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ABSTRACT
The effect of genetic hitchhiking on neutral variation is analyzed in subdivided populations with differen-

tiated demes. After fixation of a favorable mutation, the consequences on particular subpopulations can
be radically different. In the subpopulation where the mutation first appeared by mutation, variation at
linked neutral loci is expected to be reduced, as predicted by the classical theory. However, the effect in
the other subpopulations, where the mutation is introduced by migration, can be the opposite. This effect
depends on the level of genetic differentiation of the subpopulations, the selective advantage of the mutation,
the recombination frequency, and the population size, as stated by analytical derivations and computer
simulations. The characteristic outcomes of the effect are three. First, the genomic region of reduced
variation around the selected locus is smaller than that predicted in a panmictic population. Second, for
more distant neutral loci, the amount of variation increases over the level they had before the hitchhiking
event. Third, for these loci, the spectrum of gene frequencies is dominated by an excess of alleles at
intermediate frequencies when compared with the neutral theory. At these loci, hitchhiking works like
a system that takes variation from the between-subpopulation component and introduces it into the
subpopulations. The mechanism can also operate in other systems in which the genetic variation is
distributed in clusters with limited exchange of variation, such as chromosome arrangements or genomic
regions closely linked to targets of balancing selection.

IT is generally accepted that the spread of an advanta- more appropriately described as an arrangement of par-
tially differentiated subpopulations. Here we show thatgeous mutation reduces the genetic variation at

linked neutral loci: the mutation drags linked alleles in the effect of a selective sweep on the neutral variation
of a subdivided population can be very different fromits way to fixation, and most of the original variation is

eliminated. The magnitude of the effect depends on that predicted by the previous theory. Under particular
combinations of recombination frequency, selective val-the recombination rate and the selective value of the

mutation (Maynard-Smith and Haigh 1974; Wiehe ues, and population subdivision, the genetic variability
and Stephan 1993). After this selective sweep, most of increases at loci linked with the selected gene. At these
the neutral alleles at closely linked loci are lost and, loci, an excess of genes at intermediate frequencies is
afterward, the neutral variation is recovered very slowly expected.
by mutation. During this time, the spectrum of gene
frequencies is dominated by rare alleles until, if there
is enough time without any other “disturbance,” a new THE BASIC THEORY
mutation-drift balance is reached. These predictions

We assume a model of two subpopulations with 2Nhave been widely used to discriminate between selective
monoecious haploid individuals each, which is equiva-sweep and other selective models. Particularly, the back-
lent to N diploid individuals. The number of individualsground selection model (Charlesworth et al. 1993)
is constant over discrete generations and there are nopredicts a reduction of variability with a distribution of
extinction-recolonization events. Every generation, a pro-gene frequencies following a nearly neutral spectrum,
portion m of individuals migrates from each subpopula-and balancing selection models predict an increase in
tion to the other one and there is a random associationneutral variation that is represented by genes at interme-
of individuals within subpopulations to accomplish sex-diate frequencies. However, most of the previous theory
ual reproduction; i.e., pairs of random individuals areof hitchhiking considers only the effect on a single pan-
temporarily combined in different meiosis to generatemictic population. Natural populations, in general, are
individuals of the next generation. We also consider a
neutral locus for which mutation follows an infinite-allele
model, so that every mutation creates a new allele not
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1951) between gene copies at the neutral locus within within the subset of chromosomes carrying copies of
a . Obviously, p 0 � 1 and its value decreases due tosubpopulations. The value of this correlation can be
recombination until a is fixed in the subpopulation atgiven as
generation f. At this generation, a proportion pf of the
copies at the neutral locus will be replicates of the origi-FST �

�2 � �3

1 � �3 nal neutral copy c.
As the mutation rate at the neutral locus is too small

(Cockerham 1969, 1973), where �2 is the average proba- to affect variability when the selected gene is segregat-
bility of identity by descent for pairs of genes sampled ing, the identity by descent at the neutral locus after
within subpopulations and �3 is the probability of iden- the hitchhiking process in the first subpopulation can be
tity by descent for pairs of genes sampled from different approximated in the following way. Two genes randomly
subpopulations, respectively. The term �1, normally used taken from the subpopulation have a probability p 2

f of
to indicate the genetic identity within individuals, has being identical copies of c. Accordingly, the probability
no meaning here as individuals are haploid. of one copy of c and one copy of another ancestral gene

Because mutation generates new alleles, identity by at generation 0 is 2pf(1 � pf), the expected identity
descent and identity by state are equivalent. The ex- between these copies being that before the selective
pected heterozygosities within subpopulations (Hs) and sweep (�2). Finally, the probability of none of the two
for the whole population (Ht ) can be expressed as func- copies coming from c is (1 � pf)2, the probability of
tions of the probabilities of identity, identity of these copies (x) being larger than the initial

identity �2 because of the drift process during the selec-Hs � 1 � �2 ,
tive sweep. Averaging over the three values, the expected
identity in the first population after the selective sweepHt � 1 �

�2 � �3

2
.

(��2) is

A single copy of a favorable allele a occurs by mutation E(��2) � 1E(p 2
f ) � �2E(2pf(1 � pf)) � E(x(1 � pf)2) .

at a linked locus in one of the two subpopulations. We
If the subpopulation is large and the proportion (1 �refer to this subpopulation as the “first subpopulation.”

pf) is not small, then genetic drift will not increase in aAt this moment, neutral variation is not necessarily at
significant way the original �2 value within the set ofmutation-migration-drift balance. The selective coeffi-
chromosomes that do not carry c. Therefore, x will becient of the new mutation is s and the recombination
close to �2. In contrast, if (1 � pf) is small the x valuefrequency between the selected and the neutral locus
will be larger than the original �2, but the third termis r. With time, the mutation will be lost or fixed in the
of the equation will be negligible. Therefore, a simplifi-first subpopulation. As we are interested in studying the
cation can be obtained by substituting the third termeffect of hitchhiking on variation, only the populations
for �2E((1 � pf)2) and, after rearrangement,in which the mutation is fixed are considered. Eventu-

ally, the favorable mutation is passed by migration to E(��2) � �2 � (1 � �2)E(p 2
f ).

the other subpopulation (the “second subpopulation”)
and fixed in both subpopulations. Now, the prediction is extended to the second sub-

The effect of fixation of a favorable mutation on exist- population. Here we assume that one single copy of the
ing heterozygosity at a neutral linked locus in a single favorable mutation is transferred from the first to the
population is given by Equation 19 of Stephan et al. second subpopulation. In the following generations, se-
(1992). If the migration rate is not too large, this equa- lection increases the frequency of the neutral copy c
tion is also applicable to predict the heterozygosity in coming from the first subpopulation. As the mutation
the first subpopulation after fixation. This is because goes to fixation, recombination tends to remove the
most of the small amounts of variability introduced from association with this neutral copy, and the expected
the second to the first subpopulation when the mutation values of pf and p 2

f are the same as in the first subpop-
goes to fixation will be swept by the hitchhiking effect ulation. Two genes randomly taken from the second
if r is small. Although this article deals with the effect subpopulation have a probability p 2

f of being identical
of hitchhiking on the whole population and, particu- copies of c. The probability of one copy of c and one
larly, on the second subpopulation, we initially consider copy of another ancestral gene at generation 0 is 2 pf

the effect of the selective sweep on heterozygosity in (1 � pf), the expected identity between these copies
the first subpopulation. being the identity between subpopulations before the

Let c be the neutral copy originally associated with a selective sweep (�3). Finally, the probability of none of
when this first appears by mutation as a single copy. Let the two copies coming from c is (1 � pf)2 and the proba-
q i be the frequency of allele a in the first subpopulation bility of identity of these copies is �2. Averaging these
i generations after mutation (i.e., q 0 � 1/2N) and pi be three identities we obtain the expected identity after

fixation in the second subpopulation,the proportion of chromosomes carrying copies of c
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TABLE 1

Average simulated (sim) and predicted (E) values of pf and pf
2 for different combinations of population size

(N), recombination frequency (r), and selective coefficient (s) of the favorable mutation

2N r s sim pf E(pf) (A1) sim p 2
f E(p 2

f ) (A2)

2 � 104 0.0005 0.005 0.5789 0.5567 0.5694 0.4118 0.3785 0.3289
105 0.0007 0.02 0.7299 0.7335 0.7353 0.5719 0.5771 0.5417
104 0.01 0.1 0.4618 0.4422 0.4523 0.2596 0.2388 0.2075
105 0.02 0.1 0.1300 0.1234 0.1354 0.0253 0.0227 0.0193
106 0.01 0.1 0.2716 0.2790 0.2854 0.0916 0.0951 0.0826
105 0.001 0.2 0.9394 0.9457 0.9457 0.8950 0.9034 0.8944
104 0.01 0.2 0.6378 0.6423 0.6457 0.4504 0.4560 0.4185
104 0.02 0.2 0.4136 0.4126 0.4220 0.2114 0.2079 0.1807
105 0.05 1 0.4397 0.5282 0.5310 0.2153 0.3084 0.2830

(A1) and (A2) are predictions of pf and pf
2 using Equation 17 from Otto and Barton (1997) and Equation

4 from Barton (1998), respectively.

E(�″2 ) � 1E(p 2
f ) � �3E(2pf(1 � pf)) � �2E((1 � pf)2) Substituting these values in the equations above, predic-

tions for E(��2), E(�″2 ), and E(��3) can be made for any
� �2 � E(p 2

f )(1 � �2 � 2�3) � 2E(pf)(�2 � �3) .
combination on N, r, and s.

As the third term in the right-hand side of the equation
is negative, for some combinations of E(pf), E(p 2

f ), �2, and
ANALYSIS OF EXPRESSIONS�3, it is possible for the identity by descent to decrease

in the second subpopulation after the selective sweep. Predictions of variability in the second subpopulation
In general this is expected when are quite different depending on the structure of the

population (Figure 1). In a single panmictic population
FST �

E(p 2
f )

2E(pf) � E(p 2
f )

. (we could say that the population is equivalent to a
set of subpopulations with a high migration rate and,

Finally, after the selective sweep, the expected value therefore, FST � 0), hitchhiking will reduce the variabil-
of the identity ��3 of two genes, one from the first subpop- ity at linked neutral loci. The reduction will be large in
ulation and the other from the second subpopulation, a chromosome region closely linked to the selected gene
is the average of the probabilities of sampling the second (for r/s � 0.05 the variability is halved; see Figure 1).
subpopulation from the area pf or the area (1 � pf), This is also the expectation for the first subpopulation

E(��3) � E(pf)��2 � (1 � E(pf))�3 .

Otto and Barton (1997, Equation 17) and Barton
(1998, Equation 4) give approximations for E(pf) and
E(p 2

f ), which are, respectively, the expected change in
allele frequency of the neutral allele initially linked to
the beneficial mutation and the probability of coal-
escence with the original neutral allele linked to the
beneficial mutation in the first generation. The approxi-
mation for E(p 2

f ) clearly underestimates the true value
and turns out to be too close to E(pf)2 (see Table 1).
This is probably because the only source of variance
considered was the variation in times to fixation of the
favorable allele. In the appendix we develop simple
alternative predictions for E(pf) and E(p 2

f ), considering
the effect of drift and using a combination of determinis-
tic and diffusion approaches. E(pf) has a weak depen-

Figure 1.—Expected variability in the second subpopula-dence on N, and E(p 2
f ) moves away from E(pf)2 as s

tion after hitchhiking (2Ns � 1000) as a function of r/s (wherebecomes smaller:
r is the recombination frequency and s is the selection coeffi-
cient of the mutation) and FST (the level of differentiation).E(pf) � (7Ns)�r/s ,
Labels on level lines represent the proportion of the original
variability maintained after hitchhiking.E(p 2

f ) � (2.6Ns)�2(r/s) .
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Figure 3.—Contribution of neutral loci at different fre-
Figure 2.—Proportion of the original variation within sub- quencies to the variation in the first subpopulation. The

populations after hitchhiking given as a function of the recom- dashed line represents the contribution of loci before hitch-
bination frequency (r) between the selected and the neutral hiking. Solid lines are the contributions of loci at different
genes. Lines are predictions of the model for the first (dashed distances (r) from the selected gene. 2N � 1000, m � 0.00001,
line) and the second (solid line) subpopulations (2N � 1000, s � 0.5, and � � 0.0000112.
s � 0.5). Circles and squares are simulated values for the first
and the second subpopulations, respectively, with parameters
2N � 1000, s � 0.5, m � 0.00001, and � � 0.0000112. This at mutation-migration-drift equilibrium (note that this
combination of parameters yields an FST value of 0.908 before equilibrium is not necessarily assumed in the deriva-the sweep.

tions). Thereafter, a single copy of a favorable mutation
was assigned to a chromosome of an individual ran-
domly taken from the first subpopulation. The fre-in our model for any value of FST. However, the effect

on the second subpopulation can be very different when quency of the new mutation increased until it was fixed
in the first subpopulation (simulations in which theFST � 0. The genome region affected by the decline of

variability is narrowed around the selected gene; i.e., the favorable mutation was lost were discarded). As individ-
uals migrated between subpopulations, copies of thelarger the magnitude of the genetic divergence between

subpopulations, the smaller the region of reduced vari- favorable mutation were eventually transferred and
fixed in the second subpopulation too. Then, a numberability. Additionally, if the divergence of the subpopula-

tions is large, the genetic variability in the second sub- of parameters were computed for neutral loci at differ-
ent distances from the selected gene: heterozygosity, FSTpopulation could even increase over the previous level

before the hitchhiking. This increase affects a region values, and the distribution of the spectrum of variability
in both subpopulations. At the end, 5000 simulationsin the vicinity of the selected gene but not very close.

Figure 2 shows the effect of a selective sweep on the were carried out for each particular combination of
values of population size, selection coefficient, recombi-variability of both subpopulations for neutral genes at

different distances from the selected gene. As the effect nation, and migration rates. Figure 2 represents an ex-
ample of the agreement between the observed heterozy-on the first subpopulation is equivalent to the effect on

a single panmictic population, the comparison of the gosities in both subpopulations after hitchhiking and
the predictions of the model.predictions for both subpopulations reveals the great

difference between the predictions for a single or a Figures 3 and 4 show simulation results of the contri-
butions of neutral loci at different frequencies to thesubdivided population. The genetic variability for neu-

tral loci increases as the genetic distance decreases and, variation of the first and second subpopulations, respec-
tively. Before the selective sweep (broken line), the dis-only for loci closely linked with the selected gene, the

genetic variability drops below the original level. tribution of neutral variability is nearly uniform over
the whole span of allele frequencies. There are few
loci with alleles at intermediate frequencies, but they

SIMULATIONS
contribute as much variation as the large number of
loci with alleles at low frequencies. In other words, ifPredictions were checked by Monte Carlo simula-

tions. A population with two random-mating subpopula- the range of allele frequencies from 0 to 1 were split
into equal segments of allele frequencies and loci weretions of 1000 haploid individuals each was reproduced

under constant rates of migration and neutral mutation. assigned to segments according to their frequencies, all
the segments would contribute nearly the same to theThe neutral loci were distributed over a genome repre-

sented by one single chromosome. After 105 generations variation. This is the expectation of the neutral model
(see Gale 1990, Chap. 9). There is a deviation fromit was considered that the neutral loci were practically



479Selective Sweep in a Subdivided Population

Figure 4.—Contribution of neutral loci at different fre-
quencies to the variation in the second subpopulation. The
dashed line represents the contribution of loci before hitch-
hiking. Solid lines are the contributions of loci at different Figure 5.—Average Tajima’s D values from simulations
distances (r) from the selected gene. 2N � 1000, m � 0.00001, (2N � 1000, m � 0.00001, s � 0.5, and � � 0.0000112) after
s � 0.5, and � � 0.0000112. hitchhiking in the first (circles) and in the second (squares)

subpopulations. Each of the points represents an average of
5000 simulations. Horizontal dashed lines correspond to the
upper and the lower limits of confidence at the 5% level.the uniform distribution due to migration, but this devi-

ation is relatively small when compared with the effect
of hitchhiking. After the selective sweep, the distribu- of D at the 5% level (critical values from Table 2 of
tion of variability of neutral loci is very different in both Tajima 1989), about half of them over the upper limit
subpopulations. The effect in the first subpopulation of confidence and half below the lower one. This means
(Figure 3) is equivalent to that expected in a single that, although the populations were run for enough
panmictic subpopulation; i.e., there is a decrease in het- time to reach the neutral equilibrium, genetic drift and
erozygosity for neutral linked loci and this reduction population structure cause deviations from the expecta-
follows a characteristic pattern: neutral genes at inter- tion of Tajima’s model, increasing the proportion of
mediate frequencies contribute to variation less than replicates with D values falling out of the limits of confi-
expected in a neutral model, and genes at extreme dence.
frequencies contribute proportionally more than ex- As expected after hitchhiking in the first subpopula-
pected (see Figure 3). This effect is larger as linkage tion, the number of samples with significant D values
with the selected gene gets closer. Tajima’s (1989) D below the confidence limit increased for close linkage
and other statistics were designed to detect this distor- (say r/s 	 0.1), but the average D value was always
tion of the spectrum of gene frequencies. over the lower limit of confidence (see Figure 5). The

The effect on the second subpopulation is quite dif- increase of variation in the second subpopulation when
ferent (Figure 4). For the chromosome region with the linkage was not very tight was associated with an increase
largest increase in genetic variance after hitchhiking in the number of significant D values over the confi-
(r � 0.05 for the combination of parameters given in dence limit. For the combination of parameters given
Figure 2), there is a maximum contribution of genes at in Figure 5, the increase in the average value of D af-
frequencies �0.5 and the set of genes at low frequencies fected a broad region around the selected gene.
contributes less to variation (see Figure 4). As the neu-
tral gene becomes closer to the selected gene, the maxi-

DISCUSSIONmum contribution moves from 0.5 to lower frequencies.
For a wide range of recombination frequencies, the maxi- The fundamental conclusion of our analysis is that
mum contribution corresponds to neither intermediate hitchhiking in a subdivided population can lead to an
nor low frequencies, but to frequencies �0.25. increase in neutral variation at particular subpopula-

To assess the effect of this peculiar distortion of the tions. Although we have considered a simple model with
spectrum of gene frequencies on the capability of Taji- two subpopulations, this conclusion can be extended
ma’s D to detect hitchhiking, 5000 simulations were to models with any number of differentiated subpopula-
carried out in the same way as before. On each simula- tions. An excess of neutral loci with alleles at intermedi-
tion, D was computed from samples of 1000 individuals ate frequencies accompanies the increase in variation.
from each subpopulation for chromosome segments at These predictions are made for chromosome segments,
different distances from the selected gene. Before the which are expected to have reduced variability under

the simple hitchhiking model. A reduction in genetichitchhiking, 11% of the samples gave significant values
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variance is expected only for a narrow section of chro- In our model, hitchhiking behaves like a system that
takes variation from the between-subpopulation compo-mosome around the selected gene. The larger the FST

value between subpopulations is before hitchhiking, the nent and injects it into the within-subpopulation one.
Thus, FST is expected to be reduced after hitchhikingsmaller the section with decreased variability is for sub-

populations other than that where the favorable allele and all our simulations confirm this statement. For ex-
ample, in a simulation of 5000 replicates, FST drops fromfirst appeared by mutation. The effect can be seen as a

consequence of the increase in the rate of effective 0.90 to 0.18 when r � 0.001, m � 0.00001, s � 0.5,
� � 0.0000112, and 2N � 1000 individuals in eachmigration: the selected gene enforces the “migration of

linked haplotypes” between differentiated subpopula- subpopulation. These observations seem to be in contra-
diction with Slatkin and Wiehe’s (1998) prediction oftions, causing increases in diversity under very low mi-

gration rates. an increase of FST after hitchhiking. The disagreement
is a consequence of the differences in the initial assump-To formulate predictions, we have derived approxi-

mations for the expected value of pf , which is the fre- tions of both models. In our model, particular migration
and mutation rates are responsible for both the differen-quency after hitchhiking of copies derived from the

original copy associated with the favorable mutation, tiation between subpopulations before hitchhiking and
the transfer of the favorable allele from one subpopula-and for E(p 2

f ). Although E(p 2
f ) is not conceptually equal

to the identity generated by the hitchhiking process tion to another. In Slatkin and Wiehe’s model, there is
neither mutation nor drift, and all subpopulations have(because pf

2 does not include genetic drift within the
set of neutral copies different from c), their values are the same allele frequencies before hitchhiking (FST �

0). Their only parameter for migration is that one singlevery close and the equation for E(p 2
f ) has a similar form

to the equation for identity of Barton (1998, Equation copy of the favorable allele is passed from subpopulation
to subpopulation. Therefore, any random process (in-13). The reason is that almost all the identity generated

by the selective sweep is due to the increase in frequency cluding hitchhiking) will certainly produce an increase
in FST. Another difference is the way of computation ofof the allele originally associated with the selected muta-

tion. the expected FST values in both models. Slatkin and Wiehe
compute these expectations as 1 � (Hs/Ht), where theIt is difficult to assess the extent to which the effect

predicted with our model is responsible for the distribu- bar represents the unweighted average over replicates.
This is equivalent to averaging FST values weighted bytion of neutral variation in natural populations. Most

of the published research finds reduced diversity in chro- their corresponding Ht , the common procedure for av-
eraging estimates of FST over loci (Reynolds et al. 1983;mosome regions with low recombination (Depaulis et al.

1999, 2000; Langley et al. 2000; Yi and Charlesworth Weir and Cockerham 1984). In contrast, we obtain
the expected value FST as the unweighted average over2000; and review by Andolfatto 2001). Although there

is a negative correlation between the recombination rate replicates. We think that this averaging method is more
appropriate for the design of experiments measuringand the amount of variation contributed by rare alleles

in Drosophila melanogaster (Andolfatto and Przeworski hitchhiking, as these deal with a particular genome re-
gion and a particular set of subpopulations. Thus, the2001), the number of publications reporting significant

and negative Tajima’s D values in regions of low recom- interest is focused on the expected distribution of FST

values for a specific region under the effect of hitchhik-bination is small in other species. Hamblin and Aqua-
dro (1996) reported high levels of variability in regions ing rather than on estimating an averaged differentia-

tion over the whole genome.of low recombination in D. simulans. Nachman and
Crowell (2000) reported differences in the level of Although we have focused on the effect of hitchhiking

in subdivided populations, the mechanism can operatevariation and the spectrum of gene frequencies between
closely linked regions. These results can be explained by on any genetic system where the variation is structured

in clusters. For example, the distribution of genetic vari-our model of local differentiation and selective sweeps
affecting the whole population. In other cases there ation in Drosophila is often correlated with chromo-

some arrangements. Gene flow between karyotypes isare evidences of a recent hitchhiking with reduction of
variation, but there are not significant deviations from strongly restricted and the sporadic events of recombi-

nation or gene conversion would be equivalent to migra-the spectrum of gene frequencies (Hamblin and
Rienzo 2000; Vieira et al. 2001, Payseur and Nachman tion in our two-subpopulations model. Any favorable

mutation would sweep the karyotype where it first ap-2002). These observations can be explained by a combi-
nation of local sweeps, which reduce the neutral variabil- peared and, eventually, will be propagated to the other

chromosomal types. Here, karyotypes are equivalent toity, move the spectrum of gene frequencies toward an
excess of rare alleles, and increase the differentiation of subpopulations. Hitchhiking could explain the ob-

served differences in the amount of variation of differ-subpopulations; and sporadic events of selective sweeps
affecting the whole population, which increase the varia- ent chromosome arrangements and the nonnegative D

values could be evidences of recent selective sweepstion within subpopulations and move the spectrum in
the opposite direction. (Depaulis et al. 1999; Vieira et al. 2001). Gene variation
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strongly selected substitutions on neutral polymorphism: analyti-is also structured around loci with balanced polymor-
cal results based on diffusion theory. Theor. Popul. Biol. 41:

phism: if the polymorphism has been maintained for a 237–254.
Tajima, F., 1989 Statistical method for testing the neutral mutationlong time, a genetic differentiation of haplotypes associ-

hypothesis by DNA polymorphism. Genetics 123: 585–595.ated with balanced alleles is expected. Selective sweeps
Weir, B. S., and C. C. Cockerham, 1984 Estimating F-statistics for

caused by other genes linked to the balanced polymor- the analysis of population structure. Evolution 38: 1358–1370.
Vieira, J., B. F. McAllister and B. Charlesworth, 2001 Evidencephism could probably explain the observed differences
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158: 279–290.
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Prediction of p 2
f : At generation i � 1, the expected generation. Therefore, in one generation time, the ex-

pected increase of the number of copies of a in the setvalue of p 2
i�1 can be given as a function of the value in

the previous generation: of populations where the allele will be fixed is

E(p 2
i�1) � p 2

i (1 � 2r(1 � qi)) �
pi � p 2

i

2Nqi

. k i�1 � k i � 1 � k is �
1 � (1 � 2s)ki(1 � 2k is)

1 � (1 � 2s)ki
.

The first term is the square of Equation A1 and repre- The first term on the right-hand side (the number 1)
sents the effect of change in the mean value of p i . The is relevant only in early generations when k i 	 1/s. It
second term is the effect of drift within the set of chro- defines a linear period in which the average number of
mosomes carrying the favorable allele a . copies of allele a increases at a constant rate of one

The solution for the corresponding differential equa- copy per generation. The second term represents the
tion is very complex as the expectation E(p 2

i ) changes exponential rate of increase in copy number that is
with time as allele a goes to fixation. To simplify the relevant later when k i � 1/s. The third term is a correc-
approach, the p 2

i values of consecutive generations are tion that smoothes the transition between the linear
scaled (divided) by the square of the expected pi values, and the exponential periods. To simplify the solution
which is represented by (pi)2 in the equation of Equation A2, we split the evolution of the number

of copies of a into these two consecutive periods: the
E � p 2

i�1

(pi�1)2� � � p 2
i

(pi)2� �
1

2Nqi(1 � 2r(1 � qi))�
1
pi

� � p 2
i

(pi)2�� . (A2) period from one single copy to 1/s copies and the
period from 1/s copies to fixation. This simplification

This equation reaches a nearly constant value when the works better if r is very small when compared with s,
number of copies of allele a (2Nqi) is large enough. which is the combination of parameters needed for the
Note that pi is the expected frequency of c over all the hitchhiking effect. In the first period, we consider that
possible populations and its value in consecutive genera- the number of copies of the favorable mutation in-
tions can be approximated by Equation A1. Both pi and creases at an average rate of one copy per generation
(pi)2 are considered to be deterministic variables. In in the set of populations where the mutation is going
contrast, the term p 2

i is considered a random variable. to be fixed, independently of the selection coefficient
As the number of copies of the favorable mutation of the mutation. The simplification for the first period
(2Nqi) increases, the second term of Equation A2 de- becomes
creases, and the equation reaches a constant value.

Numerical simulations have shown that the distribu-
E � p 2

i�1

(pi�1)2� � � p 2
i

(pi)2� �
1
i �

1
(1 � r)i

� � p 2
i

(pi)2�� .
tion of p 2

f (after fixation) over replicates is mainly depen-
dent on the random process within the set of chromo-

In the second period from 1/s to fixation, the favorablesomes carrying the favorable mutation: the random
mutation increases deterministically at a rate (1 � s)fluctuations of the frequency of the favorable mutation
per generation,(qi) have little effect, perhaps because of compensation

of deviations around its expectation. Therefore, we have
E � p 2

i�1

(pi�1)2� � � p 2
i

(pi)2� �
1

(1/s)(1 � s)i � 1
(1 � r)(1/s)�i

� � p 2
i

(pi)2�� .simplified the derivations considering that the fre-
quency of the favorable mutation a increases determinis-

This is not true when the frequency is high, but this doestically. To approximate the consecutive frequencies over
not affect the prediction because, as we have shown,generations we considered that the evolution of the
the expectation becomes constant when the number ofnumber of copies k i (q i � k i/2N) of allele a follows a
copies of the favorable gene is large.branching process when k i 
 2N ; i.e., the copies are

Connecting both equations and solving the corre-propagating independently. Let us assume that we have
sponding differential equation, the solution after fixa-an infinite number of identical and independent popu-
tion islations with k i copies. Eventually, allele a will be lost in

a proportion (1 � 2s)ki of all the populations and fixed
in a proportion 1 � (1 � 2s)ki. E � p 2

f

(pf)2� � e 2(r/s) .
In the next generation, the expected number of cop-

ies of allele a in all populations is As we have assumed that pi changes deterministically,
(pf)2 can be considered a constant equal to (7Ns)�2(r/s).k i(1 � s).
Therefore

For the set of populations in which allele a will be even-
E(p 2

f ) � (pf)2e 2(r/s) � (7Ns)�2(r/s)e 2(r/s) � (2.6Ns)�2(r/s) .tually lost, the expected number of copies of a is

Intensive simulations were carried out to check the
��∞x�0

e�ki(1�s)(ki(1 � s))x

x!
(1 � 2s)xx�/ ��∞x�0

e�ki(1�s)(ki(1 � s))x

x!
(1 � 2s)x� � ki(1 � s), equations. A single favorable mutation was put in a

population associated with a particular neutral copy.
After fixation, the frequency of the neutral allele waswhere x is the number of copies of allele a in the next
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computed in the population. After 10,000 simulations p 2
f ) were calculated (Table 1). The accuracy of the pre-

dictions is very high. Deviations of the observed valuesfor each particular combination of N, r, and s, the aver-
age frequency of the neutral allele (observed pf) and are �2% for pf and �5% for p 2

f ) when s 	 1, above or
below the expectation with no general trend.the average value of the squared frequencies (observed




