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ABSTRACT
Positive selection can be inferred from its effect on linked neutral variation. In the restrictive case when

there is no recombination, all linked variation is removed. If recombination is present but rare, both
deterministic and stochastic models of positive selection show that linked variation hitchhikes to either
low or high frequencies. While the frequency distribution of variation can be influenced by a number of
evolutionary processes, an excess of derived variants at high frequency is a unique pattern produced by
hitchhiking (derived refers to the nonancestral state as determined from an outgroup). We adopt a
statistic, H, to measure an excess of high compared to intermediate frequency variants. Only a few high-
frequency variants are needed to detect hitchhiking since not many are expected under neutrality. This
is of particular utility in regions of low recombination where there is not much variation and in regions
of normal or high recombination, where the hitchhiking effect can be limited to a small (,1 kb) region.
Application of the H test to published surveys of Drosophila variation reveals an excess of high frequency
variants that are likely to have been influenced by positive selection.

THE extent to which positive Darwinian selection eliminates all linked variation and a population in recov-
shapes molecular evolution has been a dominant ery is characterized by an excess of new mutations at

issue in the last three decades (Kimura 1983; Nei 1987). low frequency. In the presence of recombination, hitch-
Under neutrality, the amount of DNA variation within hiking is incomplete since not all variation is removed
a species is proportional to the amount of divergence and its direct effect on the frequency spectrum is not
between species (Kimura 1983). In contrast, the spread known. Unless the hitchhiking effect is very strong, even
of a positively selected mutation through a population intragenic variation will experience an incomplete
removes linked neutral variation without affecting neu- rather than complete hitchhiking effect. For example,
tral divergence (Maynard Smith and Haigh 1974). a selection coefficient of 1023 and a recombination rate
Surveys of DNA variation have revealed a correlation of 1028/bp (about the average in Drosophila melanogaster ;
between levels of variation and rates of recombination Ashburner 1989) would still leave 10% of the heterozy-
in plants (Stephan and Langley 1998), flies (Stephan gosity 500 bp away from a site under selection (Stephan
and Langley 1989; Begun and Aquadro 1992; Martı́n- et al. 1992). In a region where recombination is reduced
Campos et al. 1992; Stephan and Mitchell 1992), mice 10-fold, such as the tip of the X chromosome (Aguadé
(Nachman 1997), and humans (Nachman et al. 1998). et al. 1989), the corresponding distance would be 5 kb.
Reduced levels of variation are also found within small The incomplete removal of variation may create a
regions of some genes (McDonald 1998). However, pattern of variation very different from the pattern pro-
there are a number of alternative explanations for re- duced after all variation is removed. For example, in
duced levels of variation. In particular, “background the case of a brief reduction in population size, there
selection,” or the elimination of deleterious mutations is a striking difference between residual patterns of vari-
segregating in a population, predicts low levels of varia- ation found immediately after a bottleneck and the ex-
tion in regions of low recombination (Charlesworth cess of new mutations that subsequently accumulate
et al. 1993). Distinguishing positive selection from these (Tajima 1989a; Fay and Wu 1999). To understand the
alternative explanations has become a significant empir- effect of positive selection on linked variation, we de-
ical and theoretical pursuit. scribe the hitchhiking effect on the frequency spectrum

The frequency spectrum of variation provides a means as a function of the rate of recombination. We then
of detecting positive selection independent of levels of adopt a statistical test that can detect hitchhiking even
variation. In the absence of recombination, hitchhiking when there are few segregating sites. Application of the

test to published surveys of variation in regions of low
and high recombination in Drosophila indicates a de-
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MATERIALS AND METHODS
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Polymorphism data: We restricted our analysis to published

polymorphism surveys of Drosophila species. Recombination where Si is the number of derived variants found i times in a
sample of n chromosomes. Let ûH be an estimator of u weightedrates across the D. melanogaster genome have been estimated
by the homozygosity of the derived variants, as opposed tofrom the frequency of recombination per cytological band
the ancestral variants,(Comerón et al. 1999). Regions of low recombination were

designated as cytological divisions with rates of recombina-
tion , 5 3 1029/bp: 1A–2D, 20C–20F, 21A, 38A–44C, 60C– ûH 5 o

n21

i51
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, (3)

60F, 61A–61B, and 75F–84F (excluding the fourth chromo-
some where recombination is absent). This cutoff value is z10 where ûH is an unbiased estimator of u and is a special case,
times lower than the division with the highest estimated rate notated as L(21), of a general class of recently derived estima-
of recombination. There are six published polymorphism sur- tors that vary in their weighting schemes (Fu 1995). Let H be
veys in the designated regions: achaete (ac, 1B1; Martı́n- the difference between ûp and ûH. The null distributions of
Campos et al. 1992), asense (ase, 1B4; Hilton et al. 1994), Phos- the D and H statistics were generated using 1000 iterations of
phogluconate dehydrogenase (Pgd, 2D6; Begun and Aquadro a neutral coalescence algorithm conditioning on the observed
1994), suppressor of forked [su( f ), 20E; Langley et al. 1993], fushi number of segregating sites. P values were calculated as the
tarazu ( ftz, 84B1; Jenkins et al. 1995), and Glucose dehydrogenase probability of a neutral D or H value being less than the
(Gld, 84D1; Hamblin and Aquadro 1997). The Accessory gland observed D or H value. The D and H statistics are probably
protein 26Aa (Acp26Aa) is in a region of high recombination conservative since critical values were generated in the absence
in D. melanogaster (26A, c estimated to be 5 3 1028/bp) and its of recombination (Wall 1999), unless otherwise noted. The
intra- and interspecific variation has been extensively studied power of the D and H statistics was calculated as the probability
(Aguadé et al. 1992; Tsaur and Wu 1997; Aguadé 1998; of rejecting a neutral genealogy given a hitchhiking genealogy.
Tsaur et al. 1998). vermilion (v; Stephan and Langley 1989; The critical D and H values (a 5 0.05, one-sided) were gener-
Stephan et al. 1998) is in a region of reduced recombination ated for any given number of segregating sites. For calculating
in D. ananassae. the power of the H statistic, the probability of misinference

The frequency spectrum of derived variants, including syn- was 0.00375/site (see below).
onymous, nonsynonymous, and noncoding variants, was con- An outgroup was used to infer the derived and ancestral

states for all polymorphism data analyzed. However, a backmu-structed for each survey using an outgroup. When multiple
tation would result in the incorrect inference of the derivedlocations were sampled, the data were pooled for the determi-
polymorphic state. As compensation, the probability of misin-nation of the frequency spectrum. For achaete, the European
ference was incorporated into the null distribution of thesample was scaled from 192 to 50, which is similar in size to
H statistic by exchanging the frequency of the derived andthe African and North American samples. All data are DNA
ancestral state, with probability equal to that of misinference,polymorphism within D. melanogaster and divergence from D.
for each segregating site. For nucleotide sequences, the proba-simulans, except for achaete [which is a four-cutter restriction
bility of a backmutation is d/3, where d is the net divergencefragment length polymorphism (RFLP) study] and vermilion,
or the average number of fixed differences between the twowhich is a survey of polymorphism in D. ananassae with diver-
species. The observation that transitions occur at twice thegence from D. pallidosa.
rate of transversions (Moriyama and Powell 1996) was incor-Simulation methods: A standard coalescence algorithm was
porated and resulted in a probability of backmutation equalused to generate neutral genealogies (Hudson 1990). A modi-
to 3d/8 (see Appendix at http://home.uchicago.edu/zjfay/fied coalescence algorithm, which tracks the genealogy of a
appendix.html). The probability of misinference was calcu-neutral locus linked to an advantageous mutation, was used
lated separately for synonymous, nonsynonymous, and non-to generate hitchhiking genealogies. The algorithm is a simpli-
coding sites and then weighted by the number of synonymous,fication of that detailed in Braverman et al. (1995), such that
nonsynonymous, and noncoding polymorphic sites. For re-the recombination rate (c), selection coefficient (s), and time
striction site data, where the outgroup sequence and one of theat which an advantageous mutation arises are set parameters
ingroup sequences are known, the probability of misinferenceinstead of random variables. The selected allele confers a
differs, depending on the state of the outgroup (presence orfitness of 1 1 s in the heterozygous state and 1 1 2s in the
absence of the restriction site). If the site is present in thehomozygous state and decreases deterministically from a fre-
outgroup, then the derived state is inferred to be a loss andquency of 1 2 1/2N to 1/2N in a population size (N) of 106

the probability of misinference is d/(3 2 2d), whereas if theindividuals. Recombination events occur between the selected site is absent in the outgroup the probability of misinferenceand neutral locus, and coalescent events occur between advan- is 4d/(1 1 3d) (see Appendix at http://home.uchicago.edu/
tageous alleles or between nonadvantageous alleles, de- zjfay/appendix.html). The probability of misinference was
pending on the frequency of the advantageous mutation and calculated assuming that only one backmutation could ac-
the number of advantageous and nonadvantageous alleles. count for the observed data.
Once all alleles have coalesced, mutations are randomly dis-
tributed on the genealogy of the neutral locus. All results were
generated from at least 1000 iterations of the algorithm. THEORY

Statistics: Tajima’s D statistic (Tajima 1989b) is based on
the difference between two commonly used estimators of u 5 Deterministic: The hitchhiking effect can be de-
4Nm, where N is the effective population size and m is the scribed by the change in allele frequency at a neutral
mutation rate: ûp is calculated from average heterozygosity polymorphic locus (B, b) due to the spread of a linked
(Tajima 1983) and ûW is calculated from the number of segre-

advantageous mutation, A, through a population.gating sites (Watterson 1975),
Clearly, B will increase or decrease in frequency de-
pending on whether the B or b allele is originally linked

ûp 5 o
n21

i51

2Sii(n 2 i)
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(1)
to the advantageous mutation. In the absence of recom-
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bination, the variant originally linked to the advanta- initial frequency of the advantageous mutation. The
probability that B hitchhikes with A is equal to its initialgeous mutation is fixed, but when recombination is

present but rare, all variants that remain segregating frequency, x, so a uniform number of derived variants
over the entire frequency spectrum, xφ(x)dx 5 udx, areare most likely present at either very low or high frequen-
transformed to high frequencies, while the rest, (u/x 2cies.
u)dx, are transformed to low frequencies (inset of FigureThe frequency spectrum after hitchhiking can be
1). The frequency spectrum after hitchhiking can befound, knowing the frequency of variations before selec-
approximated after a linear transformation of expecta-tion and their change in frequency due to selection. To
tions (subscripted L and H are for low and high frequen-distinguish between low- and high-frequency variants,
cies, respectively),ancestral (old) and derived (new) states must be distin-

guished (this can be done empirically using an out-
φL(x) 5 u11x 2

1
c*2 for

1
2N

# x , c* (5)group). Let φ(x) be the frequency spectrum of derived
variants in a population. Under neutrality, the expected
number of sites where the derived variant is between a φH(x) 5 u1 1

c*2 for 1 2 c* , x # 1 2
1

2N
, (6)frequency of x and x 1 dx is given by

and zero otherwise (inset of Figure 1).φ(x)dx 5
u

x
dx. (4) Stochastic: Coalescent simulations of single hitchhik-

ing events, where the advantageous mutation has just
In Equation 4, u 5 4Nm, where N is the effective popula- reached fixation, produce a skew in the frequency spec-
tion size and m is the mutation rate of the region (Watt- trum similar to that predicted by the deterministic the-
erson 1975). Deterministically, if a neutral linked vari- ory (Figure 1). The hitchhiking algorithm incorporates
ant, B, hitchhikes with A, its frequency is transformed stochastic mutation and recombination events but as-
from x to 1 2 c* 1 xc*; otherwise it is reduced to xc*, sumes that the advantageous allele follows a determinis-
where c* is a scaled measure of recombination. c* is tic increase in frequency (materials and methods).
given in its exact form in Maynard Smith and Haigh An exact treatment of the spread of an advantageous
(1974) but can be approximated by (c/s)ln(1/p0), mutation through the population incorporates stochas-
where s is the haploid selection coefficient, c is the rate tic fluctuations in the frequency of the selected allele

when it is at low or high frequencies but would produceof recombination between the two sites, and p0 is the

Figure 1.—The frequency spectrum of derived variants expected under neutrality (open areas) and subsequent to a hitchhiking
event (shaded areas) with parameters u 5 10, n 5 100, c/s 5 0.01, and s 5 1023 for 1000 iterations of a coalescence algorithm.
The inset shows the proportion of variants in a population that are expected to increase or decrease in frequency during a
hitchhiking event and the resulting frequency spectrum found under the deterministic model.
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TABLE 1

Expected numbers of low-, intermediate-, and high-frequency variants for
different strengths of the hitchhiking effect

Low Intermediate High Relative abundance
c/s 0 , x # 0.1 0.1 , x , 0.9 0.9 # x , 1.0 Low:intermediate:high

Neutral 29.29 21.42 1.06 27.6:20.2:1.0
0.100 25.55 18.65 1.62 15.7:11.5:1.0
0.010 17.93 3.31 4.50 4.0:0.7:1.0
0.001 11.52 0.31 1.27 9.1:0.2:1.0

The expected number of sites in a sample of 100 was calculated from 1000 iterations of a coalescence
algorithm (materials and methods), where u 5 10 and s 5 1023.

similar results so long as selection is stronger than re- cess of high-frequency variants would thus be uniquely
sensitive to hitchhiking.combination (Barton 1998).

The strength of hitchhiking is determined by the ratio We define the test statistic, H, as the difference be-
tween ûp, which is influenced most by variants at inter-of the recombination rate to the selection coefficient.

As the strength of the hitchhiking effect increases, the mediate frequencies, and ûH (materials and meth-
ods), which is influenced most by high-frequencyratio of low- to intermediate- to high-frequency variants
variants. This test is analogous to and was motivatedbecomes skewed toward low and high frequencies (Ta-
by the F(0, 21) test described in Fu (1995), the onlyble 1). The frequency spectrum approaches that pre-
difference being F(0, 21) is the difference between ûpdicted under neutrality as the strength of hitchhiking
and ûH divided by the variance of the difference. Underdecreases. Most importantly, there is a striking differ-
neutrality the expected difference between two estima-ence between a genealogy produced by complete (no
tors of u is zero, but following a hitchhiking event ûHrecombination events) and incomplete hitchhiking. In
and ûW should be .ûp. This prediction is met over athe extreme case when all samples except one have
range of c/s values (Figure 3).coalesced during hitchhiking, nearly all mutations are

The power of both the D and H tests in rejectingpresent at a frequency of either (n 2 1)/n or 1/n,
neutrality is similar and greatest for intermediate valueswith equal probability. In contrast, when there is no
of c/s. The power of these statistics compared with therecombination a star genealogy is produced and any
percentage of simulated hitchhiking events where bothnew mutation would be found once in a sample (Figure
the D and H tests reject neutrality shows that the two2). Therefore, when a neutral variant is tightly, but not
tests are complementary in their ability to detect a singlecompletely, linked to a site that has just been selectively
hitchhiking event. For example, when c/s 5 0.01, 51.7driven to fixation, the salient feature of hitchhiking is
and 61.1% of the hitchhiking simulations were rejecteda bipartite spectrum of allele frequencies. Subsequent
by the D and H tests, respectively, while 38.6% wereto a hitchhiking event, variation will be regained, first
rejected by both. Both D and H reject neutrality whenas low-frequency variants, and will eventually return to
there is an excess of low- and high-frequency variants,equilibrium.
but only D can reject neutrality when there is an excessStatistics: A standard statistical test for hitchhiking is

Tajima’s D statistic, which compares the number of rare
to intermediate-frequency variants (Tajima 1989b). Taj-
ima’s D is the standardized difference between two com-
monly used measures of variability: ûW, which is based
on the total number of segregating sites and is influ-
enced most by low-frequency variation (Watterson
1975), and ûp, which is based on average heterozygosity
and is influenced most by intermediate-frequency vari-
ants (Tajima 1989b). While the D statistic should be
useful in the detection of a partial hitchhiking event,
many other processes, such as background selection or a Figure 2.—Genealogies produced by positive selection (A)

in the absence of recombination and (B) when there is achange in population size (Charlesworth et al. 1993),
single recombinant in a sample. All variation is lost in themay generate D values that depart from neutrality due
genealogy of A but in B mutations a and b produce low-to an excess of low-frequency variants. On the other frequency variants and mutations c and d produce high-fre-

hand, strong deterministic forces are needed to drive quency variants. Dotted lines indicate lineages lost due to
hitchhiking.variants to high frequencies. A statistic based on an ex-
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APPLICATION TO DATA

In regions of low recombination, the H test may distin-
guish hitchhiking from a neutral or background selec-
tion model, which is expected to have the same relative
abundance of intermediate- to high-frequency variants
(Charlesworth et al. 1995; Fu 1997). We identified
seven published polymorphism surveys in four regions
with greatly reduced rates of recombination (materials
and methods). Achaete, asense, and Pgd are located on
the tip of the X chromosome and a significant excess
of high-frequency variants is found at achaete (Table 2).
An excess of high-frequency variants is not found at
su(f) at the base of the X chromosome or at ftz or Gld,
near the centromere of the third chromosome. In D.
ananassae, there is a nonsignificant excess of high-fre-
quency variants at vermilion near the centromere of the
X chromosome.

The levels of variation and excess of high-frequency
variants found at achaete, asense, and Pgd suggest a weak-
ening hitchhiking effect with their distance from the
tip of the X chromosome. Achaete has a significant excess
of high-frequency variants and the largest reduction in
levels of variation. A weaker hitchhiking pattern is found
at asense and it is weaker still at Pgd. Out of eight compari-
sons one significant association was found between vari-
ation at achaete and Pgd (Begun and Aquadro 1991).
This is consistent with the hitchhiking effect, which pro-
duces linkage disequilibrium (Thomson 1977). In the

Figure 3.—(A) The mean for each of the three different absence of hitchhiking, no genealogical associationestimators of u as a function of recombination rate where each
would be expected between loci separated by a recombi-point is calculated from 5000 coalescence simulations for s 5
national distance, 4Nc, of .100 (Hudson 1983). The0.005 and u 5 5 (materials and methods). In the absence

of hitchhiking, the means of uH, uW, and up from the simula- three loci should be independent, given that the rate
tions are 4.94, 4.99, and 4.97, respectively. The number of of recombination between achaete and asense is estimated
recombinants is the number of alleles in a sample of 50 that

to be 1.5 3 1024 and between achaete and Pgd, 6 3escaped coalescence during hitchhiking by recombining onto
1023, approximately (FlyBase 1999). Treating the threean advantageous chromosome. (B) The corresponding power

of the D and H statistics. The solid squares indicate the propor- surveys as independent, the three P values can be com-
tion of cases where both statistics reject neutrality and the two bined (Sokal and Rohlf 1981) to show a significant
statistics overlap. departure from neutrality for the entire ac-ase-Pgd re-

gion (P 5 0.022).
In regions of normal recombination, the hitchhikingof low- but not high-frequency variants and vice versa

effect may be limited to a small region so the locationfor H. While Figure 3 gives an indication of slight differ-
of the sequence under selection must be known. Theences between the power of the two tests, this difference
accessory gland protein gene (Acp26Aa) has been shown toshould be interpreted with caution since it depends on
be under positive selection by interspecific comparisonsa number of parameters not explored here, such as
(Aguadé et al. 1992; Tsaur and Wu 1997; Aguadé 1998;the number of recombination events, level of variation
Tsaur et al. 1998). On the basis of the expected ratiobefore hitchhiking, and time since the hitchhiking
of synonymous and nonsynonymous differences withinevent. For instance, when one recombinant is in a sam-
and between species (McDonald and Kreitman 1991),ple and there are few segregating sites, only very low- or
only 29 nonsynonymous substitutions are expected be-high-frequency variants would be expected since there is
tween D. melanogaster and D. simulans, whereas 75 arenearly an equal probability that a derived variant is
observed (Tsaur et al. 1998). Thus, it is likely that afound at low (a and b) or high (c and d) frequency
hitchhiking event occurred recently enough to influ-(Figure 2). Under this scenario the H test but not Taji-
ence patterns of intraspecific variation in D. melanogaster.ma’s D may be significant (Table 2). Regardless of the

As previously noted (Tsaur et al. 1998), there is anrelative powers of the two tests, it is the excess of high-
excess of high-frequency variants in the Acp26Aa genebut not low-frequency variants that is the unique signa-

ture of positive selection. (Figure 4). Because the locus is in a region of high
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TABLE 2

The probability of hypothetical and published DNA polymorphism surveys under the neutral model

Sample Variable No. of occurrences
Locus size sites uW up uH d P(BM) of each derived variant P(D) P(H)

Example 10 1 0.35 0.20 1.80 0.010 0.004 [9] 0.430 0.028
Example 10 3 1.06 0.60 5.40 0.010 0.004 [9 9 9] 0.128 0.002
Example 10 3 1.06 0.60 3.62 0.010 0.004 [1 9 9] 0.128 0.018
Example 10 3 1.06 0.60 1.84 0.010 0.004 [1 1 9] 0.128 0.090
Example 10 3 1.06 0.60 0.07 0.010 0.004 [1 1 1] 0.128 0.665
achaete 147 3 0.54 0.87 3.85 0.062 0.084 [84, 120, 141] 0.863 0.027
asense 6 6 2.63 2.20 4.60 0.038 0.014 [1, 1, 1, 4, 5, 5] 0.215 0.077
Pgd 13 14 4.51 5.44 6.06 0.069 0.026 [1(2), 3(3), 4(3), 5(3), 10(2), 11] 0.825 0.298
vermilion 45 6 1.37 0.81 2.55 0.022 0.008 [1(3), 3, 24, 44] 0.160 0.070
Acp26Aa 101 54 10.41 8.07 17.97 0.117 0.044 See Figure 4 0.083 0.043

d is divergence to the outgroup. P(BM) is the probability of a backmutation (materials and methods). P(D) and P(H) are
the probability of observing a more negative D and H value under neutrality (a 5 0.05, one sided), respectively. Numbers in
parentheses indicate the number of sites where the derived variant is observed; i.e., Pgd has two singletons. For Acp26Aa, 4Nc/
bp 5 0.0725 was used to generate the expected distribution of D and H values. At two of the three polymorphic sites at the
achaete locus, the derived variant was inferred to be a loss of a restriction site.

recombination, c is estimated to be 4.4 3 1028 (Com- 50 in 10% of hitchhiking events (Figure 3). In contrast,
for a c/s value of 0.02, hitchhiking is partial and hetero-erón et al. 1999), and there is ample evidence of recom-

bination between sites as close as 20 bp apart, a hitchhik- zygosity is reduced by 57%. For humans and flies, where
the rate of recombination between adjacent nucleotidesing effect could be limited to a small region within

the gene and each segregating site would experience a is on the order of 1028 (Ashburner 1989; Broman et
al. 1998), complete hitchhiking (c/s 5 2 3 1024) isdifferent strength of the hitchhiking effect. A sliding

window plot of polymorphism vs. divergence shows an limited to a region of 20 (s 5 0.001) or 200 bp (s 5
0.01).excess of high-frequency variants on both sides of a

region where there is an absence of variation when For incomplete hitchhiking, the degree to which vari-
ation is reduced corresponds to the degree to whichcompared to divergence (Figure 5). This is the expected

pattern produced by positive selection over a continu- the frequency spectrum is skewed. This is the case for
achaete, asense, and Pgd, which span a 2-Mb region onous range of linked variation (Figure 3). Of the 13

variants found at a frequency of .50%, all lie within the tip of the X chromosome (FlyBase 1999), and for
the second exon of the Acp26Aa gene, where nearly allthe region affected by hitchhiking and six lie on one side

and seven lie on the other side of the region presumably variation is eliminated from an z350-bp region and
the entire hitchhiking pattern is limited to an z700-bpaffected by complete hitchhiking, which is indicated by

the arrows. No such pattern is found in the Acp26Ab region (Figure 5). Taking c to be 5 3 1028/bp (Com-
erón et al. 1999) at the Acp26Aa gene, the selectiongene.
coefficient can be estimated from the size of the region
affected by complete hitchhiking. Assuming hitchhiking

DISCUSSION is complete (c/s , 2 3 1023), z175 bp away from the
site under selection the selection coefficient is at leastIn addition to reducing levels of variation (Maynard
0.004. The actual selection coefficient may be evenSmith and Haigh 1974), positive selection skews the
larger since 4Nc estimated from polymorphism isfrequency spectrum of linked variation to low and high
0.0725/bp (Hudson et al. 1987; Rozas and Rozas 1999)frequencies. This hitchhiking effect is a function of re-
and hitchhiking produces linkage disequilibrium. Incombinational distance from the site under selection
addition, population subdivision may weaken the hitch-and time since the hitchhiking event(s) (Kaplan et al.
hiking effect (see below).1989).

Time of hitchhiking: Previous studies have shown thatRecombination: Hitchhiking is complete or incom-
in the absence of recombination hitchhiking can beplete in the removal of variation depending on whether
detected for a brief period, z0.5N generations, someor not recombination has occurred. The size of the
time after a hitchhiking event (Simonsen et al. 1995;region affected by partial hitchhiking is at least two
Fu 1997). We have shown that in the presence of recom-orders of magnitude larger than that affected by com-
bination, hitchhiking can be detected immediately afterplete hitchhiking. For a c/s value of 2 3 1024, hitchhik-
the fixation of an advantageous mutation. Regardlessing is nearly complete, heterozygosity is reduced by 99%,

and there is at least 1 recombinant out of a sample of of whether recombination is present or absent, there
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single strong hitchhiking event will push all variation
to either very low or high frequencies, regardless of
the frequency spectrum before selection. However, it is
possible that a second round of hitchhiking may result
in high-frequency variants being the only detectable
polymorphism, as is observed at achaete. If the hitchhik-
ing effect in the first round is strong and only low-
frequency variants remain, during the second round of
hitchhiking, low-frequency variants will either increase
to high frequencies or decrease to nondetectable fre-
quencies.

Population subdivision: While an excess of low-fre-
Figure 4.—The observed (j) and expected (h) numbers quency variants can be explained by positive selection,of derived variants that occur in a worldwide sample of 101

background selection, a change in population size, andAcp26Aa D. melanogaster genes (Aguadé et al. 1992; Aguadé
population subdivision (Charlesworth et al. 1993), an1998; Tsaur et al. 1998).
excess of high-frequency variants can only be explained
by positive selection and specific demographic models.

is only a transient period after hitchhiking when the For example, if there are many fixed differences be-
deviation from the neutral frequency spectrum is detect- tween populations and if only a few migrants are found
able. As a population recovers from hitchhiking, D can in a sample, most variants would be at either low or
be expected to be more powerful than H. This is because high frequency. A more extreme scenario is that of
D but not H is sensitive to the influx of new mutations introgression of alleles from one species into another,
during the recovery period. As the excess of high-fre- in which case all substitutions between the two species
quency variants is less likely to be influenced by other would appear to be either low- or high-frequency vari-
forces such as population history or background selec- ants. Neither scenario is applicable to the data used in
tion, monitoring this portion of the frequency spectrum this article since ancient population subdivision is not
represents a trade-off between power and distinguishing supported in either D. melanogaster or D. ananassae (Ste-
hitchhiking from several different hypotheses. phan 1989; Stephan and Langley 1989; Moriyama

The significant excess of high-frequency variants in and Powell 1996). However, population subdivision
regions of low recombination as reported in Table 2 does affect the variance of all tests that assume an equi-
therefore suggests hitchhiking may be quite frequent librium nondifferentiated population (but see Charles-
in these regions, an inference supported by uniformly worth 1998; Stephan et al. 1998).
low levels of variation in regions of low recombination. The pooling of subpopulation data makes the H test
As a result, recovery to equilibrium levels of variation conservative and may obscure patterns of hitchhiking
may never occur and the effects of multiple or overlap- in a single subpopulation. For instance, at su(f) there
ping hitchhiking events must be considered. Models of is one low (2/47) and one high (43/47) frequency-
strong recurrent hitchhiking events (Braverman et al. derived variant found in a North American sample. Nei-
1995) and numerous sites concurrently under weak se- ther of the two variants are found in a sample of 49
lection (Santiago and Caballero 1998) predict an African flies (Begun and Aquadro 1995). Thus, the
excess of rare variants and negative D values. Although pooled samples (2/96, 43/96) have no derived variants

at a frequency of .50%. Population subdivision mayrecurrent hitchhiking is not modeled in this study, a

Figure 5.—A sliding window plot of poly-
morphism and divergence (d, thick line) be-
tween D. melanogaster line NC1 and D. simulans
(Aguadé et al. 1992). Window size is 100 bp
and step size is 10 bp. On the abscissa, solid
boxes are exons and shaded boxes are introns.
The two double arrows indicate the size of the
region affected by hitchhiking: the smaller one
(z350 bp) has lost nearly all variation and the
larger one (z700 bp) encompasses the region
where there is an excess of high-frequency vari-
ants.
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Begun, D. J., and C. F. Aquadro, 1994 Evolutionary inferences fromalso have obscured a clear hitchhiking pattern at vermil-
DNA variation at the 6-phosphogluconate dehydrogenase locus

ion. There is a nonsignificant excess of high-frequency in natural populations of Drosophila: selection and geographic
differentiation. Genetics 136: 155–171.variants when four subpopulations are pooled. Using a

Begun, D. J., and C. F. Aquadro, 1995 Evolution at the tip andmethod independent of the frequency spectrum, which
base of the X chromosome in an African population of Drosophila

compares levels of variation within and between popula- melanogaster. Mol. Biol. Evol. 12: 382–390.
Braverman, J. M., R. R. Hudson, N. L. Kaplan, C. H. Langley andtions to divergence, hitchhiking was inferred to have

W. Stephan, 1995 The hitchhiking effect on the site frequencyhomogenized two of the four populations, an observa-
spectrum of DNA polymorphisms. Genetics 140: 783–796.

tion incompatible with background selection (Stephan Broman, K. W., J. C. Murray, V. C. Sheffield, R. L. White and J. L.
Weber, 1998 Comprehensive human genetic maps: individualet al. 1998).
and sex-specific variation in recombination. Am. J. Hum. Genet.
63: 861–869.

Charlesworth, B., 1998 Measures of divergence between popula-CONCLUSIONS tions and the effect of forces that reduce variability. Mol. Biol.
Evol. 15: 538–543.An excess of very-high-frequency variants is a distinct Charlesworth, B., M. T. Morgan and D. Charlesworth, 1993

consequence of hitchhiking. Background selection can- The effect of deleterious mutations on neutral molecular varia-
tion. Genetics 134: 1289–1303.not easily account for this pattern, which is observed in

Charlesworth, D., B. Charlesworth and M. T. Morgan, 1995some regions of low recombination, as revealed by the The pattern of neutral molecular variation under the background
H statistic. Although it has been previously suggested selection model. Genetics 141: 1619–1632.

Comerón, J. M., M. Kreitman and M. Aguadé, 1999 Natural selec-that the lack of significant D values in these regions is
tion on synonymous sites is correlated with gene length andinconsistent with a hitchhiking explanation (Braver- recombination in Drosophila. Genetics 151: 239–249.

man et al. 1995; Charlesworth et al. 1995), cases of Fay, J. C., and C.-I Wu, 1999 A human population bottleneck is
compatible with the discordance between patterns of mitochon-hitchhiking that yield significant H but not D and vice
drial vs. nuclear DNA variation. Mol. Biol. Evol. 16: 1003–1005.versa are not uncommon. The absence of significant D FlyBase, 1999 The FlyBase Database of the Drosophila Genome

values can also be explained by the unexplored range Projects and community literature. Nucleic Acids Res. 27: 85–88.
Fu, Y. X., 1995 Statistical properties of segregating sites. Theor.of parameter space of the recurrent hitchhiking model,

Popul. Biol. 48: 172–197.population subdivision, or by alternative models of se- Fu, Y. X., 1997 Statistical tests of neutrality of mutations against
lection, such as frequency-dependent selection (Gilles- population growth, hitchhiking and background selection. Ge-

netics 147: 915–925.pie 1991; Braverman et al. 1995). Further improvement
Gillespie, J. H., 1991 The Causes of Molecular Evolution. Oxford Uni-of our ability to detect positive selection and distinguish versity Press, Oxford.

its effects from other evolutionary processes will be made Grote, M. N., W. Klitz and G. Thomson, 1998 Constrained disequi-
librium values and hitchhiking in a three-locus system. Geneticsby incorporating population structure (Charles-
150: 1295–1307.worth 1998; Slatkin and Wiehe 1998; Stephan et Hamblin, M. T., and C. F. Aquadro, 1997 Contrasting patterns

al. 1998) and linkage disequilibrium (Thomson 1977; of nucleotide sequence variation at the Glucose Dehydrogenase
(Gld) locus in different populations of Drosophila melanogaster.Grote et al. 1998) into models of selection.
Genetics 145: 1053–1062.
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