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ABSTRACT
In Drosophila and humans, there are accumulating examples of loci with a significant excess of high-

frequency-derived alleles or high levels of linkage disequilibrium, relative to a neutral model of a random-
mating population of constant size. These are features expected after a recent selective sweep. Their
prevalence suggests that positive directional selection may be widespread in both species. However, as I
show here, these features do not persist long after the sweep ends: The high-frequency alleles drift to
fixation and no longer contribute to polymorphism, while linkage disequilibrium is broken down by
recombination. As a result, loci chosen without independent evidence of recent selection are not expected
to exhibit either of these features, even if they have been affected by numerous sweeps in their genealogical
history. How then can we explain the patterns in the data? One possibility is population structure, with
unequal sampling from different subpopulations. Alternatively, positive selection may not operate as is
commonly modeled. In particular, the rate of fixation of advantageous mutations may have increased in
the recent past.

CONSIDERABLE debate has focused on what pro- simulans (Parsch et al. 2001). In humans, examples
include FY (Hamblin et al. 2002), MAO-A (Gilad et al.portion of genetic changes is favored by natural

selection, as well as what types of substitutions are most 2001), and several noncoding loci: a subset of olfactory
receptor pseudogenes (data from Gilad et al. 2000; M.likely to have been selected (Andolfatto 2001; Fay

and Wu 2001). Answers to these questions will help to Przeworski, unpublished results), psGBA (data from
Martinez-Arias et al. 2001; M. Przeworski, unpub-elucidate the genetic basis of adaptation.

To infer that positive selection has acted on a particu- lished results), the intron DMD7 (data from Nachman
and Crowell 2000; M. Przeworski, unpublished re-lar genomic region, population geneticists usually se-

quence a number of individuals at a locus and test sults), and 3 out of 19 intergenic regions (Frisse et al.
2001; L. Frisse and A. Di Rienzo, personal communica-whether the pattern of polymorphism seen in the sam-
tion). Considered together with multilocus evidenceple is unexpected under the standard neutral model of
(e.g., Aquadro et al. 1994; Andolfatto and Przewor-a random-mating population of constant size. Unfortu-
ski 2001; Nachman 2001) and an accumulating numbernately, a departure from null model expectations can
of individual loci that show evidence of positive selectionbe due to one of many causes, so it is hard to establish
(reviewed in Andolfatto 2001), these frequency spec-that adaptation is responsible. In particular, an excess
trum results suggest that a large fraction of geneticof rare variants may reflect a selected substitution at a
changes may be favored (Fay and Wu 2001).closely linked site, but it may also be caused by popula-

In addition, patterns of linkage disequilibrium (LD)tion expansion or purifying selection, just to list a couple
depart from the expectations of the standard neutralof alternatives. For this reason, an ideal “test of neutral-
model in these species. There appears to be a genome-ity” would not only have high power to detect positive
wide excess of intralocus linkage disequilibrium in D.selection, but would also focus on an aspect of the data
melanogaster and non-African populations of D. simulansunlikely to be affected by demography or other factors.
(Andolfatto and Przeworski 2000; J. D. Wall, P.Such a test statistic (H) was recently proposed by Fay
Andolfatto and M. Przeworski, unpublished results)and Wu (2000), to detect a single, recent episode of
and there are numerous examples of pairwise linkagepositive selection (Otto 2000).
disequilibrium extending over unexpectedly large dis-Since its introduction, significant H values have been
tances in humans (e.g., Rieder et al. 1999; Taillon-reported for samples from Acp26Aa (Fay and Wu 2000),
Miller et al. 2000; Gilad et al. 2001; reviewed in Pritch-achaete (Fay and Wu 2000), Attacins A and B (Lazzaro
ard and Przeworski 2001). It is often argued that theseand Clark 2001), and desat2 (Takahashi et al. 2001)
patterns reflect the action of positive selection at orin Drosophila melanogaster and the janA-ocn region in D.
near the sampled region (e.g., Taillon-Miller et al.
2000; Gilad et al. 2001; Parsch et al. 2001; other refer-
ences in Andolfatto 2001), again suggesting that there

1Address for correspondence: Max Planck Institute for Evolutionary
are many targets for adaptation in the genome.Anthropology, Inselstrasse 22, D-04103 Leipzig, Germany.

E-mail: przewors@eva.mpg.de If so, patterns of polymorphism in many regions will
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have been shaped by repeated episodes of positive selec- constant and chosen so that there is a small probability
that two or more would occur simultaneously [usingtion. However, as I show here, the H test has very low
1 � Equation 6 in Braverman et al. (1995)—this is apower to detect the effects of positive selection on a
slight overestimate as it ignores the effects of interfer-randomly chosen locus. Similarly, the effect of selection
ence between selected loci]. When a sweep occurs, theon LD is short-lived, so even neutral loci affected by
location of the selected site is randomly assigned tomultiple adaptive substitutions at linked sites are un-
one side of the neutral locus. Selection is additive, withlikely to show unusually high levels of allelic association.
fitnesses 1, 1 � s, 1 � 2s for the three genotypes. Cross-
ing over occurs within the neutral locus at rate �, where
� � 4Nr (r is the crossover rate per generation). There

METHODS
is no gene conversion, and I assume a constant rate of

Frequency spectrum-based “tests of neutrality”: The crossing over per base pair. The neutral locus evolves
H statistic presented in Fay and Wu (2000) is the differ- according to the infinite-sites model.

This selective sweep model is implemented as a suc-ence between two estimates of the population mutation
cession of neutral and selective phases (when there arerate � � 4N�, where N is the diploid effective popula-
two alleles at a selected site). The algorithm for thetion size of the species and � the mutation rate per
neutral phase is the standard coalescent with recombi-generation. The two estimates are the average number
nation (cf. Hudson 1993). The selective sweep phase isof pairwise differences in the sample, � (Tajima 1983)
implemented as in Braverman et al. (1995), with theand �H � Rn�1

i�1 p 2
i /(n

2), where n is the sample size and p i

addition of intralocus recombination. During a sweep,the frequency of the derived (i.e., nonancestral) allele
there are effectively two subpopulations at the neutralat segregating site i (Fu 1995). H is negative when there
locus: lineages carrying the favored allele at the selectedis an excess of high-frequency-derived alleles relative to
site and lineages carrying the unfavored allele. Threethe standard neutral model.
types of events can occur: (1) Two lineages in the sameThis statistic is similar to one introduced by Tajima
subpopulation can coalesce, (2) a lineage can recom-(1989a): Tajima’s D is the (approximately) normalized
bine onto the same selective background, and (3) adifference between � and �w, an estimate of � based on
lineage can recombine onto a different selective back-the number of segregating sites in the sample. In con-
ground. Patterns of polymorphism at the neutral locustrast to H, D does not use information about ancestral
are affected by events of type (2) only if the recombina-and derived states. Negative D values reflect a relative
tion breakpoint is within the neutral locus.excess of rare alleles in a folded frequency spectrum.

During the sweep, time changes in small increments,Here, both H and D are used as one-tailed tests of neu-
�t. Within �t, the probabilities of the events of interesttrality.
are given bySimulations of positive selection: I estimate the power

of H to detect a model of recurrent “selective sweeps”
Pr �event (1)� � �(

i
2)

x(t)
�

(j
2)

(1 � x(t))��t,(cf. Kaplan et al. 1989; Stephan et al. 1992; Braverman
et al. 1995). The model assumes a random-mating popu-

where x(t) is the frequency of the favored allele at timelation of constant size. My implementation of this model
t, i is the number of lineages carrying the favored allele,follows the description in Braverman et al. (1995), ex-
and j is the number of lineages carrying the unfavoredcept for two features. First, I use a fixed value of the
allele (Braverman et al. 1995),population mutation rate, rather than a fixed number

of segregating sites (Hudson 1993; Wall and Hudson Pr �event (2)� � [i�x(t) � j�(1 � x(t))]�t
2001). Second, I allow for recombination within the
neutral locus, both during neutral and selective phases and
(see below).

Pr �event (3)� � [i(� � c)(1 � x(t)) � j(� � c)x(t)]� t.In the model, a neutral locus is affected by selective
sweeps that occur at some random genetic distance c, The change in frequency of the favored allele is mod-
where c is uniform on (0, M) and M is the maximum eled deterministically, from frequency ε to 1 � ε, using
distance at which a single sweep has an effect on diversity Equation 3a in Stephan et al. (1992). I set ε � 1/2N
levels. (What is meant by genetic distance is the popula- (as do Fay and Wu 2000) so x(t) is given explicitly for
tion recombination rate between the neutral and se- all t. A path x can also be found by simulating the rise
lected locus.) M is on the order of 4Ns (Kaplan et al. of a selected allele forward in time, thereby allowing
1989); in this implementation, M � 4Ns (s is the selective for a fully stochastic treatment of the selective sweep.
coefficient of the favored allele). In simulations of a Modeling the rise in frequency by binomial sampling
single selective sweep, the value of c is specified, as is or a diffusion approximation does not change the quali-
the time since the fixation of the beneficial allele. In tative results (results not shown).

Call the sum of the probabilities of all possible eventsthe model of repeated sweeps, the rate of sweeps is
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within a time interval S t; (1 � St) is approximately the to have roughly the right nominal rejection probability
for a wide range of � values (results not shown). Theprobability that no event occurs, when the probabilities

of all events are small. To calculate the time to the next same is true for D, as well as other tests of neutrality
(Wall and Hudson 2001).event, I solve �y(1 � St) 	 U for y, where U is a uni-

form random variable on (0, 1) and the product is taken The H test relies on identification of the ancestral
allele. In practice, this is done with one or more out-over successive time intervals. Which event occurs at

time y is chosen randomly with probability Pr{event |t � groups, and the inference may be incorrect if there are
mutations at the same site on the outgroup lineage(s).y}/Sy.

If the event is of type 3, then with probability �/(� � How likely this is depends on the mutation rate and on
the extent of mutation rate variability across sites. Fayc) the crossover event occurs within the neutral locus

and with probability c/(� � c) between the selected and and Wu (2000) introduce a correction for the probabil-
ity of an incorrect inference by assuming a constantneutral locus. When a crossing-over event occurs within

the neutral locus, a breakpoint b is chosen uniformly mutation rate and the use of one outgroup, while I
assume a known ancestral state.on [0, L] where L is the length of the neutral locus.

Assume, as an illustration, that the selected locus is to Linkage disequilibrium: There are many possible
summaries of LD and none is an obvious choice. Here,the left to the neutral locus and that the lineage carries

the favored allele. Segments in the neutral locus right I consider two measures of linkage disequilibrium. The
first is r 2 (cf. Weir 1996), a commonly used summaryof b would then “migrate” to the subpopulation of the

unfavored background. The number of lineages in both of the extent of allelic association between a pair of
sites. I plot the decay of r 2 with distance for all polymor-subpopulations has to be updated accordingly for those

segments. Other cases are treated analogously. phisms with a frequency of the minor allele 
0.1. A
relative excess of LD is sometimes characterized as aThe computer code for these simulations is written

in C and based on coalescent programs kindly provided deficiency in the number of distinct haplotypes for the
observed number of segregating sites (e.g., Parsch etby R. Hudson (available at http://home.uchicago.edu/

�rhudson1/). The program was error checked by com- al. 2001; Wall 2001; other references in Andolfatto
2001). To examine this aspect of the data, I considerparing the output to the results in Figure 3 of Fay and

Wu (2000; for which � � 0). a second summary of LD: the number of haplotypes
normalized by the number of segregating sites, nHaps/Power tests: The H and D tests are implemented as

in Fay and Wu (2000). (For ease of comparison, note (S � 1) (nHaps is the number of distinct haplotypes in
the sample and S the number of segregating sites). Withthat the results in Fay and Wu are actually for a selective

sweep model with fitnesses 1, 1 � 0.5s, 1 � s for the no recombination, the maximum value of nHaps/(S � 1)
is 1. Under the standard neutral model, lower levels ofthree genotypes.) First, the 5% significance levels for H

(or D) are determined by simulations of the standard recombination result in a smaller E(nHaps/(S � 1)). A
total of 104 simulations were run for each set of parame-neutral model with no recombination. I make the latter

assumption for ease of comparison with Fay and Wu ters. In simulations used to examine levels of LD, cross-
ing over occurs within the neutral locus at rate � � 0.(2000) and because researchers have used critical values

of H established for no recombination. The neutral
model is implemented for a fixed number of segregating

RESULTS
sites; i.e., I generate genealogies and then place a fixed
number of segregating sites on the tree. Second, data Selective sweeps with recombination: Most of the the-

oretical attention paid to models of positive selectionsets are generated under the alternative model for a
given � value (with or without recombination). If the has focused on the “selective sweep” or “hitch hiking”

model (Maynard Smith and Haigh 1974). This modelvalue of H for a data set is more extreme than the
significance level established for that number of segre- describes the rapid increase in frequency (and ultimate

fixation in the population) of an initially rare andgating sites under the null model, the null model is
rejected. strongly favored allele. The effects of a selective sweep

on the frequency spectrum of linked neutral sites canThis procedure is meant to mimic what researchers
would do in practice, when they come across a region be understood as follows: Imagine first that there is no

recombination and that we draw a sample of chromo-with low diversity. Since the population mutation rate
is unknown, one might ask to what extent the locus is somes from the present. They all bear a particular fa-

vored mutation, A. This allele increased in frequencyconsistent with the neutral model and a low mutation
rate by testing if H is more extreme than expected for very rapidly, such that, not very long ago, there were

only a few copies in the population. As the number ofthe observed number of segregating sites. If no segregating
sites were found, no test would be performed. When copies of the favored allele decreases (going backward

in time), coalescences between lineages ancestral to ourestimating power, I exclude all runs in which there are
no segregating sites. [For sake of comparison, note that sample happen faster and faster. This means that mem-

bers of a sample from this region are much more closelyFay and Wu (2000) do not.] This procedure turns out
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Figure 1.—One possible genealogical tree for
a sample of six at a neutral site linked to a selected
site. The frequency of the favored allele, A, is
illustrated on the graph to the left, with time on
the x-axis. As the frequency of the favored allele
decreases, the rate of coalescence increases. How-
ever, if one of the neutral lineages (shown as long
dashes) recombines onto a nonfavored back-
ground (going backward in time), it may have to
wait (at least) until after the original mutation
from A to a (represented by the gray star), to
coalesce with other lineages. Any mutation on the
dotted branch will be at high frequency in the
sample.

related than they would be at an unlinked neutral site. excess of rare alleles, they do not predict excess high-
frequency-derived alleles.The genealogy is close to star-shaped, so, as in the case

of population growth (Tajima 1989b), we expect an H has low power to detect old sweeps: On the basis
of these insights, Fay and Wu (2000) constructed a test,excess of rare variants in our sample relative to the

standard neutral model. H, which focuses on the number of high-frequency-
derived alleles (see methods). They demonstrated thatWith recombination, selective sweeps can no longer

be treated as population size reductions (Barton 1998). the power of H to detect a sweep that ended at time
t � 0 can be high. Thus, if we consider a “candidateAs we go back in time, the frequency of the favored

allele decreases, but the frequency of the unfavored locus” where there is independent evidence for the ac-
tion of recent positive selection (e.g., Takahashi et al.allele increases. One way to think of this is as a subdi-

vided population model, where the two populations are 2001), we can be fairly confident that a significant H
test is indicative of positive selection. However, thischanging size over time (Barton 1998). Consider the

genealogy of a neutral site linked to the selected site. model is unlikely to describe the situation where re-
searchers apply the H test to a randomly chosen locus.Suppose that a lineage is currently associated with the

advantageous allele A, but (going backward in time) Instead, sweeps might be thought of as occurring at
random locations and times. In this case, the power of Hrecombines onto a chromosome with the unfavored

allele, a. For that lineage to coalesce with the other is much reduced. First, the power of H, P(H), decreases
rapidly with the time since the fixation of the favoredlineages still associated with A, one of two things must

happen: Either it must recombine back onto an A back- allele, as the high-frequency variants fix in the popula-
tion and no longer contribute to polymorphism (Kimground, or we have to wait until after the original muta-

tion from A to a (represented by a star in Figure 1). If and Stephan 2000). For example, in Figure 2, if N �
106, the power is roughly equal to the nominal rejectionthe latter, two lineages will be present at the beginning

of the sweep, as in Figure 1; their mean time to coales- probability after 5 � 105 generations or one-eighth of
the mean time to coalescence under neutrality, 4N (t �cence is given by the neutral expectation, 2N. At the

neutral site, we will obtain an unbalanced tree that looks 0.125 in Figure 2). For D. melanogaster, assuming 10
generations a year (and if N � 106), this correspondslike Figure 1 (note that this drawing is not to scale). Any

mutation on the dotted line will be at high frequency in to 5 � 104 years. For some time after the sweep, the
power is actually 	0.05 (see also Kim and Stephanour sample. Thus, in the presence of recombination,

selective sweeps will produce not only rare variants, but 2001): Of the variation that preexisted the sweep event,
all the high-frequency variants have fixed (at least inalso high-frequency ones (in practice, high- and low-

frequency variants can be distinguished by using out- the sample) so that any remaining alleles are at lower
frequency; those that arose after the sweep are younggroups to infer which allele is ancestral). While popula-

tion growth and purifying selection also predict an and therefore also at low frequency. As a result, there
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while P(H | � � 5) is 69%. The power of H also increases
with larger sample size (results not shown).

Of fundamental importance in determining P(H) is
the number of lineages that recombine on to the unfa-
vored background during the sweep. As can be seen in
Figure 1, for the ancestral genealogy to have long inter-
nal branches requires at least one recombination event
between selected classes. How likely this is depends on
the strength of selection and on the recombination rate
between the selected and neutral loci (c). If c is too
small, there will be no recombination events, and all
lineages will coalesce during the sweep. If c is very large,

Figure 2.—The power of H and D as a function of the time there will be many recombination events, and the neu-
since the fixation of the favored allele, as estimated from 104

tral locus will not reflect the effects of selection. Thus,
simulations (see methods). Black lines are for an effective if the neutral locus is very close to the sweep, or too farpopulation size N � 106 and a selection coefficient s � 0.005

away, P(H) is substantially reduced (Figure 3 in Fay and(as in Figure 3 of Fay and Wu 2000) and gray lines are for
Wu 2000; results not shown).N � 104 and s � 0.05. The sample size is 50, the population

mutation rate � � 5, and the genetic distance to the selected The power of H depends on s and c, not just on their
locus, c, is chosen such that c/s � 0.01. There is no recombina- ratio. Keeping c/s constant does not produce the same
tion within the neutral locus. The powers of H (triangles) and number of recombinants for different sets of (c, s) val-D (diamonds) are shown as solid and dashed lines, respec-

ues, because the total length of the tree (and hence thetively. The two lines for P(D) are essentially superimposed.
probability of a recombination event) does not depend
linearly on s. In fact, for the same c/s value, stronger

are fewer high-frequency-derived alleles than expected selection (and therefore larger c values) will result in
under the null model (for a given number of segregat- higher P(H). As an illustration, if N � 104, as might be
ing sites). the case for humans (Li and Sadler 1991), c/s � 0.01,

The D test retains substantial power for a much longer and s � 0.005, then immediately after a sweep, P(H) is
period of time since the sweep than does H. These only 10% while P(D) is 58%. For the same c/s value, if
results suggest that D might be a better test for detecting s � 0.05, P(H) is 51% and P(D) is 62% (Figure 2).
selective sweeps. When selection is recent, however, the The power of H in practice: Researchers have assessed
use of D and H is not redundant. For example, if the the significance of the H test with critical values estab-
parameters are as in Figure 2 and t � 0, the proportion lished under the assumptions of a constant population
of runs where H is significant but D is not is 19% (for size and no recombination. In reality, however, there is
D but not H, it is 13%). recombination within the neutral locus. In the presence

The effect of other parameters on P(H): With a larger of recombination, the use of critical values for the case
� value, there is a higher probability of having a muta- of no recombination is conservative; i.e., the null model
tion on the dotted branch in Figure 1 and therefore is rejected 	5% of the time at the 5% level. This can
more power to detect the effects of a sweep. For exam- be seen by comparing the P(H |no sweep) in Table 1
ple, immediately after a sweep, P(H |� � 10) is 79% for different values of �, the population recombination

rate for the neutral locus. Even though the H test is(with N � 106, with other parameters as in Figure 2)

TABLE 1

The power of H and D as a function of the time since the sweep ended

t � 0 0.02 0.05 0.10 0.25 0.50 1.00 No sweep

N � 106, s � 0.005 � � 0 P(H) 0.69 0.39 0.19 0.08 0.02 0.04 0.05 0.05
P(D) 0.65 0.65 0.62 0.45 0.12 0.05 0.05 0.05

� � 20 P(H) 0.76 0.48 0.23 0.08 0.01 	10�2 	10�2 0.01
P(D) 0.69 0.64 0.59 0.44 0.14 0.03 0.01 0.01

N � 104, s � 0.05 � � 0 P(H) 0.51 0.27 0.14 0.06 0.02 0.04 0.05 0.05
P(D) 0.62 0.66 0.62 0.44 0.11 0.05 0.05 0.05

� � 5 P(H) 0.57 0.32 0.16 0.07 0.01 	10�2 0.02 0.03
P(D) 0.63 0.65 0.59 0.45 0.14 0.04 0.03 0.03

The time t since the fixation of the beneficial mutation is scaled in units of 4N generations, where N is the
effective population size, � is the population recombination rate for the neutral locus, and s is the selection
coefficient of the favored allele. The sample size is 50 and the population mutation rate at the neutral locus,
�, is 5. A total of 104 simulations were run for each set of parameters.
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In humans, the violation of a second assumption will
lead one to overestimate the power of H to detect a
sweep. The human population size has increased dra-
matically in the recent past. The effect of population
growth is to increase the rate of coalescences going
backward in time. For the same average diversity levels,
the tree in Figure 1 would therefore have shorter inter-
nal branches than it does under a constant-size model.
This will reduce the number of high-frequency-derived
alleles found at neutral sites linked to a selective sweep.
Thus, the finding of numerous loci with extreme H
values is even more surprising when this aspect of hu-
man demography is taken into account.

The power to detect sweeps at a randomly chosen
locus: Results for the recurrent selective sweep model
are shown in Figure 3. There is essentially no power to
detect the effects of selection using H and the power

Figure 3.—The power of H and D (one-tailed) to detect does not increase with the strength of selection or the
repeated selective sweeps, as estimated from 104 simulations frequency of selective sweeps. This is to be expected:
(see methods). The effective population size is N � 106 and The power of H is high for very recent sweeps at athe selection coefficient s � 0.01. The sample size is 50 chro-

suitable distance from the neutral site. Simulations sug-mosomes. The population recombination rate for the neutral
locus, �, is 20. On the x-axis is the expected number of selective gest that, if N � 106, s � 0.005, and the sample size is
sweeps per base pair per 4N generations, assuming a recombi- 50, the maximum distance at which sweeps have an
nation rate of 5 � 10�9/bp/generation. Dashed lines are for effect on diversity levels is c/s � 0.25 (results not shown).
a population mutation rate � � 5 and solid ones are for � �

For these parameters, P(H) � 20% for a distance be-10. The two lines for P(H) are essentially superimposed.
tween 0.00035 	 c/s 	 0.02 (Figure 3 in Fay and Wu
2000). If sweeps occur at a distance chosen uniformly
such that c/s is between 0 and 0.25, 8% of sweeps willconservative in the presence of intralocus recombina-
be within the relevant range. In addition, the beneficialtion, some recombination increases the power to detect
allele will have fixed at some random time in the past,a sweep at a linked site. (Obviously this is true only up
t  0, and the power of H decreases with increasing t.to a point: If there is a very high level of recombination,
In contrast to H, the power of D increases with both sthe neutral locus will no longer reflect selection at
and the rate of sweeps.linked sites.) As can be seen in Table 1, the increase

The effect of a single sweep on LD: As shown above,in power is slight, and P(H) still decreases extremely
quickly with t. a significant H value is a short-lived signature of a selec-

Figure 4.—The effect of se-
lective sweeps on the expected
decay of pairwise linkage dis-
equilibrium. The effective pop-
ulation size is N � 106, the se-
lection coefficient s � 0.01, the
population mutation rate � �
40, and the sample size is 50.
The population recombina-
tion rate for the neutral locus,
�, is 20 (which corresponds to
1 kb for a recombination rate
of 5 � 10�9/bp/generation).
The genetic distance to the
sweep, c, is chosen so that c/
s � 0.005. The time since the
fixation of the favored allele, t,
is scaled in units of 4N genera-
tions. A total of 104 simulations
were run for each value of t.
Only segregating sites with a
minor allele frequency 
0.1
are included.
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LD extends in many regions that is unusual (e.g., Rieder
et al. 1999; Gilad et al. 2001; reviewed in Pritchard
and Przeworski 2001). For a couple of regions, � has
also been shown to be lower than expected for European
samples (Pritchard and Przeworski 2001). These pat-
terns have not yet been explained.

As is illustrated in Figures 4 and 5, a recent sweep
can substantially increase levels of LD. In Figure 4, I
plot the expected decay of a summary of pairwise LD,
r 2, for alleles with a minor allele frequency 
0.1. Param-
eters are chosen to be plausible for D. melanogaster. If
the beneficial allele fixed at time t � 0, there is a much
slower rate of decay with distance than under the stan-
dard neutral model. Note, however, that fewer alleles
satisfy the frequency cutoff after a sweep, so long se-
quences may be required for this pattern to be apparent
in actual data. Figure 5 presents scatterplots of r 2 vs.
distance for parameters germane to humans; as can be
seen, a selected substitution at a linked site increases
the number of distant pairs in significant LD.

The effect of a sweep on levels of LD dissipates
quickly, depending on the summary of LD used and
particularly on the sensitivity of the measure to changes
in allele frequencies. Consider first the effect of a single
sweep on the mean number of haplotypes normalized
by the number of segregating sites, E(nHaps/(S � 1)). As
can be seen in Table 2, a neutral locus affected by a
very recent sweep can exhibit a paucity of haplotypes
relative to a standard neutral model (depending on the
values of s and c). This suggests an increase in LD.
However, the summary E(nHaps/(S � 1)) becomes greater
than expected under neutrality shortly after the sweep
(see Table 2). This is easily understood: As the high-Figure 5.—An illustration of the effect of a selective sweep
frequency variants fix and new mutations arise, moston a neutral locus: a scatterplot of r 2 for one simulated data
alleles are now rare and many form new haplotypes.set. Only segregating sites with a minor allele frequency 
0.1

are included. The effective population size N � 104, the selec- When only intermediate-frequency variants are con-
tion coefficient s � 0.05, and the population mutation rate sidered, the effect of selective sweeps on allelic associa-
� � 40. The population recombination rate for the neutral tions is clearer. In the last two rows of Table 2, I reportlocus, �, is 200 (which corresponds to 1 Mb for a recombina-

E(nHaps/(S � 1)) excluding singletons. This statistic looselytion rate of 0.5 cM/Mb/generation). The sweep occurs imme-
corresponds to what is sometimes referred to as “haplo-diately adjacent to the neutral locus. The sample size is 50,

so points �0.0768 are in significant linkage disequilibrium by type structure” in the literature (e.g., Parsch et al. 2001).
a �2 test (cf. Pritchard and Przeworski 2001). (A) The The ratio is sharply decreased by a sweep and monotoni-
beneficial allele fixed at time t � 0. (B) No sweep. cally increases to the neutral expectation with increasing

time since the sweep. These results suggest that this
statistic might be useful for detecting positive selection.tive sweep. This is also true of another feature of the
Nonetheless, the effect of the selective sweep has all butdata, levels of linkage disequilibrium. In both Drosoph-
vanished by t � 0.1, unless selection is very strong (e.g.,ila and humans, numerous loci appear to exhibit unex-
Ns � 5 � 103). Pairwise linkage disequilibrium exhibitspectedly high levels of LD. In Drosophila, this is usually
a similar behavior to the number of haplotypes: Forquantified as a paucity of haplotypes (e.g., Parsch et al.
example, in Figure 4, a sweep that ended at t � 0.2 has2001; further references in Andolfatto 2001) or a
an undetectable effect on r 2. For these parameters, therelower than expected estimate of the population recom-
is still a relative excess of LD by t � 0.1; however, thisbination rate, � (Andolfatto and Przeworski 2000;
would be hard to discern in any one data set, because r 2Wall 2001). In particular, in D. melanogaster and D.
varies greatly from one locus to another under neutralitysimulans, it appears that one estimate of �, C hud (Hudson
(Pritchard and Przeworski 2001).1987), is systematically lower than would be expected

One implication of these results is that selectionfrom independent estimates of the mutation and recom-
bination rates. In humans, it is the distance over which would have to be strong and recent for selective sweeps
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TABLE 2

The effect of a selective sweep on the mean nHaps/(S � 1)

t 0 0.01 0.05 0.10 0.25 0.50 1.00 No sweep

N � 106, s � 0.005 (0.44) (0.60) (0.82) 0.89 0.98 0.99 0.93 0.89
N � 104, s � 0.01 0.76 0.79 0.83 0.85 0.83 0.76 0.70 0.67
N � 104, s � 0.05 (0.58) 0.69 0.81 0.84 0.84 0.77 0.70 0.67
N � 106, s � 0.005a (0.53) (0.57) (0.81) (0.93) (1.10) (1.19) (1.23) 1.25
N � 104, s � 0.01a (0.70) (0.76) (0.84) (0.88) (0.90) (0.90) 0.93 0.93

The time since the fixation of the favored allele, t, is scaled in units of 4N generations, where N is the
effective population size. nHaps is the number of distinct haplotypes and S is the number of segregating sites.
The sample size is 50, the population mutation rate for the neutral locus, �, is 5, and the genetic distance to
the selected locus, c, is chosen such that c/s � 0.01 (where s is the selection coefficient of the favored allele).
In simulations where N � 106, the population recombination rate for the neutral locus, �, is 20 (corresponding
to 1 kb if the recombination rate is 5 � 10�9/bp/generation); where N � 104, � is 5 (corresponding to �25
kb if the recombination rate is 0.5 cM/Mb/generation). In parentheses are those entries for which E(nHaps/
(S � 1)) is less than the neutral expectation.

anHaps/(S � 1) is calculated excluding singleton mutations.

to account for the unexpectedly large distances over in pairwise differences and larger values of C hud (results
not shown). Thus, repeated sweeps cannot account forwhich LD sometimes extends in humans. This said, re-

cent evidence suggests that most crossing-over events in the low values of C hud found at most loci in both species
of Drosophila (Andolfatto and Przeworski 2000), athumans may occur within narrow recombination hot-

spots, with most of the genome experiencing very low least as modeled.
Repeated sweeps do produce a relative excess of LDrates of crossing over (e.g., Jeffreys et al. 2001). If so,

“recombination coldspots” may preserve allelic associa- when attention is restricted to intermediate frequency
variants. For example, in 104 simulations, E(nHaps/(S �tions longer than suggested by these simulations.

The effect of repeated sweeps on LD: Because the 1)) excluding singletons is 1.24 in the absence of sweeps,
1.05 for � � 10�5, and 0.90 for � � 5 � 10�5 (� is theincrease in LD is short-lived, anonymous loci subject to

repeated selective sweeps do not show a marked excess rate of sweep per base pair per 4N generations). Figure
6 plots the expected decay of r 2 with distance for theseof LD. In fact, summaries of LD that are highly sensitive

to the frequency spectrum, such as C hud or E(nHaps/(S � two rates of sweeps, with the other parameter values
chosen to be plausible for D. melanogaster. The increase1)), suggest less LD under this model of recurrent sweeps

than under neutrality. C hud, in particular, is smaller when relative to a neutral model is slight. Note further that
the rate � � 5 � 10�5 is probably unrealistically high. Forthe sample variance in the number of pairwise differ-

ences is larger. Selective sweeps skew the frequency spec- s � 0.01, and assuming a fixation probability of 2s (cf.
Crow and Kimura 1970, p. 426), roughly one in everytrum toward rare alleles, leading to a smaller variance

Figure 6.—The effect of
repeated selective sweeps
on the expected rate of de-
cay of pairwise linkage dis-
equilibrium. The effective
population size N � 106, the
selection coefficient s �
0.01, the population muta-
tion rate � � 40, the popula-
tion recombination rate � �
20, and the sample size is 50.
The neutral locus is affected
by repeated sweeps oc-
curring at rate �/bp/4N
generations (assuming a re-
combination rate of 5 �
10�9/bp/generation).
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TABLE 3

The power of H and D to detect a symmetric two-island model

4Nm � 1 4Nm � 1 4Nm � 0.5 4Nm � 2
Panmixia (sampled 48/2) (sampled 50/0) (sampled 50/0) (sampled 50/0)

P(H) 0.05 0.14 0.14 0.19 0.09
P(D) 0.05 0.09 0.06 0.09 0.05

The power of H and D is estimated from 104 simulations, as described in methods. 4Nm is the number of
migrants per deme per generation. The sample size is 50. The population mutation rate per deme is 2.5.
There is no intralocus recombination.

three newly arising mutations would have to be advanta- model. In addition, population structure can produce
high levels of LD (Li and Nei 1974; Wall 1999).geous to obtain this rate of selective sweeps (if the neutral

mutation rate is taken to be 2 � 10�9/generation/bp; This particular model is likely to be unrealistic for
both Drosophila and humans. However, the purpose ofMcVean and Vieira 2001). Thus, for plausible parame-
these simulations is simply to illustrate that a demo-ters, the decay of LD is barely less steep than under a
graphic model that produces trees such as Figure 1neutral model. Randomly chosen loci are therefore not
more often than the standard neutral model will haveexpected to show strikingly high levels of LD, even if there
the same effect on H as a selective sweep. In fact, recenthave been multiple selective sweeps at linked sites.
bottlenecks (results not shown) and a metapopulation
model (Wakeley and Alicar 2001) can also lead to

DISCUSSION high-frequency-derived alleles more often than expec-
ted under the standard neutral model. In other words,The possible effect of population structure: If old or
such alleles are not a unique signature of positive selec-

recurrent sweeps lead neither to high levels of LD nor
tion. In addition, in humans, most of the regions with

to significant H tests, how do we interpret these features a significant H test are noncoding, so there may be good
of the data? One possibility is that they were produced reasons to search for demographic rather than selective
by a demographic departure from model assumptions. explanations. It remains to be seen whether a more
To examine this, I estimated the power of H (imple- realistic model of demography can also produce ex-
mented as described for the sweep models) to detect a treme H values and levels of LD as high as are observed.
symmetric island model (Wright 1951) when samples One model worth investigating might be ancient struc-
were drawn unequally from the different demes. In all ture, with unequal contributions of different subpopula-
cases reported here, � for the whole population is 5, so tions to the current gene pool.
for k demes, it is �/k per deme. First, I consider a two- Does selection operate as modeled? An alternative to
island model, each of size N/2, with 0.5–2 migrants per demographic explanations is that positive selection does
deme per generation; under this particular model, this not operate as is commonly modeled. One assumption
migration rate corresponds to an FST value of �0.11–0.33 made by this model of recurrent positive selection is
(Hudson et al. 1992). As can be seen in Table 3, if that a neutral locus is affected by at most one selected
samples are drawn very unequally (e.g., 48 and 2), we substitution at a time. The validity of this assumption
would reject the neutral model �5% of the time (at depends crucially on the rate at which advantageous
the 5% level) using H, even in the absence of selection. mutations arise and sweep to fixation. Nachman (2001)
Even if samples are collected from only one locality, and Andolfatto (2001) have estimated the rate of
P(H) � 5%, as the samples sometimes contain individu- selective sweeps needed to account for the positive cor-
als whose ancestors were migrants from other demes. relation between diversity levels and crossing-over rates
If levels of differentiation are higher (e.g., FST � 0.33, observed in humans and in Drosophila, respectively.
corresponding to 0.5 migrant per deme per generation The probability of overlap can be estimated from Equa-
in a two-island model), P(H) can be as high as 19%. If tion 6 in Braverman et al. (1995). On the basis of
there are more than two islands, then, for approximately these rough calculations, it appears that in both species,
the same FST value, the power is similar (results not selective sweeps will often occur concurrently (results
shown). In general, the power of H to detect population not shown).
structure increases with higher � or lower migration When two or more alleles are simultaneously favored,
rates (results not shown). In summary, the null model interference between them might alter the patterns of
can be rejected by the H test at substantially higher than polymorphism relative to the predictions of a single-site
the nominal rejection probability when samples are model of positive selection (Kirby and Stephan 1996).

However, the selected sites would have to be very closedrawn unequally from different islands in an island
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to one another on the chromosome for interference to with polymorphism data that a candidate locus has un-
dergone a recent sweep (e.g., Parsch et al. 2001; Taka-have an effect. If the locations of the selected substitu-

tions are chosen uniformly, as in this model, this condi- hashi et al. 2001). However, it has low power to detect
the effects of positive selection at a randomly chosention is unlikely to be met. Under an alternative model,

where several adaptive changes occur in a small region locus. In addition, it may not be conservative if there
is hidden population structure. Similarly, while sweepsin short succession, interference between sweeps may

be more likely. It is unknown whether such a scenario increase LD between intermediate frequency variants,
the effect is short-lived. Thus, randomly chosen datawould lead to higher levels of LD or more high-fre-

quency-derived alleles. Even so, the effects are likely to sets with significant H values and high levels of LD may
reflect demography rather than adaptation. Alterna-be short-lived, as recombination will rapidly break down

allelic associations after the sweeps, and high-frequency tively, positive selection may not operate as it is most
commonly modeled.alleles will drift to fixation. Thus, occasional overlaps

are unlikely to explain the observed patterns. I thank P. Andolfatto, A. Di Rienzo, P. Donnelly, J. Fay, I. Gordo,
More problematic is the assumption that the rate of R. Griffiths, J. Pritchard, and J. Wall for helpful discussions and P.

Andolfatto, Y. Gilad, R. Hudson, G. McVean, and J. Wall as well asselective sweeps is constant. If, instead, there has been
D. Charlesworth and two anonymous reviewers for comments on thean increase in the rate of genetic adaptations toward
manuscript. M.P. is supported by a National Science Foundation Bi-the present, many loci may reflect recent sweeps. In the
oinformatics postdoctoral fellowship.

case of cosmopolitan species of Drosophila, this time
frame could reflect recent colonization of temperate
habitats. Similarly, anatomically modern humans are
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