-step
mutation model (VALDES et al. 1993). A constant effective population size of 10" was assumed.

and (2) construct longer haplotypes for these chromo-
somes by determining variants segregating at many addi-
tional sites spread over a multi-megabase region sur-
rounding the locus. We took advantage of a large sample
of individuals from Utah with extended pedigrees for
which haplotypes had previously been deduced for 24
markers spread over 8 Mb (AJ1okA ef al. 1997) around
the HFE locus. For these chromosomes we determined
HFE haplotypes by genotyping SNPs in the 11-kb HFE
region (TooMajiaN and KrRerTMAN 2002; Figure 1). Spe-
cifically, we genotyped 210 individuals from 65 heredi-
tary hemochromatosis pedigrees (EDWARDS et al. 1988).
The samples represent 123 independent chromosomes
that carry the C282Y allele and 140 independent chro-
mosomes without this allele. Figure 2 shows a mutational
network of HIFE SNP haplotypes inferred for these sam-
ples on a background of worldwide haplotypes (Too-
MAJIAN and KrRErTMAN 2002).

Estimating allele ages: The above data allowed us to

determine the age of alleles in the HFFElocus, including
HFE C282Y, by assessing the decay of haplotype sharing
to more distant sites. We selected eight SNP alleles for
age estimation by DHSMAP, a program thatimplements
the DHS method (McPEEk and STrRAHS 1999). Alleles
were chosen to minimize the correlation due to their
tight physical linkage. The individual genealogies of
each of these alleles are less correlated, as most of these
SNP alleles mark a different haplotype uniquely and
tend to fall on external branches of the HFE network
(Figure 2). In most cases, the allele classes they define
represent almost completely nonoverlapping portions
of the sample, but two exceptions exist. To include the
relatively common haplotype 3, we estimate the age of
the 1972T allele, although this allele is also found in
the C282Y haplotype (22). The age estimate of 1972T
may be influenced by the homogeneity of the C282Y
haplotype samples with regard to the flanking markers;
i.e., the age of 1972T may be underestimated. We esti-
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F1GUure 1.—Map of HFE gene region showing the location
of markers used in this study. For orientation, the chromo-
some 6p telomere is to the right. A detailed map of the region
surveyed for HFE polymorphisms, including the intron/exon
structure of HFE and the location of polymorphisms, is shown
at the top.

mate the age of 7522C to include haplotype 9, although
haplotype 8, which carries the identifying 709T allele,
also carries this allele. In this case, similar results are
obtained for 7522C and 709T, likely due to the small
number (2) of haplotype 9 samples.

Table 2 shows the frequency of these alleles and their
age estimates for a range of assumed SSR mutation rates
(107°-107%). Our best estimate for the age of C282Y is
138 generations, with a range from 88 to 156. When
interpreting the frequency of an allele in light of its
estimated age, the comparison with many presumably
neutral alleles provides a control for the effects of popu-
lation demography and heterogeneity in mutation and
recombination rates in the genomic region under study.
Relative to other alleles, C282Y is indeed young, given
its frequency. However, the 7633A allele produced an
even more remarkable result, as it is at higher frequency
and has a younger age estimate (78 generations). The
next youngest allele after 7633A and C282Y is 4600G
at 529 generations, with the remaining alleles ~1000
generations or older when estimating SSR mutation
rates from their variance in allele size (Table 2, row A).
Deviations from the one-step mutation model of SSRs,
which is assumed in estimating these mutation rates,
would mean that our mutation rate estimates may be
high, although the true value would likely still be within
the range of values we consider. Age estimates depended
on the assumed marker mutation rate because DHSMAP
estimates age from the effect on haplotype sharing of
both recombination and mutation. Alleles with much
haplotype sharing (7633A) were less sensitive to mis-
specification of mutation rate than those with little hap-
lotype sharing (H63D, Table 2 rows D, F, and H). Also,
the difference between ages estimated with mutation
rates 107! and 107° were small compared to the differ-
ence for 107* and 107°. If the true mutation rate for
the SSRs is closer to 107% then age estimates decrease.
This makes the young age estimates of 7633A and C282Y
more extreme but is probably unlikely since all HFE

7633A
e 18 21
H63D
e Outgroup root
2097 975:220
I \ess00G

:‘ 57Ae
972
2

F1GURE 2.—Reduced median network (BANDELT et al. 1995)
of HFE sequence haplotypes from a worldwide population.
Haplotypes are numbered according to their frequency in
the worldwide population (1 is most frequent). Open circles
represent haplotypes sampled from hemochromatosis pedi-
grees, with size proportional to frequency in pedigree samples.
The frequency of haplotype 22, the C282Y-bearing haplotype
identified by sequencing (ToomAJIAN and KREITMAN 2002), is
corrected for biased sampling. Mutational differences between
haplotypes are indicated on the branches of the network, and
the locations of sites used to define allelic classes for age
estimation are labeled. The network has been modified to
include two haplotypes (21 and 22) found in hemochro-
matosis pedigrees that are one mutational step away from
haplotypes found in a worldwide sample (TooMajiAN and
Krerrman 2002). Five haplotypes found in six non-C282Y
chromosomes and one C282Y chromosome of the pedigree
samples and likely due to recombination are not displayed.

22
282Y

alleles <30% would appear fairly young (TMRCA of
<550 generations).

Test of neutrality using coalescent simulations: Hav-
ing estimated young ages for two common alleles at HFFE,
we tested whether these two alleles were compatible with
models that assume no positive selection. To assess the
likelihood under neutrality of age estimates for individ-
ual HI'E alleles, we simulated haplotypes under a range
of parameter values (SSR mutation rate, recombination
rate, and different demographic scenarios) using coales-
cent theory (program available upon request). The coa-
lescent simulations model the genealogy of the entire
population and account for uncertainty in the number
of lineages present in past generations for particular
alleles (SLATKIN and RanNara 2000). Haplotypes con-
sisted of one focal SNP and 14 flanking SSR loci spaced
on a genetic map as the 14 SSRs from the observed data
were. We simulated replicates of 151 chromosomes (the
size of our constructed random sample of observed HFE
haplotypes) for each combination of parameter values,
and for each replicate estimated the age of the focal
SNP allele with DHSMAP. We used SSR mutation rates
estimated from the variance in allele size observed at
each locus and assumed these same mutation rates in
estimating age. Simulated haplotypes, comparable to
the observed haplotypes around HIE, served as a null
distribution for the relationship between allele fre-
quency and age estimated from haplotype sharing. Ob-
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TABLE 2

DHSMAP allele age estimates (in generations) for different mutation rates

Details of
estimate HFE SNP alleles/frequency
Marker 4600G/ C282Y/ 709T/ 7633A/ 7522C/ H63D/ 857A/ 19721/
set” wh 0.06 0.07 0.11 0.11 0.13 0.16 0.24 0.30
A 1+3 VAS® 529 138 939 78 1030 1722 986 855
B 1 VAS 516 138 1095 85 1496 1830 1265 785
C 1+3 10~ 564 141 1207 81 1316 2066 1301 1162
D 1 1074 548 143 1545 90 2029 2272 1441 1070
E 2+ 4 1073 366 88 558 47 666 1029 477 543
F 1 107° 249 N/A? 455 58 455 538 315 357
G 1+3 107° 652 151 1499 84 1667 2709 1526 1687
H 1 107° 638 156 2262 97 2931 3866 1779 1578

“Marker sets: 1, All SSRs; 2, centromeric SSRs; 3, non-SSR markers (centromeric markers and HFE SNPs);

4, HFE SNPs.

’SSR mutation rate assumed; the mutation rate of all non-SSR loci was set to 5 X 1077
“Mutation rate estimated from variance in allele size (VALDES et al. 1993); for most markers this was ~10~*

(see Table 1).
“N/A: DHSMAP failed to estimate an allele age.

served alleles were compared to the null distribution to
find the probability of the allele age estimate given allele
frequency.

Simulation replicates from a constant population size
model included at least 1000 representatives in each
of 41 allele-frequency classes (from 6/151 to 46/151).
Figure 3 displays the probability distribution for each
allele-frequency class as percentile values of allele age.
Points corresponding to the ages and frequencies of
alleles at HFE are overlaid for comparison. Both the
C282Y and 7633A alleles are at the tail of the distribution
for their frequency classes and are thus significantly
younger than expected under this neutral model (P <
0.01 and P<0.001, respectively). In random population

30]
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N
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N
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 75%

- 50%

-
o

25%
10 . il
857A 1972T.
- 5%
5 A 1%
0 oY . 7633A
6 46

DHS allele age (generations/100)

16 26 36
Allele frequency class (n =151)

F1GUurE 3.—Comparison of the observed relationship be-
tween HFE allele age and frequency with that produced by
simulation. Plotted for each allele-frequency class are six per-
centiles of the estimated allele age distribution. Placed in the
context of these percentile values are the frequencies and
estimated ages for eight alleles found at HFE.

samples, different numbers of chromosomes carrying
C282Y or 7633A will be found due to sampling variance.
Given our age estimates for these alleles, at least nine
copies of C282Y in a sample of 151 chromosomes must
be found for the age of this allele to fall below the 2.5
percentile value of the simulated haplotypes, and at
least nine or six copies of 7633A must be found for the
age of this allele to fall below the 1 and 2.5 percentile
value, respectively, of the simulated haplotypes. Also,
the reported P values should not be taken at face value
since multiple tests have been performed. These tests
are notindependent, so the standard Bonferroni correc-
tion is too conservative and not appropriate. Neverthe-
less, we note that while the C282Y result would not
remain significant after this correction for multiple
tests, the 7633A result would.

Alternative demographic models: We simulated sam-
ples under different demographic models (Table 3) to
explore their effects on the estimation of allele ages by
DHSMAP. The significance of HFE allele ages under
the various demographic models is indicated by the
empirical cumulative probability distributions of ages
for alleles in three different frequency classes (Figure
4). Under the simple exponential growth model, the
age distributions shifted toward higher values and the
significance of the C282Y estimate increased. This is
expected, since LD should be less in a fast-growing popu-
lation (SrLAaTkIN 1994). Studies have found that popula-
tion bottlenecks can increase the level of LD (ARDLIE
et al. 2002). The old bottleneck model produced an
average age similar to the constant population size
model, but with a reduced range of ages. Therefore,
both age extremes were less probable for this bottleneck
model and the significance of the C282Y allele’s young
age increased. For the extreme case of a recent bottle-
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TABLE 3

Demographic models

Start of Length of
Initial Final growth Bottleneck bottleneck
size size (generation) size (generation)
Constant 10* 10*
Exponential growth 10* 10° 2500
Following a bottleneck
old 10* 10° 500 10° 500
Recent 10* 10° 50 10° 500

neck only 50 generations ago, the age of the C282Y
allele lost its significance. In fact, only age estimates
<750 generations were very likely for this model. If an
event such as a recent bottleneck were responsible for
C282Y’s young age, several HFL alleles might also show
levels of haplotype sharing that point to similar ages.
This model was inconsistent with age estimates of most
other HFE alleles, suggesting that the model is inappro-
priate for this population.

The significance of the young age estimate for C282Y
is also insensitive to error in the estimate of recombina-
tion rates throughout the region studied. Figure 4 shows
the empirical cumulative probability distribution pro-
duced when samples were simulated assuming the ge-
netic distances between all markers were only half of
the values used to estimate allele ages by DHS (1/2 p).
In this case, the age of the C282Y allele is borderline
significant (P < 0.06). However, the low recombination
rate used implies a genetic distance between human
histocompatibility-A (HLA-A) and HFE that lies below
the 95% confidence interval estimated from recombina-
tion events observed between these loci (AJIOKA et al.
1997; MALFROY et al. 1997).

Comparison with other HFE alleles: The estimated
age of 7633A is significantly younger than expected on
the basis of its frequency for all models considered.
Only a very extreme founder effect would produce such
young age estimates with any likelihood. Yet no evidence
exists for a severe founder effect on the basis of esti-
mated ages of other HFE alleles. For example, Figure
4b includes the age of the 709T allele, found at the
same frequency as allele 7633A. It is older than 97% of
the ages estimated for simulated alleles in this frequency
class under the recent bottleneck model. Figure 4c gives
the example of the H63D allele at 16% frequency. This
allele is not consistent with either bottleneck model
tested, with ~95 and 99.5% of simulated alleles having
younger ages under an old bottleneck and a recent
bottleneck, respectively. If a recent and severe founding
effect occurred in this population, then the old age
estimated by DHS at H63D would suggest that it was
preferentially preserved through the founding bottle-
neck. Thus, the comparison of a broad range of alleles
from the HFE locus and their patterns of haplotype-
sharing decay can jointly determine likely demographic
parameters of this sample and detect particular alleles
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F1Gure 4.—The effect of population size changes or overestimation of recombination rates on the significance of the HFE
allele ages. Shown are the empirical cumulative probability distributions of ages for alleles in frequency class 11 (a), 17 (b), and
24 (c) from a sample of 151 haplotypes. These ages were estimated from samples produced by coalescent simulation under
various demographic models (Table 3) and by a simulation in which the recombination rate (p) between each marker was half
of the level used in estimating age. The dashed vertical lines indicate the age of the HFE alleles estimated from the haplotype

sharing observed at only the flanking SSR markers.
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that depart significantly from the expectations of neu-
tral demographic models.

DISCUSSION

Our investigation of the empirical relationship be-
tween the decay of haplotype sharing around different
HFE alleles and their frequency supports the hypothesis
that HIE C282Y has increased in frequency due to selec-
tion and detects an additional selected haplotype in
the HLA-HFE region. Multilocus LD estimated from the
decay of haplotype sharing provides a clear indication
of which haplotypes have been affected by natural selec-
tion, and our method may be able to indicate recent
positive selection too subtle to be detected by current
tests that emphasize levels of variation rather than allele
association (HUDSON et al. 1994). Due to the phenome-
non of hitchhiking, however, evidence for the selective
sweep of a haplotype does not indicate with certainty
the specific genetic change under selection (MAYNARD
SmrtH and Haicu 1974).

Selective events that are detectable by haplotype shar-
ing may also be detected using methods that focus on
the reduction in variation in an allele class (e.g., the
haplotype test of HUDSON et al. 1994). But our method
has certain advantages. Haplotype sharing and haplo-
type variability tests use different aspects of empirical
data, primarily LD information wvs. variation levels, re-
spectively. Allele classes subject to genetic drift alone
that are at low or moderate frequencies are expected
to have reduced variability at linked sites. In addition,
if one considers the variability level of an allele class for
which there is, say, a 5% probability of observing that
number or fewer segregating sites by drift alone, this
level can be extremely low for lowfrequency allele
classes. Lower-frequency allele classes that are subject
to positive selection, therefore, may require haplotype
information from impractically large regions to exhibit
a statistically significant reduction in variation. The hap-
lotype-sharing approach, in contrast, leverages how vari-
ability is patterned into haplotypes and the extent to
which reduced variability centers around a focal site.
This, we believe, allows for a more economical test of
very recent selection in terms of linked variants needed
to achieve significance.

Highly polymorphic SSRs in a haplotype test may not
be as informative as in a haplotype-sharing test because
the high mutation rate of SSRs will rapidly increase the
number of variants within an allele class. As an example,
the SSRs we use are quite variable, and there is not an
overwhelming absence of variability in the C282Y allele
class. Our study included SSRs not because they increase
variability, but because they were the markers that had
already been typed in the appropriate samples. Without
SSRs, more SNPs would probably be needed to provide
the same amount of information on how far ancestral
haplotypes extended along chromosomes, but their

lower mutation rate would provide a clearer picture of
ancestral haplotype extent and result in more accurate
age estimates. Our method could also be applied to
previously ascertained SNPs, but doing the same with
the haplotype test may be problematic because it would
require, impractically, many ascertained markers to de-
tect a significant reduction in variation. In some cases,
detecting a significant difference in SNP variability be-
tween selected vs. neutral allele classes may be more
difficult than detecting a significant difference in the
level of haplotype sharing.

The age of HFE C282Y: Our study emphasized the
comparison of haplotype sharing for multiple observed
SNP alleles and alleles produced in neutral coalescent
simulations, so that no conclusions were based on abso-
lute ages alone. Still, comparisons with two previous
studies that have used the observed decay of LD to
estimate the C282Y allele age show that the DHS method
performs well. Our estimate (138 generations) fell
within the 95% confidence interval (27-161 genera-
tions) for the estimate (59 generations) of AJIOKA et
al. (1997). This interval would be even larger if the
uncertainty in the pairwise LD between C282Y and
HIA-A were taken into account. Our estimate was closer
to the multilocus estimate of THoOMAS el al. (1998), al-
though it lay outside their confidence interval. Their
average estimate over a set of markers telomeric to HFE
was 62 generations, and they reported confidence inter-
vals presumably calculated from the variance among
estimates for individual markers. They also produced
an estimate of 77 generations from the best fit among
the marker loci. Their confidence interval is too narrow,
as it is produced with DISMULT and DISLAMB (TEr-
WILLIGER 1995) by assuming that age estimates using
different linked markers are independent.

Aside from the technical limitations of these age esti-
mates, directly interpreting the young age of an allele,
given its frequency, as clear evidence of positive selec-
tion is inappropriate without formal statistical testing.
Therefore, the fact that the DHS method produces esti-
mates of the TMRCA of an allele class rather than its
true age is inconsequential. Because both observed and
simulated haplotypes were evaluated by the same
method, the conclusions from our statistical testing are
robust to any biases inherent in the way we estimate
allele age. Inaccuracies in allele age estimates do not
affect our ability to evaluate the contribution of natural
selection and population demography to the current
frequencies of young alleles. We used the DHS method
to measure the decay of LD because it is designed to
use information from several linked markers, can ac-
count for the dependence across loci within a haplotype,
and is an improvement over other multilocus LD meth-
ods that do not (TERWILLIGER 1995). Still, given the
wide interest in improving the performance of LD map-
ping, several new multipoint LD methods have recently
been described and could be adapted for detecting pat-
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terns of selection evident in LD data (Liu et al. 2001;
RanNarA and ReevE 2001).

The accuracy of genetic distances is important in all
methods of estimating the age of an allele on the basis
of patterns of LD. The genetic distances we used in
our HFE example (Table 1) relied on the measured
recombination rates in the HFE region, where the rate
centromeric to HIE is estimated to be one-fifth the rate
telomeric (MALFROY et al. 1997). Our age estimates pro-
duced using markers only centromeric or only telomeric
to HFE gave similar results when we made this assump-
tion (data not shown), supporting its validity. Compari-
sons between alleles of the same locus should be rela-
tively insensitive to global errors in estimated genetic
distances, but recombinational heterogeneity on the
scale of the haplotype sharing for some alleles, such as
from hotspots (JEFFREYS et al. 2001), may affect the
comparison of age estimates between alleles. Results for
7633A and C282Y would be insensitive to hotspots, as
their ancestral haplotypes span long distances. If recom-
bination were clustered near HFE and very rare farther
away from it, the short ancestral haplotypes of the other
HFE alleles would be consistent with younger ages. This
scenario seems unlikely, and the 7633A and C282Y al-
leles are still clearly younger than other alleles. Further
study of fine-scale patterns of recombination in the hu-
man genome will only improve our ability to make evolu-
tionary inferences about the level of haplotype sharing
around alleles.

Alternative demographic models: Recent data on hu-
man variation indicate that complex demographic his-
tories should be used as null models in the analysis of
human population data (PRzEwWORSKI et al. 2000). One
of the strengths of our method is the ability to explore
alternative demographic models. The demographic
models we test in this example were not meant to be
exhaustive but instead identified which types of models
make the observation of larger regions of haplotype
sharing more likely. The estimated age of the C282Y
allele is consistent with neutrality for a bottleneck on
the order of 100 generations ago. When little indepen-
dent data exist about the demographic history of a popu-
lation, the full set of alleles at a locus can provide the
basis to exclude certain demographic scenarios as incon-
sistent with the general pattern of LD decay. For exam-
ple, patterns of haplotype sharing for most other alleles
at HFE do notsupport a recent bottleneck. Also, arecent
and severe bottleneck is expected to affect levels of
nucleotide diversity and the frequency spectrum, nei-
ther of which is evident in nucleotide polymorphism
data for a collection of European samples (TOOMAJIAN
and KrerrMaN 2002).

In a study of LD in 19 random genomic regions,
REicH et al. (2001) reported results consistent with a
major bottleneck in the same population. However, as-
suming nearly the same bottleneck severity as we have,
they estimated that it occurred between 800 and 1600

generations ago. This bottleneck model would not
change our conclusion that the C282Y-bearing haplo-
type has been positively selected. LD can also be in-
creased by other factors such as inbreeding, population
structure, and admixture (PRITCHARD and PRZEWORSKI
2001). The inclusion of these factors in more compli-
cated demographic models may help to explain more
of the results from studies of SNP variation and LD in
northern European populations. Coalescent methods
like the one we used have been adapted to incorporate
these factors, so that as more data emerge, more realistic
null models can be tested against with our general ap-
proach.

HFE and natural selection: Independent data on HLA
haplotypes suggest that the HFE 7633A allele has hitch-
hiked on a particularly large chromosomal region. The
7633A mutation is located in an intron and has no
known effect on HFE levels or function. The inferred
ancestral allele at HLA-B for the HFE 7633A allele class
is B8. Most Caucasians that carry HLA-B8 share alleles
on a common haplotype that extends throughout the
HLA region and includes HLA Al. This extended haplo-
type has reached 10% frequency in northern European
populations while remaining more or less intact (PRICE
et al. 1999). Strong LD over multiple loci is a common
finding in the HLA region, but the particular homoge-
neity of the Al-B8 extended haplotype has led to the
conclusion that it has a very recent origin, likely due to
strong selection (BucawaN et al. 2000). Our evidence
for this extended haplotype in the HFE region is consis-
tent with the finding (WorRwoOD ¢t al. 1997) that this
haplotype extends to SSR loci distal to HFE. Although
physical suppression of recombination specific to the
A1-B8 haplotype (P1cHON et al. 1996) could explain the
extent of this frequent HLA haplotype, a study of a large
number of HLA recombination events does not reject
the null hypothesis of equal recombination rates for
each haplotype (TERMIJTELEN et al. 1995).

Direct positive selection on the C282Y mutation is a
viable possibility, given what is known about its biologi-
cal effect on HFE function (FEDER et al. 1998; SALTER-
CID et al. 1999). However, since the locus was chosen
with the knowledge that the frequency of one allele
(C282Y) was high relative to its apparent age and pheno-
typic effect, we must be cautious in assessing the signifi-
cance of our results vs. models of neutrality. In addition,
alternative hypotheses about the specific target of posi-
tive selection within the HLA A3-B7-DR2 extended hap-
lotype (which includes the C282Y allele; WORWOOD et
al. 1997) cannot be ruled out. This extended haplotype
is not as homogeneous as the A1-B8 haplotype and must
therefore have a more ancient common ancestor. Be-
cause both the A3-B7 haplotype and the HFE C282Y
allele appear older than the HLA A1-B8 haplotype, it
is difficult to make conclusions about the number and
location of targets of selection on this haplotype without
further work.
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It should be possible to apply our method described
here to several regions within a potentially selected long-
range haplotype such as the HFE 7633A-HLA A1-B8
example above to find evidence of the specific target
of selection. However, it is not always clear how results
should be compared between loci. For example, we
estimated the age of alleles at the HLA-A locus and the
adjacent SSR D6S265 (data not shown). In each case,
the alleles estimated to be ancestral on the C282Y and
7633A haplotypes either were the youngest of the set
of alleles at the locus or appeared young given their
frequency, consistent with the hypothesis that these two
haplotypes have been affected by positive selection. Al-
though at neither locus was the ancestral allele age for
either haplotype younger than the age estimated for
the respective HFE allele, it would not be appropriate
to conclude that in both cases the target of selection is
an allele at the HFE gene. The locus spacing of this
study is more suited to producing accurate age estimates
for alleles at HFE, with many close and highly polymor-
phic markers surrounding the gene. SSRs pose addi-
tional problems since one cannot assume that all se-
quences in an allele class are descended from a unique
mutation event. The nature of allele designations at the
HLA-A locus (our alleles are determined by serotype)
and its high polymorphism level also make comparisons
with HFEalleles difficult. Further work and the inclusion
of additional markers in the analysis may provide more
resolution to this question.

The possible action of negative selection on an allele
must also be considered when explaining an allele age
lower than expected given its frequency. Selection on
an allele reduces the expected age of the allele given
its frequency regardless of the direction of selection
(MaruvyaMA 1974). For selection to greatly influence
the age of an allele at the frequency of C282Y, this
allele should have a fitness effect observable in both
homozygotes and heterozygotes. The hypothetical fit-
ness advantage of increased iron stores may occur in
both heterozygotes and homozygotes of the C282Y al-
lele. However, there is little evidence that this mutation
can have a deleterious effect in heterozygotes (BurAj
et al. 1996), and a recent study by BEUTLER et al. (2002)
calls into question whether the mutation has an appre-
ciable deleterious effect on fitness in homozygotes. It
also seems unlikely that a deleterious allele could reach
the frequency of several percent in many European
populations, as C282Y has (LucorTr 2001). Although
we consider it unlikely that negative selection can ex-
plain the specific pattern seen for the C282Y allele, we
expect that many alleles at 1% or lower frequency that
show haplotype-sharing patterns inconsistent with neu-
trality will be due to negative selection.

Conclusion: We have described a general method for
testing human LD data vs. neutral theory predictions
about the expected relationship between allele age and
frequency under demographic models that can be simu-

lated with the coalescent approach. With an effort now
underway to determine the haplotype structure for the
entire human genome, methods such as ours are likely
to have widespread application. Humans have almost
certainly undergone strong recent selection for many
different traits, not the least of which is resistance to
infectious disease, and methods to detect positively se-
lected haplotypes might provide positional information
about the selected allele, not unlike LD mapping itself.
Although in most cases our method will not allow identi-
fication of the specific locus under positive selection,
the number of loci in many cases will be small enough
to allow a candidate to be identified. The human data
that will be available soon, and the application of meth-
ods to detect selection, will dramatically improve our
understanding of both human history and molecular
evolutionary processes acting in natural populations.
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