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ABSTRACT
The fixation of a beneficial allele in a population leaves a well-characterized signature in patterns of

nucleotide variation at linked sites. This signature can be used to estimate the time since fixation from
patterns of polymorphism in extant individuals. I introduce a method to assess the support in polymorphism
data for a recent episode of directional positive selection and to estimate the time since fixation. I
summarize the polymorphism data by three statistics that carry information about levels of diversity, the
allele frequency spectrum, and the extent of allelic associations. Simulations are then used to obtain a
sample from the posterior distribution of the time since fixation, conditional on the observed summaries.
I test the performance of the approach on simulated data and apply it to the gene tb1 in maize. The data
support the recent fixation of a favored allele, consistent with what is known about the importance of tb1
in the domestication process of maize.

PATTERNS of nucleotide variation are shaped by ern humans are thought to have emerged in the past 150
KYA (Stringer 2002), it follows that these adaptationsthe evolutionary history of the genomic region and,

in particular, by adaptation. Polymorphism data are would have had to occur �40–150 KYA.
If many favored substitutions occurred as “selectivetherefore informative about the nature and timing of

positive selection, including what proportion of loci sweeps,” in which a rare allele arises and rapidly in-
creases in frequency until fixation in the population,show evidence of selective changes or when the selective
their timing can be estimated from patterns of polymor-pressure was exercised. In many contexts, the time since
phism in extant individuals. Indeed, under simplifyinga beneficial substitution is of interest. For example, one
assumptions, a favorable substitution leaves a well-char-might want to date adaptations to temperate habitats
acterized signature on linked neutral variability (May-in species of Drosophila whose range was originally re-
nard Smith and Haigh 1974; Kaplan et al. 1989; Brav-stricted to the tropics (David and Capy 1988). In do-
erman et al. 1995; Kim and Stephan 2002), detectablemesticated species, one might be interested in the num-
in humans for �8000 generations or �200,000 yearsber of genes (or genes in particular pathways) for which
(Przeworski 2002). This signature can be used to iden-the timing of beneficial substitutions coincides with the
tify regions that have experienced recent directionaladvent of agriculture (e.g., Whitt et al. 2002).
selection, as well as to estimate parameters of interest.Similarly, one might hope to date the genetic changes
Luckily, this time frame covers the period of relevancethat led to the emergence of anatomically modern hu-
for the emergence of modern human-specific traits.mans, in particular those underlying speech and lan-
Similarly, theoretical investigations suggest that the ef-guage (e.g., Enard et al. 2002). A common theory of
fects of adaptation to temperate habitats should still behuman evolution contends that anatomically modern
visible in the genomes of model Drosophila species (Kimhumans were the first to possess current cognitive and
and Stephan 2002; Przeworski 2002), given what islinguistic abilities (Klein 1995; Mellars 1998). In this
known about their history (e.g., Lachaise et al. 1988).view, the emergence of language is manifested by a burst

The most common approach to identifying adaptiveof evidence for “symbolic thought” in the fossil record,
genetic changes from polymorphism data is to assumecentered mainly on art and artifacts found 30–50 thou-
a neutral null model and then assess whether the valuesand years ago (KYA; Mellars 1998). Although the
of some summary of the data is unexpected under thisextent to which these novel cognitive abilities have a
model. A poor fit is interpreted as evidence for thegenetic basis is unclear, it seems likely that some genetic
action of natural selection. Among these “tests of neu-changes were involved in the acquisition of these traits.
trality” are allele frequency spectrum-based tests suchSince there is evidence for the colonization of Australia
as D (Tajima 1989) and H (Fay and Wu 2000) as wellby modern humans as far back as 40–60 KYA and mod-
as various tests based on the extent of allelic associations
(e.g., Hudson et al. 1994; Sabeti et al. 2002). However,
even when such tests indicate that the neutral null
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tests do not allow one to estimate parameters of interest, sume that their values are known exactly (cf. Beaumont
et al. 2002).such as the timing of the selective sweep.

A number of alternative approaches to estimating
parameters of a selective sweep model exist. In particu-

METHODS
lar, Kim and Stephan (2002) introduced a “composite-
likelihood” estimator that allows one to estimate the The model: I consider the following model of a selec-

tive sweep: a neutrally evolving region is linked to astrength of selection and the location of the favored
substitution, assuming that other parameter values are site where a favorable allele reached fixation in the

population at some time, T, measured into the past.known. In their framework, time is measured backward,
so that the time since the fixation of the beneficial allele, The neutral locus is assumed to evolve according to the

infinite-sites model. The population mutation rate forT, is 0 when the selective sweep has just ended. Under
simple demographic assumptions, the likelihood of an the neutral locus is � � 4N�L, where N is the diploid

effective population size of the species, � is the mutationallelic configuration at a given site is given explicitly
when T � 0 (Fay and Wu 2000). By multiplying the rate per base pair per generation, and L is the length

of the locus in base pairs. Similarly, the population re-likelihoods at different sites, thereby ignoring the de-
pendence between sites, the authors obtain a so-called combination rate for the neutral locus is � � 4NrL,

where r is the rate of recombination per base pair percomposite likelihood (Hudson 2001). The composite
likelihood of T � 0 is compared to the one for no generation. Recombination occurs at a constant rate per

base pair throughout the region and all recombinationselection to assess the support for a very recent selective
sweep. Approximate confidence intervals can be ob- events are crossovers without gene conversion. The pop-

ulation recombination rate between the neutral andtained by simulation. However, the time T cannot be
estimated, since it is assumed to be 0 in the selective selected loci is C � 4NrK, where K is the physical distance

(in base pairs) between the closest edge of the neutralsweep model.
To estimate T for the case of no recombination, Per- locus and the selected site. The population is random

mating and of constant size.litz and Stephan (1997) proposed a method of mo-
ments estimator based on observed diversity levels at Time is scaled in units of 4N generations, so T � 1

is equivalent to fixation of the favored allele 4N genera-linked neutral sites. More recently, Jensen et al. (2002)
used an acceptance-rejection algorithm to find the joint tions ago. Selection is additive. The increase in fre-

quency of the favored allele is modeled deterministi-maximum-likelihood estimates of T and the population
mutation rate from two summaries of diversity levels. cally, from introduction to fixation [i.e., frequency 1 �

1/(2N)]. The sojourn time of the favored allele in theEnard et al. (2002) applied a similar rejection-sampling
method to estimate T from data for a recombining locus, population is then �2 ln(2N)/s, where s is the selection

coefficient of the favored allele (Stephan et al. 1992).FOXP2, a gene involved in speech and language in
humans. Their estimate of T was also based on two In reality, the increase in frequency is governed by ge-

netic drift as well as selection; however, modeling thediversity statistics; it assumed that all nuisance parame-
ters (besides the recombination rate) were measured trajectory as stochastic rather than deterministic makes

little difference so long as 4Ns is large (results notwithout error.
I introduce a method to assess the support for a recent shown).

Simulations of selective sweep: The model is imple-beneficial substitution in polymorphism data from
linked neutral sites and to estimate T. The approach mented in a coalescent framework. There are two

phases: a neutral phase, in which the coalescent is theapplies to the situation where researchers are interested
in a fixed difference between species or populations standard coalescent with recombination (cf. Hudson

1990), and a selected phase. During the latter, therethat they consider a candidate for a recent selective
sweep. The idea is to draw a sample from the posterior are two allelic classes at the neutral locus: lineages car-

rying the favored allele and those carrying the unfavoreddistribution of T, conditional on summaries of the poly-
morphism data. If a recent adaptation occurred at a one. These allelic classes can be modeled analogously

to subpopulations, with recombination acting as migra-closely linked site, most of the posterior probability
should be on recent T values. Conversely, if most of tion; the sizes of the subpopulations change over time

with the frequency of the favored allele (Barton 1998).the posterior probability is on more distant times, this
suggests that the selective sweep did not occur recently, The details of the implementations are described else-

where (Przeworski 2002).or did not occur at all, in the genealogical history of
the sample. This method improves on existing ones by Summaries of the polymorphism data: At present, it

is not computationally feasible to use all the polymor-using more summaries of the data, including a measure
of linkage disequilibrium (LD) as well as a summary of phism data to estimate parameters, even for models

simpler than the one considered here (Fearnhead andthe frequency spectrum and of levels of diversity. An
attractive feature of the approach is that the parameters Donnelly 2002). I therefore summarized the data by

three statistics: the number of segregating sites, S; anot of interest are integrated out, so one need not as-
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summary of the allele frequency spectrum, Tajima’s D considering only the values of the parameters of interest.
A sample from the posterior distribution of Tgen � 4NT,(Tajima 1989); and the number of distinct haplotypes

in the sample, H, which is a measure of linkage disequi- the time in generations since the fixation of the benefi-
cial allele, is given by the appropriate product of T andlibrium (Strobeck 1987; Wall 2000). The choice of

summaries is discussed in results. N in this list.
In step 1, the recombination rate r is chosen from aSimulating a sample from the posterior distribution:

In addition to the time since the fixation of the benefi- gamma distribution with parameters (z � 10, 109); the
mean is then z � 10�8. Assuming little error in thecial allele, T, there are four parameters in this selective

sweep model whose values cannot be measured exactly: physical map and homogeneity of local recombination
rates, the sampling error associated with large-scale esti-N, s, �, and r. (While in many population genetic con-

texts, the parameter N does not appear on its own, here, mates of genetic distance provides some sense of the
accuracy of r estimates. I assume that the estimate ob-it specifies the frequency at which the beneficial allele

first appears [i.e., 1/(2N)].) I assume that researchers tained from a comparison of genetic and physical maps
would be used as the mean of the gamma distributionare interested in a particular site where a substitution

may have been selected, so K is known. To model the and choose the parameters to be in rough accordance
with the estimates of sampling error provided for theuncertainty in the other parameters, I use a distribution

of prior values, rather than assuming a fixed value (see latest genetic map in humans (Kong et al. 2002; Weber
2002). The mutation rate � is also drawn from a gammabelow).

To obtain a sample from the posterior distributions distribution, with parameters (10 � m, 109). The effec-
tive population size N is chosen from a gamma distribu-of the parameters conditional on the summaries of the

data, I follow the rejection-algorithm 2 outlined in tion with parameters (5, 5/Y). As an illustration, for
Y � 104, 95% of this distribution covers the approximateTavare et al. (1997). The idea of the procedure is to

accept parameter values chosen from prior distributions interval (3200, 20,500) of N values. When estimates of
the parameters exist, they can inform the choice of m,with probability proportional to their likelihood. Spe-

cifically, let S, D, and H be the observed summaries in z, and Y. The selection coefficient s is drawn from a
uniform on (50/N, 0.05) (if N � 1000, s is set to 0.05).polymorphism data from a number of chromosomes

sequenced at a locus of length L bp. For each indepen- When s � 50/N, the deterministic approximation be-
comes inaccurate; furthermore, the rise in allele fre-dent replicate i:
quency of the favored allele (even when modeled as a

1. Pick Ni, si, �i, ri, and Ti values independently from
stochastic process) is not rapid enough to cause a severe

the prior distributions given below.
sweep at nearby neutral sites (results not shown).

2. To model the history of the sample at the neutral
The aim is to assess the support for a beneficial sub-

locus, simulate a recombination graph (including
stitution that happened recently in the genealogical

coalescent events and recombination events, but no
history of the sample. The time depth of that history

mutation) under a selective sweep model with param-
depends on N: as an illustration, a substitution that

eter values K, Ni, si, �i, ri, and Ti. occurred 40,000 generations ago is recent for Drosophila
3. Because of recombination, different segments of the

melanogaster, where N is on the order of 106, but not for
neutral locus will have distinct genealogies. Suppose

humans, where N is estimated to be �104. I therefore
that there are n segments, where each segment is a

place the prior on the scaled time since the fixation of
set of consecutive base pairs with the same genealogy;

the beneficial allele, T, rather than on the true time in
let Lj be the length of segment j and 	j be the length

generations, 4NT. In the absence of a selective sweep
of the genealogy for segment j. Accept the graph

at a nearby site, the scaled time to the most recent
simulated in step 2 with probability u � Po(S, 4N�	)/

common ancestor of a sample is on average �1 (for a
Po(S, S) where Po denotes the probabilities of the

sample size greater than two; cf. Hudson 1990). Thus,
Poisson distribution and 	 � �n

j�1 (	jLj/L). If the
if T � 1, a selected substitution has little detectable

graph is rejected, return to step 1.
effect on the mean number of haplotypes or on mean

4. Place S segregating sites on the graph.
summaries of the allele frequency spectrum at linked

5. Tabulate two summaries of the simulated data: Di neutral sites (Simonsen et al. 1995; Przeworski 2002),
and Hi. while T 
 1 is equivalent to no sweep.

6. If |Di � D| � ε and Hi � H, record values Ni, si, �i, I use two different priors on T to test the robustness
ri, and Ti. of the approach to the choice of distribution. In one

implementation, T is exponential with parameter 1.2Run this algorithm until there are Mε sets of recorded
values. The list of sets of recorded values is a sample [referred to as Exp(1.2)]; the Pr(T � 1) is then �0.70.

This distribution arises if beneficial mutations occurof size Mε from the joint posterior distribution of the
parameters, conditional on Si � S, |Di � D| � ε, and infrequently and independently of one another (Kap-

lan et al. 1989). I also use a uniform prior on (0, 1)Hi � H. A sample from the posterior distribution of
one or a subset of the parameters can be obtained by [referred to as U(0, 1)]. The posterior distribution of
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T is then proportional to the likelihood of T given the dure is known to be more efficient than the acceptance-
rejection algorithm described above (cf. Appendix ofdata, for values of T � 1. In results, I arbitrarily con-

sider T � 0.2 to be a recent selective sweep. The Pr(T � Donnelly et al. 2001).
0.2) is very similar for both distributions: if T is U(0, 1),
it is obviously 0.2, while if T is Exp(1.2), it is �0.21.

RESULTS
Test of performance: I generate 100 simulated data

sets under the selective sweep model with fixed values To assess the support for a recent selective sweep, I
follow the approach developed by Pritchard et al.of the parameters Nx � 104, sx � 0.01, �x � 10�8/bp/

generation, and rx � 1 cM/Mb. These parameters are (1999) to estimate the time since the onset of growth
in humans. Specifically, I summarize the polymorphismchosen to be plausible descriptions of a region of aver-

age recombination in humans. The neutral locus is 104 data and obtain a sample of the posterior distribution
of the parameters conditional on the summaries beingbp in length and the sample size is 50 chromosomes.

The physical distance between selected and neutral loci, close to (i.e., within a prespecified neighborhood) or
equal to the observed value. Similar rejection-samplingK, is 103 bp. I consider three cases: T � 0, T � 0.10,

and T � 100 (which is equivalent to no selective sweep methods have been used in other contexts, including
estimating the effective population size (Bachtrog andin the genealogical history of the sample). For each

simulated data set, I obtain a sample from the posterior Charlesworth 2002), population parameters (Tavare
et al. 1997; Wall 2000; Fearnhead and Donnellydistribution of T, according to the method outlined

above, with ε � 0.1 and Mε � 2 � 103. Parameters m, 2002), and the age of an allele (Tishkoff et al. 2001),
as well as demographic inference (Weiss and vonz, and Y are chosen such that the mean N � Nx, the

mean r � rx, and the mean � � �x. I assume that the Haeseler 1998; Beaumont et al. 2002). For a discussion
of the differences between implementations, see Beau-physical distance to the selected site is known.

Application to tb1 : As an “empirical test,” I apply the mont et al. (2002).
Choice of summaries: Short of being able to use allmethod to the gene tb1 in maize, a locus known to have

experienced selective pressure during the domestica- the information in the data, one would like to use sum-
maries that are sensitive to the parameter of interesttion process that occurred over the past 5–10 KYA (cf.

Wang et al. 1999). The initial screen of the tb1 gene in (here, the time since the fixation of the beneficial allele,
T) and capture different facets of the data. I focus onmaize and its wild progenitor teosinte failed to identify

a substitution differentiating the two species (Wang et three statistics: the number of segregating sites (S), a
summary of the allele frequency spectrum (D), and aal. 1999). The authors estimated that the selected site

lies within �1 kb upstream of the 5� nontranscribed summary of linkage disequilibrium (H). Previous stud-
ies have shown two of the statistics, S and D, to beregion that they sequenced; I use a value of 500 bp in my

simulation. Parameterization of the prior distributions is sensitive to T. Specifically, selective sweeps are expected
to reduce diversity, thus reducing S, and skew the fre-as follows: m, z, and Y are chosen such that the mean

N � 5 � 105 (Eyre-Walker et al. 1998; Tenaillon et quency spectrum toward rare alleles, leading to negative
D values (Maynard Smith and Haigh 1974; Braver-al. 2001), the mean � � 10�8, and the mean r � 1.35 �

10�8 (this estimate was kindly provided by L. Zhang and man et al. 1995; Simonsen et al. 1995). I chose D among
various frequency-spectrum summaries because when itB. Gaut). I use ε � 0.1 and Mε � 4 � 104. For the results

reported in Figure 3, the prior distribution of T is U(0, is used as a test statistic it, more than other statistics,
retains power to reject a neutral model when data are1); results are very similar if instead the prior on T is

Exp(1.2) (results not shown). generated under a selective sweep model for larger T
values (Kim and Stephan 2002; Przeworski 2002). DCode: The C program used to simulate a sample from

the posterior distribution of the parameters is available is the (approximately) normalized difference between
a measure of diversity based on S and , the meanfrom http://email.eva.mpg.de/�przewors. The sample

size from the posterior distribution, Mε, is specified by pairwise difference in the sample (Tajima 1989). Thus,
specifying S and D determines  as well.the user, as is the tolerance ε. For a data set reported

in Table 1, for which Mε � 2000, it took anywhere from The number of haplotypes, H, also carries informa-
tion about T. Its behavior depends on the strength of1 min to 3 days on a 1667-Mhz AMD Athlon single

processor. A second version of the program is available selection and the recombination rate. If recombination
occurs between selected and neutral loci during theupon request. In this implementation, step 3 of the

algorithm is eliminated. Instead, parameter values are selective sweep, then at T � 0, H/(S � 1) will be lower
on average than it would be in the absence of selectionrecorded whenever |Di � D| � ε and Hi � H and each

set of recorded values is weighted by the probability (Przeworski 2002). In other words, allelic associations
will tend to be stronger than they would be in the ab-u. The algorithm is repeated until an estimate of the

effective sample size (based on the mean and sample sence of selection. As T increases, new alleles will arise by
mutation. These rare alleles will create new haplotypes,variance of the importance weights, u) exceeds a value

specified by the user. This “importance sampling” proce- such that H/(S � 1) will rapidly exceed the neutral
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Figure 1.—(A) A sample from the posterior distribution of T for a simulated data set, when the true time To � 0. Other
parameters used to generate the data set are the same as in Table 1 (with a uniform prior on T) with ε set to 0.1 and Mε � 104.
In this example, S � 7, D � �1.78, and H � 4. (B) A sample from the posterior distribution of T for a simulated data set,
when the true time To � 0.2. Other parameters are as in A. In this example, S � 8, D � �0.91, and H � 10.

expectation. The ratio will subsequently decrease (at tained using D and S alone. I illustrate this in Figure
1 by plotting the posterior distribution of T for twoT 
 0.1), as the alleles gradually increase in frequency

and recombine onto other backgrounds (Przeworski simulated data sets, conditional on S and D (first row);
S and H (second row); and S, D, and H (last row). As2002). If there is no recombination between selected

and neutral loci during the selective sweep, most of the can be seen, conditioning on all three summaries leads
to a tighter distribution around the true value than doesalleles will be rare, and H/(S � 1) will be larger than

expected under neutrality, with its largest value attained the use of only two; this finding is confirmed by more
extensive simulations (results not shown).for T � 0.1 (Przeworski 2002).

In summary, while to a rough approximation, S and The extent to which the three summaries are informa-
tive about T depends on prior knowledge about theD are expected to increase monotonically with T,

H/(S � 1) tends to have a maximum value at some parameters. In particular, detecting a reduction in diver-
sity requires some knowledge of what levels of diversityintermediate T. This suggests that using H as an addi-

tional statistic may help to distinguish between recent are expected to be in the absence of selection. Thus, if
one has accurate prior knowledge about the populationT values and therefore to refine the estimates of T ob-
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TABLE 1 posterior probabilities may not be well estimated. In
that respect, an advantage of this method over morePerformance of the method on simulated data
efficient ones such as Monte Carlo Markov chain is
that it provides independent samples from the posteriorProportion of 100

runs where Proportion of 100 distribution, so one can easily assess the accuracy of
Pr(T � 0.2) runs where estimates of the posterior probabilities. In particular, if
is greater in posterior the sample from the posterior is of size Mε, the sampling

posterior than Pr(T � 0.2)
error associated with Bj, the observed number of countsin prior � 0.50
in interval j, is binomial (Carlin and Louis 1998) and

Prior T � U(0, 1) can be estimated using parameters (Bj/Mε, Mε). This
To � 0 0.96 0.83 indicates that probabilities on the order of 1/Mε are
To � 0.1 0.72 0.36 poorly estimated, while those 
1/Mε are fairly preciselyTo � 100 0.06 0.04

estimated. In the simulations presented here, Mε � 2000
and probabilities of interest are 
5 � 10�4.Prior T � Exp(1.2)

A second question is whether data generated underTo � 0 0.91 0.85
To � 0.1 0.79 0.41 a selection sweep model with realistic parameters carry
To � 100 0.04 0.00 much information about the parameter T. Let To be

the true time since the fixation of the beneficial allele.To is the true time since the fixation of the beneficial allele,
If the data are informative, the support for recent timesin units of 4N generations. To � 100 is equivalent to no selective

sweep in the genealogical history of the sample. Data are should be stronger in the posterior distribution than in
generated by coalescent simulations (see methods), with the the prior if To is 0 or 0.10, while there should be weaker
following parameters: a sample size of 50 chromosomes; a support for recent times in the absence of selection. Asneutral locus of length 104 bp; a mutation rate, �, of 10�8/bp/

can be seen in Table 1, this is true of almost all simulatedgeneration; a recombination rate, r, of 1 cM/Mb; a selection
runs, whether the prior distribution of T is Exp(1.2) orcoefficient, s, of 0.01; and a diploid effective population size,

N, of 104. The physical distance between selected and neutral U(0, 1). To measure the proportion of data sets with
loci, K, is 103 bp. To obtain a sample from the posterior strong support for a “recent” selective sweep, I tabulate
distribution, the tolerance, ε, is set to 0.1 and Mε � 2 � 103

the proportion of 100 simulated data sets where the(see methods).
posterior Pr(T � 0.2) � 0.50. For To � 0, the proportion
is very high. It decreases with To, but even when the
beneficial substitution occurred some time ago (To �mutation rate � (� 4N�), the decrease in the number

of segregating sites and in the number of haplotypes can 0.10), over one-third of simulated data sets strongly sup-
port a selective sweep (Table 1). In contrast, one rarelybe highly informative about the time since the selective

sweep (Simonsen et al. 1995). When less is known about (in �5% of the runs) finds strong support for a recent
selective sweep when none has occurred. In summary,�, most of the information about the time since the

selective sweep will come from the observed value of D the simulated data sets appear to be informative about
recent genetic adaptations. In humans, the parametersand the value of H given S.

An additional benefit of using distinct aspects of the chosen for the simulations correspond loosely to 25
individuals sequenced for 10 kb in a region of averagedata is that the approach may be less sensitive to misspec-

ification of the prior distributions. For example, meth- recombination, comparable to what is currently col-
lected for studies of putatively selected loci (e.g., Enardods that estimate T on the basis of diversity levels alone

are highly sensitive to the estimate of �. If � is estimated et al. 2002; Hamblin et al. 2002).
Note further that these tests of performance wereto be higher than it is in reality but no selection has

occurred, levels of variation will appear reduced. On carried out for two quite different prior distributions for
T. The results are very similar in both implementations,this basis, methods may spuriously suggest the recent

fixation of a beneficial allele. However, if the data are suggesting that the method is robust to the choice of a
prior distribution. This is reassuring, as little or nothinggenerated under a neutral model with an elevated muta-

tion rate, the values of D and H will tend to be less likely is usually known about T—in contrast to other parame-
ters, where there is often independent knowledge tounder a recent selective sweep than under neutrality.

Thus, the use of all three summaries may result in less guide the specification of the prior.
In some contexts, one is interested in an estimate ofsupport for a recent T. To examine this, I ran 20 simula-

tions with no selection in which the mean of the prior the unscaled time (in generations) since the fixation of
the beneficial allele, Tgen � 4NT. As a point estimate,distribution of � was twofold larger than the value used

to generate the data (parameters as in Table 1 for a one might consider the mode of the sample from the
posterior distribution of Tgen. In Figure 2, I plot theuniform prior on T). For none of the simulated data

sets was there strong support for a recent selective sweep distribution of modes (i.e., the bin with the largest num-
ber of counts) for 100 simulated data sets. When the(results not shown).

Performance of approach: One concern is that the data are generated under a no-selection model, few
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Application to tb1 : The tb1 locus is responsible for
the short branches that distinguish maize from its wild
progenitor, teosinte. This trait is thought to have fixed
during the domestication process, 5–10 KYA (cf. Wang
et al. 1999). I use polymorphism data collected for 2740
bp of the maize tb1 by Tenaillon et al. (2001; available
from http://bgbox.bio.uci.edu/data/maud1asd.html).
I focus on the 14 landraces among the 23 lines that
were sequenced; results are similar if the 9 additional
inbred lines are included (results not shown). For these
data, S � 39, H � 14, and D � �2.25 [statistics were
calculated using DNAsp (Rozas and Rozas 1999)]. A
sample from the posterior distribution of T is presented
in Figure 3A. Over 99.99% of the support is on T �
0.2. Thus, consistent with what is known about the role
of tb1 in the domestication of maize, polymorphism data
strongly suggest the recent fixation of a beneficial allele.

I also present a sample from the joint posterior distri-
bution of s, the selection coefficient of the favored allele,
and Tgen, the time in generations since the fixation of
the beneficial allele (Figure 3B). The results suggest a
large selection coefficient, in accordance with evidence
that the trait was under artificial selection. However,
most of the support is on older than expected times
from the archeological record (assuming approximately
one generation per year for maize). This discrepancy
may be due to chance, since few estimates of Tgen will
be on the true value even under ideal conditions (see
Figure 2). Alternatively, it may reflect an incorrect as-
sumption about the location of the selected site or a
salient aspect of the history of maize not captured by
the demographic or selective model (see below).

DISCUSSION

Advantages: This rejection-sampling method is com-
putationally feasible yet uses enough summaries of the
data to capture information about the time since the
fixation of the beneficial allele. Indeed, the limited sim-
ulations in Table 1 and Figure 2 suggest that the summa-
ries can provide strong support for a selective sweepFigure 2.—The modes of posterior distribution samples of
when it occurred recently, as well as fairly accurate pointTgen � 4NT for 100 simulated data sets. For each data set, the

values of Tgen are binned in increments of 2000 from 0 to estimates of the time since fixation. Further, the preci-
80,000; the mode refers to the bin with the highest number sion of the posterior density estimates depends on the
of counts. The simulated data sets are the same as summarized sample size from the posterior distribution. This is un-in Table 1 for a uniform prior on T; results are similar if the

der the investigator’s control, at least to some extent,prior is instead Exp(1.2) (results not shown).
as the number of replicates can easily be increased.

As can be seen in Table 1, the proportion of data sets
with strong support for a selective sweep decreases withmodes are at recent times (e.g., 6 are at Tgen � 8000

generations). In contrast, when the data are generated the time since fixation. This is consistent with the find-
ing that summary-statistic-based “tests of neutrality” andunder a recent selective sweep model, most modes are

close to the true time. For example, if the true Tgen is the composite-likelihood method of Kim and Stephan
(2002) lose power to reject the null model in favor of0, 94 of the modes are at Tgen � 4000 generations. As

the true Tgen increases, the precision of the estimate a selective sweep as time increases (Simonsen et al. 1995;
Kim and Stephan 2002; Przeworski 2002). As newdecreases: thus, if the true Tgen is 4000 generations, only

60 of the modes are within a factor of two of the true mutations arise, and recombination breaks down allelic
associations, the signature of a selective sweep dissipates.value.
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Figure 3.—(A) Sample
from the posterior distribu-
tion of T for polymorphism
data from the tb1 gene in
maize. For details of the im-
plementation, see meth-
ods. (B) Sample from the
joint posterior distribution
of s, the selection coeffi-
cient of the favored allele,
and Tgen (� 4NT), the time
in generations since the
fixation of the beneficial al-
lele.

As a result, this method and others cannot distinguish support for a recent selective sweep model. An advan-
tage of this framework is that one can also quantify thea selective sweep that occurred a long time ago from

no selective sweep in the history of the sample. uncertainty associated with these estimates. While for
composite likelihood it is not obvious how to obtainThis said, the power to detect a recent selective sweep

varies between methods, depending on the approach confidence intervals for the point estimates (e.g., Frisse
et al. 2001), in this framework, probability intervals areand the choice of summaries of the data. In that light,

it is worth noting that existing estimates of the power of directly available.
Possible improvements: Although this approach cantests of neutrality or the composite-likelihood approach

tend to assume that the values of nuisance parameters provide strong support for a recent selective sweep, the
limited number of summaries entails a considerableare known (e.g., Kim and Stephan 2002; Przeworski

2002). In practice, however, estimates are inaccurate or loss of information. It is therefore important to choose
summary statistics judiciously. Simulations suggest thatunavailable. In particular, the population recombina-

tion rate can rarely be estimated with any precision. the statistics used here capture distinct aspects of the
data (Figure 1; results not shown). However, it wouldAssuming that the true values of the parameters are

known will overestimate the true power (Wall 1999; be useful to have a more rigorous way to compare sets
of statistics than visual inspection. It may also be possibleKim and Stephan 2002; Przeworski 2002). In contrast,

this type of approach models uncertainty in the large to substantially increase the number of statistics by using
more sophisticated implementations of rejection-sam-number of nuisance parameters and integrates it out

in the simulation process (see the discussion of this pling methods (Beaumont et al. 2002).
This approach makes a number of assumptions thatpoint in Beaumont et al. 2002).

Like the composite-likelihood approach, this method can fairly easily be relaxed, for example, that sequences
are contiguous or that haplotypes are known. The latterallows one to estimate parameters as well as to assess
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is likely to be true for Drosophila or maize, but not for model natural selection and complicated demographic
histories within a coalescent context. Thus, much lesshuman autosomes. One possibility would be to consider
computationally efficient, forward simulations may bea summary of linkage disequilibrium that can be calcu-
required if the selective episode occurred in a complexlated on genotypic data, such as an estimate of the
demographic setting.population recombination rate (Hudson 2001), instead

of the number of haplotypes. Another assumption is Thanks go to P. Andolfatto, B. Gaut, P. Donnelly, Y. Gilad, R.
Hudson, S. Ptak, M. Tenaillon, J. Wakeley, J. Wall, and L. Zhang forthat local recombination rates are constant per base
helpful discussions and/or comments on the manuscript.pair; this is unlikely to be true for humans or plants

(e.g., Lichten and Goldman 1995; Jeffreys et al. 2001).
The approach can be modified accordingly, once a good
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